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By using a high-contrast grating (HCG, high transmittance >90%) to control the phase shift of incident light, we
theoretically designed a novel-structured HCG-integrated superconducting nanowire single-photon detector
(HCG-SNSPD) with a high-efficiency and large light-receiving area. Without enlarging the typical single-pixel
SNSPD nanowire area (10 pm x 10 pm), the effective detection area is expanded to 115 pm, while the absorption
efficiency of the nanowire reaches 84.9% at a wavelength of 1550 nm. The effective detection area of HCG-
SNSPD is increased by 11.5 times compared to that of conventional single-pixel SNSPDs. Moreover, the
absorption efficiencies of HCG-SNSPD exceed 70% at wavelengths ranging from 1460 nm to 1650 nm,
indicating high-efficiency broadband detection. This study promotes new possibilities for the application of

SNSPDs. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.439806

1. INTRODUCTION

Since Gol'tsman’s first demonstration of the superconducting
nanowire single-photon detector (SNSPD) [1] in 2001, it
has undergone tremendous development [2—4]. Featuring high
system detection efficiency [5—7], low dark count rate [8], short
recovery time [9], and extremely low timing jitter [10], it has
been used in a wide range of fields, such as quantum key dis-
tribution [11], laser ranging [12,13], space laser communica-
tion [14-16], and depth imaging [17]. However, compared
with photomultiplier tubes or single-photon avalanche diodes
(detection area from 100 pm to several millimeters in diam-
eter), a typical single-pixel SNSPD detection area is usually
only 10 pm in diameter [18], which limits the application of
SNSPDs in certain scenarios, such as coupling with multi-
mode fibers in deep space communications and lidar [19,20].

Increasing the effective detection area of the SNSPD is
challenging. There are two main approaches to solving this
problem. One of them is to increase the coverage area of
the nanowires. Thus far, the maximum detection area of sin-
gle-pixel SNSPDs with high efficiency is 100 pm in diameter,
achieving a detection efficiency of 65% at 532 nm [21].
Another approach is to build SNSPD arrays to obtain a larger
detection area by increasing the number of pixels. Few efficient
large-area SNSPD arrays have been reported, such as a 16-pixel
SNSPD with an effective area of 80 pm x 80 pm, achieving a
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detection efficiency of 46% at 1064 nm [22], and a 64-pixel
SNSPD with an effective area diameter of 320 pm, exhibiting a
free-space system detection efficiency of 40% at 1550 nm [23].
Both these approaches have high requirements for the homo-
geneity of superconducting films and micro—nano processing.
In addition, the former introduces a large kinetic inductance
that results in a lower detection rate and longer recovery times.
The latter requires a more complex readout circuit system [24].
In this study, we adopt a novel approach of integrating op-
tical structures in SNSPDs to increase the effective detection
area of the detector without enlarging the area of the nanowires.
A high-contrast grating (HCG) optical structure [25], which is
a subwavelength grating structure inscribed with a high-
refractive-index difference, is used. Owing to its large refractive
index difference and subwavelength size, HCG can provide
high reflectivity or high transmissivity over a large bandwidth.
Moreover, it possesses an interesting property: the ability to
control the phase shift of reflected/transmitted light [26]. If
the structural parameters of a grating, such as the period, duty
cycle, and thickness, are changed, the phase shift of the re-
flected/transmitted light changes accordingly. This implies that
we can control the phase shift of the light to focus on the re-
flected/transmitted side while maintaining a high reflectance/
transmittance [27,28]. Shiono er al. points out that the re-
flected/transmitted light will be focused on a spot if the spatial
distribution of the phase shift satisfies Eq. (1) [29]:
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¢(x)=—2f<\/x2+f2—f) + @0, (1)

where A is the wavelength of the incident light in the propa-
gating medium, f is the focal length, x is the distance from
the grating center, and ¢ is the phase shift of the reflected/
transmitted light at the position of the grating center.

In this study, we theoretically propose a design method that
integrates HCG with focusing capability into SNSPD (HCG-
SNSPD). The simulation results show that the transverse mag-
netic (TM)-polarized incident light at a wavelength of 1550 nm
passes through the 10 pm x 115 pm HCG and forms a spot
occupying 85.5% of the total energy in the 10 pm x 10 pm
region in the middle of the focal plane. By placing nanowires
at the spot location and using a cavity structure to improve ab-
sorption, we achieve a high efficiency of 84.9% of total incident
light at 1550 nm. In other words, compared to that of conven-
tional single-pixel SNSPDs, we have been able to expand the
effective detection area to 11.5 times by integrating the struc-
ture of HCG with a single-pixel nanowire area of 10 pm x
10 pm and maintain a high absorption efficiency of 84.9%.
Furthermore, the HCG-SNSPD has over 70% absorption ef-
ficiencies in the wavelength range of 1460—1650 nm, indicat-

ing a large high-efficiency bandwidth.

2. METHODS

A structural diagram of the HCG-SNSPD is shown in Fig. 1(a).
HCG is located at the top of the structure. Si is selected as the
grating material because of its high refractive index and its lack
of absorption of incident light at 1550 nm. There is a vacuum
gap between the gratings. Below the grating is a silicon dioxide
(SiO,) dielectric layer, and light is transmitted in this medium
after passing through the HCG. The SiO, dielectric layer sup-
ports the HCG and does not absorb incident light. The func-
tion of HCG is similar to that of a light “funnel”: TM-polarized
incident light is focused to the focal point. The gray dotted
line in Fig. 1(a) indicates the focal path of the incident light.
We placed nanowires made of niobium nitride (NbN) in a
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Fig. 1. (a) Schematic diagram of the structure of HCG-SNSPD.
HCG is located at the top of the structure. It is made of a high-
refractive-index material Si with a thickness of 4. There is a vacuum
gap between the gratings. The material of the layer below HCG is
SiO;. Incident light passes through HCG to focus on the SiO, layer.
The focal length is f. The NbN nanowire is located at the focal posi-
tion, and there are several thick layers of SiO, and an Au layer below
the nanowires. a is the angle between the gray dotted line (from the
edge of the structure to the focal point) and the vertical direction.
(b) Schematic diagram of the position of the nanowires, resonant cav-
ity, and Au mirror at the bottom of the HCG-SNSPD. The shaded
part indicates the focused bar, the meandering structures are the nano-
wires, and 4, is the thickness of the resonant cavity.

10-pm-wide area at the focal position to facilitate the absorp-
tion of photons. An Au mirror was placed below the nanowires,
and a layer of SiO, was incorporated between them, forming an
overall resonant cavity structure.

A detailed 3D schematic of the nanowires and resonant cav-
ity below the structure is shown in Fig. 1(b). The shaded part
above the SiO, layer indicates the focused light bar. The me-
andering structures distributed in the shaded area are NbN
nanowires. The nanowires cover an area of 10 pm x 10 pum,
with a thickness of 8 nm, width of 100 nm, and filling factor
of 0.5 (for the convenience of illustration, the figure is not
drawn strictly to size scale). Below the nanowires, the resonant
cavity formed by SiO; and the Au mirror can cause unabsorbed
photons to repeatedly pass through the nanowire area, thereby
improving the absorption efficiency [30]. In our simulations,
the refractive index of each material at 1550 nm is ng; = 3.48,
nsio, = 1.44, mypn = 5.23 + 5.824, and 74, = 0.559 + 9.814.

A schematic design of the HCG structure is shown in
Fig. 2(a), which is divided into upper and lower parts. The
upper part of Fig. 2(a) shows a 3D model of the HCG with
TM-polarized light incident from the top, downwards along
the z axis. During simulation, the length of the grating in
the y-axis direction is taken to be infinite. To achieve the fo-
cusing effect, it is necessary to match the phase shift of the in-
cident light at each position of the HCG, such that each grating
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Fig. 2. (a) Schematic diagram of HCG design. The upper part is a
3D structural view of the grating. The TM-polarization plane wave is
incident from the top, downwards toward the HCG. The lower part is
the front view of the grating along the y-axis direction. p, and r, are
the width and center position of each grating bar, respectively, and
¢(7,) is the phase shift that should be satisfied when focusing. The
position of 7y is defined as the origin of the x axis.
(b) Comparison of the phase shifts corresponding to the grating
parameters selected for the design with the ideal phase shift curve.
The discrete red dots are the selected phase, and the solid black line
is the ideal phase, corresponding to the left and lower axes. The value
of x corresponding to each red dot represents the position of each gra-
ting bar 7, on the x axis. The blue square line is the design focal length
versus transmittance, corresponding to the right and upper axes.
(c) Transmittance table and (d) phase shift table of incident light pass-
ing through the HCG with thickness 4 = 0.75 pm. Areas with trans-
mittance greater than 90% are surrounded by the solid line in both
figures. Considering processing difficulty, aspect ratios of the param-
eters in the lower-left corner are too small to be included as candidates,
and they are shown as zero value.
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bar has a different width p (including bar-width w, and gap). In
addition, according to Eq. (1), the grating is symmetric around
the central grating bar along the x axis. The lower part of
Fig. 2(a) shows the front view of the HCG along the y axis,
where 7, indicates the center of each grating bar. The grating
bar at the center is considered as 7y, and this point is the origin
of the x axis, 7y = 0. Because of the symmetry of the grating,
the left and right grating bars have the same structure; there-
fore, focusing only on one side would suffice. 7, indicates
the nth grating bar on both sides when 7 > 0. ¢(r,,) represents
the phase shift caused by each grating bar to the incident
light. The value of ¢(r,) and transmittance are controlled
by the grating bar width p and the duty cycle  (the ratio of bar-
width Wy and p), when the grating thickness  is taken to be a
fixed value. Moreover, according to the analysis in Ref. [31], the
phase shift and transmittance caused by an individual grating
unit in the nonperiodic grating are decided by the correspond-
ing periodic grating with the same TM-polarized incident light.

To design a focused HCG, it is necessary to obtain the ideal
phase shift distribution [the black curve in Fig. 2(b) of the
transmitted light according to Eq. (1)]. Thereafter, we select
the grating parameters that satisfy this phase shift distribution
according to each spatial position. To achieve effective focus
while ensuring a high transmittance, each grating bar is re-
quired to have high transmittance (>90%) to the incident
light, and the phase shifts must cover the complete range from
zero to 27 (when the phase shift is less than zero or greater than
27, it is replaced with an equivalent value between zero and
27). In this manner, the precise matching of the phase shift
can be satisfied to achieve an improved focusing effect. To ob-
tain transmittance and phase shift corresponding to gratings
with different values of p and 7, it is necessary to scan and cal-
culate each value under periodic conditions to obtain the
parameter candidate table.

Considering processing difficulty, the thickness of the gra-
tings is chosen as 0.75 pm. According to our calculations, a
thickness greater than or less than 0.75 pm will cause the phase
shift table controlled by parameters p and 7 not to completely
cover the complete range from zero to 2z with transmittance
greater than 90%, which reduces the transmittance and focus
quality. In addition, to reduce the processing difficulty, we ex-
clude the parameters with a grating aspect ratio less than 1/5
from the candidate range of the parameters [the near-triangular
area in the lower-left corner of Figs. 2(c) and 2(d); the value of
this area is shown as zero].

Figures 2(c) and 2(d) show the data tables of transmittance
and phase shift corresponding to each p and 7. In the calculated
range of 300 nm < p < 1300 nm and 20% < 7 < 90%, a
large high-transmittance region is shown in Fig. 2(c), where
the area surrounded by solid lines indicates the region with
a transmittance greater than 90%. This region is also marked
in the phase shift table in Fig. 2(d), and the surrounding part
covers the range from zero to 2z, which can be considered as a
complete phase shift candidate table.

To investigate the relationship between the focal length and
transmittance of the corresponding focal plane [blue square line
in Fig. 2(b)], we designed a few sets of HCGs with the same
number of grating bars (rg—799, 199 grating bars in total).
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The overall widths of all the sets of HCGs were approximately
120 pm, and the focal lengths f* were designed from 30 pm to
300 pm. The incident light was a TM-polarized plane wave
with a wavelength of 1550 nm. In general, as the focal length
increases, the transmittance of the corresponding focal plane
also tends to increase. The transmittance at the focal plane
reaches 91.0% at f = 300 pm. Considering that the conven-
tional thickness of the SiO, substrate, to be ensured for the
manufacturing of devices in the future, is 300 pm, micro—nano
processing can be performed on both the front and back sides
of the substrate via the double-sided scribing method, which
affords higher transmittance, reducing the reflection loss and
simplifying the device processing procedure. We chose this set
of HCG parameters for a larger focal length f = 300 pm,
where total width of the grating was 115 pm.

The red discrete dots in Fig. 2(b) are the phase shifts cor-
responding to each grating bar in our design for HCG with
f =300 pm. Because each grating bar has several widths,
the phase shifts are discrete distributions. The curve corre-
sponding to our design is in good agreement with the ideal
phase shift curve of Eq. (1). If the span between the phase shifts
provided by the central grating bar and the outermost grating
bar is greater than 87z [A¢ = ¢(r, ) - ¢p(ro) > 8x], the in-
cident light would form a focal point with a narrow width.
The larger A¢ is, the narrower the focal point width would
be undil it is close to the diffraction limit. In our designed
parameters, Ap = P(rq9) - Pp(ry) ~ 10.257.

Figure 3(a) shows the cross-sectional normalized energy dis-
tribution; the HCG is at the top position at z = 0. It can be
clearly seen that the light gradually converges after passing
through the grating and forms a distinct focal point at a posi-
tion approximately 300 pm from the grating. The red curves in
Fig. 3(b) indicate the normalized energy distribution at various
locations along the line x = 0. The maximum value of the
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Fig. 3. Simulation results of the designed HCG with f = 300 pm.
(a) Normalized energy field distribution of the cross section of the
HCG. The actual focal point appears at 296 pm from the grating.
(b) Normalized energy distribution curves along the line x =0
(red curve). (c) Normalized energy distribution curves along the line
z =296 pm (blue curve). The inset shows a magnified view of the
-5 pm < x < 5 pm region with an FWHM of 2.5 pm.
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normalized energy curve corresponds to z = 296 pm, which is
the actual focal point position, and it matches the focal length
of 300 pm in our design. This small deviation can be attributed
to the fact that the HCG can facilitate only the discrete control
of phase shifts, but not particularly continuous per se, as shown
in Eq. (1). The blue curve in Fig. 3(c) shows the normalized
energy distribution at various locations along the line
z = 296 pm, and the details of -5 pm < x < 5 pm are shown
in the inset. Almost all the energy is concentrated in the region
within approximately 10 pm from the center, the full width at
half maximum (FWHM) at the focal point is only approxi-
mately 2.5 pm, and the side lobes are less than 1/16 of the
intensity of the main peak. All of the above indicate that
the designed HCG with f* = 300 pm has a satisfactory focus-
ing performance.

Additionally, the HCG also has a high transmittance of in-
cident light. Figure 4(a) shows the transmittance spectra of the
entire focal plane (-57.5 pm < x < 57.5 pm, red solid line),
the 30-um central width region (-15 pm < x < 15 pm,
blue solid line), and the 10-pm central width region
(-5 pm < x < 5 pm, green solid line). The maximum values
of all three transmittance curves occur at 1550 nm, which is in
line with our design expectations. As the wavelength increases
from 1550 nm, each curve starts to decrease. However, the in-
cident light at 1550 nm still has a high transmittance of 91.0%,
even at a focal plane as far as 296 pum from the grating.
Transmittance values of 88.6% and 85.6% are achieved in
the region of 30-pm and 10-pm widths at the center of the
focal plane, respectively. This implies that nearly 94.1% of
the incident light in the entire focal plane is concentrated in
a central area with a width of only 10 pm. It can also be found
that the transmittance of HCG is above 70% at wavelengths
from 1460 nm to 1650 nm, implying that it has a wide
high-transmission bandwidth.

So far, we have verified the satisfactory focusing property
and transmission effect of HCG that promises a possibility
of the efficient absorption of incident light from a large area
to a small area of nanowires. However, a new problem is en-
countered here: HCG causes a deflection of the vertical inci-
dent light. If the nanowires are placed at the focal point, the
angle between the incident light and the nanowires is no longer
90°. To investigate the effect of this factor on absorption, we
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Fig.4. (a) Transmittance spectrum at the focal plane. The red, blue,
and green solid lines indicate the transmittance across the focal plane,
the central 30-pm width, and the central 10-pm width, respectively.
(b) Absorption of nanowire as a function of @ of the incident light from
1450 nm to 1650 nm. The inset shows a schematic of the simulated
structure, and 0 is defined as the angle between the incident direction
and the vertical direction.

attempted to illuminate the nanowires with plane waves at dif-
ferent incident angles and obtain the absorption versus incident
angle [Fig. 4(b)]. The inset shows the simulated structure. The
source was placed in the SiO, medium, and the polarization
was parallel to the nanowire; the angle between the incident
direction and the vertical direction is defined as 6. The thick-
ness and width of the nanowire were 8 nm and 100 nm, re-
spectively, with a filling factor of 50%, and the thickness of
the SiO, layer below was 265 nm, with an Au mirror at the
bottom. The results show that the absorption has a maximum
value of 99% at 6 = 0° in the range of 0° to +40°. For the
wavelength range of 1450-1650 nm, the absorptions corre-
sponding to each curve in the range of 0° to +20° almost over-
lap. As 6 gradually increases, the absorption gradually decreases,
and the slope corresponding to the absorption decrease tends to
increase gradually. However, even if § = £40°, the absorption
of nanowires in this wavelength range has a high value close to
95%, which further proves the characteristics of broadband op-
eration. The distance between the outermost side of the HCG
and the center of our design is 799 = 57.5 pm, and the focal
length f =296 pm. It can be calculated that a ~ 10.99° in
Fig. 1(a); that is, after the incident light is deflected by the
HCG, the maximum value of the deflection angle is
£10.99°, and the light incident at this angle can still achieve
98.9% absorption. Therefore, it can be considered that the an-
gle deflection caused by the HCG to the incident light in this
design does not have a significant impact on the absorption,
and it features a large redundancy.

3. RESULTS AND ANALYSIS

We integrated the HCG with the SNSPD as shown in Fig. 1(a)
and placed the nanowires at the focal point. The absorption
efficiency of the detector (without the Au mirror) as a function
of wavelength is indicated with blue dots in Fig. 5(a). In the
range of 1480-1640 nm, the detector achieves an absorption
efficiency of more than 30% with a peak absorption of 33.53%
at 1540 nm. It is an appropriate absorption efficiency without
auxiliary structures, but it is still not sufficient for practical
applications. Therefore, we insert an optical resonant cavity
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Fig. 5. (a) Absorption spectrum of HCG-SNSPD. The red squares
and blue dots indicate the absorption with and without cavity struc-
ture, respectively. The inset shows the normalized energy field distri-
bution results for the nanowire integrated with the cavity at the
wavelength of 1550 nm. The widths of the field area in the horizontal
and vertical directions are 18 pm and 4 pm, respectively. The nano-
wires are located in the dotted rectangle. (b) Absorption efficiency as a
function of resonant cavity thickness (130 nm < 4, < 380 nm, the
region in the dotted box in the inset). The inset shows the absorption
curve at a wider variety of thickness (50 nm < 4, < 2170 nm).
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structure of metal—insulator nanowires underneath the nano-
wires to improve the absorption efficiency of the detector.
The structure of the resonant cavity is described in the descrip-
tion of Fig. 1(b). We explored the relationship between the
cavity thickness d, and absorption efficiency, as shown in
Fig. 5(b), with the wavelength of incident light equal to
1550 nm. The inset shows that the absorption has a periodic
correspondence with 4,, when the thickness varies over a wide
range. This illustrates that the cavity thickness &, plays an
extremely important role in enhancing the absorption effi-
ciency, and a suitable thickness can significantly enhance the
absorption, while an unsuitable thickness can suppress the ab-
sorption to less than 5%. We chose the thinnest cycle among
them and considered the maximum absorption thickness in this
cycle. As shown in Fig. 5(b), the nanowires have maximum
absorption at 4, = 265 nm, which is approximately 84.9%.
This implies that we achieved an 84.9% absorption efficiency
of 115 pm x 10 pm incident light by using nanowires with an
area of 10 pm x 10 pm. The designed HCG-SNSPD affords
an appropriate absorption efficiency for 11.5 times the incident
area of the nanowires. Compared to Ref. [32] based on a dual-
lens system employed for the compression of the beam size that
achieved a system efficiency of 55% at 1550 nm, our design is
more advantageous in terms of absorption efficiency. We ana-
lyzed the causes of loss of light, part of which is attributed to the
reflection of incident light by the HCG (approximately 5.9%);
part of the transmitted light fails to reach the focal point and is
scattered to the sides of the device (approximately 5.6%). In
addition, the cavity structure cannot make nanowires fully ab-
sorb the remaining photons (approximately 3.6%).

After obtaining the optical cavity thickness o, = 265 nm,
we also calculated the absorption spectrum of the HCG-
SNSPD in the wavelength range of 1300-1800 nm. As shown
by the red squares in Fig. 5(a), the absorption efficiency is in-
creased by more than two times, compared with the case with-
out a cavity structure. The maximum absorption of 84.9%
occurs at 1550 nm. For an incident light of 1500-1600 nm,
the detector has an absorption above 80%, and for incident
light of 1460-1650 nm, it still has a high absorption above
70%. This shows that the detector has a large high-absorption
bandwidth, which might prove advantageous in various appli-
cation scenarios. The inset in Fig. 5(a) shows the normalized
energy field distribution around the nanowire at 1550 nm
(with cavity). The incident light is basically absorbed when
it is focused on the nanowires, because the gold layer and
the cavity at the bottom cause the energy to be mainly concen-
trated in the central region of the nanowire. The width of the
focused spot of the energy field is significantly smaller than that
of the nanowire area, which provides a sufficient amount of
redundancy for alignment between the top grating layer and
the SNSPD active area layer.

In addition, we investigated the influence of the filling factor
of the nanowires on the absorption. The thickness of the res-
onant cavity was considered as &, = 265 nm, and the incident
light was 1550 nm. Figure 6 shows the relationship between the
filling factor and the absorption. The definition of the filling
factor is shown in the inset, that is, the ratio of the nanowire
width wypy to the pitch w,. As shown in Fig. 6, when the
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Fig. 6. Absorption efficiency as a function of the filling factor. The
red squares and blue triangles indicate the absorption of nanowires
with 8-nm and 6-nm thickness, with different filling factors, respec-
tively. The inset shows a schematic diagram of the filling factor.

nanowire thickness is 8 nm (red squares), the absorption also
tends to increase almost monotonically with an increase in the
filling factor. It is worth noting that when the filling factor is
lower than 0.5, the absorption curve features a high slope.
When the filling factor is larger than 0.5, the absorption curve
increases slightly and almost reaches a balance. Therefore, it can
be considered that when the filling factor is 0.5, almost all the
photons arriving at the focal point are absorbed by the nano-
wires. However, a higher filling factor implies a longer response
time, which will reduce the detection rate; therefore, we con-
sider the filling factor as 0.5 in this study. Figure 6 also shows
the situation when the thickness of the nanowire is 6 nm (blue
triangles), which is consistent with the above conclusion.

We have theoretically verified the effectiveness of HCG-
SNSPD with an example of f = 300 pm, which affords an
appropriate absorption efficiency for 11.5 times the incident
area of the nanowires. When designing and optimizing
HCG-SNSPDs, we have considered the influence of possible
fabrication tolerances on the device performance during its
processing, such as the thickness & of the HCG, the width
W, of the grating bar, and the deviation of the nanowire posi-
tion. The influence of these factors on HCG-SNSPD perfor-
mance will be analyzed below.

Figure 7(a) shows the influence on absorption when the
thickness and width of the grating are varied. The thickness
d and width w, of the grating discussed here are marked in
the inset of Fig. 7(a). Even if the thickness of the grating is
reduced to 0.65 pm or increased to 0.85 pum, the absorption
can remain above 73%. Moreover, when the ratio of bar width
changes between 0.9 and 1.1, the absorption is also above 70%.
In other words, if the grating thickness  and the bar width w
vary within 0.1 pm and £10%, respectively, the absorption
efficiency of HCG-SNSPD can still be maintained above 70%
without a significant drop. It is worth noting that the change of
grating thickness and bar width will cause a shift of the HCG-
SNSPD’s working band. If the thickness or bar width of the
grating is increased, the working band will shift to longer wave-
lengths. Conversely, it will shift to shorter wavelengths. In our
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Fig. 7. Influence of fabrication tolerances on absorption results (at
the wavelength of 1550 nm). (a) Absorption as a function of the thick-
ness 4 and the ratio of bar width w, of the grating. The inset illustrates

4
the grating parameters represented by 4 and w, in the structure.

(b) Absorption as a function of vertical and horizgontal deviations of
nanowire positions. The inset shows the vertical and horizontal
deviation positions of the nanowires. Due to the symmetry, the hori-
zontal deviation is shown in one direction. The positive and negative
values of the vertical deviation represent the downward and upward

shifts, respectively.

numerical simulation results, if the grating thickness & and the
bar width w, vary within £0.1 pm and £10%, respectively,
the bandwidth of the high absorption spectrum will shift within
£40 nm, and the reduction in absorption efficiency is less than
10%. It can be considered that such variations do not have a
significant influence on high absorption and bandwidth.

Besides the grating, the position of the nanowires may be
deviated because of the overlay accuracy, which means that they
may not be perfectly placed at the center of the focus. We have
fully considered this tolerance in the preparation process at the
beginning of the design of the structure. The possible horizon-
tal and vertical deviations of the nanowire positions are illus-
trated in the inset of Fig. 7(b). The deviation here refers to the
distance that the center point of the nanowires moves in the
horizontal or vertical direction. For the horizontal deviation
[blue line in Fig. 7(b)], there is a very small decrease in absorp-
tion in the range of 3.5 pm, but the overall remains above 80%.
When the deviation is greater than 3.5 pm, the decreasing slope
of the absorption starts to increase rapidly. This phenomenon is
easy to explain. The width of the focal spot is ~5 pm, but the
width of the nanowires region we designed is 10 pm, which is
twice as large as the size of the focal spot. The overlay accuracy
of the lithography system is usually less than 1 pm, which
means there is sufficient redundancy to keep the high absorp-
tion efficiency of HCG-SNSPD. A similar explanation can be
applied for the vertical deviation [red line in Fig. 7(b)]. The
focus point is an FWHM ~50 pm in the z direction shown
in Fig. 3(a), so the nanowires have a larger allowable range
of deviation in the vertical direction. Our numerical calcula-
tions show that when the vertical deviation is within a range
from -10 pm to 10 pm, the absorption is maintained above
82%. Moreover, the actual allowable tolerance range would
be much larger because the line is almost horizontal. In general,
although there are certain fabrication tolerances in the grating
and the position of nanowires, they basically do not influence
the absorption efficiency of HCG-SNSPD, which means the
overall structure has high fault tolerance.

4. DISCUSSION

We have proved that SNSPD integrated with HCG can achieve
high-efficiency broadband detection in the NIR band with a
large light-receiving area. Prior to our work, phase gratings
and metal-insulator-metal (MIM) circular gratings were inte-
grated into SNSPD to increase its light-receiving area [33,34].
SiO, phase gratings are capable of converting incident light.
The plane light passing through the phase gratings would form
bright and dark stripes with period equal to the grating. The
nanowires of SNSPD are usually distributed uniformly, so it
can be placed only at the bright stripe position by using the
effect of phase gratings, which can reduce the filling factor
of nanowires by half and achieve the purpose of increasing
the receiving area and detection rate of SNSPD. This approach
has some effect, but the enhancement is limited compared to
our current work. Since the period of the phase grating is fixed,
the nanowires can achieve high absorption only at a certain
wavelength, and it cannot achieve high absorption efficiency
when the incident light is at a continuous wavelength like
HCG-SNSPD. The MIM circular grating is based on surface
plasmon polaritons (SPPs). SPPs are electromagnetic excita-
tions existing at the interface between a metal and a dielectric
material, which can be utilized to manipulate light at a
sub-wavelength scale. Wang e al. proposed the MIM circular
grating to concentrate incident light and enhance the optical
density arriving at SNSPD. Although the MIM circular grating
can improve the light density at the SNSPD position, the ring is
made of metal, which would cause very high reflection and
transmission losses of incident light. In fact, the absorption ef-
ficiency of the SNSPD is not increased compared to the total
incident light above the grating because most of it is lost during
the transmission process. Such a problem does not exist in our
work because the Si and SiO, in the structure have almost no
absorption for light in the NIR band.

In addition to the method of using integrated gratings to
achieve large receiving areas for SNSPDs, lenses are also used
in SNSPDs to achieve convergence of light. Zhang e¢r al. as-
sisted with a dual-lens system to compress beams; a system ef-
ficiency of 55% (1550 nm) was achieved for an SNSPD with a
detection area of 10 pm x 10 pm and 62.5-pm multimode fi-
ber coupling [32]. It is relatively large in size, because conven-
tional lenses were used, which may occupy limited space in
the cryocooler system and consume more cooling resources.
Miki er al. used small-gradient-index (GRIN) lenses with a
diameter of 125 pm to reduce the beam waist of the incident
spot in the fiber to 8-10 pm, achieving effective coupling to a
15 pm x 15 pm nanowire area [35]. You et al. used GRIN
lenses to further compress the spot diameter in the fiber to less
than 7 pm, while the GRIN lenses are attached to the fiber in a
smaller size [36]. The lenses discussed above are connected to
fibers and are not integrated with SNSPD chips, which would
limit their application in some scenarios. For example, in ap-
plications such as fluorescence microscopy [37], laser-ranging
[13], and deep space communication [14], the incident light is
usually free-space propagating light. If the incident light needs
to be compressed into the fiber before focusing on the nanowire
area, it would inevitably incur some losses. Since the HCG-
SNSPD is an integrated chip, it can achieve effective coupling
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with the incident light not only from the fiber but also from
free space.

In the latest study, Xu et al. used 3D-printed free-form mi-
crolenses to increase the light-receiving area of SNSPD [38]. Its
nanowire area is 4.5 pm x 4.5 pm, and the 3D lens above the
nanowire is 60 pm in diameter, which gives SNSPD a 100-fold
increase in effective collection area and verifies the effective de-
tection of large-area plane-wave-like free-space illumination. In
fact, the rectangular HCG in this work can be designed as a
circular HCG with the same parameters [31] to enhance the
effective light-receiving area of SNSPD. In other words, if
our structure is converted into a circular HCG-SNSPD, the
diameter of the theoretically achievable optical reception area
would be 115 pm, corresponding to an area of about
10,387 pm?. In the meantime, the area enhancement factor
will exceed 100 times, and the circle can be better coupled with
the fiber. However, due to the limited hardware resource con-
dition of our server, we are unable to verify the performance of
the complete 3D circular HCG-SNSPD structure with long
focus for the time being. Therefore, we have verified the per-
formance of the rectangular HCG-SNSPD in this study and
proved the feasibility of our designed structure. Further, both
rectangular and circular HCG-SNPDs can be made into arrays,
which would increase the detection area even more and expand
the application prospects.

5. CONCLUSION

In summary, we theoretically propose a large light-receiving area
and high-efficiency SNSPD integrated with HCG. Utilizing the
characteristics of high transmittance and phase shift control of
HCG, we designed the HCG with a focal length /" = 300 pm,
and obtained a high transmittance of 91% in the focal plane, and
achieved an appropriate focusing effect. By placing 10 pm x
10 pm nanowires at the focal point, we integrated the HCG
with the SNSPD and obtained 11.5 times the detection area
of conventional single-pixel SNSPDs. A high absorption effi-
ciency of 84.9% ata wavelength of 1550 nm is achieved by com-
bining it with the resonant cavity structure. Simultaneously, the
HCG-SNSPD achieves an absorption efficiency of more than
70% at wavelengths in the range of 1460 nm to 1650 nm with
a high-absorption broadband. Because the area of the nanowires
is not expanded while increasing the detection area, the HCG-
SNSPD has lower kinetic inductances, which will enable the de-
vice to exhibit an improved time performance in practice.
Integrating optical structures on devices is a novel approach that
will facilitate the design of SNSPDs with a large light-receiving
area, high efficiency, and fast response.
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