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We demonstrate laser-induced relaxation oscillations in superconducting nanowire single-photon detec-
tors (SNSPDs). These oscillations appear when a voltage-biased NbTiN nanobridge detector is illuminated
with intense pulsed-laser light at a repetition rate of approximately 19 MHz. They differ from the well-
known relaxation oscillations by a stepwise increase in frequency and phase locking of the oscillations to
the laser pulses. We create a model that incorporates electrical feedback and excludes thermal effects to
simulate and explain the origin of the observed laser-induced relaxation oscillations. Qualitative agreement
to the experiment is achieved using realistic values for the parameters in the model.

DOI: 10.1103/cxv8-fqy9

I. INTRODUCTION

Superconducting nanowire single-photon detectors
(SNSPDs) are a successful technology for applications in
quantum optics and can enable optical quantum compu-
tation. Using SNSPDs provides a great advantage over
other technologies due to the fast recovery times, low tim-
ing jitter, high detection probabilities [1–3], and possibly
native photon-number resolution [4,5]. For quantum infor-
mation applications, such as quantum key distribution or
quantum state preparation, high detection rates with high
detection probability are needed [6]. A better understand-
ing of electrical-thermal feedback in SNSPDs proved to be
an essential step in speeding up photon detection [7–11].

Over the years, different biasing methods were presented
to provide a bias current to an SNSPD. These methods
include a quasi-constant current source using a resistor in
series with a voltage source [10,12], a quasiconstant volt-
age source using a shunt resistor in order to limit latching
of the detector into the resistive state [7,8] as well as vari-
ous ways of cryogenic readout and biasing [13–15]. In this
work we choose to use a quasiconstant voltage bias with
values of the bias resistors chosen to prevent latching of
the detector. Previous work using a similar biasing circuit
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shows clear relaxation oscillations due to overbias when
the detector is not illuminated with laser light [7,8]. In this
work we show that the biasing electronics enables laser-
induced relaxation oscillations, therefore eliminating other
possible mechanisms, such as after pulsing [16].

In this work we present observations of laser-induced
relaxation oscillations in nanoscale bridges of 70 nm to
150 nm width. We present a simple electrical model that
can be used to model the laser-induced relaxation oscil-
lations and achieve qualitative agreement to the experi-
mental data. We analyze and interpret these synchronized
oscillations in terms of electrical feedback mechanisms
in SNSPDs. The observed relaxation oscillations limit the
maximal count rate for high bias conditions to rates that
are well below the inverse of the detector reset time. This
becomes particularly useful for infrared photon detection
where SNSPDs are biased close to the critical current and
for high count rates where electrical feedback reduces the
effective bias current. Here we show the effect for 780-nm
light for bias currents well below ISW. Observing the laser-
induced relaxation oscillations then requires higher laser
powers. A better and more complete understanding of the
feedback mechanisms responsible for laser-induced relax-
ation oscillations in SNSPDs may thus help to achieve
faster count rates in future devices by better understanding
the limitations of devices imposed by the biasing circuit.

II. METHODS

Nanobridge SNSPDs are fabricated out of 13-nm thin-
film NbTiN deposited on a Si(100) substrate with a ther-
mal SiO2 layer of 230-nm thickness and the device is
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capped with a 12-nm-thick Si3N4 layer. The nanobridge
SNSPDs are defined using standard e-beam lithography
and etching techniques [17] and consist of a nanowire con-
stricted to a section of equal length and width of 70, 100,
120, and 150 nm. To prevent latching, the nanobridges
are connected in series with a 500-nm-wide meander-
ing wire with approximately 700-nH inductance to slow
down the response of the detector. The 13-nm thickness
of the NbTiN film results in detectors that all have the
same measured relatively high critical temperature Tc =
(9.1 ± 0.1) K with a slope of 6 M� K−1 at the supercon-
ducting transition (see Appendix D), where we define the
critical temperature as the temperature where the resis-
tance is half of the maximum measured resistance (Rmax =
4.34 M�).

Figure 1 shows the detector structure (see inset)
together with the measured I -V curve for a 120-nm-wide
nanobridge SNSPD at a temperature of 6 K. The I -V curve
is measured with a two-wire setup and biased using a qua-
siconstant voltage bias in order to prevent latching [7].
The detector is connected using the electrical circuit shown
in Fig. 2. A voltage source (Yokogawa GS200) is used
in combination with R1 = 10 k� and R2 = 50 � resistors.
The value of R2 is close to the maximum value that avoids
latching. In this configuration, relaxation oscillations start
as soon as there is a slight overbias of the detector. The
detector is connected to a bias tee (minicircuits ZNBT-60-
1W+) and a 50-� ac-coupled amplifier (2× minicircuits
ZFL-500LN+), both at room temperature. The SNSPD is
mounted in a closed-cycle cryostat (Entropy GmbH) and is
represented by the equivalent circuit consisting of a kinetic
inductance LK and a time-dependent resistance Rdetector(t).

FIG. 1. Measured I -V curve of a 120 nm × 120 nm NbTiN
nanobridge SNSPD at T = 6 K under voltage bias. The criti-
cal current of the nanobridge is approximately 18 µA (green
dots). A stable hotspot appears for voltages |VDUT| > 1.5 mV
(red crosses). Oscillations are observed in the regime between
the critical current and the stable hotspot. The inset shows an
optical image of the entire structure of contacts, inductor, and
nanodetector together with an SEM image of the nanodetector.

set

detector

FIG. 2. Schematic of the electrical circuit with the SNSPD rep-
resented by an equivalent circuit of a kinetic inductance LK in
series with a time-dependent resistance Rdetector(t). The SNSPD
is connected via a bias tee (minicircuits parts ZNBT-60-1W+ or
ZFBT-6GW+). A voltage bias is applied at the dc port of the bias
tee using a voltage source (Yokogawa GS200) and a set of resis-
tors R1 and R2 to create a quasicurrent source. The rf port of the
bias tee is connected to room-temperature amplifiers (minicircuit
ZFL-500LN+) with an input impedance Z = 50 �.

The measurements presented in this work are all done at a
temperature of 6 K.

The current through the detector is determined by moni-
toring the voltage over resistor R2 = (50.9 ± 0.5) � using
a digital multimeter (Keithley 2000). The voltage over the
detector is the corrected voltage measured over R2. This
voltage is corrected for the resistance of the semirigid
cables (approximately 7�) and a thermal offset by defining
Vset = 0 V at the point where the current Idetector = 0 µA.

To measure the detector response to light, the detector is
illuminated by a pulsed picosecond supercontinuum laser
with an approximately 19 MHz master-oscillator repetition
rate. The output of the laser is filtered using a 1000-nm
shortpass filter and a 780 nm bandpass filter with a 10-nm
FWHM bandwidth.

The detector is mounted in a cryostat with free-space
optical access and the laser is focused on the detector. The
average power is varied between 0.5 nW and 50 μW using
a motorized stage with a λ/2 plate between two crossed
Glan-Thompson prisms (B. Halle) that acts as polarizers
and achieve approximately 50-dB attenuation.

The output pulses from the detector after the ampli-
fiers are either recorded using a digital counter (Agilent
53220A) or a digitizer at a sample rate of 5 GS s−1 and an
analog bandwidth of 3 GHz (Teledyne ADQ7).

III. RESULTS

The measured I -V curves in Fig. 1 show that the 120 nm
detector has a critical current of (18.1 ± 0.1) μA at T = 6 K
(green circles in Fig. 1). Taking into account the cross-
sectional area of the nanobridge this corresponds to a crit-
ical current density of (1.2 ± 0.1)×106 A/cm2. Measure-
ments on nanobridges of other dimensions show similar
critical current densities.
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Oscillations occur under voltage bias once the set volt-
age is increased beyond the point where the critical current
is reached [11]. At this point the time-averaged volt-
age over the device under test (DUT) VDUT becomes
nonzero while the time-averaged current through the
device decreases when the voltage is increased. This
regime persists until a stable, self-heating, hotspot is
formed in the nanobridge (red crosses in Fig. 1). For
the 120-nm-wide detector we find a stable hotspot resis-
tance of (370 ± 10) � at 4.5 μA. The square resistance of
the superconducting film is estimated to be approximately
500 � as calculated from the resistance of the on-chip
inductor.

Figure 3 shows the measured laser-induced relaxation
oscillations for the 120-nm nanobridge. Time traces of
the detector response are shown in Fig. 3(a) and show,
from top to bottom, a dark event (black trace) and relax-
ation oscillations under intense pulsed-laser illumination.
Using the measured laser power of 10 μW, the laser spot
size, the geometric area of the detector, and the expected
absorption of the nanowire we estimate that five to ten
photons are absorbed by the detector per laser pulse (see
Appendix B). The laser power is kept constant in our
experiment while the voltage over the device is increased.
With increasing set voltage we observe “quantized” relax-
ation oscillations that occur at integer multiples of the
laser repetition rate of 19 MHz (1×, 2×, 3× and 4×
labels).

We analyze the dark event in Fig. 3(a) to estimate the
reset time. From the fit to an exponential decay we find a
reset time τ = Lk/R = 14.0 ± 0.2 ns and estimate a kinetic
inductance of Lk ≈ 700 ± 10 nH [12].

Examples of time traces at different values of Vset
are shown in Fig. 3(a). The figure shows oscillations at
integer multiples of the laser repetition rate. The long-
term stability and phase-locking behavior of these time
traces become obvious by computing the autocorrelation
defined as

Rff (τ ) =
∫

R

f (t + τ)f (t)dt
/ ∫

R

f (t)2dt (1)

from the recorded digitizer traces. This integral is dis-
cretized and taken over the complete length of the data
trace [18]. Each time trace has a total length of 200 μs giv-
ing a total uncompressed size of 800 M for the 400 data
traces used for Fig. 3(b).

Figure 3(b) shows the autocorrelation of the laser-driven
oscillations. The autocorrelation is a measure for the self-
similarity of a signal at different time scales τ . Clear
phase-locking behavior can be seen as the autocorrelation
has large peaks at integer fractions of time between two
laser pulses. The extra counts occur exactly between two
light pulses and show the even distribution expected for a
phase-locked oscillation.

To further explore the relaxation oscillations, we vary
the bias voltage and measure the count rate as a function
of set voltage for the detector under intense illumination
and without illumination. Figure 3(c) shows the results
of these experiments, where the count rates are normal-
ized to the approximately 19-MHz repetition rate of the
laser. The figure shows normalized count rates as a func-
tion of Vset both in the light (blue curve) and the dark
(black curve).

Under intense laser illumination the count rate first
increases from 0 to 1 counts per pulse around Vset =
0.06 V. A careful inspection of the time traces in this
regime reveals that this onset of detection is caused by the
amplitude of the detection peaks becoming larger than the
discriminator level in the counter. The discriminator level
is set just above the electronic noise level of the ampli-
fier. We define the point Vset = 0.10 V as the point beyond
which clear laser-induced relaxation oscillations occur.
The frequency of these oscillations increases with both
bias voltage and optical power. For higher optical powers
we see that the point where the laser-induced relaxation
oscillations occur, shifts to lower set voltages. Interest-
ingly, the relaxation oscillations in this regime phase lock
to the laser pulses and the oscillation frequency becomes
an integer multiple (up to 4× for the 120 nm detector) of
the ∼ 19 MHz laser repetition rate, shown as plateaus in
Fig. 3(c). We note that the bias voltage where clear laser-
induced relaxation oscillations start is much lower than the
bias voltage of Vset = 0.20 V where relaxation oscillations
start when the detector is not illuminated.

The laser-induced relaxation oscillations are well-
defined oscillations and the mechanism differs from the
free relaxation oscillations where the oscillation frequency
increases continuously with increasing set voltage [7,8,11].

IV. MODEL

In the following section, we introduce a model to simu-
late the laser-induced relaxation oscillations.

In the model the electrical part of the SNSPD is rep-
resented by an equivalent circuit. This circuit is shown in
Fig. 2 and consists of a time-dependent resistor (Rdetector) in
series with an inductor (Lk). This resistance Rdetector = 0 �

when the detector is in the superconducting state. In the
model we assume that the time-dependent resistor switches
instantaneously between the superconducting state and the
normal state of the detector where Rdetector = RHS = 3 k�.
In our experiment the inductor is the kinetic inductance
of a nanofabricated long meandering wire in series with
the nanobridge that avoids latching of the detector after
a detection event [10,11,19]. Based on the dimensions
of the nanobridge and a value of the sheet inductance
of the NbTiN we estimate that the kinetic inductance of
the nanobridge is below 0.05 nH and can be neglected
compared to the 700 nH of the series inductor.
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(a) (b)

(c)

set

rep rep rep rep

FIG. 3. Observation of laser-induced relaxation oscillations. (a) Time traces measured at the output of the amplifiers. From top to
bottom pulses are shown for a dark event, a train of pulses at the laser repetition rate of ∼ 19 MHz and 2, 3 and 4 times the repetition
rate. The dashed line for the dark event is a fit to an exponential decay with τ = (14.0 ± 0.2) ns (LK ≈ 700 nH). (b) Autocorrelation of
the detector pulses as a function of bias voltage and (c) measured count rate normalized by the laser repetition rate as a function of bias
voltage for a device in the dark (black crosses) and under intense pulsed laser illumination [blue circles, (63.30±0.07) μW]. The lines
through the data serve to guide the eye and show clear stepwise transitions in the oscillation rate up to 4 times the laser repetition rate.
The first step of the illuminated device is caused by the detector becoming an efficient, saturated detector, the light induced relaxation
oscillations start with the second step at Vset = 0.1 V. In the data for the device in the dark, three distinct regimes can be identified,
these regimes correspond to the non-smooth behavior of the detector in Fig. 1.

To simplify the simulation of the finite thermal response
of the nanobridge, we assume that the detector in our
model stays in the normal resistive state for a fixed time
of t0 = 0.5 ns. The values for the hotspot resistance and
response time are based on previously published values for
the hotspot dynamics after photon absorption [9,20–22].
To include the measured resistance of the coaxial cable
in the cryostat we set Rdetector = 7 � in the superconduct-
ing state. Introducing this resistance is helpful because the
value is not negligible compared to the 50-� resistance
in the bias circuit and the 50-� input impedance of the
amplifier. Retardation effects are not included in our cir-
cuit model and hence the 50-� impedance of the coaxial
cable should be ignored.

A hotspot is formed in the model whenever a laser pulse
arrives and when the current exceeds the device critical
current Ic. All the dynamics of the detector are included
in the time and current dependence of Rdetector. This sim-
plified model, that ignores thermal transport, is sufficient
to mimic the behavior of the nanobridge including relax-
ation oscillations. In the model we use the measured value
of Ic = 18 µA. The response to pulsed laser light is added
to the simulations through a probability p that switches
the detector when the detector is illuminated. These events
occur at times that are defined by the 19-MHz repetition

rate of the laser. The intense laser pulses in our experi-
ment correspond to a situation where multiple photons are
absorbed per pulse, corresponding to p = 1.

The output of our model is defined as the voltage over
the Z = 50 � impedance of the amplifier on the AC-port
of the bias-tee. The model is solved using circuit theory
by repeatedly solving for the voltages and currents in the
system (see Appendix). The approximate values for the
inductance and capacitance in the bias-tee can be estimated
by using the cutoff frequencies ω = 1/(RC) and ω = R/L
of the bias-tee. Here we take the Z = 50-� line impedance
for the resistance and the specified cutoff frequency from
the manufacturer. We have repeated our experiments with
different bias tees (Minicircuits ZNBT-60-1W+ and ZFBT-
6GW+) to confirm that the choice of bias tee does not
significantly affect our results. Simulations from the model
confirm that the observation of the laser-induced relax-
ations oscillations do not depend on the values of the
capacitance and inductance in the bias tee. Hence, the only
free parameters in our simulation are the hotspot resistance
RHS and the minimal hotspot time t0.

The results for this simulation can be found in Fig. 4 and
shows qualitative agreement with our experimental obser-
vations. Here we simulate the system for different realistic
values of Vset. Calculations for Vset between 0 V to 0.35 V,

064038-4



LASER-INDUCED RELAXATION OSCILLATIONS. . . PHYS. REV. APPLIED 23, 064038 (2025)

(a)

(b)

FIG. 4. Simulated laser-induced relaxation oscillations, based
on the electronic model depicted in Fig. 2. (a) Autocorrelation of
the simulated time traces showing the synchronization at integer
multiples of the laser repetition rate. (b) Count rate as a func-
tion of the unitless detector bias Ṽ. Simulation parameters are
set to realistic values (see text) to resemble the experimental
observations. Clear steps are observed, demonstrating the syn-
chronization of relaxation oscillations at integer values of the
laser repetition rate.

Ic from 10 μA to 20 μA and R1 from 5 k� to 15 k� show
that all results converge to a universal curve

R
(

Vset

IcR1

)
= R(̃V), (2)

where R is the measured count rate and we define a unit-
less parameter Ṽ. Despite the fact that our model does not
contain any details about heat generation, heat diffusion, or
time scales, we find laser-induced relaxation oscillations
that resemble the experimental result. Figure 4(a) shows
the calculated autocorrelation using the model output as a
function of Ṽ. It should be noted that the nonconstant step
size in the model originates from the exponential recovery
of the bias current after detection.

V. DISCUSSION

The intuitive explanation of the observed laser-driven
relaxation oscillations is as follows: in our electrical
model, the hotspot resistance and minimal hotspot time
determine the average resistance of the detector. The aver-
age resistance of the detector feeds back into the bias
circuit through the inductance of the bias tee. Therefore the
voltage over the resistor R2 will be higher for a given Vset
compared to the system in the dark. This causes the current
in the recovery phase after photon detection to recover to a
higher current compared to the dark. This is a well-known
phenomenon in ac-coupled readout in SNSPDs using a
current source [14]. Whenever this average resistance is
high enough to push the current beyond the device critical

FIG. 5. Current through the detector during laser-induced
relaxation oscillations as predicted by the model. Curves shown
for a count rate at a rate equal to the laser repetition rate (blue
curve) and laser-induced relaxation oscillations at two times the
laser repetition rate (orange curve). The dashed lines indicate
the exponential recovery of the detector to the level I1× and I2×
(see text).

current, a hotspot forms, which feeds back into the aver-
age resistance. As a result, the average current through the
detector reduces due to the higher average resistance of
the detector. This feedback mechanism causes the laser-
induced relaxation oscillations to synchronize to (multiples
of) the laser repetition rate. In Fig. 5 a schematic represen-
tation of this phenomenon is shown. When increasing Vset,
it becomes possible for this process to find a different stable
point causing higher-order oscillations.

The described model is a powerful tool in understanding
the laser-induced relaxation oscillations. The model repro-
duces all features found in the experiment. Besides this,
there are minor limitations to the model.

We emphasize that the described model does not con-
tain a thermal description of the SNSPD device nor of
the substrate. The agreement with the experimental data
rules out an electrothermal feedback mechanism as a pri-
mary cause for the laser-induced relaxation oscillations.
A consequence of the simplified model is that the model
does not contain the required physics to describe latching
of the detector. Consequently, our model predicts that the
frequency of relaxation oscillations grows without bound.
In the experiment, the laser-induced relaxation oscillations
stop and a stable hotspot is formed. Once a stable hotspot
is created a detector will stay in this hotspot position. This
mechanism has been explored before to explain and limit
latching behavior of detectors due to relaxation oscillations
due to overbias of a detector without illumination [7]. In
our simplified model the physics of the stable hotspot is
not included and therefore the number of steps in the laser-
induced relaxation oscillations and maximum oscillation
frequency are not bounded.
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A complete description would also link the laser-
induced relaxation oscillations to the geometry of the
detectors. In the experiment we find that wider wires
show lower maximum frequencies of laser-induced relax-
ation oscillations. This can be explained by the higher
critical current due to the wider wire. This causes the
balance between the stable hotspot formation and the laser-
induced relaxation to shift more towards stable hotspot
formation.

Finally, the model assumes a constant critical current
independent on the amount of light present. Due to the
small detection area in the detectors most of the light on
the detector is absorbed in the area around the active detec-
tion area. Therefore we suspect that the local temperature
of the detector is higher compared to the rest of the sample.
This causes the critical current of the device to be reduced
because the higher local temperature. Due to this lower-
ing of Ic, the laser-induced relaxation oscillations will be
shifted to lower bias points.

The difference in step size in the model is not as pro-
nounced in the experimental data. We attribute this to
heating effects that decrease Ic and hence decrease the step
size. The formation of a stable hotspot in the experiment
further limits the amount of observable steps.

VI. CONCLUSION

In conclusion, we demonstrate the first observation of
laser synchronized relaxation oscillations in nanobridge
SNSPDs at high photon flux. These oscillations occur
when using a quasiconstant voltage bias while illuminat-
ing the detector with intense pulsed laser light. Unlike
the commonly observed dark relaxation oscillations, these
laser-induced relaxation oscillations are synchronized and
phase locked to the laser pulses. A simplified electrical
model of the SNSPD that ignores the thermal properties
is sufficient to simulate the laser-induced relaxation oscil-
lations with reasonable values for the hotspot resistance
and duration of the normal state. Synchronization to the
laser pulses leading to oscillations at rates that are an inte-
ger multiple of the laser repetition rate are explained as
an electronic feedback between the time average resis-
tance of the detector and the bias current through the
detector. This feedback mechanism changes the biasing
condition of the detector as a function of the average
count rate (and thus average resistance) of the detec-
tor and thus enables stable operating points at frequen-
cies that are an integer multiple of the repetition rate of
the laser.
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APPENDIX A: SIMULATION OF
LASER-INDUCED RELAXATION OSCILLATIONS

1. Time-dependent nodal analysis

The properties of superconducting nanowires and bias
circuits can be modeled using SPICE [20] provided that
a sufficient number of parameters is given to correctly
model the dynamical behavior of the hot spot or normal
region. Our simplified model reduces this dynamics by
assuming a nonlatching detector with a constant high resis-
tance in the normal state for a preset duration. As a result,
our simplified model ignores thermal feedback effects. The
current-dependent switching of the nanowire is included
in the model by checking for overbias, i.e., detector bias
exceeding a switching current, at every timestep.

To solve the output for the electronic circuit we make
use of a time-dependent nodal analysis that introduces a set
of equations for the current and voltage at the nodes in the
electronic circuits. These equations introduce the current
and voltage as a column vector �Vi and �ii. The state of the
circuit is described by a state vector �S that is a column
vector defined by �S = (�Vi,�ii)T.

The goal of the nodal analysis is to find update equations
and solve for the time-dependent output. We split the time
steps for the current and voltage by defining �S− = (�Vi(t −
�t),�ii(t − �t/2))T, �S0 = (�Vi(t),�ii(t − �t/2))T, and �S+ =
(�Vi(t),�ii(t + �t/2))T. We can define the update operations
A, B and U = B · A as the matrix such that A : �S− �→ �S0,
B : �S0 �→ �S+ and U : �S− �→ �S+. These matrix equations
calculate the next state of the system given that the time
step �t is sufficiently small.

2. Circuit equations

For the specific circuit of the SNSPD we identify five
independent voltage nodes and three current paths as
shown in Fig. 6. The equations for the nodes and currents
follow from the Kirchhoff current and voltage laws.

V1(t) − V2(t) = R1 (i1(t) + i2(t) + i3(t)) (A1)

V2(t) = R2i1(t) (A2)

V3(t) − V2(t) = −Lbt
d(i2(t) + i3(t))

dt
(A3)

V5(t) − V3(t) = −Lk
di2(t)

dt
(A4)

V3(t) − V4(t) = 1
CBT

∫ t

0
i3(τ )dτ (A5)

V4(t) = Zi3(t) (A6)

V5(t) = Rdet(t, i2)i2(t). (A7)
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FIG. 6. Schematic of the electrical circuit in the simulation
indicating the five independent voltage nodes V1 . . . V5 and the
three independent current paths i1 . . . i3.

3. Discrete circuit equations

We solve these equations numerically and introduce
discrete time steps �t that we denote using square brack-
ets for reasons of clarity. In principle, the circuit can
be analyzed using SPICE as an open source analog cir-
cuit simulator [23]. Unfortunately, the implementation of
the time-dependent resistor that mimics the behavior of
the SNSPD in the equivalent circuit by solving a one-
dimensional heat-transport problem in combination with
switching events due to overbias is cumbersome [20]. The
full simulation, introduces additional parameters that need
to be determined independently and slows down the simu-
lations. We circumvent these issues by creating a dedicated
numerical solution for our specific circuit where we check
the state of the system at each time step. The detailed ther-
mal response of the nanobridge is then reduced to a value
of the normal state resistance and a time scale.

We write the time-discretized voltages as

V2[t] = R2 × i1

[
t − 1

2
�t

]
(A8)

V5[t] = Rdet(t, i2) × i2

[
t − 1

2
�t

]
(A9)

V4[t] = Z × i3

[
t − 1

2
�t

]
(A10)

V3[t] − V4[t] = V3

[
t − 1

2
�t

]
− V4

[
t − 1

2
�t

]

+ �t
CBT

× i3

[
t − 1

2
�t

]
. (A11)

Using the updated voltages we find the currents using

V5[t] − V3[t] = − Lk

�t

(
i2

[
t + 1

2
�t

]
− i2

[
t − 1

2
�t

])

(A12)

V3[t] − V2[t] = −LBT

�t

(
i2

[
t + 1

2
�t

]
− i2

[
t − 1

2
�t

]

+ i3

[
t + 1

2
�t

]
− i3

[
t − 1

2
�t

])
(A13)

V1[t] − V2[t] = R1

(
i1

[
t + 1

2
�t

]
+ i2

[
t + 1

2
�t

]

+ i3

[
t + 1

2
�t

])
. (A14)

Rearranging these equations yields the following for the
currents:

i2

[
t + 1

2
�t

]
= i2

[
t − 1

2
�t

]
− �t

Lk
(V5[t] − V3[t])

(A15)

i3

[
t + 1

2
�t

]
= i3

[
t − 1

2
�t

]
− �t

LBT
(V3[t] − V2[t])

+ �t
Lk

(V5[t] − V3[t]) (A16)

i1

[
t + 1

2
�t

]
= V1[t] − V2[t]

R1

− i2

[
t + 1

2
�t

]
− i3

[
t + 1

2
�t

]
. (A17)

4. Update matrices

From these equations we can find the update matrices A
and B

A =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1 0 0 0 0 0 0 0
0 0 0 0 0 R2 0 0
0 0 1 −1 0 0 0 Z + �t

CBT
0 0 0 0 0 0 0 Z
0 0 0 0 0 0 Rdet(t, i2) 0

0 I3

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(A18)
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and

B =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

I5 0

1
R1

−
(

1
R1

+ �t
LBT

)
�t

LBT
0 0 0 −1 −1

0 0 �t
Lk

0 −�t
Lk

0 1 0

0 �t
LBT

−
(

�t
LBT

+ �t
LK

)
0 �t

Lk
0 0 1

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(A19)

where I3 and I5 denote the 3 × 3 and 5 × 5 unit matrices,
respectively. The structure of these matrices clearly show
the consecutive update of the voltages and currents.

The total update matrix U = B · A is used in the numeri-
cal code to update the state of the system. We achieve good
convergence of the numerical method using a time step
�t = 20 ps for representative values of LBT = 200 µH,
CBT = 30 nF, Lk = 700 nF, RHS = 3 k�, and Rcable = 7 �.

APPENDIX B: SINGLE-PHOTON RESPONSE

Single-photon detectors show a linear increase in count
rate as a function of optical power. Figure 7 shows the
measured count rate of the detector as a function of the
average optical power for a detector biased below the
critical current.

FIG. 7. Measured count rate of a 120 nm × 120 nm NbTiN
nanobridge SNSPD as a function of optical power. Measure-
ments are performed at T = 6 K using approximately 19 MHz
pulsed 780-nm laser light. The linear power dependence of the
count rate as a function of power confirms that the nanodetector
responds to single photons. The single-photon detector saturates
for powers above 10 μW and is pushed into laser-induced relax-
ation oscillations and the stable hotspot regime at maximum
optical power.

As can be seen, the slope of the data on a log-log scale
is linear at low powers and saturates at a click probabil-
ity of 1 for optical powers of approximately 10 µW. For
the highest optical powers, the detector enters a regime of
laser-induced relaxation oscillations as a function of opti-
cal power ending in a stable hotspot regime with no counts
at the highest power. Both the bias voltage and the click
probability are constant in this regime and we attribute
these oscillations to heating effects from the laser, which
reduce Ic and lead to overbias of the detector at high optical
powers.

A more detailed look at the data extrapolates the lin-
ear power dependence to predict a saturation power of
3–5 μW. Given the laser repetition rate we estimate that
saturation sets in at 0.15–0.25 pJ/pulse, corresponding to
4–6×105 photons/pulse. Assuming a close to 100% inter-
nal quantum efficiency of the detector saturation occurs at

FIG. 8. Click probability of a 120 nm × 120 nm NbTiN
nanobridge SNSPD as a function of bias current. Measure-
ments are performed at T = 6 K using approximately 19-MHz
pulsed 780-nm laser light at an average power of (13.6±0.2) μW
(approximately 1 photon absorbed per pulse). The blue curve
(large dots) shows the detector response before entering the
relaxation oscillation regime. The orange curve (small dots)
show the onset of laser-induced relaxation oscillations.

064038-8
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one absorbed photon per pulse and we estimate the effi-
ciency of the detector to be 0.1×10−6–0.2×10−6. A similar
value of the efficiency can be estimated from the absorp-
tion of the thin NbTiN film on the substrate (approximately
25%) and the ratio of the detector area and the diffraction
limited spot size (beamwaste of approximately 10 μm) in
our setup.

Depending on the exact value of the saturation power
we estimate that the average number of absorbed photons
in the regime where laser-induced relaxation oscillations
are observed is 5–10 photons per pulse.

The detector response as a function of bias current at
low power settings (approximately 1 photon absorbed per
pulse) is shown in Fig. 8. A saturation is clearly visible
with near 100% click probability for I > 10 µA (I/ISW ≈
0.6).

APPENDIX C: I -V CURVES OF ILLUMINATED
DETECTOR

In Fig. 9 the I -V curve for the detector is shown for
three photon fluxes. The black line shows the same data
as presented in Fig. 1. The blue and orange curves are
measured with pulsed laser illumination of the detector.
For the blue curve, the detector is far from the regime
of laser-induced relaxation oscillations. Photon-counting
events are observed and the effect of these events is seen
in the high current regime of the superconducting phase. In
this regime, the average measured voltage over the detector
is higher due to the photon-counting events. The maxi-
mum average current of the detector is decreased due to
counting. The orange curve is measured with a much more

FIG. 9. Measured I -V curves of a 120 nm × 120 nm NbTiN
nanobridge SNSPD at T = 6 K illuminated with different amount
of laser light. Data are shown for a detector without illumination
(black curve), in the single-photon regime (blue curve) and in the
saturated regime where laser-induced oscillation occur (orange
curve). The arrows in the graph indicate the onset of different
regimes for the orange curve.

FIG. 10. Measured two-wire resistance as a function of the
temperature for a 70 × 70 detector using a 700-nA probe current.
The inset shows the data around TC.

optical power at the detector. Due to this optical power,
the detector has a much higher (almost unity) chance of
producing a counting event for a light pulse. Therefore,
the average voltage over the detector starts going up for
lower bias currents as compared to the blue curve. Further-
more, at this light level, we also see laser-induced relax-
ation oscillations. For the orange curve, these locations are
shown by arrows in the figure.

APPENDIX D: SUPERCONDUCTING
TRANSITION R(T)

Figure 10 shows the measured resistance of a 70×70
detector on the same sample during cooldown. Measure-
ments are performed using a two-wire configuration with a
700-nA probe current from a digital multimeter. The data
shows a maximum resistance of 4.34 M� at T = 24 K and
a room-temperature resistance of 3.57 M�.

The (approximate) transition is found at a temperature
Tc = (9.1 ± 0.1) K as indicated by the circle in the inset
of the figure. The straight line through the data around Tc
indicate the slope dR/dT at the transition.
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