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A superconducting nanowire single-photon detector (SNSPD) has played a significant role in numerous
applications for visible and near-infrared photon detection. SNSPDs with high system detection efficiency
(SDE greater than 90%) would enable remarkable experiments in quantum information processing. Cur-
rently, niobium nitride- (NbN) based SNSPDs are widely used in practical applications since they can
operate in an inexpensive compact closed-cycle cryostat. However, it is a challenge to realize a NbN
SNSPD with saturated intrinsic detection efficiency (IDE) while maintaining its high SDE at near-infrared
wavelengths. We develop a postprocessing method to enhance the IDE of NbN SNSPDs to saturation
without sacrificing SDE through defect engineering by a 20-keV helium ion irradiation. The enhancement
of IDE is achieved because of the irradiation-induced reduction of the superconducting energy gap and
the electron density of states at the Fermi level as determined by the electrical transport measurements.
The change in the optical absorptance of the irradiated SNSPD is insignificant at the resonant wavelength
as confirmed by the measured optical reflectance and SDE. By taking advantage of the IDE enhance-
ment, the SDE of an irradiated device is significantly increased from 49% to 92% at 2.2 K for a 1550-nm
wavelength.

DOI: 10.1103/PhysRevApplied.12.044040

I. INTRODUCTION

Controllable modification of the physical properties of
thin films is crucial for their application in functional
devices. Ion implantation or irradiation is regarded as a
powerful tool for this purpose. Ion implantation technol-
ogy has been widely used in the microelectronic indus-
try for impurity doping of semiconductor materials and
devices. Meanwhile, defect engineering by ion irradiation
has been demonstrated to be an effective approach for
adjusting the physical, chemical, or electrical properties of
semiconductors [1–4].

For years, studies on the ion irradiation effects in super-
conductors have elicited remarkable interest from both sci-
ence and application perspectives because of the controlled
impurity or lattice disorder induced to the superconduc-
tors through ion irradiation that would aid in understanding
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superconductivity [5,6] and adjusting the performance of
superconducting devices [7]. The ion irradiation effects
depend on the mass and energy of the irradiating ions, as
well as the type of superconductors used. For example, in
the case of high-critical temperature (Tc) oxide supercon-
ductors, heavy ion irradiations can generate columnar or
cluster defects, which act as vortex pinning centers and
may enhance the irreversible field and superconducting
critical current density [8,9].

Niobium nitride (NbN) has been extensively explored
because of its attractive physical properties for plasmonic
nanostructures [10] and has been widely used to fabri-
cate superconducting devices, such as superconducting
nanowire single-photon detectors (SNSPDs) [11]. Previ-
ously, a study reported that NbN showed a robust resis-
tance to irradiation damage (e.g., fast neutron irradiation
[12]) in comparison with other superconductors. Its result
was attributed to the highly defective nature of NbN. The
effects of ion irradiation (200-keV Ar) damage on both
single crystal and polycrystalline NbN films have also
been investigated [6], where a reduction in the electron
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density of states at the Fermi level (N 0) was inferred to
the vacancies generated through ion irradiation.

SNSPDs have demonstrated unparalleled performance
in near-infrared photon detection with high system detec-
tion efficiency (SDE greater than 90%) [13,14], low dark
count rate (DCR less than 1 cps) [15], high count rate
(CR greater than 1.5 Gcps) [16], and high temporal res-
olution (<15 ps) [17,18]. These detectors are successfully
employed in quantum information processing [19], high-
speed optical communication [20], and time-of-flight rang-
ing systems [21,22]. Recently, significant loop-hole-free
Bell tests [23,24] were performed using high efficiency
detectors to close the detection loophole. The rapid devel-
opment in molecular science [25] and space observatories
[26] also provides a unique opportunity and challenge for
the ultrasensitivity and high-efficiency SNSPDs for near-
to midinfrared single-photon detection.

The operating principle of the SNSPD can be simplified
as follows [11,27]. An incident photon can break up hun-
dreds of Cooper pairs in the superconducting nanowire to
form a hotspot or normal region. The growth of the normal
region produces a transient resistance state, resulting in a
voltage pulse in the read-out circuit, representing a detec-
tion event. The Joule heat is transferred to the substrate
and then the nanowire returns to the superconducting state
waiting for the subsequent photon. Intrinsic detection effi-
ciency (IDE) or spectral sensitivity depicts the probability
of a pulse generation in the nanowire when a photon is
absorbed. The photon detection relies on the energy con-
version of the absorbed photon into elementary excitations
and hotspot generation in the superconducting nanowire,
however, this process has remained unclear until today
[28–30]. Additionally, in realizing a SNSPD with SDE
near unity, all the factors that affect the SDE (i.e., IDE, AE,
and OCE) must be optimized simultaneously [13,14,31],
where AE is the optical absorption efficiency and OCE is
the optical coupling efficiency.

Generally, IDE can be improved by fabricating devices
with thin [32] or narrow [33] nanowires. It can also be
enhanced by using a low superconducting energy gap (�)
or low N 0 materials, such as WSi [13], MoSi [34], TaN
[35], and MoN [30]. Notably, amorphous WSi SNSPDs
(Tc, approximately 4 K) show well-pronounced saturated
plateaus in SDE at bias current below the switching cur-
rent when they detect the near-infrared photons. The sat-
urated plateaus in SDE are empirically determined as
the IDE reaches unity. The success of WSi SNSPDs
has also elicited increasing interest for investigating the
basic detection mechanism based on this material [36,37].
However, such WSi detectors are limited to the large
kinetic inductance and require lower operating tempera-
tures (<1 K).

For practical applications, SNSPDs are often fabricated
using 5−8-nm-thick NbN or Nb1Ti1−xN films, thereby
forming 50−100-nm-wide nanowires. The NbN-based

SNSPD operates at a temperature range of 2−4 K with
a commercial Gifford-McMahon (GM) cryocooler. How-
ever, it remains challenging to achieve a saturated IDE for
the near-infrared photons [14,31,38] because of the rela-
tively high Tc (8−10 K) of the NbN films. Furthermore,
both the thickness and width of the nanowire influence
� as well as the AE [14,31]. Hence, simultaneously opti-
mizing these parameters is technically challenging, which
is crucial for achieving SDE close to unity. Therefore, a
method to decouple the IDE and AE of SNSPDs (i.e., with-
out modifying the geometric parameters and sacrificing
AE) would be very useful to the design and fabrica-
tion of SNSPDs. Previous attempts have been made to
enhance the IDE performance of SNSPDs by using var-
ious NbN chemical components [39], hybrid NbN/WSi
structures [38], or bias-sputtered NbN films [40]. However,
few reports on the postprocessing that can directly control
and compare the performance of SNSPDs are available.
The continuous modification on the detector performance
may also provide interesting information for studying the
photon detection mechanism.

Herein, we report an alternative method to tune the
physical properties of superconducting NbN ultrathin films
and SNSPDs by using the He ion irradiation. We inves-
tigate the modification of the polycrystalline NbN films
based on different He ion fluences ranging from 1 × 1014

to 5 × 1016 ion cm−2 at an ion energy of 20 keV. Both
� and N 0 are continuously decreased by the ion irradia-
tion, and the AE of the irradiated film remains essentially
constant at the resonant wavelength of 1550 nm. Then the
SNSPDs are irradiated by He ions and their IDE is sig-
nificantly improved. The SDE of an SNSPD is increased
from 49% to 92% at 2.2 K and more than 90% at 2.5 K
for 1550 nm. Furthermore, the long-term stability (>1.5
years) of the irradiated devices is characterized. The irra-
diation effects on the detector’s performances (e.g., timing
jitter, count rate, and dark count rate) are also discussed.

II. METHODS

Polycrystalline NbN film is deposited on a distributed
Bragg reflector (DBR) substrate through direct current
reactive magnetron sputtering in a mixed Ar and N2
atmosphere at room temperature, with the thickness con-
trolled by the deposition time. A DBR made of fifteen
SiO2/Ta2O5 bilayers is used for enhancing the AE of the
nanowires to near unity [14]. For the electrical transport
measurements, a four-point probing microbridge (40-µm
long, 60-µm wide) is patterned using ultraviolet lithogra-
phy and etched by reactive ion etching (RIE). To measure
the optical reflectance as a function of wavelength, a spec-
trophotometer (PerkinElmer, Lambda950) is used with a
scanning step of 1 nm and a relative uncertainty of less
than 0.2%.
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Three SNSPDs (called d1, d2, and d3) with the typ-
ical meander geometry are selected for this experiment.
The devices are fabricated from NbN thin films on DBR
substrates through electron beam lithography and RIE, as
shown in Fig. 1(a). These devices are fabricated in the
same batch. To guarantee a reliable optical coupling, their
active areas are designed to be 18 × 18 µm2. Figure 1(b)
shows a scanning electron microscope (SEM) image of

(a) (b)

(c) (d)

(e) 100K

50K

FIG. 1. (a) Enlarged optical photo of a SNSPD chip. The purple
regions are covered with NbN film while the green regions are the
DBR substrate. Golden marks are used for optical alignments.
The active area is indicated with a red dot in the front of the
dashed line. (b) SEM image of a nanowire with an 80-nm width
and 160-nm pitch. (c) Schematic of the He ion irradiation pro-
cess on SNSPD (not to scale). (d) Possible NbN crystal structures
before (top panel) and after (bottom panel) He ion irradiation. In
the bottom panel, dashed circles indicate the possible vacancies
created by irradiation. (e) Simulated vacancy and ion distribu-
tions as a function of depth by using the SRIM method. The
background is embedded with a TEM photo of a 9-nm-thick NbN
film on the DBR substrate (only the first SiO2/Ta2O5 bilayer is
shown).

the nanowire used in this study, whose nominal width and
spacing are both 80 nm.

In this study, a low-energy He ion irradiation with
an ion energy of 20 keV is produced by a 300-mm
medium-current ion implanter (Nissin, Exceed 2300RD)
at room temperature. The choice of the He ion aims
to prevent chemical reactions and an ion etching effect.
The irradiation fluence (Fi) ranges from 1 × 1014 to
5 × 1016 ion cm−2. Figure 1(c) shows the schematic of the
ion irradiation process on the SNSPD, where the ejected
ions fully cover the entire chip. Figure 1(d) shows a pos-
sible change in the NbN crystal structure before and after
the He ion irradiation. In the ion irradiation process, the
ejected He ions can knock the Nb or N ions far from
their regular sites and then create vacancies, indicated with
dashed circles in the bottom of Fig. 1(d). Figure 1(e) illus-
trates the depth distributions of He ions and irradiation-
induced vacancies, simulated for a 9-nm-thick NbN film on
a SiO2/Ta2O5/Si substrate. The simulation is conducted
using the Monte-Carlo method with the computer code of
the stopping and range of ions in matter (SRIM) [41]. The
result indicates that the project range of He ions is located
at the SiO2/Ta2O5 interface. In other words, the top NbN
layer is modified by the vacancies rather than He ions.

To further exclude the possibility of the ion etching
effect in our experiment, the thickness of the NbN film
is analyzed by using a transmission electron microscope
(TEM, FEI Talos F200). For example, two neighboring
thin-film samples (with a size of 5 × 5 mm2) are diced from
one 2-in. wafer. The measured thicknesses of the unirradi-
ated and irradiated (at the highest Fi = 5 × 1016 ion cm−2)
films are 10.6 ± 0.3 nm and 10.8 ± 0.2 nm, respectively.
Thus, the thickness modification induced by ion irradia-
tion is insignificant. The uncertainty in this measurement
is dominated by the thickness variation (less than 3.5%) of
the whole wafer and the accuracy (approximately 0.1 nm)
of the TEM measurement.

To characterize the optical–electrical properties of the
SNSPD, the device is packaged with a lens single-mode
fiber and then cooled in a 2.2-K GM cryostat, as reported
previously [14]. In the SDE measurements (see the setup
in Appendix A), a high-precision optical power meter
(Keysight Inc., 81624B) is used to calibrate the input
power as well as the attenuation of the attenuators. Dur-
ing the measurement, a MEMS optical switch (Thorlabs
Inc., OSW12-1310E, split ratio of approximately 1) and
the power meter are used to monitor the input power. The
optical power is first attenuated to −48.92 dBm, then fur-
ther attenuated to −108.92 dBm by using two cascaded
attenuators with a calibrated attenuation of −60 dB. The
final input optical power corresponds to a photon flux
of approximately 1 × 105 photon s−1, with a laser repe-
tition rate of approximately 20 MHz and a typical laser
pulse width of approximately 0.1 ps (Calmar FPL1550).
This ensures an averaged photon number of approximately
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0.005 photon per pulse. SDE is determined by the expres-
sion SDE equals (CR-DCR)/IPR [13], where CR is the
response pulse count rate and DCR is the dark count rate,
which is the average of the CR collected for 10 s when the
light is blocked by the shutter, and IPR is the input pho-
ton rate. To improve the CR performance of our detector,
a regular surface-mount resistor is connected in series to
the SNSPD chip in the package block [42,43]. The SDE
at 1550 nm measured in this work, with a relative uncer-
tainty of approximately 3% [14], refers to the photons
polarized parallel to the nanowire. The measurements of
electrical transport properties are performed using a Quan-
tum Design PPMS-9 system with a temperature stability
of ±3 mK. The magnetic field is perpendicular to the
sample substrate. During the measurements, the samples
undergoes zero-field cooling to remove the magnetic flux
trapping effect and are successively cooled to 2 K. Then,
the resistivity (ρ) of the samples is recorded as a function
of the rising temperature. Tc is determined from the tem-
perature at which ρ(T) drops to 50% of its normal state
value at 20 K (ρ20K).

III. RESULTS AND DISCUSSION

A. Transport properties of irradiated NbN films

Figure 2 shows the fluence dependence of Tc (left axis)
and ρ20K (right axis) for NbN films with different thick-
nesses (5, 7, 9, and 11 nm) in a linear scale. In the right
axis, only the ρ20K of the 7-nm-thick NbN sample is shown
because the typical thickness used in our detector fab-
rication is around 7 nm. For the unirradiated thin films
(i.e., Fi = 0), Tc is thickness dependent, which varies from

FIG. 2. Left axis: Fluence dependence of the superconducting
critical temperature (Tc, solid scatters) for NbN films with vary-
ing thicknesses. Right axis: Fluence dependence of the resistivity
measured at 20 K (ρ20K, open circles) for the 7-nm-thick NbN
film.

9.58 K (at 11 nm) to 5.47 K (at 5 nm). For each thick-
ness, both Tc and ρ20K vary continuously with an increase
of He ion fluences. By using the 7-nm-thick film as an
example, at the highest Fi = 5 × 1016 ion cm−2, the ratio
of Tc and ρ20K is approximately 0.82 and 1.90, respec-
tively, compared to their initial values. By increasing the
fluence further, we speculate that the reduction of Tc would
reach a saturation because of the saturation of the vacancy
density [5].

Figure 3 shows the resistivity as a function of temper-
ature for the 7-nm-thick NbN films irradiated at various
He ion fluences. As the fluence increases, the normal
state resistivity continuously increases. The inset of Fig. 3
shows the superconducting transition regime for the same
curves in an enlarged scale. The resistivity is normalized
by its own ρ20K value. The superconducting transition
width (�Tc) is determined by the temperature width at
which the normalized ρ/ρ20K drops from 0.9 to 0.1. It is
found that the �Tc values of the films irradiated at various
fluences are all in a range of 1.50–1.55 K (for more details,
see Table I). This small variation (approximately 0.05 K)
in �Tc indicates that ion irradiation at the present fluences
causes no damage to the ultrathin film sufficient to impair
its uniformity. Therefore, the use of ion irradiation can be a
promising tool to tune the physical properties of thin films
without degrading their quality.

To evaluate the material parameters, the resistivity as
a function of temperature is recorded at different mag-
netic fields up to 9 T. Figure 4(a) shows the comparison
of the ρ(T) curves of the 7-nm-thick NbN films irradiated
at Fi = 0 and 1 × 1016 ion cm−2. �Tc of the ρ(T) curves
becomes larger in the magnetic field. For instance, at a
magnetic field of 5 T, �Tc is about 2.70 K (Fi = 0) and
3.20 K (Fi = 1 × 1016 ion cm−2), respectively, compared

FIG. 3. Temperature dependence of resistivity for a 7-nm-
thick NbN film at various irradiated fluences. Inset: normalized
resistivity as a function of temperature in an enlarged scale.
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to the values (approximately 1.5 K) at the zero field.
The broadening of �Tc with increasing Fi in a mag-
netic field can be evidence of increasing lattice disorder,
since the electronic density correlation function at finite
wave numbers is very sensitive to scattering based on the
Bardeen-Cooper-Schrieffer (BCS) theory [44]. For each
given magnetic field, Tc at an upper critical magnetic field
(Bc2) is determined to be the temperature when the resis-
tivity drops to 50% of its normal state value. Thus, in
turn, Bc2 as a function of temperature (i.e., Tc) is obtained
from the abovementioned measurements, and the data are
plotted in Fig. 4(b). Dashed lines are the linear fits to the
measured data. The material parameters, for example, N 0,
electron diffusion coefficient (D), and Ginzburg–Landau
(G–L) coherence length (ξGL) [45] are deduced by using
the dirty-limit relation [46] as follows

Bc2(0) = 0.69Tc
dBc2

dT
|T = Tc , (1)

ξGL =
√

�0

2πBc2(0)
, (2)

N0 = Bc2(0)

(
0.69Tc

4ekB

π
ρn

)−1

, (3)

D = 4kB

πe

(
dBc2

dT
|T = Tc

)−1

. (4)

Here, e is the electron charge, kB is the Boltzmann con-
stant, and �0 is the flux quantum. The energy gap at
T = 0, �(0), which decreases with increasing Fi, can be
calculated using the BCS relation [35] as follows:

�(0) = 1.76kBTc. (5)

Note that the ratio of �(0)/kBTc ∼ 1.7−2.1 is not constant
and changes with resistivity. This ratio often depends on
the quality of the NbN thin film [47,48]. However, the
selected value does not affect our results in any manner
because we are interested in the relative changes of �(0).
Based on the previous study [35], the value of 1.76 is used
here.

Table I shows the deduced material parameters of
7-nm-thick NbN films irradiated at various fluences. These
parameters are notably influenced by the fluences. For
example, as Fi increases from 0 to 5 × 1016 ion cm−2,
ξGL and D increase by 16% and 14%, respectively, while
�(0) and N 0 decrease by 16% and 30%, respectively.
In addition, ρ, Tc, and �Tc are also displayed in this
table. It is found that the listed residual resistivity ratio
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(a) (b)

FIG. 4. (a) Temperature dependence of the resistivity for 7-nm-thick NbN films irradiated with F i = 0 and 1 × 1016 ion cm−2,
recorded at different magnetic fields as indicated by the labels. (b) Temperature dependence of the upper critical field (Bc2) for the
7-nm-thick NbN film at different fluences. The experimental data and fitting results are indicated by solid scatters and dashed lines,
respectively.

(RRR)(= ρ300K/ρ20K) continuously decreases with Fi from
0.787 to 0.743. Such a reduction was also observed for
NbN films with reduced thickness [32], however, the
causes are different in the two cases. In our case, it may
be attributed to the increasing disorders induced by ion
irradiation.

B. Optical properties of irradiated NbN films

Characterizing the optical properties of the irradiated
thin films is important because of their applicability

as optical detectors. Figure 5(a) shows the measured
reflectance (r) as a function of wavelength (λ) for the 7-nm
NbN film at various Fis. The variation of r caused by dif-
ferent fluences at the resonant wavelength (λ = 1550 nm)
is less than 1%.

As Fig. 5(b) shows, the r(λ) curves have a slight redshift
(approximately 22 nm) from 1567 nm (Fi = 0) to 1589 nm
(Fi = 5 × 1016 ion cm−2) using the wavelength position of
the minimum reflectance (rmin) as a reference. Here, rmin is
the minimum of each r(λ) curve shown in Fig. 5(a), irradi-
ated at different fluences. Meanwhile, rmin varies from 0%

(a) (b)

FIG. 5. (a) Measured wavelength dependence of the reflectance (r) for the 7-nm-thick NbN film on the DBR substrate, irradiated
at different fluences. (b) Fluence dependence of minimum reflectance (rmin) and its wavelength position (solid squares). As fluence
increases, rmin slightly redshifts.
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to 0.3%. At Fi = 5 × 1016 ion cm−2, rmin ∼ 0.2%. For NbN
films on the DBR substrate

AEf = 1 − r − TR ≈ 1 − r, (6)

where AEf is the absorptance of the film and TR ∼ 0 is
the transmittance of the DBR at its resonant band [14].
Due to the broad band (approximately 200 nm) and low
reflectance features (absorbed by NbN film) of the opti-
cal design, the ion irradiation has a negligible effect on the
optical absorptance of NbN thin films at its resonant band
for SNSPD applications.

To further reveal the He ion irradiation effects on the
optical properties of the materials, a commercial ellip-
someter (J. A. Woollam Co. Inc., RC2) is used to measure
their optical parameters, such as refractive index (n) and
extinction coefficient (k). Since the thickness of the NbN
thin film is much smaller than that of the SiO2 layer of the
DBR substrate, a 268-nm-thick SiO2 single layer on a Si
wafer is adopted to simulate the irradiation effects on the
top SiO2 layer. The He ion irradiation is performed with
a fluence of approximately 5 × 1016 ion cm−2 at a 20-keV
He ion energy. The optical parameters of the SiO2 layer
are measured before and after irradiation, respectively. As
shown in Appendix D, the effects of irradiation on the
SiO2 layer result in an increase (<2%) in the measured
n [49,50]. As revealed by the numerical simulation, the
increased n of the top SiO2 layer shows a wavelength shift
effect (approximately 5 nm) on the optical absorptance of
the NbN nanowire on a DBR cavity. However, the changes
on the absorption of the NbN nanowire are quite small and
negligible.

Furthermore, the irradiation effects on the optical param-
eters of the NbN nanowire are also investigated by experi-
ment and simulation (see Appendix D). In the simulation,
using the measured optical parameters of the unirradi-
ated and/or irradiated NbN thin films and the SiO2 layer,
the peak of the NbN nanowire’s absorptance shows a
redshift from 1535 to 1563 nm, with a slight decrease
(approximately 0.6%) in the peak value. This result may
qualitatively explain the wavelength redshift effect in the
reflectance measurement of the irradiated NbN thin films
shown in Fig. 5. This means that the irradiation-induced

changes of the optical parameters of NbN may lead to
the changes of absorptance (reflectance). However, due
to the presence of the DBR cavity, the effects caused by
the changes of the optical parameters of NbN are weak-
ened, especially at the resonant wavelength of 1550 nm.
For example, the variations of the nanowire’s absorptance
near the resonant wavelengths (e.g., 1550 ± 40 nm) are less
than 2% (see Appendix D), which is smaller than our SDE
measurement accuracy. Thus, the irradiation effects on the
optical absorptance of a NbN nanowire on the DBR cavity
are insignificant at the resonant wavelength.

C. He ion irradiation effects in SNSPDs

The irradiation effects in SNSPDs are investigated with
a 20-keV He ion irradiation. Table II provides detailed
information of the SNSPDs used in the experiment. The
detectors (i.e., d1, d2, and d3) are irradiated at Fi of
1 × 1015, 5 × 1015, and 1 × 1016 ion cm−2, respectively.
The parameters of SNSPDs, such as Tc, switching current
(I sw), and SDE, are recorded both before and after irra-
diation. I sw is defined as the highest Ib that a device can
sustain before it switches to the normal state. It is found
that the irradiation degrades Tc and I sw, while the SDE
is improved for all the detectors measured, especially for
devices d2 and d3.

Figure 6 shows SDE as a function of the bias current
(Ib) for SNSPD before and after irradiation. The maximum
SDE (SDEmax) significantly increases for the irradiated
devices. A weak saturated plateau emerges for the SNSPDs
irradiated at Fi of 5 × 1015 and 1 × 1016 ion cm−2, indicat-
ing the enhancement of their IDEs. An empirical sigmoid
function fitting [31] is applied to the experimental data,
which are shown with dashed lines in the figure. The
asymptotic values (SDEasy) of the fittings imply the hypo-
thetical maximum SDEs for IDEs of 100%. As mentioned,
the SDE of SNSPD can be expressed as SDE equals IDE
times OCE times AE [13]. In the asymptotic condition,
assuming IDE as unity and the change in AE induced by
irradiation as negligible, SDE depends mainly on OCE.
For example, the SDEasy values for device d3 before and
after irradiation are almost the same, indicating that OCE
does not significantly change and suggesting a good optical

TABLE II. Comparison of the SNSPD parameters before and after 20-keV He ion irradiation. Here d, w, and p denote the thickness,
width, and pitch of the nanowire, respectively.

Device d1 Device d2 Device d3

d (nm) 7.5 8 8
w/p (nm) 80/160 80/140 80/140
Fi (ion cm−2) 0 1 × 1015 0 5 × 1015 0 1 × 1016

Tc (K) 8.3 8.1 8.6 7.5 8.6 7.2
ρ20K (µ� cm) 394 435 377 463 360 482
I sw (μA) @2.2 K 16.8 16.7 19.4 13.5 18.9 9.3
SDEmax@2.2 K 84% 88% 49% 92% 57% 81%
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FIG. 6. SDEs as a function of Ib for the SNSPDs before (open
scatters) and after (solid scatters) He ion irradiation. The dot-
ted and dashed lines are the sigmoid function fittings for the
experimental data before and after irradiation, respectively.

coupling. However, due to the limitation in the accu-
racy of the optical coupling, a slight difference (<5%)
remains in the SDEasy values for two subsequent mea-
surements of devices d1 and d2. Nevertheless, the results
indicate that no significant change is observed in AE of
the nanowire after the irradiation. Thus, the SDE enhance-
ment is due mainly to the improvement of IDE. Since
the IDE is influenced by thickness, width, and constric-
tion in the nanowire, directly comparing the IDE of the
two different devices is difficult. Moreover, the maximum
SDE of approximately 81% for device d3 is limited by
the contamination on its surface, as found using an optical
microscope.

Interestingly, the SDE of device d2 at F i = 5 × 1015 ion
cm−2 is significantly enhanced from 49% to 92% at 2.2 K.
Its SDE is shown in Fig. 7 as a function of Ib at various
temperatures. With the increasing temperature, the satu-
rated platform gradually degrades. However, an SDE of
90.4% is obtained at 2.5 K. Unlike the previous results
achieved at 2.1 K, the operating temperature has been fur-
ther improved. Even at 3 K, the SDE still exceeds 80%,
rendering the device attractive for a compact refrigerator
compatible with space applications [51].

The temperature dependence of Bc2 is also measured
for the devices irradiated at Fi = 0 and 1 × 1016 ion cm−2

(not shown). The material parameters of device d3 are cal-
culated from the experimental data, as shown in Table I
(lower panel). �Tc remains nearly unchanged, consistent
with the results of the NbN films. �(0) and N 0 of the irra-
diated samples are expected to decrease and D remains
almost constant compared with the original values. N 0 is
larger in the nanowire than in the thin film because a little
thicker layer is used for SNSPD. The reduction ratio of N 0

FIG. 7. SDEs (solid scatters) and DCRs (open scatters) of
device d2 as a function of Ib, measured at different temperatures
for the device d2 irradiated at F i = 5 × 1015 ion cm−2. The green
dashed line is the sigmoid function fitting.

between unirradiated and irradiated detectors is approxi-
mately 1.44, slightly smaller than the value (approximately
2.0) reduction in I sw.

Finally, the long-term stability of the irradiated device
is investigated as shown in Fig. 8, given that it is sig-
nificant for its practical implementation. Note that our
devices are placed in a drying cabinet at room temperature
after performing the experiments. We recharacterize the
superconducting properties and SDE of the same irradiated
device d3 more than 1.5 years after it was first measured.
The results show a slight increase in resistivity (approxi-
mately 1.07×) and slight reduction in I sw (approximately
0.97×). The SDEs in the two measurements are nearly
the same, with values of 81% and 80%, respectively. The
reduction in Tc is approximately 0.03 K. The normalized
resistivity (ρ/ρ20K) as a function of temperature for the two
cases is shown in the inset of Fig. 8(a). Such an aging effect
is also observed in unirradiated devices, excluding the irra-
diation influence. The reason for the aging effect may be
attributed to the oxidation of the NbN thin film. Even with
the slight aging effect, the saturated plateau on SDE is still
well preserved and will not influence the use of the device.

D. Discussion and outlook

The reduction in �(0) as well as N 0 and increase in
ρn are observed in our experiments with He ion irradia-
tions. The mechanism may be explained by the increas-
ing disorder in the NbN crystal lattice, caused by the
irradiation-induced vacancies [5,6], which would decrease
the electronics properties of the material. Furthermore, the
ultrathin polycrystalline NbN films in this study demon-
strate a stronger reduction (up to 23% for 5 nm) in Tc than
that of thicker polycrystalline films (6%–7%, 45–135-nm
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(a)

(b)

FIG. 8. Physical properties of the same irradiated device d3
measured at different periods, that is, first time (1st, open scat-
ters) and >1.5 years after (2nd, solid scatters). (a) Temperature
dependence of resistivity (inset, temperature dependence of the
normalized resistivity in an enlarged scale). (b) Bias current
dependence of SDE.

thick) irradiated with 200 keV Ar ions [6]. This phe-
nomenon indicates that thinner films are more easily influ-
enced by irradiation. Therefore, by combining the effects of
the He ion irradiation and film thickness variation, a larger
tunable range of Tc (9.6–4.8 K, in this study) is obtained,
thereby providing a possible space for the investigation of
the physical properties of NbN thin films.

Regarding the devices, a direct method to evaluate the
influence of He ion irradiation on SNSPDs is introduced.
The reasons why the irradiation does not induce signif-
icant geometrical constrictions to the nanowire may be
explained by two main factors: first, the He ion irradiation
is a nonetching process, preventing direct etching damage;
second, irradiation-induced vacancies are normally point
defects and the size is generally much smaller than the

dimensions of the nanowire. The spatial distribution of the
vacancies in the nanowire is nearly uniform.

To qualitatively understand the IDE enhancement
caused by the changes of the material parameters, we
utilize a simplified hotspot model [27], which describes
the SNSPD response by an analytical expression. In this
model, a superconducting nanostrip carries Ib, and a min-
imum energy Emin (or maximum wavelength) detectable
by the nanostrip can be determined using the following
equation:

Emin = hv = hc
λ

≥ N0�
2wd

ζ

√
πDτth

(
1 − Ib

ICD

)
,

(7)

where c is the speed of light, wd is the cross-section
area of the nanowire, τ th is the time scale of the quasi-
particle multiplication process, and I CD is the depairing
critical current. As expressed in Eq. (7), if considering
the irradiation-induced reduction of �(0) and N 0 as well
the change of D, then the estimated Emin irradiated at
Fi = 1 × 1016 ion cm−2 is reduced to nearly 50% of its
unirradiated value. The reduced Emin implies an enhanced
spectral sensitivity (i.e., IDE). In a word, the reduction of
�(0) and N 0 greatly stimulates the generation and growth
of the normal region after photon absorption, resulting in
an improved photon response probability.

Note that Eq. (7) is derived in a model with several
simplifications and holds certain limitations. Some dis-
agreements on experimental results are found, for example,
regarding the temperature dependence of D and � [28].
Recent studies [29,52] revealed that the photon detection
process can be more complex, involving numerical sim-
ulations. Therefore, the mechanism is not reducible to
a single equation. Further theoretical works are required
to quantitatively understand the irradiation-induced IDE
enhancement.

The method based on ion irradiation has several advan-
tages. First, it is a postprocessing technology compatible
with the microelectronics industry. Second, it aids in con-
structing a film with low Tc while retaining its uniformity.
Third, it can relax the fabrication precision on the film
thickness as well as the width of the nanowire and also
extend the spectral responsivity of the device to the midin-
frared or even far-infrared range by reducing �(0), similar
to other WSi devices [25]. In the future, a few interest-
ing works can be explored. First, to reveal the underlying
mechanisms of the irradiated samples, an x-ray diffraction
analysis on the NbN single crystal before and after He
ion irradiation should be conducted. Second, investigations
on the yield improvement by using either preirradiated
NbN/DBR wafers or postirradiated SNSPDs would be
interesting in the applications requiring large amounts of
SNSPDs [53].
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One of the prices of the irradiated device is the reduc-
tion of the switching current, which would increase the
timing jitter (TJ) of the device. For example, TJ increases
to 71 ps by a factor of approximately 1.7 after irradia-
tion at a fluence of 5 × 1016 ion cm−2 (see Appendix B),
which is mainly attributed to the reduced signal-to-noise
ratio (SNR) of the output pulse, similar to the previous
TJs of SNSPDs without irradiation [54]. The increase in
TJ can be compensated with using a cryogenic amplifier
since the SNR can be effectively improved [18]. In addi-
tion, due to the increase of the kinetic inductance (the
normal state resistance) after irradiation, the normalized
maximal photon-response count rate (PCR, i.e., CR-DCR)
is reduced (e.g., with a reduction factor of approximately
1.4 at a fluence of 5 × 1016 ion cm−2, see Appendix B).
However, by having a proper resistor (Rs) in series with
the device, the normalized maximal PCR before and after
irradiation can be improved to 55 and 48 Mcps at a pho-
ton flux of 1 × 109 photon s−1, with a reduction ratio of
1.1 (approximately equal to 55/48) (see Appendix B). To
address the problems, a parallel nanowire configuration
[55] may be used to improve the detection speed as well
as the timing jitter.

The effect on DCR by the He ion irradiation is also
interesting. As shown in Appendix C, we defined an onset
normalized I b at which the intrinsic DCR (iDCR) starts to
be larger than 0.1 cps. It was found that, the onset normal-
ized I b after irradiation shifts to a lower value than the one
before irradiation when both iDCRs were measured at the
same operating temperature. The reason can be attributed
to the reduced Tc by ion irradiation. However, at the same
normalized temperature (T/Tc), iDCR has the nearly same
current dependence. In practical applications, the detec-
tor often operates at a low bias current region (generally,
≤0.96I sw), where the background DCR (bDCR) is dom-
inant. The bDCR is proportional to the photon number of
thermal radiation and/or stray light as well as IDE. Without
considering the improvement on IDE, the direct influence
of irradiation on DCR can be practically neglected.

IV. CONCLUSIONS

In summary, we report an alternative method to tune
the physical properties of superconducting polycrystalline
NbN ultrathin films and SNSPDs via defect engineering
with He ion irradiation. The irradiation-induced vacancies
in NbN films lead to a continuous decrease in the super-
conducting energy gap and the electron density of states at
the Fermi level as the He ion fluence increases. The influ-
ence on the optical absorptance of the irradiated NbN film
and/or nanowire on a DBR cavity at the resonant wave-
length can be neglected, as revealed by the experiment
and numerical simulation. By directly using the He irra-
diation on the SNSPDs, IDE and SDE are significantly
improved. The SDE of an irradiated device at a He fluence

of 5 × 1015 ion cm−2 is significantly enhanced from 49%
to 92% at 2.2 K and more than 90% at 2.5 K for a 1550-
nm wavelength. The irradiated devices demonstrate a good
long-term stability over 1.5 years. The He ion irradiation
is a useful tool for the SNSPD fabrication and develop-
ment, such as relaxing the process requirements for the
film thickness and linewidth control, IDE enhancement
for longer wavelengths, and yield improvement. Moreover,
the He ion irradiation may also be applied in the fabrication
of other superconducting devices.
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APPENDIX A: EXPERIMENTAL SETUP FOR THE
SNSPD CHARACTERIZATION

Figure 9 shows a schematic of the experimental setup
used in our SDE measurement. Light emitted from a fiber-
coupled laser is transmitted to three variable fiber attenua-
tors followed by a MEMS optical switch, fiber polarization
controller, and SNSPD under test. An antireflection coat-
ing (ARC) fiber is connected to a high precision optical
power meter (Keysight Inc., 81624B, power range: −90 to
+10 dBm). The split ratio of the optical switch is carefully
calibrated by splicing the same ARC fiber to each branch
of the switch. After calibration, the fiber connected to the
SNSPD is spliced to the one of the switch branches. During
the measurement, by switching the optical switch, the input
light power to the SNSPD at a high light level can be mon-
itored. A regular surface-mount resistor (Rs) is connected
in series to the SNSPD chip in the package block.

APPENDIX B: TIMING JITTER AND COUNT
RATE OF A SNSPD BEFORE AND AFTER

IRRADIATION

We did the ion irradiation experiments on a different
device d4 (with the same geometrical structure of the
nanowire), but at a higher fluence of 5 × 1016 ion cm−2

than those (1 × 1016 ion cm−2) presented in the main text.
Figure 10(a) shows SDE vs Ib for the device d4 before

and after irradiation, measured at a low photon flux of
1 × 105 photon s−1. The maximum SDE before and after
irradiation are about 85% and 70%, respectively.

Figure 10(b) shows a comparison of TJ before and
after irradiation. Before irradiation, the smallest TJ of the
device d4 is about 41.4 ± 0.5 ps at 21.5 µA and increases

044040-10



SATURATING INTRINSIC DETECTION EFFICIENCY. . . PHYS. REV. APPLIED 12, 044040 (2019)

FIG. 9. Schematic of the experi-
mental setup used for the SNSPD
characterization.

(a) (b)

(c) (d)
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FIG. 10. Comparisons of detector performance before and after ion irradiation for the same device d4. (a) SDE as a function of bias
current (Ib). (b) Timing jitter (TJ) vs Ib. (c) Single shot waveforms measured with different values of series resistor (Rs). (d) Normalized
photon-response count rate (PCR) dependence of input photon rate, recorded for different cases. The correction factor for each case is
shown in the labels. Inset, the raw data of PCR vs input photon rate. The corresponding symbols are the same as the ones shown in the
main figure.
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to 71.3 ± 0.6 ps at 11.5 µA after irradiation. Notably,
this magnitude of 70 ps is similar to that of an unirradi-
ated device measured at the same bias current [54]. Thus,
the increased TJ of the irradiated device can be mainly
attributed to the reduced SNR of the output pulse due to
the irradiation-induced reduction of the switching current
(I sw). Recent studies showed that SNR can be improved
using a cryogenic amplifier. For example, Zadeh et al.
reported that SNSPDs with a similar I sw of 12 µA may
have a TJ of about 49 ps (82 ps) with (without) using a
cryogenic amplifier [18].

To measure the PCR (i.e., CR-DCR) performance of the
detector, a continuous wave (cw) tunable laser (Keysight
81940A) is used as the light source. The IPR is varied by
tuning the attenuation of the attenuators. Previous stud-
ies [42] have shown that PCR could be proportional to
(Rl + Rs)/Lk, where Rl = 50 � is the impedance of the out-
put coaxial cable, and Lk is the kinetic inductance of the
nanowire. Generally, Lk is proportional to the normal state
resistance (Rn) of the nanowire.

Since the Rn of the irradiated devices is increased after
irradiation, a reduction in the maximum PCR for the irra-
diated device can be expected. For example, the Rn of
device d4 is increased by about 1.3 times after irradiation.
As shown in Fig. 10(c), for the case without Rs (Rs = 0),
the pulse-decay time of the irradiated device is increased
from 20 ns to 28 ns (1/e criterion). The increase ratio of the
decay time is about 28/20 ≈ 1.4, close to the increased ratio
of Rn. In the PCR measurements, PCR is recorded when
the detector is biased at about 0.93I sw, and a 50-� shunt
resistor at room temperature is in parallel with the SNSPD
to avoid latching. Since SDE (IDE) also changed after
irradiation, to compare the PCR before (after) irradiation
without considering the difference in SDE, PCR is normal-
ized by multiplying a correction factor (fc), which is equal
to the ratio of the maximum measured SDE to the current
SDE. For example, as shown in Fig. 10(a), when the detec-
tor is biased at about 0.93I sw, SDE before irradiation is
about 60%, but increases to about 85% after irradiation,
with a ratio fc = 1.4. Figure 10(d) shows the normalized
PCR as a function of IPR. fc = 1.4 corresponds to the case
that is measured before irradiation without Rs. With differ-
ent correction factors, the normalized PCRs are overlapped
in the low IPR region and nearly linearly increase with
IPR. In the high IPR region, due to the limitation of dead
time, the detector could not respond to all the incoming
photons, resulting in a nonlinear increase of PCR. Without
Rs, maximum normalized PCRs of about 33 and 23 Mcps
are obtained for the detector before and after irradiation,
respectively, determined at an IPR of 1 × 109 photon s−1.
Then, the reduction factor (33/23 ≈ 1.4) of the normal-
ized maximum PCR after irradiation is consistent with the
changes of the decay time.

To improve the PCR performance of the detector
after irradiation, Rs is applied in our experiments. Figure

10(c) also shows the response pulses before and after
irradiation with Rs in series (approximately 43 and
62 �, respectively, both measured at room tempera-
ture). The criterion for selecting the Rs value is to max-
imize the switching current of the device [43]. With
Rs, the pulse-decay time after (before) irradiation is
reduced to about 12 (11) ns, and a normalized maxi-
mum PCR of about 48 (55) Mcps is obtained. Therefore,
the reduction factor is about 1.1 (approximately equal to
55/48) for the normalized maximum PCR after irradiation
with Rs.

APPENDIX C: DARK COUNT RATE OF A SNSPD
BEFORE AND AFTER ION IRRADIATION

We measure the intrinsic dark count rate (iDCR) as a
function of the normalized bias current (Ib/I sw) for the
same device d4 before and after the ion irradiation (at a
fluence of 5 × 1016 ion cm−2), as shown in Fig. 11. Here,
iDCR is recorded when the device is shielded in a cop-
per package block and cooled at low temperature. iDCRs
are obtained with dark counts collected for 50 s. As
reported by previous papers [56,57], the dominant mech-
anism of iDCR may be attributed to the current-assisted
unbinding of vortex-antivortex pairs. iDCR is affected by
the operating temperature (T), superconducting transition
temperature (Tc), as well as Ib/I sw.

In Fig. 11, iDCRs before and after irradiation are both
measured at about 2.13 K. To compare the difference in
iDCR(Ib/I sw) curves, an onset iDCR is defined, which first
exceeds 0.1 cps when Ib increases. Meanwhile, the onset
iDCR is associated with a bias current, defined as the onset
current (I os). It can be found that I os after the ion irritation

iD
C

R
 (

cp
s)

FIG. 11. Intrinsic dark count rate (iDCR) before and after irra-
diation as a function of the normalized bias current (Ib/I sw),
measured at several operating temperatures (as shown in the
labels). The red and black dashed lines are drawn to guide the
eye.
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is reduced from 0.90I sw to about 0.87I sw (indicated by an
arrow in Fig. 11). The onset of iDCR after irradiation shifts
to a lower bias current and can be probably attributed to
the ion irradiation-induced reduction of Tc. Specifically, Tc
is reduced from 8.62 to 7.07 K through irradiation (0.5Rn
criterion for Tc). Thus, a normalized operating tempera-
ture tn = T/Tc is different in these two cases, that is, at
T = 2.13 K, tn is 0.25 and 0.30 before and after irradiation,
respectively. To confirm this hypothesis, we remeasure
iDCR vs Ib/I sw by placing the irradiated device d4 at a 1-K
cryostat (Cryomech Inc., PT407). By varying the operating
temperature to about 1.76 K (corresponding to tn = 0.25 for
the irradiated case), the iDCR curve of the irradiated device
nearly overlaps with the one of the unirradiated case. This
result indicates that tn may play a key role in the iDCR
behavior. Further reducing the operating temperature to

1.40 K (tn = 0.20 for the irradiated case), I os shifts to about
0.92I sw.

Practically, the detector often operates in the low bias
current region (generally, ≤0.96I sw), where iDCR can be
neglected and the background DCR (bDCR) is dominant.
The bDCR is proportional to the photon number of ther-
mal radiation and/or stray light as well as IDE. Without
considering the improvement in IDE, the direct influence
of irradiation on DCR can be practically neglected.

APPENDIX D: IRRADIATION EFFECTS ON THE
OPTICAL PARAMETERS OF THE MATERIALS

Since the thickness of the NbN thin film is much smaller
than that of the SiO2 layer, we can use a single layer of
SiO2 to simulate the effect on the top SiO2 layer by the

(a) (b)

(c) (d)

FIG. 12. (a) Refractive index of SiO2 thin films measured before and after irradiation versus wavelength. Dashed and dashed-dotted
lines are the reference data reported for unirradiated SiO2 thin films. (b),(c) Measured refractive index (n of NbN) and extinction
coefficient (k of NbN) of a 30-nm-thick NbN thin film deposited on a thermal oxidized Si wafer versus wavelength; (d) Comparison of
the simulated optical absorptance (Abs) of the NbN nanowire on the DBR substrate versus wavelength by varying the n value of the
top SiO2 layer, as well as the optical parameters of the NbN thin film before and after irradiation.
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He ion irradiation. Here, we measure the optical parame-
ters (e.g., refractive index, n) of a 268-nm-thick SiO2 layer
deposited on a silicon wafer before and after irradiation,
respectively, by using a commercial ellipsometer (J. A.
Woollam Co. Inc., RC2). The irradiation fluence is about
5 × 1016 ion cm−2 at a 20-keV He ion energy.

As shown in Fig. 12(a), changes in the n value of the
SiO2 thin film induced by ion irradiation are observed,
although the increment is quite small. For instance, the
largest increment in the measured data appears at 283 nm,
and the n value increases from 1.499 to 1.526 (an increase
factor of less than 2%). Due to the high transmittance
of our double-side polished wafer at near infrared (NIR),
the data measured at >1000 nm are not reliable and are
removed from the figure. The measured data show that He
ion irradiation will result in the refractive index increasing
for silica, which has been confirmed by previous papers
[49,50], and could be explained by a volume compaction
due to the radiation damage [58,59]. In order to predict
the trend in data, two reference data of unirradiated SiO2
thin films reported by Rodríguez-de Marcos et al. [60] and
Lemarchand [61] are plotted in the same figure. According
to the reference data, n values are nearly wavelength inde-
pendent in a range of 1000–2000 nm (e.g., variation less
than 0.1% for Lemarchand’s data). Thus, we estimate the
n value of the SiO2 layer before and after irradiation at NIR
using the measured n values at 1000 nm, which are about
1.46 and 1.48, respectively.

The optical parameters (n and extinction coefficient k)
of a 30-nm-thick NbN thin film deposited on a thermal
oxidized Si wafer with a 268-nm-thick SiO2 layer are also
measured before and after irradiation, as shown in Figs.
12(b) and 12(c). It can be found that the irradiation effects
on the NbN thin film are reversed to the SiO2 thin film
mentioned above, that is, a reduction in n or k is found.
In detail, for the NbN thin film at NIR, the reduction of n
value is small (e.g., less than 2% at 1550 nm), while the
reduction of the k value is relatively large and significantly
wavelength dependent (approximately 11% at 1550 nm).

To reveal the changes of the optical parameters’ influ-
ence on the absorptance of the NbN nanowire on a
DBR substrate, we perform a numerical simulation using
rigorous coupled wave analysis (RCWA) [62]. In the
simulation, we use the wavelength-dependent optical
parameters of NbN thin film obtained from the ellipsome-
ter measurements before and after irradiation. Wavelength-
independent (limited at NIR) n values are used for SiO2
(n = 1.46) and Ta2O5 (n = 2.15) layers. In order to simu-
late the effects of ion irradiation, the n value of the top SiO2
layer before and after irradiation is changed from 1.46 to
1.48. Thus, as shown in Fig. 12(d) and its inset, the irradi-
ation effects on the top SiO2 layer show a wavelength-shift
effect (approximately 5 nm) on the optical absorptance of
the NbN nanowire. The changes in the absorption of the
NbN nanowire are quite small and negligible.

With the increased n values for the top SiO2 layer, we
further replace the n values of the NbN layer by the data of
the irradiated NbN thin film (e.g, the n of NbN changed
from 5.00 + i*5.24 to 4.91 + i*4.67 at 1550 nm). The
peak of the simulated absorptance of the NbN nanowire
shows a redshift from 1535 to 1563 nm, with a slight
decrease (approximately 0.6%) in the peak value. Interest-
ingly, the wavelength redshift effect is also observed in the
reflectance measurement of the irradiated NbN thin films
shown in Fig. 5 (e.g., fluence = 0 and 5 × 1016 ion cm−2,
a relative redshift of approximately 22 nm). Also, an
approximately 0.2% increase in the measured minimum
reflectance of the irradiated NbN thin film is found. The
numerical simulation may qualitatively explain the results
mentioned above. The simulation also indicates that the
irradiation-induced changes of the optical parameters of
NbN may lead to the changes in absorptance (reflectance).
However, due to the presence of the DBR cavity, the effects
caused by the changes of the optical parameters of NbN
are weakened, especially at the resonant wavelength of
1550 nm. For example, in Fig. 12(d), the variations of
the nanowire’s absorptance near the resonant wavelengths
(e.g., 1550 ± 40 nm) is less than 2%, which is smaller
than our SDE measurement accuracy. Thus, we can con-
clude that the changes of the saturated values of SDE
at 1550 nm shown in Fig. 6 are mainly caused by the
enhanced intrinsic detection efficiency of nanowire, not by
the irradiation-induced changes of the optical parameters.
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