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Superconducting nanowire (nanostrip) single-photon
detectors (SNSPDs) have shown unprecedented detection
efficiency and timing properties, but simultaneously achiev-
ing polarization-insensitive high detection efficiency, low
dark-count rate (DCR), fast speed, and low timing jitter
remains a challenge. Here we report on our design, fabrica-
tion, and characterization of a cascaded superconducting
avalanche photodetector composed of 40 nm wide NbTiN
nanowires patterned into fractal curves. At the base temper-
ature of 2.7 K, the device exhibits 60 % 3% system detection
efficiency at the wavelength of 1550 nm, 1.05 polarization
sensitivity, 220 cps DCR, 4 ns recovery time, and 45 ps tim-
ing jitter. This Letter not only demonstrates these combined
properties on a single detector that was unobtainable pre-
viously, but also shows that that current-crowding effect
remarkably permits decent internal detection efficiency.
These counter-intuitive results expand the understanding
pertaining to the device physics of SNSPDs.  © 2020 Optical
Society of America
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Superconducting nanowire (nanostrip) single-photon detectors
[1] (SNSPDs) have shown over 90% detection efficiency at the
wavelength of 1550 nm [2-5] and superior timing perform-
ance, including fast speed [6,7] and low timing jitter [3,8]. The
widely used device structure, the nanowire-meander structure,
makes the detection efficiency polarization-dependent: the
detector dominantly responds to the photons polarized along
the nanowire. So far, several approaches have been demon-
strated for reducing the polarization sensitivity [9—16]; however,
achieving low polarization sensitivity while simultaneously
preserving the merits of high system detection efficiency (SDE),
low dark-count rate (DCR), fast speed, and low timing jitter
remains a challenge. Indeed, in the family of SNSPDs with
reduced polarization sensitivity that have been demonstrated,
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the detectors based on molybdenum silicide (MoSi) [5] amor-
phous materials have achieved over 90% SDE, but they show
relatively slow speed and high timing jitter; the detectors, based
on niobium nitride (NbN) [11,14,15] and niobium titanium
nitride (NbTiN) [9,16] polycrystalline materials, working at
2-K temperature range, preserve the superior timing proper-
ties but, so far, the highest SDE was 52.5% [13]. In particular,
we recently proposed [17] and demonstrated [16] the fractal
SNSPDs, and the measured device efficiency, excluding the
coupling efficiency with an optical fiber, was over 60%, and
the polarization sensitivity was 1.1. Although fractal SNSPDs
exhibit several advantages, including that its low polarization
sensitivity can be preserved for higher-order spatial modes in
multi-mode fibers, the Achilles heel of the fractal SNSPD in
our previous demonstration is that the U-turns and L-turns,
all over the photo-sensitive region, constrict the bias current
due to the current-crowding effect [18], thereby limiting the
internal quantum efficiency, P,, from saturation. Additionally,
the reduced switching current would also increase timing jitter.
In this Letter, we eliminate this major constraint of the frac-
tal SNSPDs by strategically designing the device structures.
First, we shrunk the width of the nanowires down to 40 nm and
decreased the fill factor to 1/3 so that resulting fractal SNSPDs
based on ultra-narrow nanowires showed more saturated feature
on the efficiency-bias curves, indicating increased P,. Second,
we designed the optical structure to maintain relatively high
optical absorption for the low-fill factor nanowires. Third, we
designed the avalanche structure [19,20] to compensate the
otherwise deteriorating timing performance due to the reduced
current in the ultra-narrow nanowires. Consequently, we simul-
taneously realized 60% SDE at the wavelength of 1550 nm,
1.05 polarization sensitivity, 220 cps DCR, 4 ns recovery time,
and 45 ps timing jitter on a single detector. These combined
properties were unobtainable previously, and also seemingly
counter-intuitive, considering that the photon-sensitive region
contains many U-turns and L-turns where the current-crowding
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Fig. 1.  Design and fabrication of the fractal SNAP. (a) Simulated
switching current and optical absorption of the fractal-nanowire struc-
tures with different fill factors. (b) Internal quantum efficiency, 2, of
the fractal SNSPDs composed of 100 and 40 nm wide nanowires. The
fill factors for the 100 and 40 nm wide nanowires are 1/1.7 and 1/3,
respectively. The experimental data for the SNSPD with the 100 nm
wide nanowire are from our previous work [16]. (c) False-colored
SEM of the fractal SNAP, which cascades 16 2-SNAPs connected in
series. (d) Zoomed-in SEM of the first 2-SNADP, and the width of the
nanowire is 40 nm. (e) Equivalent circuit diagram of the SNAP. Among
the 16 segments, the first one is shown inside the green dashed boxes in

(c), (d), and (e).

effect exists. Therefore, our results lead us to re-examine and
re-evaluate the impact of the current-crowding effect in the
performance of SNSPDs.

Figure 1 presents the key elements of our design and the
resulting device. The tradeoffs between switching current, I,
and optical absorptance, A, for fractal SNSPDs are quantified
in Fig. 1(a). Increasing the fill factor increases A, but decreases
I which is limited by the U-turns, and vice versa. I, was
determined by simulating the linear density of the supercurrent,
J, in each structure [16,18]. The optical structure used in this
Letter is similar to what we used previously [16]: the fractal
nanowire is integrated in an optical microcavity with a gold
mirror as one reflector and the SiO,-Si interface as another. We
used the fill factor of 1/3 so that optical absorptance is 80% and
Iy = 0.691,, where I, is the critical current of a 40 nm wide,
straight nanowire. We hypothesized that decreasing the width of
the nanowire can increase the P, for fractal SNSPDs, as has been
demonstrated on meander-type SNSPDsat 1550 nm [21]. Data
presented in Fig. 1(b) prove this hypothesis for fractal SNSPDs.
The normalized SDE of a fractal SNSPD with a nanowire width
of 40 nm and a fill factor of 1/3 shows more saturated feature,
and P, was estimated to be 0.97 based on the S-shaped fitting
erfc( Leo— Ib) where Ay and
A} are fitting parameters, and [co is the 1nﬂect10n point of the
efficiency-bias curve. In comparison, the normalized SDE of
the fractal SNSPD with a nanowire width of 100 nm and a fill
factor of 1/1.7 [16] shows little saturation, and an estimate of

by the error function [22], P, =

Letter

P, is 0.83. Finally, decreasing the width of the nanowire would
reduce the switching current and increase the kinetic inductance
and, therefore, deteriorate the timing properties of the SNSPDs.
We cascaded 16 two superconducting nanowire avalanche pho-
todetectors (2-SNAPs) in series to double the switching current
and reduce the kinetic inductance by a factor of 4, compared
with those of a SNSPD with the same active area, wire width,
and fill factor. Figure 1(c) presents the scanning-electron micro-
graph (SEM) of the cascaded SNAP we fabricated. The active
area was 8.6 um by 8.6 um. Figures 1(d) and 1(e) present the
zoom-in SEM of the first SNAP and the equivalent circuit of the
entire device, respectively. Each SNAP as presented in Fig. 1(d)
is composed of four second-order Peano curves [16]. The 9 nm
thick NbTiN thin film used in this Letter [23] supported higher
critical current density than the film that we used previously in
Ref. [16]; the increased critical current density contributed to
improving the timing performance of the resulting detectors.
We used the hydrogen-silsesquioxane (HSQ) process [24,25],
rather than the poly(methyl methacrylate) (PMMA) process
used previously [16], to pattern the ultra-narrow nanowires.

An interesting observation, during the inspections of the
HSQ structures under the scanning-electron microscope,
was that with the same width of the ultra-narrow nanowires,
the fractal structures were more mechanically robust than the
meander structures. It is known that the adhesion of HSQ to
the superconducting films is not strong [25], and fine features
after exposure and development could be missing, distorted,
collapsed, or drifting away, resulting in a relatively low yield
of meander SNSPDs based on ultra-narrow nanowires, in
particular, if the photo-sensitive area goes large. However, in
contrast, the fractal structures eliminate structural orientations
and, therefore, the nanomechanical forces tend to be more
omnidirectional and get averaged out, which we think is the
reason for the higher yield of the fractal structures based on
ultra-narrow nanowires. This nanomechanical property of
the fractal nanowires, in nature, is similar to the fractal metal
interconnects originally used in stretchable electronics [26].

We characterized the devices in a close-cycled cryocooler
at the base temperature of 2.7 K. Our setup includes a set of
attocube cryogenic nano-positioners, allowing us to move a fiber
focuser three-dimensionally to do 77 situ optical alignment and
coupling [24]. The detector under test was illuminated from the
backside through the substrate. An FC/PC vacuum feedthrough
is connected with the fiber focuser inside the cryocooler and
the single-mode optical fiber outside the cryocooler. The light
source for measuring SDE was a pigtailed continuous-wave
semiconductor laser at the wavelength of 1550 nm. A polariza-
tion controller and an in-line polarimeter module were used to
control and measure the polarization state of the incident light,
respectively. We defined the SDE to be the ratio of the number
of output voltage pulses from the cascaded SNAP, excluding
dark counts, over the number of the photons sent into this
single-mode fiber, during a certain time span. We biased the
detector at 23.2 A, scanned the polarization states of the input
light over the Poincaré sphere, found the polarization states
corresponding to the maximum and minimum counting rates;
then, at these two polarization states, we measured the SDE as a
function of the bias current. Figure 2(a) presents the measured
polarization-maximum and polarization-minimum SDE, as
functions of the bias current. I, of this cascaded SNAP was
23.8 uA; the avalanche current, Z,,, was 15.8 HA, comparable
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Fig. 2.  Characterization of the fractal SNAP. (a) Measured

polarization-maximum and polarization-minimum SDE; (b) mea-
sured DCR; () residual polarization sensitivity; (d) traces of the
output voltage pulses of the SNAP and the SNSPD; (e) measured
timing jitter of the SNAP and the SNSPD as functions of bias current;
(f) time-delay histograms of the SNAP and the SNSPD plotted in a
semi-logarithms coordinate system. The full widths at half-maximum
show timing jitters of 45 and 69 ps for the SNAP and the SNSPD,

respectively.

with the simulated value, 15.9 pA, from the electro-thermal
simulation [27,28]; the threshold current, Iy, was 14.6 UA,
comparable with the simulated value, 14.9 pA. I, and Iy
separate three bias regions: a single-photon avalanche region,
where I, < Iy < I; a two-photon avalanche region, where
I < Iy < Ly; and a quenched region, where /, < Iy,. In the
single-photon avalanche region, a photon absorbed by either
arm of a 2-SNAP among the 16 would trigger an avalanche
and output a pulse. In the two-photon avalanche region, a
single absorbed photon cannot trigger an avalanche, but can re-
distribute the bias current that is then latched to a steady state;
if a second photon is subsequently absorbed by another arm
of the same 2-SNAP, it can push forward the electro-thermal
evolution and launch a complete avalanche. In the quenched
region, the bias current is so low that even two photons cannot
synergistically complete the avalanche process and, therefore,
no output voltage pulses. In this quenched region, processes
involving more photons might be able to trigger the avalanche,
but the probability of multi-photon process is low. Therefore,
we neglect these processes.

At the bias current of 23.2 pA, the measured polarization-
maximum SDE was 60 & 3%, and the polarization-minimum
SDE was 57 & 3%. The uncertainties on the measurement of
SDE are primarily from the uncertainties in output power of the
laser (0.25%), attenuation of the variable optical attenuator
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(£4.7%), and optical power measured by the optical power
meter (£1%), as well as the intrinsic shot noise, which was
negligibly small. A quadratic summation of these uncertainties
gives us the relative uncertainty of the SDE, £5%. Therefore,
the uncertainty of the 60% and 57% SDE is +3%. Figure 2(b)
presents the DCR as a function of the bias current; the maxi-
mum DCR is 220 cps, which is the lowest among polycrystalline
SNSPDs with polarization-insensitive designs [11,13,15,10].
The polarization sensitivity was calculated to be 1.05. We
currently have not managed to spot the specific origin of this
residual polarization sensitivity, but the plot of the polarization
sensitivity as a function of the bias current in Fig. 2(c) clearly
shows that the residual polarization sensitivity is intrinsic to the
device under test or, at least some portion is from the remaining
polarization dependence of P,. Furthermore, our measurements
on fractal SNAPs and fractal SNSPDs always show the nearly
monotonically increase of the residual polarization sensitivity
as we decrease the bias current. This feature, of course, also
appeared in meander-type SNSPDs that we made and that were
made by other researchers [29], and the increase of polarization
sensitivity as we decrease the bias is generally much steeper.

Figures 2(d)-2(f) present the timing properties of the fractal
SNAP and the comparison with the fractal SNSPD with the
same width and fill factor. The active area of the SNPSD used
in comparison is 6.4 pm by 6.4 pm, smaller than the active
are of the SNAP. The output pulses were amplified by a room-
temperature RF amplifier with a bandwidth of 0.1-4 GHz and
29 dB gain, and their time-domain traces were recorded by a
Le-Croy oscilloscope with a bandwidth of 4 GHz. As shown
in Fig. 2(d), exponential fittings to the falling edges show ¢!
time constants of 4.0 and 6.6 ns for the SNAP and the SNSPD,
respectively. The SNAP shows faster recovery as the total kinetic
inductance is less. We measured the timing jitter by employ-
ing a mode-locked, femtosecond fiber laser with the central
wavelength at 1560 nm and a fast photodetector with a 3 dB
bandwidth of 40 GHz. Figure 2(e) presents the results of jicter
measurement on both the SNAP and the SNSPD as functions of
bias current. Each data point is the full width at half-maximum
of the Gaussian fitting to the time-delay histograms. The fractal
SNAP shows a minimum timing jitter of 45 ps; as a comparison,
the minimum timing jitter for the fractal SNSPD was 69 ps.
Figure 2(f) shows in a semi-log coordinate system the time-delay
histograms of the fractal SNAP and the fractal SNSPD, each
biased at 0.99/,. The histogram of the SNSPD shows more
non-Gaussian feature.

In the family of polarization-insensitive SNSPDs [9-16],
our current demonstration has shown the highest SDE among
polycrystalline SNSPDs [9,11,13-15] and low residual polari-
zation sensitivity comparable with others’ work [9,11,13-15].
Although the amorphous polarization-insensitive SNSPDs
exceed in SDE [5,10], their timing performance is not as
good as the timing performance of polycrystalline SNSPDs.
Furthermore, our concept of fractal design can also be applied
to amorphous materials, including tungsten silicide (WSi) and
MoSi.

Our results show that after careful design and optimization,
the current-crowding effect [18] at the U-turns and L-turns all
over the photo-sensitive region of the fractal SNAP remark-
ably yielded decent SDE on the fractal SNAPs, leading us to
re-examine and re-evaluate how the current-crowding effect
impacts the SDE. Traditional understanding is that the turns
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with the current-crowding effect function as constrictions that
would limit the SDE [18]; of course, this understanding is
more specifically for meander-type SNSPDs. However, a key
structural difference exists between meander- and fractal-type
SNSPDs. In the meander-type SNSPDs, the U-turns that limit
the switching current of the entire device are located at the
edges, but the optical mode majorly overlaps with the straight
part of the nanowire, where the current density is lower than
the local switching current density that the straight nanowire
could support. Therefore, the U-turns at the edges limit the
detection efficiency of the entire device. In contrast, in the
fractal SNSPDs or SNAPs, the U-turns and L-turns with the
current-crowding effect distribute across the photo-sensitive
area of the detector, where the local switching current is close
to the switching current of the entire device, and the local DE
at these turns is presumably decent. Therefore, this structural
difference between fractal- and meander-type SNSPDs brings
a different impact of the current-crowding effect on the overall
SDE.

In summary, we have demonstrated a fractal SNAP with the
following combined characteristics: 60 = 3% SDE at the wave-
length of 1550 nm, 1.05 polarization sensitivity, 220 cps DCR,
4 ns recovery time, and 45 ps timing jicter. We believe that the
fractal SNAPs will find applications where both polarization-
insensitive SDE, high counting rate, and high timing resolution
are crucial.
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