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Faint light spectroscopy has many important applications such as fluorescence spectroscopy, lidar, and astro-
nomical observations. However, the long measurement time limits its application to real-time measurement.
In this work, a photon counting reconstructive spectrometer combining metasurfaces and superconducting nano-
wire single-photon detectors is proposed. A prototype device was fabricated on a silicon-on-insulator substrate,
and its performance was characterized. Experiment results show that this device supports spectral reconstruction
of mono-color lights with a resolution of 2 nm in the wavelength region of 1500-1600 nm. Its detection efficiency
is 1.4%-3.2% in this wavelength region. The measurement time required by the photon counting reconstructive
spectrometer was also investigated experimentally, showing its potential to be applied in scenarios requiring

real-time measurement. © 2023 Chinese Laser Press

https://doi.org/10.1364/PRJ.469221

1. INTRODUCTION

Since optical spectra have rich information of the interaction
between light and matter, spectrometers are widely applied
in various fields of science and technology [1]. In many appli-
cations, such as fluorescence spectroscopy [2], spectral lidar
[3,4], and astronomical observation [5], the measured light
is at the single-photon level. Usually, the spectrometer for such
faint light is realized by a monochromator and a single-photon
detector [3,6,7]. Spectral information is obtained by photon
counting when the narrow filter of the monochromator is
set at different wavelengths. A long measurement time is re-
quired, partly due to its low photon utilization, since only pho-
tons in the narrow filter bandwidth are detected under a specific
setting of the monochromator, while most photons out of the
filter are simply rejected. The scanning process of the mono-
chromator also contributes to the long measurement time. In
some applications, high-performance image sensors are used to
avoid the scanning process [8,9]. However, since each pixel on
the sensor also detects photons only in a very narrow band, a
long measurement time is required to achieve a signal to noise
ratio high enough. Hence, spectral sensing of ultra-faint light is
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difficult to apply in scenarios requiring real-time measurement.
A long measurement time also means more noise counts would
be recorded during measurement.

In recent years, reconstructive spectrometers based on com-
pressive sensing have developed rapidly [10]. They are based on
a detector array and optical filters with different complex trans-
mission spectra. The spectral responses of the detectors on the
array are modulated by these filters. The spectral information of
incident light can be reconstructed by the measurement results
of the detectors and their spectral responses. Usually, the num-
ber of detectors is far smaller than the sample point number of
the spectrum; hence, algorithms of compressive sensing are
used to reconstruct the spectrum. Commercial image sensors
provide simple and low-cost solutions for detector arrays.
Hence, many works focus on materials and structures to realize
optical filters, including quantum dots [11], nanowires [12],
and metasurfaces [13,14]. Among them, metasurfaces have re-
ceived much attention in various applications due to their
flexible manipulation of input electromagnetic waves [15], such
as phase control [16], full-space control [17], and electromag-
netically induced transparency [18]. Recently, a real-time
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ultra-spectral image sensor with over 100,000 pixels based on
an image sensor and metasurfaces was reported, showing its po-
tential in developing minimized devices for spectral imaging
[19]. We point out that the principle of reconstructive spec-
trometers also can be applied in scenarios of ultra-faint light.
Optical filters in a reconstructive spectrometer have broadband
complex transmission spectra, which leads to much higher pho-
ton utilization compared with schemes based on monochroma-
tors or other narrowband optical filters. It supports “snapshot”
measurement without a scanning process since all detectors
take photon counting simultaneously. Hence, measurement
time is highly reduced by a reconstructive spectrometer of
ultra-faint light based on photon counting. The key point
of such a device is the way to combine single-photon detectors
and optical filters.

Among all the techniques of single-photon detection, the
superconducting nanowire single-photon detector (SNSPD)
is a good candidate to develop on-chip spectrometers of ultra-
faint light [20]. Some intrinsic characteristics of SNSPDs have
been applied to realize spectral sensing and analysis, such as
the spectral response variation of an SNSPD under different
bias currents [21] and the relation between the amplitudes
of single-photon events and the wavelengths of detected pho-
tons [22]. However, such intrinsic characteristics cannot pro-
vide enough freedom to modulate the spectral responses of
SNSPDs and support high performance spectral sensing.
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On the other hand, as an ultra-thin metal wire, the SNSPD
is convenient to integrate on a variety of substrates and pho-
tonic structures, showing good compatibility with various
fabrication processes [23-25]. Two traditional spectrometer
devices have been reported, in which an arrayed waveguide
grating [26] and a Rowland circle [27] were used to realize
spectral response modulation of the SNSPD. Recently, an
in-plane disordered scattering structure was introduced to
modulate the spectral response of SNSPDs, realizing a single-
photon-sensitivity reconstructive spectrometer [28]. These
works explored different ways to realize photon counting spec-
trometers by SNSPDs.

In this work, we propose a photon counting reconstructive
spectrometer combining SNSPDs and metasurfaces. In the de-
vice, SNSPDs were fabricated on metasurfaces with different
structure parameters, which modulated the spectral responses
of the SNSPDs, supporting spectral reconstruction by compres-
sive sensing. A prototype device was fabricated and character-
ized, showing its performance on spectral reconstruction of
ultra-faint light and its potential to be applied in scenarios re-
quiring real-time measurement.

2. METHODS

The sketch of the proposed device is shown in Fig. 1(a). It is
realized on a substrate with a high-index thin film layer.
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Sketch of the proposed photon counting reconstructive spectrometer and SEM pictures of the prototype device. (a) Sketch of the spec-

trometer, which is a metasurface array with SNSPDs in different regions. (b) SEM picture of the full view of the device. (c) SEM picture of four
spectral sensing units in the device. (d) Spectral responses of all spectral sensing units. (e) Spectrum of total detection efficiency of this device. The
shaded region represents the uncertainty of detection efficiency at each wavelength.
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A metasurface array is fabricated on the thin film layer by etch-
ing periodically arranged micro-holes. The metasurface array is
divided into many regions, and each has different structure
parameters, such as the period and the size of the micro-holes.
In each region, an SNSPD is fabricated in the spaces among
micro-holes. Hence, the spectral responses of these SNSPDs
are modulated by the corresponding metasurfaces, showing
complex profiles with low correlation. In this way, each region
of the metasurface array becomes a spectral sensing unit with a
specific measurement basis.

Considering that ultra-faint light with a photon flux den-
sity of f(4) illuminates devices with N spectral sensing
units, 4 is the wavelength. M evenly spaced sample points
are considered in the spectral region for measurement; /lj is
the jth sample point, and 81 is the interval between two
sample points. The photon count number of the ith sensing
unit in a measurement is denoted by ¢; which can be ex-
pressed as

1 71 (/11) 71 (/12) 7y (/1M) f(/ll)MT
%) r(4)  (dy) 72(Aar) f(/lz)‘%T
N ry(A)  ry(4,) v (Aar) f(iM)&T

(1)

where 7 is measurement time, i.e., the time of photon count-
ing. 7;(4;) is the spectral response of the SNSPD in the ith
spectral sensing unit and at the jth spectral sample point.
They are measured in the calibration process of the device.
Usually, the sample point number M is far larger than the
spectral sensing unit number /V; hence, Eq. (1) is an under-
determined linear equation group of f(4;). The optimal
solution of Eq. (1) can be calculated under certain constraints
or prior information, which actually reconstructs the spec-
trum of input faint light through compressed sensing algo-
rithms [29].

Based on the proposed scheme, we designed and fabricated a
prototype device. It was fabricated on a silicon-on-insulator
(SOI) substrate with a silicon layer of 340 nm thickness.
Niobium nitride (NbN) was deposited on the silicon layer.
Then, NbN nanowires were patterned via electron-beam
lithography (EBL) and etched by reactive-ion etching (RIE),
realizing the fabrication of SNSPDs. The electrodes of the
nanowires were also made by the NbN film using UV lithog-
raphy and an RIE process. Finally, the metasurface array was
defined by EBL and etched by inductively coupled plasma
RIE (ICP-RIE) at the silicon layer. Figures 1(b) and 1(c) are
scanning-electron micrograph (SEM) pictures showing the full
view of the device and details of some sensing units on it. The
device was mounted in a cryostat under a temperature of 2.1 K
and coupled with an optical fiber for optical input.

We measured the spectral responses of all spectral sensing
units on the device, obtaining 7;(4;) in Eq. (1). The wavelength
region of the measurement was 1500-1600 nm, with 101 sam-
ple points (M = 101, 64 = 1 nm). Light for the measurement
is provided by a tunable laser (Santec TSL-510). It is worth

noting that we tried to minimize the polarization dependence
of this device by designing the superconducting nanowires in
two perpendicular directions in each detection unit, as shown
in Figs. 1(a)—1(c). However, the fabricated device still had some
polarization dependence. Hence, in the experiment, the input
light was controlled to a fixed polarization state in all measure-
ments. Details of the experimental setup and processes are in-
troduced in Appendix A, and the polarization dependence of
the device is shown in Appendix B. The measured spectral re-
sponses of all sensing units are shown in Fig. 1(d), where it can
be seen that the device has nine spectral sensing units in oper-
ation. All of them have complex spectral responses, which are
different from each other, showing low correlation between
any two spectral measurement bases of the device. We also fab-
ricated a sample without metasurfaces, on which only SNSPDs
were fabricated. The spectral responses of SNSPDs in this sam-
ple were also measured for comparison, and the results are
shown in Appendix C, which indicates that the complex spec-
tral responses of the device shown in Fig. 1(d) are due to mod-
ulations of metasurfaces with different structure parameters.
The total efficiency of this device is calculated by summing
the spectral responses of all sensing units, which is shown in
Fig. 1(e); it is in a range of 1.4%-3.2% in the wavelength re-
gion of measurement, which is comparable to the performance
of SNSPD:s on similar substrates without reflective or resonance
structures [30].

3. RESULTS

A. Spectrometer Characterizations

The performance of the prototype device at telecom band
(1500-1600 nm) was demonstrated experimentally. Figure 2(a)
shows the spectral reconstruction results when attenuated
monochromatic lights at different wavelengths were measured
by the device, which were provided by the same tunable laser
for device calibration. It shows that the wavelength of the
monochromatic light is reconstructed successfully in the whole
wavelength region of the measurement. To show the wave-
length resolution of the device, two attenuated monochromatic
lights with a wavelength difference of 2 nm were generated at
different wavelengths by two tunable lasers and measured by
the device. The spectral reconstruction results are shown in
Fig. 2(b). It suggests that the two monochromatic lights can
be discriminated at all wavelength settings, indicating that
the device supports a wavelength resolution of 2 nm over
the wavelength region of 100 nm.

Since SNSPDs have broad wavelength bands of single-
photon detection, and metasurfaces also can provide broadband
spectral response modulations on SNSPDs, it can be expected
that the device can support spectral measurement and
reconstruction in a much broader operation band. Hence,
we also calibrate the device in a wavelength region of 1350—
1629 nm and explore its performance as a spectrometer in such
a broad band. The results are shown in Appendix D.

B. Measurement Time Required by the Photon
Counting Reconstructive Spectrometer

The performance of spectral reconstruction of this device de-
pends on the photon counts it records. The single-photon
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Fig. 2. Spectrometer characterizations from 1500 nm to 1600 nm. (a) Reconstruction results of attenuated monochromatic lights at different
wavelengths. (b) Reconstruction results of two monochromatic lights with a wavelength interval of 2 nm at different wavelength settings.

events recorded by each spectral sensing unit satisfy Poisson
statistics; hence, the photon count number of the ith sensing
unit (¢;) should satisfy Gaussian distribution according to the
central limit theorem. The standard deviation of Gaussian
distribution is \/%, if the average value of ¢; is # under a
measurement time of 7. It can be expected that the relative
uncertainty of the measured ¢; would decrease under an in-
creasing 7", which is helpful to improve the quality of spectral
reconstruction. On the other hand, in principle, the scheme of
a reconstructive spectrometer is helpful to save measurement
time by enhancing the photon utilization in the measurement
of photon counting. It is because the sensing units in the device
have complex spectral responses that can detect more photons
compared with traditional schemes based on narrow optical fil-
ters. Hence, a natural question is, “What is the proper measure-
ment time required by the photon counting reconstructive
spectrometer?”

It was investigated by comparing the spectral reconstruction
quality of this device under different measurement times. In the
experiment, the faint light to be measured was an attenuated

broadband light with a Gaussian profile in its spectrum. Its
center wavelength and full width at half maximum (FWHM)
were 1540 nm and 12 nm, respectively. The single-photon
events of all sensing units on the device were recorded in
60 s, showing a total photon count rate of about 29 MHz. For
a specific measurement time 7" (7" < 0.3 s), 100 independent
time bins with a width of 7" were selected in 60 s. The recorded
single-photon events in each time bin were counted to make
spectral reconstruction. The quality of the reconstructed spec-
trum was evaluated by the root mean square error (RMSE),

which is defined as RMSE = \/Al—,[ jﬁil [F ) - foG)P,

where f(4;) and f(4;) are the reconstructed spectrum and
actual spectrum of broadband light, respectively. The profile
of fy(4;) was measured by an optical spectrum analyzer
(OSA) before it was attenuated. The statistics of the RMSE
obtained by the data of all these time bins are calculated in
Fig. 3. Each point in Fig. 3 shows the average and standard
deviation of the RMSE for a specific measurement time 7',
which is the bottom x axis of Fig. 3. The corresponding average
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Fig. 3. Statistics of the RMSE of the reconstructed spectrum for
a specific broadband light under different measurement time 7.
The upper x axis is the average photon counts recorded by the
device, which are calculated by 7" and the total photon count rate.
Error bar is the standard deviation of the RMSE. Inset images are
typical reconstruction results under RMSEs of 0.23, 0.15, 0.10,
and 0.05.

photon count number is also indicated at the top x axis of
Fig. 3. Comparisons between the reconstructed spectrum
and actual spectrum under different RMSE levels are also
shown in Fig. 3. Both the average and standard deviations
of the RMSE decrease under increasing measurement time,
i.e., the number of single-photon events the device recorded.
On the other hand, the main components of the actual
spectrum can be reconstructed quite well when the RMSE
is smaller than 0.1. Hence, a successful spectral reconstruction
can be defined by RMSE <0.1 in this experiment. A reasonable
measurement time should ensure a high possibility that the
spectrum reconstruction of a measurement is successful. If this
condition is defined by the average RMSE being lower than 0.1
by two standard deviations, the shortest measurement time is
about 30 ms. To show the ability of this device in fast
measurement, a wavelength sweeping attenuated monochro-
matic light was measured and the results are introduced in
Appendix E. These results show that the device has the poten-
tial to be applied in scenarios requiring fast spectral measure-
ment and analysis on single-photon-level faint light.

4. CONCLUSION

In this work, we proposed a photon counting reconstructive
spectrometer combining metasurfaces and SNSPDs. SNSPDs
were fabricated among the micro-holes of metasurfaces with
different structure parameters. Their spectral responses were
modulated by corresponding metasurfaces, realizing complex
spectral measurement bases with low correlation. The spectrum
of incident faint light is reconstructed by compressive sensing.
We fabricated a prototype device on an SOI substrate, and
characterized its performance in the wavelength region of
1500-1600 nm. Experiment results show that this device
supports spectral reconstruction of mono-color lights with a

resolution of 2 nm in the wavelength region of 1500-
1600 nm. The detection efficiency of this device is 1.4%-3.2%
in this wavelength region. It is worth noting that the device can
operate in a much broader wavelength region, as shown in
Appendix D. The measurement time required by this photon
counting reconstructive spectrometer was also investigated ex-
perimentally, showing its potential to be applied in scenarios
requiring real-time measurement.

In Appendix F, a comparison between the device perfor-
mance in this work and those in previous works on integrated
photon counting spectrometers based on SNSPDs is provided.
All device schemes shown in Table 1 (Appendix F) have large
spaces to be improved. For the device of this work, better per-
formance could be expected if the detection efficiency could be
enhanced by improving the fabrication process [31] and the
substrate [32]. Moreover, the fractal superconducting nanowire
design could be an alternative to minimize polarization depend-
ence [33]. Optimization of spectral measurement bases and the
spectral reconstruction algorithm would also highly improve
the performance of the proposed device.

APPENDIX A: SPECTRAL RESPONSE
CALIBRATION OF THE PROTOTYPE DEVICE

The prototype device was mounted in a cryostat under a tem-
perature of 2.1 K. The ultra-faint light to be measured was
coupled to the device through a single-mode fiber. Figure 4(a)
shows the experiment setup of the spectral response calibration
of the device. The attenuated monochromatic light at each
sample point was generated from a tunable laser (Santec
TSL-510) and attenuated by a pair of tunable attenuators
(Keysight 81571A). Then, it connected to the input port of
an optical switch (Thorlabs OSW12-1310E). The optical
switch had two output ports. One of them connected to a cali-
brated optical power meter (Thorlabs S154C and PM100D),
and the other connected to the polarization control part in-
cluding a fiber polarization controller and a fiber polarization
beam splitter. Then, the light was coupled to the device by a
single-mode fiber. The polarization control part ensures that
the light illuminates the device under a fixed polarization
state, removing the impact of polarization dependence. The
SNSPD of each spectral sensing unit in the device was sup-
ported by an independent circuit, which provided its bias
current. The circuit also coupled out its output signal to a
channel of a streaming time-to-digital converter (Swabian
Instruments TimeTagger), which recorded the photon counts
of this SNSPD.

The photon flux of the attenuated monochromatic light was
calculated by the measured power and the settings of the two
attenuators. To reduce the uncertainty of the calibration pro-
cess, we measured the detection efficiency of the SNSPD in
each sensing unit at a specific frequency sample point 4; in
the following steps [31].

1. Light was directed to the calibrated power meter by
the optical switch. The power of the tunable laser was set
to P, and attenuations of the two attenuators were both
set to 0 dB. The result of the power meter was recorded
as Py(4)).
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(a) Schematic diagram of the experimental setup of the spectral response calibration. (b) Photon count rates of the device in 1 h.

2. The attenuations of the two attenuators were set to 4,
(in dB) and 0 dB. The result of the power meter was recorded
as P (4;).

3. the attenuations of the two attenuators were set to 0 dB
and 4, (in dB). The result of the power meter was recorded
as Py(4)).

4. Light was directed to the single-mode fiber coupling the
light to the device by the optical switch. The attenuations of the
two attenuators were set to 2; and a,. Then, the photon count
rate of the SNSPD in the 7th spectral sensing unit was recorded
as PCR;(4)).

5. The detection efficiency of the SNSPD in the 7th spec-
tral sensing unit at the jth wavelength sample point 7;(4;) was
calculated by

Po(4)  he

) = PR B G 3

(A1)

where 4 is Planck constant, and ¢ is the speed of light.

The spectral responses of all sensing units in the device were
obtained when their detection efficiencies at all wavelength
sample points were measured. The total efficiency spectrum
of the device was calculated by summing the spectral responses
of all sensing units.

According to Eq. (A1), the uncertainty of the detection re-
sponse calibration process had two contributions.

One was the uncertainty of the measured photon count rates
of the SNSPDs [PCRi(/lj) in Eq. (A1)], which was determined
by the stability of the laser source in the experiments and
Poisson statistics of the photon counting. To show the uncer-
tainty of this contribution, we took the photon counting of the
calibration process at 1550 nm repeatedly in 1 h. The results of
photon count rates of all units are shown in Fig. 4(b). The mea-
sured PCR;(4;) was stable for all detection units with a small
uncertainty less than +1%.

Another contribution was from the optical power measure-
ments in the calibration process [Py(4)), P1(4;), and P5(4;) in
Eq. (A1)]. The results of Fig. 4(b) show that the light source
of the experiment was very stable. The repeatability of the at-
tenuators (Keysight 81571A; repeatability 0.01 dB) and the op-
tical switch (Thorlabs OSW12-1310 E) was also quite good.

The uncertainty of the optical power measurements was mainly
from the uncertainty of the non-ideal calibration of the opti-
cal power meter (Thorlabs, S154C; uncertainty £5%). This
uncertainty was a deviation between the measured power value
and its real value, which is unknown but fixed at each
wavelength sample point. Hence, the uncertainty of Py(4;)/
[P (4;)P2(4;)] was also about £5%, because the fixed deviation
at the numerator was compensated for by one term of the
denominator.

Since the contribution from the optical power measure-
ments was much larger than that from the photon counting,
the uncertainty of the detection responses was mainly deter-
mined by the former one, leading to a value of about £5%.

The total detection efficiency of the device was the sum
of the detection responses of all detection units. It can be ex-
pected that the measured spectral responses of all units had
similar deviations from their real values, which were deter-
mined by the non-ideal calibration of the optical power meter.
As a result, the uncertainty of total detection efficiency was also
about £5%.

APPENDIX B: POLARIZATION DEPENDENCE OF
THE PROTOTYPE DEVICE

To show the polarization dependence of this device, we re-
moved the polarization beam splitter in Fig. 4(a) and measured
the spectral responses of all detection units under different
input light polarization states. The input light polarization
was adjusted by the fiber polarization controller. Figure 5
shows the measured spectral responses of all detection units
with two typical polarization light inputs, under which the
device achieves its maximum and minimum detection effi-
ciency at 1550 nm. The spectral responses under different
input light polarizations showed similar profiles; however,
the differences between them were also obvious in most units.
It can be expected that the polarization dependence shown
here would highly impact the results of spectral reconstruction.
Hence, in this work, the device was measured under a fixed
input light polarization, which was determined by the polari-
zation beam splitter in the measurement setup shown in

Fig. 4(a).
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APPENDIX C: SPECTRAL RESPONSES OF
SNSPDS IN THE SAMPLE WITHOUT
METASURFACES

To show the effect of metasurfaces in the proposed photon
counting reconstructive spectrometer, we also fabricated a sam-
ple without metasurfaces. Only SNSPDs were fabricated on the
sample with the same structure parameters as those of the
prototype device. We measured the spectral responses of
SNSPDs in this sample for comparison. Figure 6(a) is the SEM
picture of the sample. The measured spectral responses of

different SNSPDs are shown in Fig. 6(b). Compared with the

results of the prototype device shown in Fig. 6(a), it is obvious
that the spectral responses of this sample are quite similar to
each other, which indicates that the complex spectral responses
of the prototype device are caused by the metasurfaces, which is
fundamental for the spectral reconstruction performance. As
shown in Fig. 6(c), the total efficiency of the sample without
metasurfaces is in a range of 0.8% to 2.7%, which is smaller
than that of the prototype device. It indicates that the enhance-
ment of local light field intensity introduced by metasurfaces is
also beneficial to enhance the absorption of SNSPDs, leading to
an improvement in detection efficiencies. Considering that
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respectively.

Spectrometer characterizations from 1350 nm to 1629 nm. (a) Spectral responses of each spectral sensing unit. (b) Total detection effi-
ciency spectrum of the device. The shaded region represents the uncertainty of detection efficiency at each wavelength. (c) Reconstruction results of
attenuated monochromatic lights at different wavelengths. (d) Typical reconstruction result of an attenuated broadband light provided by an EDF
ASE source. (e)—(h) Reconstruction results of two monochromatic lights near 1550 nm with wavelength intervals of 6 nm, 9 nm, 12 nm, and 15 nm,
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only nine SNSPDs were active in the prototype device, while
16 SNSPDs of the sample without metasurfaces were all active,
the effect of efficiency improvement of the metasurfaces is quite
obvious.

APPENDIX D: SPECTROMETER
CHARACTERIZATION IN THE WAVELENGTH
REGION FROM 1350 nm TO 1629 nm

The attenuated monochromatic light in the wavelength region
from 1350 nm to 1629 nm was generated by a tunable laser
(Santec TSL-210F) and also attenuated by cascaded tunable
attenuators. The total number of wavelength sample points
was 93, with a wavelength interval of 3 nm. According to
the calibration method introduced in Appendix A, the spectral
responses of the sensing units in this wavelength region were
measured, and are shown in Fig. 7(a). The total efficiency spec-
trum of the device is shown in Fig. 7(b). It can be seen that the
total efficiency is in the range of 1.1% to 4.4%.

The performance of spectral sensing and reconstruction in
this wavelength region was also demonstrated experimentally.
Figure 7(c) shows the spectral reconstruction results when
attenuated monochromatic lights at different wavelengths were
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measured by the device. It can be seen that the central wave-
length of the monochromatic light can be reconstructed suc-
cessfully over the whole measurement wavelength region.
Figure 7(d) is a typical spectral reconstruction result when
attenuated broadband light was measured, which was provided
by an amplified spontaneous emission (ASE) source based on a
piece of erbium-doped fiber (EDF). It clearly shows that the
main spectral components of broadband light can be obtained
by this device. To show its wavelength resolution, two attenu-
ated monochromatic lights with wavelength differences of
6 nm, 9 nm, 12 nm, and 15 nm are provided near 1550 nm.
The spectral reconstruction results of this device are shown in
Figs. 7(e)-7(h), respectively. It can be seen that the two mono-
chromatic lights can be discriminated in all cases.

APPENDIX E: FAST SPECTRAL MEASUREMENT
OF SWEEPING MONOCHROMATIC FAINT LIGHT

To show the ability of this device in fast measurement, an
attenuated monochromatic light with its wavelength sweeping
from 1547 nm to 1554 nm was generated by the tunable laser
(Santec TSL510F). Its wavelength varied with increasing time
as shown in Fig. 8(a). It shows that the wavelength increased by

(b) 1600

1590
1580
1570

1560

550

Z 1540

Normalized intensity (a.u.)

1530

1520

1510

1500
1 2 3 4 5 6 7 8 9
Time(s)

Normalized intensity (a.u.)

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Time(s)

8]

Fig. 8. Experiment results of fast spectral measurement. (a) Schematic sketch of the temporal wavelength variation of the attenuated mono-
chromatic light. (b)—(d) Reconstructed spectra measured under different settings of 7, and 67, when the wavelength of the attenuated mono-
chromatic light sweeps from 1547 nm to 1554 nm. (b) 7', = s and 67, = 100 ms; (¢c) 7, = 0.5 s and 67, = 50 ms; (d) 7", = 0.2 s and

67T, = 20 ms.
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1 nm after a time interval of 7', which could be adjusted by
setting the tunable laser. The photon flux of the attenuated
monochromatic light was set to support a counting rate of
about 17.55 MHz detected by the device. Each time interval
of 7', was divided into 10 time bins, and the spectral recon-
structions were achieved based on the data of single-photon
events recorded in these time bins. Hence, the dynamic varia-
tion of the spectrum was measured under a sampling time in-
terval of 67, which was 1/10 of T,,.

In the experiment, 7', was set to 1's, 0.5 s, and 0.2 s, with
corresponding 67, of 100 ms, 50 ms, and 20 ms, respectively.
The results of the dynamic spectral reconstruction spectra
under these settings of 7', and 67, are shown in Figs. 8(b)—
8(d), respectively. In these figures, the x and y axes represent
time and wavelength, respectively. The color bars show the nor-
malized intensity of the reconstructed spectra. These results
show that the reconstructed spectra agree with the laser setting
quite well, showing the temporal wavelength variation of the
attenuated monochromatic light in all cases. On the other
hand, it can be seen that the quality of spectral reconstruction
shows a little decline when 6 7°,, reduces from 100 ms to 20 ms.
It is because a smaller 67, leads to smaller photon counts of
the SNSPD:s in the spectral sensing units. Higher uncertainty
could be expected under a smaller §7°,, due to the Gaussian
statistics of the photon counting, which would impact the qual-
ity of spectral reconstruction. This experiment shows that the
device can support a fast spectral reconstruction with a mea-
surement time of 10-100 ms, under a photon counting rate
of ~10 MHz.

APPENDIX F: PERFORMANCE COMPARISON OF
PHOTON COUNTING SPECTROMETERS BASED
ON SNSPDS AT TELECOM BAND

A performance comparison between this work and pervious
works on a photon counting spectrometer based on SNSPDs
is shown in Table 1. Here, we focus on the performance at
telecom band.
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