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ABSTRACT

Superconducting nanowire single-photon detectors (SNSPDs) are indispensable in fields such as quantum science and technology, astron-
omy, and biomedical imaging, where high detection efficiency, low dark count rates, and high timing accuracy are required. Recently, helium
(He) ion irradiation was shown to be a promising method to enhance SNSPD performance. Here, we study how changes in the under-
lying superconducting NbTiN film and the SiO,/Si substrate affect device performance. While irradiated and unirradiated NbTiN films
show similar crystallinity, we observe He bubble formation below the SiO,/Si interface and an amorphization of the Si substrate. Both
reduce the thermal conductance between the superconducting thin film and the substrate from 210 to 70 W m™> K™* after irradiation with
2000 ions nm ™2, This effect, combined with the lateral straggle of He ions in the substrate, allows the modification of the superconductor-to-
substrate thermal conductance of an SNSPD by selectively irradiating only the regions around the nanowire. With this approach, we achieved a
broader bias current range (9.8 pA vs 3.7 pA) in which the detector operates at its maximum detection efficiency, which is beneficial for reduc-
ing dark counts while maintaining high sensitivity. Moreover, the photon-assisted critical current remained similar to that of the unirradiated
reference device (59.0 pA vs 60.1 pA), while full irradiation reduced it to 22.4 pA. Our results suggest that the irradiation-induced reduction
of the thermal conductance significantly enhances SNSPD sensitivity, offering a novel approach to locally engineer substrate properties for
improved detector performance.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0259935

I. INTRODUCTION they are ideally suited for demanding applications such as pho-

tonic quantum computing,”* lidar,”>*”* particle and dark matter
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Superconducting nanowire single-photon detectors (SNSPDs)'
play an increasing role in a multitude of fields such as quantum sci-
ence and technology,”’ optical communication, "' astronomy,'’
biology,"” " and medicine.'*”'* With their near-unity efficiency, ”*’
subhertz dark count rate,”’ picosecond timing jitter,”” and typi-
cally nanosecond reset times (with records as low as 130 ps*’),

3-15

detection,” ** or infrared fluorescence microscopy for in vivo deep
brain imaging."” """ He ion irradiation has emerged as a powerful
technique for further enhancing SNSPD performance across multi-
ple metrics.”” " It systematically alters properties of the underlying
superconducting films by creating defects, increasing sheet resis-
tance, and decreasing the critical temperature of NbN, NbTiN, and
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MgB; superconducting thin films.”* " This effect has been success-
fully applied not only as a post-processing technique to SNSPDs
but also to fabricate Josephson junctions®® and for direct-write
modification without requiring etching steps.”” Since the critical
temperature is directly proportional to the superconducting energy
gap, the reduction due to He ion irradiation results in enhanced
sensitivity to single photons, directly improving the detection effi-
ciency.” In addition, several indirect benefits have been demon-
strated: (1) lower dark count rates achieved by enabling operation
at a lower percentage of the switching current while maintaining
high detection efficiency;* (2) higher switching currents and pulse
amplitudes for irradiated thick-film SNSPDs,” which typically cor-
relate with reduced timing jitter;*" and (3) the ability to individually
tune detector properties to achieve uniform performance across
arrays.” In addition to altering the superconducting properties of
the film through defect creation, He ion irradiation can also mod-
ify the underlying substrate. Charaev et al.’® observed that for their
MgB;-based single-photon detectors, He ion irradiation not only
introduces defects in the superconducting film but also amorphizes
the underlying SiC substrate, likely affecting the thermal conduc-
tance between the superconducting thin film and the substrate.
This could lead to a prolonged lifetime of the normal conduct-
ing domain, thereby increasing the detection probability. However,
it has remained unclear whether such mechanisms, in addition to
irradiation-induced defect formation, play a significant role in the
improved performance after irradiation.””” In this work, we inves-
tigate how He ion irradiation modifies the morphology of both the
NbTiN film and the SiO,/Si substrate and discuss mechanisms by
which these changes influence detector performance.

Il. IRRADIATION-INDUCED CHANGES OF FILM
AND SUBSTRATE MORPHOLOGY

To explore how He ion irradiation influences superconduct-
ing film and substrate morphology in this section, we fabricated
nominally 12 nm thick NbTiN films via DC reactive magnetron
sputtering onto SiO,/Si substrates with a nominally 130 nm thick
thermally grown SiO; layer. This relatively thick film was chosen
to maximize the visibility of potential structural changes. Transmis-
sion electron microscopy (TEM) measurements later revealed these
films have an actual thickness of (11.3 + 0.5) nm. For the SNSPD
measurements and thermal conductance studies presented in
Secs. 111 and 1V, we fabricated separate devices using thinner 8 nm
thick NbTiN films, as thinner films provide the single-photon sensi-
tivity necessary for reasonable detection efficiency measurements.”
These 8 nm thick nanowires were used consistently across all electri-
cal characterization and photon detection experiments throughout
this work. We irradiated selected areas of both sample types with
various fluences of 30 kV He ions before characterizing the 12 nm
films using transmission electron microscopy (TEM) and atomic
force microscopy (AFM). Figure 1 shows high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM)
images of the stack NbTiN/SiO,/Si in its unirradiated form and
after irradiation with 500 and 2000 ions nm™2 (corresponding to
5 x 10'° and 2 x 10" ions cm_z). Following He ion irradiation,
we observe that the Si substrate becomes amorphous and contains
He bubbles (nano-sized voids filled with high-pressure He gas) in a
region extending from the SiO»/Si interface at 150 to ~340 nm depth,
consistent with previous studies.”'

pubs.aip.org/aip/apq

This finding agrees with Monte Carlo simulations for the same
NbTiN/SiO,/Si stack, performed with the Stopping and Range of
Ions in Matter (SRIM) 2008 software.’® Figures 2(a)-2(c) show
the calculated lateral and depth-resolved probability density func-
tion firea(x,2) of stopping positions of the He ions originating
from the focused beam of a He ion microscope, as well as the
depth-resolved FWHM of the lateral Gaussian distribution, and the
probability density function fjime(z) of He ions stopping at a certain
depth z. The lateral distribution was calculated by projecting the
three-dimensional stopping positions of He ions onto a plane per-
pendicular to the surface. Most of the He ions penetrate deep into the
substrate before they stop, with the maximum of the distribution of
implanted He ions at a depth of 335 nm, which is in the range where
we observe He bubble formation. At the same time, the He distribu-
tion is broadened laterally and in depth due to scattering and recoil
events. Therefore, the simulated lateral Gaussian distribution has a
FWHM of 266 nm when considering all He ion stopping positions,
241 nm for the layer where most He ions stop, and 400 nm within
the NbTiN layer (although the fraction of ions that stop within each
nm of this layer is more than an order of magnitude smaller than
deep in the substrate).

As mentioned above, the HAADF-STEM images in Fig. 1 reveal
that He ion irradiation with 500 ions nm ™2 (2000 ions nm™2) trans-
forms crystalline Si into an amorphous and porous structure with
He bubbles. This extends to a depth of 105 nm (190 nm) below the
SiO,/Si interface, corresponding to a total depth of 255 nm (340 nm).
Interestingly, the Si layer near the SiO»/Si interface remains partially
crystalline after irradiation with 500 ions nm™ (see Appendix B),
while for the higher fluence of 2000 ions nm™2, the amorphous
region extends all the way to the SiO,-Si interface. The thickness
of the SiO; layer, however, remains unchanged at (137 + 3) nm after
irradiation. As shown in Fig. 2(e), complementary HAADF-STEM
imaging and energy-dispersive x-ray spectroscopy (EDX) of the
amorphous Si region reveal that areas of dark contrast correspond
to reduced Si content. These dark contrasts, originating from local
minima in the projected Si thickness, are associated with He bub-
ble formation during irradiation. This interpretation is supported
by the irradiation-induced surface elevation of the stack measured
by AFM, as discussed later in this section. To quantify these obser-
vations, we analyzed the spatial distribution of dark contrast in
the amorphous Si region in Fig. 2(d). At each depth, we calcu-
lated the dark contrast area fraction by identifying regions below
a threshold value after local background subtraction. This analysis
shows that both the area fraction and average size of dark contrast
regions reach their maxima at ~300 nm depth, closely matching the
simulated peak of He ion stopping positions at 335 nm shown in
Fig. 2(c). We observe these dark contrast regions in a range extend-
ing from approximately the SiO,/Si interface (located at 150 nm
depth) to about 340 nm depth. While the projective nature of TEM
imaging prevents direct interpretation of individual feature sizes,
this spatial correlation between dark contrast regions and simu-
lated ion stopping positions, combined with the observed surface
elevation in AFM measurements, indicates the formation of He
bubbles in the Si substrate, consistent with previous studies.' ™
Moreover, the NbTiN film exhibits increased wrinkling at higher
He ion fluences, while it maintains its original thickness of (11.3
+ 0.5) nm and shows no visible cracks or noticeable material loss
from sputtering. We use the term “wrinkling” rather than “surface
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roughness” because the film undergoes a characteristic deforma-
tion where both its top and bottom surfaces exhibit synchronized
undulations while maintaining constant thickness. This wrinkling
and its correlation with AFM surface roughness measurements are
analyzed in detail in Appendix C. Notably, despite the wrinkling
of the NbTiN layer, the SiO,/Si interface remains flat. Further-
more, at all fluences, the NbTiN film retains its columnar crys-
talline domains (NaCl-type face-centered cubic §-phase of NbTiN)
with an oxygen-rich top layer (see Appendix D for the elemental
composition).” ** We do not see any substantial change in crys-
tallinity or visible defects between the differently irradiated NbTiN
films. This is surprising, since we expected the polycrystalline struc-
ture of the pristine NbTiN film to become more amorphous and
exhibit an increasing number of defects with increasing He ion
fluence.

In addition to the TEM characterization, the irradiated surfaces
are investigated using an AFM (Bruker Dimension Icon) to gain
information about the surface morphology and to compare it to the
TEM measurements. Figure 3(a) shows the surface of an irradiated
4 x 4 um® NbTiN square. Upon irradiation with 2000 ions nm™2,
we observe a surface elevation of 28 nm and an increased surface

ARTICLE pubs.aip.org/aip/apq

FIG. 1. HAADF-STEM images of
NbTIN/SiO,/Si stacks before and after
He ion irradiation: unirradiated (left
column), irradiated with 500 ions nm=2
(middle column), and 2000 ions nm~2
(right column). Top row: Overview
images showing the NbTIN film (light
gray), the amorphous SiO, (dark gray),
and the Si substrate. In the irradiated
samples, the upper Si regions become
amorphous (a-Si) with grayscale varia-
tions indicating porosity. The crystalline
Si appears light gray. Middle row: High-
resolution images of the NbTIN films
reveal a similar thickness of 11.3 nm,
5 nm wide columnar &-NbTiN domains,
and a 1.5 nm thick amorphous oxygen-
rich surface layer across all samples.
Bottom row: Transition regions between
amorphous and crystalline Si (locations
marked by colored rectangles in the
top row). The crystalline-amorphous
interface coincides with the SiO,/Si
interface in the unirradiated sample, but
lies 105 and 190 nm below the SiO,/Si
interface for the samples irradiated with
500 and 2000 ions nm—2, respectively.
Dark contrasts in the amorphous Si
regions are associated with pores.

roughness within the irradiated area. The elevation predominantly
stems from He bubble formation in the silicon, as the density differ-
ence between amorphous and crystalline silicon is only 1.8%.”" The
topography also reveals uneven features at the edges of the irradi-
ated area due to the He ion beam’s rastering pattern, which scans
each line right to left while progressing top to bottom. Since the
upper and right edges are the starting points of this scanning pat-
tern, this results in greater accumulation of redeposited material at
these edges.”"”* To quantify the dependence of the surface eleva-
tion and the surface roughness on the He ion fluence, we performed
AFM measurements for multiple fluences and not only for the
NbTiN/SiO,/Si stack but also for two reference stacks, Au/SiO,/Si
and SiO»/Si. Figure 3(b) shows height profiles across the center of
three differently irradiated NbTiN/SiO,/Si stacks. Each point repre-
sents the average height over a 1.5 um wide strip in the y-direction
(128 AFM scan lines), perpendicular to the profile direction shown
in Fig. 3(a). As shown in Fig. 3(c), the surface elevation increases
linearly with the He ion fluence for both Au and NbTiN thin films,
as well as for the bare SiO,/Si substrate. This behavior is consistent
with expectations, since most He ions interact only weakly with the
film and stop deep inside the substrate where they form He bubbles

APL Quantum 2, 026131 (2025); doi: 10.1063/5.0259935
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FIG. 2. Simulated distribution of He ion stopping positions (a)—(c) and experimental analysis of structural modifications (d) and (e) in the irradiated NbTiN/SiO,/Si stack. (a)
Lateral and depth-resolved probability density function £rea (X, ) of the stopping positions. (b) Depth-resolved FWHM of the lateral Gaussian distribution. (c) Probability
density function fie(z) for He ions stopping at a certain depth z. (d) HAADF-STEM image of the sample irradiated with 2000 ions nm=2, with dark contrast regions
highlighted by red outlines. Overlaid curves show the dark contrast area fraction (green) and average size of connected dark contrast regions (orange) vs depth z. (e) High-
magnification comparison of HAADF contrast with Si content: overlay of HAADF and Si EDX signal (left), HAADF image (center), and Si EDX map (right), demonstrating

the correlation between dark HAADF contrast and reduced Si content.

that cause the surface to rise. The linear fit (excluding fluences below
250 ions nm_z) has a non-zero intercept at 120 ions nm~2, from
which we conclude that significant bubble formation and surface
elevation begin just above a certain fluence, similar to an observa-
tion in Ref. 53. To study the dependence of the root mean square
(rms) roughness of irradiated NbTiN films on the He ion fluence, we
irradiated squares with dimensions of 4 x 4 and 15 x 15 pm? with
beam currents ranging from 10.6 to 119 pA, which were chosen to
obtain irradiation times between 1 and 10 min even for the highest
fluences. As shown in Fig. 3(d), the surface roughness of the NbTiN
film increases from 0.43 nm for the unirradiated film to 1.85 nm at
1500 ions nm 2. On the contrary, the bare SiO,/Si substrate and the
sample with a 10 nm gold layer do not show a systematic increase

in roughness after irradiation (0.31 and 0.72 nm average roughness,
respectively). Moreover, while the different squares of 4 x 4 and
15 x 15 pum? exhibit similar roughness in the homogeneously irradi-
ated center regions, we observed a slightly higher surface roughness
for higher beam currents as discussed in more detail in Appendix F.
Furthermore, the surface roughness observed in the AFM measure-
ments of this section correlates with the wrinkling identified in
the TEM images above. This relationship is analyzed in detail in
Appendix C.

Measurements in the literature have shown that ion irradiation
enables plastic flow in SiO, and Si,"***” and that sputtered NbTiN
typically exhibits internal stress.”*“” This agrees with our observa-
tion of increasing wrinkling of the NbTiN film with increasing He
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FIG. 3. AFM characterization of irradiated NbTiN films. (a) A representative square structure obtained after irradiation with 2000 ions nm=2. (b) Line profiles for three different
He ion fluences. For 2000 ions nm~2, the profile is also indicated as a blue dashed line in (a). (c) The fluence-dependent surface elevation (mean height) of the quasi-flat
center region of each irradiated area, extracted from profiles like those shown in (b). In addition to the stack NbTiN/SiO,/Si, it was also measured for the reference stacks
Au/SiO,/Si and SiO,/Si. The red lin is a linear fit of all data with a fluence of 250 ions nm=2 or above. (d) Dependence of the rms surface roughness on the He ion fluence
for the same stacks as in (c). The dashed lines show the measured roughness before and after annealing a second NbTiN/SiO,/Si sample at temperatures of 800 and

1050 °C (see Appendix E for details).

ion fluence: When irradiating the NbTiN/SiO,/Si stack, the stress
in the NbTiN film can relax and deform the originally flat NbTiN
film due to radiation-induced plastic flow of the underlying SiO».
To test this hypothesis, we took a NbTiN film on a SiO,/Si sub-
strate of the same sputtering run and heated it to temperatures up
to 1050 °C. Since the viscous flow of thermally grown SiO; starts
at 960 °C,** we expected an increase in the NbTiN film wrinkling
just above that temperature. Indeed, AFM line profiles do not dif-
fer between the original sample and the sample after heating it to
800 °C. However, after heating the sample to 1050 °C, it shows a
substantial increase in wrinkling with the rms roughness increasing
from 0.27 to 2.25 nm (more details in Appendix E). This observa-
tion indicates that stress in the NbTiN film is already present after
sputtering and that it relaxes upon activating viscous flow of the

underlying substrate. To verify that the deformation does not origi-
nate from strain in the substrate material, we also obtained reference
data by irradiating the unprocessed wafer (SiO,/Si stack) and the
wafer with an evaporated gold layer on top. Both do not show an
increase in wrinkling/roughness with increasing He ion fluence, as
can be seen in Fig. 3(d).

In summary, we observe increased wrinkling of the NbTiN
film as the He ion fluence increases, while its thickness and rough-
ness remain unchanged. This wrinkling originates from relaxation
of stress that builds up in the NbTiN film already during the sput-
tering process. When the NbTiN/SiO,/Si stack is irradiated with He
ions or heated to temperatures above 960 °C, viscous flow of the SiO,
allows stress in the NbTiN layer to be released, causing the NbTiN
to wrinkle.
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I1l. IMPACT OF He ION IRRADIATION
ON THE THERMAL CONDUCTANCE

We continue to link the He-ion-induced changes in the super-
conducting thin film and the substrate to their thermal coupling,
before showing in the subsequent section that this contributes sub-
stantially to the irradiation-induced performance enhancement of
SNSPDs. The detection efficiency in SNSPDs is influenced not only
by thin-film properties such as critical temperature, sheet resistance,
and electron diffusivity but also by the thermal properties of the
thin film and the superconductor-substrate interface. This is high-
lighted by the improved detection efficiency that Xu ef al. achieved
after reducing the thermal conductance between the supercon-
ducting thin film and the substrate by underetching the SNSPD.%*
Simulations in this work showed that samples with lower thermal
conductance exhibit a longer hotspot decay time, meaning that the
heat loss from the hotspot to the substrate is suppressed, thereby
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increasing the fraction of the photon energy that contributes to
hotspot formation. We expect that the effects of He ion irradiation,
such as the formation of He bubbles and the modification of the
crystallinity of the Si substrate, may similarly reduce the thermal
conductance and play an important role in the observed increase
in detection efficiency of SNSPDs following irradiation. Therefore,
we continue by investigating the impact of He ion irradiation on the
thermal conductance between the superconducting thin film and the
substrate in the following.

The equation governing heat flow in a one-dimensional
nanowire is

*T o oT
2 4 _ 0T
]P+KW_H(T_T:“")_C&’ (1)

accounting for the heat flow along the nanowire, Joule heating
from the resistive barrier when the nanowire is in the normal

9 1 ' 1 ' 1 ' 1 ' 1
_ 1o (b)
X
= L ® i
~ 8 ®
It
5 [ ]
2
o
g e
£
3 ]
S
A e 7
S ° ]
[ ]
5 1 i 1 i 1 i 1 i 1
0 500 1000 1500 2000
He ion fluence F (ionsnm™2)
— T T T T T T
<
e )
NE 200 § -
~
z
©
g 50l @ .
c
3
S ®
o
c
g 100 §
e [
£ i
3 L °
=
|_ 50 1 i 1 i 1 i 1 i 1
0 500 1000 1500 2000

He ion fluence F (ionsnm™2)

FIG. 4. Modification of basic transport properties and of the thermal conductance from the SNSPD to the substrate by He ion irradiation. (a) The retrapping current /; with
the switching current /s, as inset, both measured at a temperature of 1 K. (b) The critical temperature T. (c) The sheet resistance Rgpeet. (d) The thermal conductance
between the superconducting thin film and the substrate o. While the curves for I and ¢ are solely guides to the eye, the curves for T and Rspeet Were fitted with the models

described in the main text. Error bars are, in some cases, smaller than the symbols.

APL Quantum 2, 026131 (2025); doi: 10.1063/5.0259935
© Author(s) 2025

2,026131-6

6%:15'Gl 20T dunr G2


https://pubs.aip.org/aip/apq

APL Quantum

conducting state, and heat escaping from the superconducting thin
film of thickness d to the substrate at a fixed substrate temperature
Top." Here, ] is the current density, p is the normal-state resistiv-
ity, x is the thermal conductivity of the superconducting nanowire,
o is the thermal conductance between the superconducting thin film
and the substrate, and C is the specific heat per unit volume of
NbTiN. According to the literature,”®’" the thermal conductance
o can be obtained from the equation for the retrapping current
density,

[

1dp (T - Tow) » @)

]r:

with the critical temperature T.. To measure the retrapping current
I;, we pass a current above the switching current I, through the
nanowire and then gradually reduce it until the normal conducting
resistive domain within the nanowire can no longer sustain itself by
Joule heating. This current, at which it switches back to the super-
conducting state, defines the retrapping current. We measured I; for
25.8 um long, 250 nm wide, and 8 nm thick nanowires at a tem-
perature of 1 K, irradiated with He ion fluences ranging from 0 to
2000 ions nm 2. As shown in Fig. 4(a), the largest decrease in
I, occurs at fluences smaller than 250 ions nm™2, and it reduced
from 6.7 to 1.2 pA comparing the unirradiated device to the device
after irradiation with 2000 ions nm™. Moreover, in the inset of
Fig. 4(a), we present the measured switching current of the same
devices and observed the expected decrease with increasing He ion
fluence that has already been reported in the literature.”*” In addi-
tion to the retrapping and the switching current, we measured the
critical temperature and the sheet resistance of the irradiated films
using cloverleaf structures fabricated on the same sample as the
nanowire devices, following the van der Pauw method as described
in previous work.”””"’” As shown in Figs. 4(b) and 4(c), the criti-
cal temperature decreases, while the sheet resistance increases with
increasing He ion fluence. We fitted the sheet resistance using a
model from our previous work™ that accounts for defect forma-
tion in the NbTiN film and relate the critical temperature to the ion
fluence via the sheet resistance by using the universal scaling law
of Ivry et al”® Our sheet resistance model shows good agreement
with the experimental data, while the derived critical temperature
values exhibit slight deviations from measurements at both low and
high He ion fluence. With these ingredients and the substrate tem-
perature Tqp =1 K, we calculate the thermal conductance o via
Eq. (2). As shown in Fig. 4(d), it decreased from initially 210 to
70 W m™2 K™* after irradiation with 2000 ions nm 2. Moreover, the
data suggest a saturating thermal conductance for fluences above
1500 ions nm™2. This can be explained by considering two paths
contributing to the total thermal conductance: (1) a path where
heat escapes normal to the wafer surface through the irradiated
area, Onorm, and (2) a path where heat flows in-plane, parallel to the
wafer surface, Oin-plane- Since the He bubbles form deep within the
substrate and the He ions deposit most of their energy there, we
expect that He ion irradiation primarily reduces onorm deep inside
the substrate and underneath the irradiated area. At the same time,
we expect Oiyplane in the NbTiN film and in the first nanometers
underneath the film to be less affected by the irradiation. Above a
sufficiently high He ion fluence, the in-plane thermal conductance
starts to dominate and the total thermal conductance saturates at
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a value determined by the lateral dimensions of the irradiated area
and the thickness of the thermally conducting channel. The ther-
mal conductance of the unirradiated NbTiN films in this work is
210 W m™2 K™, which is comparable to but slightly below the lower
bound of the range reported in the literature for the related material
NbN (229-711 W m™2 K™*).°%% To our knowledge, no ther-
mal conductance values have been previously reported specifically
for NDTiN films. While NbN and NbTiN share similar super-
conducting properties, variations in thermal conductance could be
attributed to compositional and structural differences between these
materials.

In summary, the thermal conductance between the supercon-
ducting thin film and the substrate decreases continuously with
increasing He ion fluence, and after irradiation with 2000 ions nm~>2,
it saturates at only 33% of the value for the unirradiated device.
The reduced thermal conductance can have multiple origins such
as (1) the He bubbles that form deep inside the substrate and act
as a thermally insulating layer, (2) the irradiation-induced amor-
phization of the originally crystalline Si,””” and (3) a modified
superconductor-substrate interface due to the relaxation of internal
stress in the NbTiN.

IV. ENHANCING DETECTION EFFICIENCY
BY ENGINEERING THE THERMAL CONDUCTANCE

In the previous sections, we elaborated that the most prominent
irradiation-induced changes of the NbTiN film and the underly-
ing SiO,/Si substrate are the wrinkling of the NbTiN film, the
amorphization of the first few hundred nanometers of Si, and the
formation of He bubbles in a region extending from approximately
the SiO,/Si interface (located at 150 nm depth) to about 340 nm
depth. In addition to the fact that point defects are not visible in
our TEM images of the NbTiN films, we also did not observe any
changes in crystallinity or amorphization of the NbTiN film with
increasing He ion fluence. Therefore, we conclude that in addition
to the direct impact of irradiating the NbTiN film, a significant con-
tribution to the enhanced sensitivity of SNSPDs following He ion
irradiation’” " arises from a change in the thermal conductance
between the superconducting thin film and the substrate.

To verify that changes in detector performance after irradia-
tion cannot solely be explained by the direct irradiation effects on
the NDTiN film, we compare three different irradiation schemes:
(1) an unirradiated reference device, (2) a device fully irradiated
with 2000 ions nm™2, and (3) a device where we irradiated only
the surrounding regions up to a distance of 150 nm from the edge
of the superconducting wire with 2000 ions nm™. The He ion
beam was focused to nanometer resolution, ensuring precise control
of the irradiated regions with minimal beam spread at the sam-
ple surface. The focused He ion beam enters the substrate, where,
through scattering and recoil events, the He ions successively trans-
fer their energy to the substrate while spreading laterally as they
move through it. Due to this lateral straggle, we expect the He ions
to amorphize the Si and create He bubbles deep inside the substrate
not only in the directly irradiated regions but also underneath the
nanowire for the device where we irradiated only the regions next
to the superconducting wire. This will modify the thermal conduc-
tance to the substrate while keeping the direct effects of He ions on
the NbTiN wire limited. Appendix G contains a detailed discussion
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about the simulated He ion distribution and energy deposition, and
about the limitations of this particular irradiation scheme. We con-
clude that if a direct modification of the NbTiN wire by the He ion
beam was the one and only cause for a change in detector properties,
an irradiation of the surrounding area should have a very limited
influence on them.

As shown in Figs. 5(a) and 5(b), our experiments with SNSPDs
consisting of 250 nm wide and 8 nm thick nanowires at a tem-
perature of 1 K demonstrate that both irradiated devices exhibit
saturating detection efficiency at a wavelength of 780 nm, while the
unirradiated device does not reach saturation. To further charac-
terize these detectors, we define what we term the photon-assisted
critical current, Icpa, as the minimum current at which the SNSPD
shows non-zero resistance under constant illumination with pho-
tons of 780 nm wavelength. We note that the conventional critical
current is defined as the current where a superconductor transi-
tions from the superconducting to the normal conducting state in
dark conditions. However, in the context of SNSPDs operated with
shunt resistors, the critical current is typically defined as the cur-
rent where the SNSPD transitions to a state where it shows, on
average, a non-zero resistance in dark conditions—being either in
a continuously normal conducting state or a state where the SNSPD
shows relaxation oscillations.”® While we could measure the photon-
assisted critical current for all devices in this section, the critical
current in dark conditions could not be determined for all devices
since not all of them exhibited dark counts or relaxation oscilla-
tions with the 10.2 Q shunt resistor and 1 s integration time used in
these experiments. Nevertheless, the photon-assisted measurement
ensures a consistent comparison across all devices, though we note
that photon absorption can trigger the superconducting-to-normal
transition at currents below the dark critical current. Using this
definition, we observe that the photon-assisted critical current of the
fully irradiated device is reduced to 22.4 uA, while the device where
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TABLE |. Comparison of photon-assisted critical currents and switching currents
(in pA) of the three devices discussed in Sec. |V. The unirradiated device was always
measured as a reference device and, also in the rows “Isy, after irradiation” as well as
“lc pa after irradiation,” it was never irradiated.

Unirr. Surr. irr. Fully irr.
Isw before irradiation 79.1 80.8 95.2
Isw after irradiation 74.5 42.5 19.7
Ie,pa after irradiation 60.1 59.0 22.4

only the surrounding area was irradiated exhibits a similar value
as the unirradiated device (59.0 and 60.1 pA, respectively). At the
same time, we measured the switching current in these experiments
without a shunt resistor (since a shunt resistor influences the nom-
inal switching current’”) and without illumination and observed its
reduction not only for the fully irradiated device but also for the
device where only the surrounding area was irradiated. Table I shows
a comparison of these currents for the different devices before and
after irradiation. The fact that the switching current is lower than
the photon-assisted critical current for the devices with the full wire
or the surrounding area irradiated might be explained by latching,
since for switching current measurements no shunt resistor was
connected. Surprisingly, the switching current for the unirradiated
device is higher than its photon-assisted critical current. However,
when comparing the two devices “surrounding irradiated” and “fully
irradiated,” a clear trend can be observed: despite the switching cur-
rent for both devices being reduced after irradiation, the reduction
is much less pronounced for the device with the surrounding area
irradiated (42.5 pA compared to 19.7 pA, corresponding to reduc-
tions by 47% and 79%). This is even more apparent when comparing
the photon-assisted critical current after and the switching current
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FIG. 5. Normalized count rate vs bias current for three differently iradiated SNSPDs (unirradiated, fully irradiated with 2000 ions nm=2, and only the surrounding area
irradiated with 2000 ions nm~2). (a) The count rate is normalized to the fit asymptote after fitting an error function’® and plotted against the absolute bias current. (b) The
same data as in (a) but with the bias current normalized to the photon-assisted critical current of the SNSPD. The measurements were performed at a wavelength of 780 nm

and a temperature of 1 K.
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before irradiation (a reduction by 27% compared to 76%). The fact
that the switching current of the device where only the surrounding
area was irradiated is also reduced might be explained by He ions
that reach the nanowire due to backscattering and recoil events as
elaborated in Appendix G.

Examining the count rate curves in Fig. 5 in more detail, it is
noteworthy that the relative saturation plateau width is of similar
size (16.6%), and the absolute saturation plateau width is substan-
tially larger for the wire with only the surrounding area irradiated
compared to the fully irradiated wire (9.8 A compared to 3.7 pA).
This is particularly interesting since the wire itself was not irradi-
ated and, moreover, the number of He atoms underneath the wire is
on average only 3.9% of that underneath the fully irradiated wire
(see Appendix G). We note that even if the photon-assisted crit-
ical current of the unirradiated device had been higher than, and
not similar to, that of the surrounding irradiated device, the switch-
ing current and the photon-assisted critical current of the device
for which the surrounding area was irradiated would still be sub-
stantially higher than those of the fully irradiated device, while their
relative saturation plateau width is similar. These observations imply
that irradiating only the surrounding area increases the sensitiv-
ity due to the reduced thermal conductance to the substrate, and
simultaneously the sensitivity stays high since the photon-assisted
critical current is barely reduced. In contrast, we typically observe
a strong reduction of the critical current after full irradiation of
SNSPDs.” This suggests that for devices where only the surround-
ing area is irradiated, higher He ion fluences might be explored in
future work to potentially achieve even larger saturation plateau
widths.

The most important conclusion of this experiment is that
despite irradiating only the surrounding region of the nanowire, its
sensitivity to single photons increased significantly. This would not
be possible if a modification of the NbTiN via direct He ion irra-
diation was the only cause for a change in detector properties after
irradiation. Thus, other mechanisms such as the irradiation-induced
reduction of the thermal conductance from the detector to the sub-
strate substantially contribute to the change in detector properties
after irradiation.

V. CONCLUSION

Motivated by the significant improvement of SNSPD per-
formance following He ion irradiation,” ” we investigated the
irradiation-induced changes of the superconducting NbTiN films
and the underlying SiO,/Si substrates. Through combined TEM and
AFM analysis, we found that irradiating the NbTiN/SiO,/Si stack
with 30 kV He ions transforms the crystalline Si into an amorphous
structure, with He bubbles forming between the SiO,/Si interface (at
150 nm depth) and 340 nm depth, causing substrate swelling. At the
same time, the NbTiN film remains polycrystalline with columnar
crystalline domains and an oxygen-rich top layer. However, the orig-
inally flat NbTiN film exhibits increasing wrinkling with increasing
He ion fluence since the stress in the as-sputtered NbTiN film can
be released due to viscous flow of the SiO,, which allows its plastic
deformation during He ion irradiation.

Moreover, experiments revealed a decrease in the thermal con-
ductance from the NbTiN to the substrate with increasing He ion
fluence from initially 210 to 70 W m™ K™ after irradiation with

pubs.aip.org/aip/apq

2000 ions nm ™2, Combined with the observations of the influence of
He ion irradiation on film and substrate morphology, this suggests
the following: in addition to the effects of direct He ion irradia-
tion on the NbTiN film, a substantial contribution to the enhanced
SNSPD performance originates from an irradiation-induced reduc-
tion of the thermal conductance. This reduction, caused by He bub-
bles, amorphization of crystalline Si, and a modified NbTiN-SiO,
interface, leads to a prolonged lifetime of the normal-conducting
domain, thereby increasing the detection probability. To verify
this hypothesis, we irradiated the surrounding area of a straight
nanowire up to a distance of 150 nm from the wire. Due to scatter-
ing, the He ions spread laterally when moving through the sample
and result in a reduced thermal conductance also underneath the
nanowire. Although we did not irradiate the nanowire directly, we
observed a similar relative saturation plateau width (16.6%), a signif-
icantly larger absolute saturation plateau width (9.8 pA compared to
3.7 uA), and a higher photon-assisted critical current (59.0 pA com-
pared to 22.4 pA) after irradiation of the surrounding area of the
nanowire with 2000 ions nm™2, compared to full irradiation with
the same He ion fluence. This confirms that the reduced thermal
conductance substantially contributes to the enhanced sensitivity
following He ion irradiation. Moreover, irradiation of the area sur-
rounding the nanowire provides a means to reduce the thermal
conductance underneath the nanowire while maintaining a high
photon-assisted critical current due to the limited interaction of He
ions with the NbTiN film.

To further differentiate the effects of the He ions on the NbTiN
film vs the substrate, it would be desirable to compare detectors fab-
ricated on pre-irradiated substrate regions with those fabricated on
unirradiated substrate regions and then irradiated. Moreover, since
the He implantation depth—which also defines the thickness of the
heat conducting channel—can be tuned via the acceleration voltage,
investigating the influence of different acceleration voltages on both
device and substrate properties could provide valuable insights for
optimizing detector performance.
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APPENDIX A: FABRICATION AND
CHARACTERIZATION OF NbTiN FILMS AND SNSPDs

To fabricate the superconducting NbTiN films and SNSPDs
studied in this work, we deposited NbTiN films using DC reactive
magnetron sputtering onto two Si substrates (5 x 5 um?) with a
nominally 130 nm thick thermally grown SiO, layer. The super-
conductor thickness was controlled by measuring the sputtering
rate and choosing the sputtering time correspondingly. On the
sample that was later used for AFM and TEM measurements, we
deposited a nominally 12 nm thick NbTiN layer. Subsequent TEM
images revealed an actual thickness of (11.3 + 0.5) nm. On the
other sample, we deposited a nominally 8 nm thick NbTiN layer
for fabricating SNSPDs in the form of straight nanowires of 250 nm
width and 25.8 pm length to study the influence of He ion irra-
diation on the thermal conductance between the superconducting
thin film and the substrate and the associated change in detection
efficiency. On the nanowire sample, we patterned the NbTiN film
with electron beam lithography and reactive ion etching, followed
by contact pad fabrication using optical lithography and gold evap-
oration. The process for contact pad fabrication was also used to
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fabricate gold marker structures on the sample for AFM and TEM
measurements.

After characterization of the unirradiated devices, we used a
He ion microscope (Zeiss Orion Nanofab) with an acceleration volt-
age of 30 kV for irradiation with He ions. On the nanowire sample,
we fabricated three types of devices: (1) unirradiated nanowires, (2)
fully irradiated nanowires, and (3) nanowires for which only the sur-
rounding area was irradiated, leaving the nanowire and a 150 nm
wide stripe next to the nanowire unirradiated. On the AFM/TEM
sample, we used the He ion microscope to irradiate 4 x 4 and
15 x 15 um? squares of the NbTiN film. Subsequently, we measured
those irradiated areas with an AFM (Bruker Dimension Icon) using
the ScanAsyst mode and an OTESPA tip.

Cross-sectional TEM lamellae were prepared from three
regions: an unirradiated square and squares irradiated with 500
and 2000 ions nm™2. Using a focused ion beam microscope (FEI
Helios G3 UC), we thinned these sections to ~10-35 nm in the
vicinity of the NbTiN film. The lamellae were characterized using
a probe-corrected transmission electron microscope (FEI Titan
Themis) operated at 300 kV, employing (scanning) transmission
electron microscopy [(S)TEM], high-angle annular dark-field imag-
ing (HAADF), and energy-dispersive x-ray spectroscopy (EDX). All
images presented in Fig. | were acquired using HAADF-STEM.

APPENDIX B: PARTIAL RETENTION OF Si
CRYSTALLINITY NEAR THE SiO,/Si INTERFACE
AFTER IRRADIATION WITH 500 ions nm2

After irradiation with 500 ions nm™>, the Si substrate exhibits
a distinct transition region near the SiO, interface where crys-
talline and amorphous phases coexist, as shown in Fig. 6. This
partial preservation of crystallinity stands in contrast to the com-
plete amorphization observed at 2000 ions nm ™2, indicating that
the transformation process depends strongly on the He ion fluence.
The high-resolution inset in Fig. 6 reveals clear lattice fringes in the

FIG. 6. TEM image of the interfacial region between amorphous SiO, and Si in
the NDTIN/SiO,/Si stack after irradiation with 500 ions nm=2. The interface is
marked by a dashed white line. Light gray regions indicate amorphous material
and darker areas reveal crystalline silicon. The inset (3x magnification) shows a
partially crystalline region where lattice fringes are clearly visible, demonstrating
the local crystalline order.
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FIG. 7. Local deviation from the surface height average, h— h, as determined
by (a) TEM and (b) AFM measurements of the unirradiated NbTiN film and after
irradiation with 500 and 2000 ions nm~2. The local width of the lines in (b) is
defined by the local height range bounded by the AFM line profiles obtained from
the two averaging widths (12 and 35 nm).

preserved crystalline domains, providing direct evidence of residual
crystalline order in these regions.

APPENDIX C: NbTiN FILM WRINKLING
AND SURFACE ROUGHNESS

The TEM measurements presented in Sec. II reveal that the
NbTiN film maintains its thickness after irradiation while exhibiting
increasing wrinkling, characterized by synchronized undulations of
its top and bottom surfaces. To quantify this wrinkling and compare
it with AFM measurements, Fig. 7(a) shows the local deviation from
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the mean surface height of the NbTiN layer as determined from the
TEM images. The analysis reveals that the local surface height varies
within intervals of 1.8, 2.5, and 8 nm around the mean surface height
for the film before He ion irradiation and after exposure to 500
and 2000 ions nm™2, respectively. To compare this wrinkling with
the AFM-measured surface roughness presented in Sec. 11, Fig. 7(b)
shows line profiles from three AFM images for the same He ion
fluences. Each height value along these profiles is the local average
across a strip oriented perpendicular to the profile direction, using
widths of 12 and 35 nm to match the thickness range of the TEM
lamellae. The local width of the lines in Fig. 7(b) is defined by the
local height range, bounded by the profiles obtained from the two
averaging widths, and indicates that both yield similar results. The
AFM line profiles exhibit surface height variations within intervals
of 1.6, 3, and 6 nm around the mean surface height for the unirradi-
ated film and after exposure to 500 and 2000 ions nm™2, respectively.
These values, as well as their characteristic length scales of variation,
closely match those derived from the TEM images, demonstrat-
ing quantitative agreement between both measurement techniques.
Based on these results, we conclude that the AFM line profiles and
rms roughness presented here and in Sec. II not only show con-
tinuously increasing surface height variations with increasing He
ion fluence but can also be used to estimate the wrinkling of the
NDTiN film observed in TEM images. To conclude, the increase in
the AFM-measured surface roughness with increasing He ion flu-
ence, combined with the correlation between surface roughness and
wrinkling, indicates that the NbTiN film undergoes wrinkling rather
than developing surface roughness with increasing He ion fluence.

APPENDIX D: ENERGY-DISPERSIVE

X-RAY SPECTROSCOPY

For compositional analysis of the NbTiN film and the
NbTiN/SiO,/Si stack, we performed energy-dispersive x-ray
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FIG. 8. Energy-dispersive x-ray spectroscopy (EDX) line profiles extracted from STEM-EDX maps of the unirradiated NbTiN/SiO,/Si stack. The profiles were taken perpen-
dicular to the interfaces, with integration performed parallel to them. (a) High-resolution scan across the NbTiN film (20 nm integration width), showing the SiO, support
(right), the NbTiN film with its oxygen-rich surface layer (center), and a protective carbon layer required for sample preparation (left). Carbon was excluded from the elemen-
tal quantification to prevent distortion from its residual presence throughout the sample. (b) Wide-area scan across the complete NbTiN/SiO,/Si stack (58 nm integration

width).
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spectroscopy (EDX) using scanning transmission electron micro-
scopy (STEM). From these EDX maps, we extracted integrated
compositional profiles perpendicular to the interfaces, as shown in
Fig. 8.

APPENDIX E: INFLUENCE OF THE ANNEALING
TEMPERATURE ON THE SURFACE ROUGHNESS

In this section, we investigate how stress in the originally flat
NbTiN film can relax and deform the NbTiN film by heating the
sample to temperatures above 960 °C, where viscous flow of ther-
mally grown SiO; starts.”” To this aim, we mounted a sample with
the stack NbTiN/SiO,/Si in a chamber that was purged with nitro-
gen and evacuated to a pressure range of 107’ -10"° mbar before
ramping up the temperature and holding the target temperature for
30 min. Figure 9 shows the AFM images and line profiles across
the surface before and after heating to 800 and 1050 °C. We note
that the sample used in this heating experiment exhibited unusual
surface features (potentially originating from a contaminated sur-
face prior to the sputtering process) that grew in size when heated
to 1050 °C. Therefore, we placed the line profiles in regions with-
out those grains. While the line profiles before and after heating the
sample to 800° show a similar rms roughness of 0.27 and 0.24 nm,
it increases to 2.25 nm after heating to 1050 °C. This indicates
that stress in the NbTiN film is already present after sputtering
and that it relaxes when enabling viscous flow of the underlying
substrate.

Position y (pm)
Position y (pm)

0 1 2 3 0 1

pubs.aip.org/aip/apq
2.0 LR | T T T T T
~ 18 ® 2000ionsnm™2
E ' ® 500ionsnm 2 e
& 16 ® 250ionsnm~2 ]
: -2

ﬁ 1ab ® 100ionsnm { A
c
=
w12 @ -
e
[0} 10 F -
R ° °
S o0sf -
%]
<2} B [ 4
S 06 °
& 0.4 =TTt T T T T T T T T T T T T R SOREEEEEEE .'______"___

’ " sl " " e aaal " " e aaal "

10° 10 102

Beam current lheam (pA)

FIG. 10. rms surface roughness vs beam current used for irradiation with He ion
fluences ranging from 100 to 2000 ions nm~2. The black dashed line indicates the
rms surface roughness before irradiation.

APPENDIX F: INFLUENCE OF THE BEAM CURRENT
ON THE SURFACE ROUGHNESS

To investigate the influence of the beam current on the
roughness/wrinkling of the NbTiN film, we irradiated the stack
NbTiN/SiO,/Si with beam currents ranging from 0.5 to 118 pA.
Figure 10 shows the rms surface roughness after irradiation as
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FIG. 9. AFM measurements and corresponding line profiles of the stack NbTiN/SiO,/Si after exposing it to three different temperatures. The as-sputtered film and the film
after heating it to 800 °C exhibit a similar rms roughness of 0.27 and 0.24 nm, respectively. This increases to 2.25 nm after heating the sample to 1050 °C.
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measured with an AFM. The roughness increases from 0.43 nm
before irradiation to 1.19 and 1.78 nm for the lowest and highest
beam current, respectively. We explain this difference by increased
viscous flow of the SiO, at higher beam currents, allowing more
relaxation of the stress that built up in the NbTIiN during the
sputtering process. However, even for the smallest beam currents,
the roughness increased by a factor of three after irradiation with
2000 ions nm™~* compared to the unirradiated film.

APPENDIX G: He ION DISTRIBUTION
FOR DISTANT IRRADIATION

In this section, we estimate the relative amount of implanted
He ions and deposited energy in and underneath a 250 nm wide
NbTiN wire when irradiating only the surrounding area up to a dis-
tance of 150 nm from the wire and compare it to a fully irradiated
wire. The average lateral spread of He ions when irradiating a single
spot can be calculated by projecting the simulated three-dimensional
stopping positions of He ions onto a line parallel to the surface,
resulting in a Gaussian distribution with a FWHM of 266 nm. When
irradiating only the regions next to the superconducting wire, this
lateral spread will result in a significant fraction of He ions under-
neath the nanowire. The relative fraction of implanted He ions fie
along a line perpendicular to the nanowire can be calculated by tak-
ing the convolution of the Gaussian distribution of He ions with the
one-dimensional profile of irradiation along this line:

o 1 _ G unirr
frel(x)=[ Von ~®(|s|—WT)ds, (G1)

= e
2o

with the standard deviation o of the Gaussian distribution, the width
Wunirr Of the unirradiated area, and the Heaviside step function ©.

— irr. profile
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— NbTiIN 1
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The resulting He ion distribution is shown as an orange line in
Fig. 11(a), with the minimum and maximum amounts of He ions
underneath the nanowire being 1.5% and 9.3%, and an average
amount of 3.9% of that in the fully irradiated area.

As shown in Fig. 2(b), the FWHM of the He ion stopping posi-
tions within the NbTiN layer is 400 nm due to recoil events and
scattering. Following the same procedure as above, but projecting
only the stopping positions of He ions that end up in the 12 nm thick
NbTIN film onto a line perpendicular to the nanowire, we calcu-
late the convolution of the resulting Gaussian distribution with the
one-dimensional irradiation profile and obtain the relative fraction
of He ions implanted in the nanowire, as presented as the green line
in Fig. 11(a). Since the FWHM of the implanted He distribution in
the NbTiN layer is higher than that when considering the stopping
positions of all He ions, also the minimum and maximum relative
fractions, 10.9% and 20.1%, and the average fraction of 14.0% are
higher. This indicates that the number of He ions that stop within
the NbTiN wire is of the same order of magnitude when compar-
ing full irradiation with irradiation up to a distance of 150 nm from
the wire. This leads to the question of how the effects of direct irra-
diation differ from irradiation up to a distance of 150 nm from the
wire. According to the Bragg peak, the He ions deposit most energy
per nm shortly before they stop, as can be seen in Fig. 11(b). How-
ever, the energy loss per nm when entering the sample is still half of
that at the maximum at a 270 nm sample depth. Moreover, at the
spots where the focused He ion beam hits the sample, all He ions
deposit a fraction of their kinetic energy in the NbTiN film. Taking
into account that only the fraction 10~ of all ions end up in each
nm of the NbTiN film, we conclude that the total energy deposited
in the NbTiN wire when irradiating up to a distance of 150 nm from
the wire is approximately four orders of magnitude smaller than
when irradiating the whole device. We note, however, that the small
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FIG. 11. Simulated He ion and energy distribution after irradiation of the sample stack NbTiN/SiO,/Si in the surrounding area of the wire up to a distance of 150 nm from
the wire. (a) Normalized implanted He ion distribution. The irradiation profile is shown as a blue line (1 in the regions where the He ion beam hits the surface), while the
width of the nanowire is indicated by the gray shaded area. The orange line is the distribution of He ions integrated along the full depth of the sample (over the whole stack
NbTiN/SiO,/Si), while the green line is the distribution when integrating only over the NbTiN layer. Both distributions are normalized to the amount of implanted He for full
irradiation. The corresponding average amount of implanted He underneath the wire is indicated by the horizontal dashed lines. (b) Deposited energy per ion and per nm
sample depth. The material stack NbTiN/SiO,/Si is indicated by the differently shaded areas.
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fraction 10™* of the He ions that are implanted in the NbTiN wire
per nm is similar when comparing fully irradiated devices with those
irradiated up to a distance of 150 nm from the wire. At the same
time, the total amount of He ions implanted in the SiO,/Si substrate
underneath the nanowire is still 3.9% of that in the fully irradi-
ated area, leading to substantial He bubble formation and a reduced
superconductor-to-substrate thermal conductance underneath the
nanowire.

Thus, when keeping the wire unirradiated and irradiating only
its surroundings up to a distance of 150 nm from the wire, the
NbTiIN should be barely directly affected by the He ion beam (only
by the small fraction of deflected or recoiled atoms/ions), while the
reduced thermal conductance due to the amorphization of Si and
the formation of He bubbles in the substrate extends under the
nanowire.

We note that in addition to the amorphization of Si and the
formation of He bubbles underneath the wire, we cannot completely
exclude that the following two points also have some influence on
device performance: (1) The curved surface due to the different sur-
face elevation in the center vs the edges of the nanowire, which
originates from smaller He bubbles underneath the center of the wire
compared to the edges. (2) A potential residual plastic flow of the
SiO; near the NbTiN interface due to the small amount of energy
deposited in this region from scattered/recoiled He ions. However,
since the fraction of energy is only on the order of 10™* compared
to the fully irradiated regions, we expect this effect to be negligible.
To fully isolate the change in device properties due to the modified
superconductor-to-substrate thermal conductance after irradiation,
future studies comparing the performance of devices fabricated on
pre-irradiated substrate regions to similar devices fabricated on
unirradiated regions of the same substrate would be useful.
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