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ABSTRACT

We study the multi-photon energy resolution and demonstrate photon counting up to about 30 photons at near-infrared wavelengths in a
kinetic inductance detector made from aluminum (Al) film. The detector has a lumped-element design comprising a large interdigitated
capacitor in parallel with a narrow inductive strip. A fiber-coupled lens is used to focus the light onto the inductive absorber to minimize
photon scattering. Detectors with different designs and film thicknesses are studied. From the histogram of the optimally filtered multi-
photon response pulse height, we find that the square of the energy resolution of the n-photon peak DE2

n increases linearly with the absorbed
photon energy nh�. The detector made from a thicker Al film has a smaller slope of DE2

n with nh�, suggesting lower phonon loss in a thicker
absorber. We also discuss other factors that limit the energy resolution and maximum resolvable photon number, including the dark noise
and position-dependent response.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0234649

Photon number-resolving (PNR) and energy-resolving detectors
at visible and near-infrared (NIR) wavelengths have important applica-
tions in quantum information processing and astronomical detection.
Superconducting detectors have been extensively studied to serve as
high-performance PNR and energy-resolving detectors due to their
low noise and high sensitivity. For example, the transition edge sensors
(TESs) have demonstrated high-efficiency PNR and energy-resolving
performance at NIR wavelengths.1–3 Photons can also be counted at
high speed in quasi-PNR detectors based on multiplexed supercon-
ducting nanowire single-photon detectors (SNSPDs),4–7 although a
single SNSPD has no intrinsic energy-resolving capability.

Alternative PNR and energy-resolving superconducting detectors
also include kinetic inductance detectors (KIDs),8 which are made
from high-quality factor superconducting micro-resonators.9 KIDs are
mainly considered for sensitive power detection in astronomy at milli-
meter and submillimeter wavelengths because they are easy to

multiplex into large arrays. KIDs have intrinsic PNR and energy-
resolving power since the resonance frequency shift is proportional to
the number of generated quasi-particles from Cooper-pair breaking,
which is proportional to the absorbed photon energy in the inductive
absorber. Many experiments have shown photon number and energy
resolution at visible to near-infrared wavelengths using KIDs.10–15

Recently some important progresses have been made in improving the
energy-resolving power of KID toward the Fano limit.16 In Ref. 17, the
authors report the best energy-resolving power of KID so far by sus-
pending NbTiN-Al hybrid resonators on SiNx membranes and find
that hot phonon losses can significantly reduce the energy-resolving
power. The energy-resolving power can also be improved in a non-
membrane KID made of an indium/hafnium bilayer with the hafnium
layer as a phonon blocking layer between the absorber and substrate.18

Previous studies mainly focus on single-photon resolution. For
example, we showed a single-photon energy resolution of � 0:22 eV
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and photon number resolving up to seven photons at 1550nm in a
TiN/Ti/TiN trilayer KID.15 In this Letter, we study the multi-photon
energy resolution and demonstrate photon counting up to about 30
photons at NIR wavelengths in a KID made from pure aluminum
(Al). Our detector is based on a lumped-element resonator (Fig. 1),
which allows for the light to be focused onto the inductive strip by a
fiber-coupled lens. We characterize the single-photon detection perfor-
mance for detectors with different resonator designs and film thick-
nesses (Table I). By measuring the optical pulse response of the
detector illuminated by the laser light of 1064 and 1550 nm wave-
lengths (Fig. 2), we obtain the histogram of multi-photon response
pulse height (Fig. 3). We find that the square of the energy resolution
of n-photon peak DE2

n increases linearly with the absorbed photon
energy nh� (Fig. 4), where n is the photon number and h� is the
single-photon energy. In addition, the detector made from thicker Al
film shows a smaller slope of DE2

n with nh�, showing the signature of
phonon loss effect. We also discuss the contributions to energy resolu-
tion and maximum resolvable photon number from other factors,
including the dark noise and non-uniform position-dependent
response (Fig. 5).

Our detector is made from a thin Al film on a high-resistivity and
double-polished silicon (Si) substrate. We deposit silicon nitride (SiNx)
layers on both the top and bottom of the Al film, because our devices
with double SiNx layers show better energy-resolving power compared
to bare Al film devices. The details of the device fabrication and DC
properties of the Al film are given in the supplementary material (Sec.
A). As shown in Fig. 1, the detector has a lumped-element resonator
design, comprising of a large interdigitated capacitor (IDC) shunted by
a narrow one-turn inductive strip as the photon absorber. The reso-
nance frequency of the resonator is designed to be � 1GHz, so that
the inductor length is much shorter than the microwave wavelength
and the current distribution along the inductor is uniform. A fiber-
coupled lens is used to focus the light onto one end of the inductor, in
order to minimize photon scattering, lower the response from IDC,
and improve the detection efficiency. The details of our fiber-to-detec-
tor alignment technique are shown in the supplementary material
(Sec. B). Because of the current uniformity and the illuminated posi-
tion being about 0.7mm from the IDC, the position-dependent
response is expected to give a negligible contribution to degrade the
energy resolution.

The detectors are cooled in a dilution refrigerator with a base
temperature of 50 mK. A laser diode driven by a function generator at
room temperature is used to generate optical pulses with a width of
200 ns at a repetition frequency of 120Hz. The linewidth of the laser
source corresponds to a single-photon-resolving power R1 > 600. The
incident photons are then attenuated, guided into the detector holder,
and focused onto the inductor strip by a fiber-coupled lens. A standard
homodyne scheme is used to read out the resonators. The excitation
microwave power is chosen to be 3 dB below the bifurcation power19

to maximize the signal-to-noise ratio and avoid the strong nonlinear
effects. We first do a frequency sweep centered at the resonance fre-
quency fr to obtain the resonance circle in the complex plane [blue
dots in Fig. 2(a)]. Then we probe the resonators at fr and measure the
detector response to the input optical pulse [red curve in Fig. 2(a)]. For
each optical pulse, the detector response is digitized at a sampling rate
of 2.5 Ms/s. We use a rigorous nonlinear fitting procedure20 to convert
the phase change dh to the fractional frequency shift dfr=fr [Fig. 2(b)],
because dfr=fr is proportional to the number of generated quasi-par-
ticles21 while dh saturates at higher optical power. The measurement
setup and sequence diagram are shown in detail in the supplementary
material (Sec. C).

The pulse response data are further optimally filtered to generate
the photon-counting statistics from 2� 104 pulse events. Similar
results are obtained by using various optimal filters, including the stan-
dard Weiner optimal filter,22 the Weiner filter with different template

FIG. 1. Schematic drawing (not to scale) of the lumped-element resonator showing
an IDC (with equal finger and gap width wIDC¼wgap) shunted by an inductor strip
(with width wind and length lind). The resonator is coupled to feedline by a coupling
IDC and the coupling quality factor is designed to be Qc � 20� 103. Typical
design parameters: wIDC¼ 10 lm, wind¼ 1lm, and lind¼ 1500lm. The IDC area
is � 1 �1 mm2. The red circle illustrates the focused light spot with a FWHM diam-
eter � 30 lm, which is measured at room temperature with a 1064 nm laser diode.

TABLE I. Overview of the main design and measured parameters. The measured parameters include (from left to right): resonance frequency (fr), internal quality factor (Qi),
single-photon responsivity [ðdfr=fr Þn¼1], the standard deviation of the fractional resonance frequency shift in the dark (r0), the 0-photon energy resolution (DE0), the single-
photon energy resolution (DE1), the single-photon energy-resolving power (R1), and an energy resolution coefficient (J�). The coupling quality factors (Qc) for all detectors are
� 30� 103. The presented DE1 and R1 correspond to experiments with 1064 nm photon.

Detector Thickness (nm) WIDC (lm) lind (lm) fr (GHz) Qi [�103] ðdfr=frÞn¼1 r0 DE0 (eV) DE1 (eV) R1 J�

A 25 5 3000 0.774 27.9 8.70�10�7 1.37�10�7 0.43 0.46 2.51 13.1
B 15 10 1500 0.793 27.8 6.26�10�6 3.98�10�7 0.17 0.25 4.66 22.5
C 25 10 1500 1.035 23.2 1.66�10�6 1.28�10�7 0.22 0.28 4.12 14.9
D 40 10 1500 1.133 19.8 5.28�10�7 5.70�10�8 0.30 0.36 3.26 11.3
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pulses, and a convolution filter.23 The details of the pulse filtering pro-
cedure are given in the supplementary material (Sec. D).

We fabricate and study four types of detectors. The main design
and measured parameters are summarized in Table I. Detectors A and
C are both made from a 25nm thick Al film. Compared to detector A,
detector C has a larger IDC with wIDC¼ 10lm and a shorter inductor
with lind¼ 1500lm. As expected, detector C has a lower dark noise
(r0) and higher single-photon responsivity [ðdfr=frÞn¼1] due to its
larger IDC and smaller inductor. Detectors B, C, and D have the same
resonator design and the only difference lies in the Al film thickness.
We can see that detector D (40nm) has the lowest noise while detector
B (15nm) has the largest responsivity. All detectors have a moderate
single-photon energy-resolving power R1 ¼ E1=DE1 � 2:5–4:7, where
E1 ¼ h� � 1:17 eV (0.8 eV) is the single-photon energy of 1064 nm

(1550 nm) wavelength and DE1 is the single-photon energy resolution
in units of electron volt. In the following, we mainly use the data from
detector C to demonstrate the photon-counting experiments because
of its lower noise and higher responsivity.

The averaged single-photon response pulses of detector C to 1064
and 1550nm photon are shown in Fig. 2(c). The inset shows that the
normalized single-photon response pulses have the same shape with a
response time� 16ls and relaxation time � 56ls, determined by the
resonance circuits24 and the properties of Al film, respectively. The
averaged multi-photon response pulses to 1064 nm photons with
absorbed photon number n ¼ 1–7 are shown in Fig. 2(d). The nor-
malized multi-photon response pulses are shown in Fig. 2(e), showing
that the normalized response pulses for different photon numbers also
have similar pulse shape, although the pulse for n¼ 7 relaxes a bit
faster than the pulse for n¼ 1. Figure 2(f) shows the frequency
response pulse height (peak amplitude) with the absorbed photon
energy nE1 ¼ nh�, demonstrating a linear relation with a slope of
�1:5� 10�6= eV. This also suggests that a single photon with energy
nh� and n photons with single-photon energy h� lead to the same fre-
quency response.

Figures 3(a)–3(c) show the histograms of the optimally filtered
pulse height data for 2�104 response pulses to 1064 nm photons at
different optical power levels from low to high. In Fig. 3(a), we can
clearly see four peaks, corresponding to the events of n¼ 0, 1, 2, and 3
photons being absorbed in the detector. The histogram can be fitted by
a model of superposition of n-photon Gaussian peaks with indepen-
dent heights An and width rn, which are shown by the red curves.
The FWHM energy resolution DEn (in units of electron volt) of the n-
photon peak can be determined from the fitted standard deviation
rn by

FIG. 2. (a) Resonance circle (S21) centered at Zc and averaged response pulse
(red curve). Zr is the resonance point where the frequency response jdS21=dfr j is
maximized. (b) Phase angle as a function of the resonance frequency shift. (c) The
averaged single-photon response pulses as a function of time for 1064 and
1550 nm photons. The inset shows the normalized single-photon response pulses.
(d) The averaged multi-photon response pulses for 1064 nm photons. (e) The nor-
malized response pulses for different photon numbers. (f) The response pulse
height is proportional to the absorbed photon energy.

FIG. 3. Histogram of the optimally filtered (O. F.) pulse height for different mean
absorbed photon number: (a) k ¼ 0:65, (b) k ¼ 1:70, and (c) k ¼ 5:27. The insets
show that the photon number distribution follow Poisson statistics. (d) k is linear
with the number of incident photons at both 1064 and 1550 nm wavelengths.
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DEn ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2 lnð2Þ

p rn
dfr
fr

� �
n¼1

h�; (1)

where ðdfr=frÞn¼1 ¼ A1 � A0 is the single-photon responsivity. The
obtained DEn for the four photon peaks in Fig. 3(a) are DE0 ¼ 0:22
eV, DE1 ¼ 0:28 eV, DE2 ¼ 0:33 eV, and DE3 ¼ 0:37 eV, respectively.
The inset of Fig. 3(a) shows the probability of n-photon events, which
are derived from the counts in the n-photon peak normalized by the
total counts and agree well with a Poisson distribution with k ¼ 0:65.
Here, k is the mean photon number detected by the detector, sugges-
ting that an average of 0.65 photons is absorbed in the detector per
pulse. With increasing optical power, more photon peaks show up,
which can be seen in Figs. 3(b) and 3(c), corresponding to Poisson dis-
tribution with k ¼ 1:70 and k ¼ 5:27, respectively.

Figure 3(d) shows the mean absorbed photon number k as a
function of the number of incident photons into the detector holder,
which is linear as expected. We estimate the photon number from the

input power of the laser diode and the attenuation along the optical
paths measured by a power meter at room temperature. Note that a
few decibel errors may occur in this estimation. From the slope we can
obtain the total detection efficiency �0:056% (0.037%) for 1064 nm
(1550 nm) photons, which can be explained by considering a Gaussian
light spot with a FWHM diameter �198 lm (177lm) and �8%
(4.5%) absorption efficiency in the Al film.25 The derived light spot
diameter at low temperature is much larger than the value measured at
room temperature, which may attribute to the misalignment due to
the position changing of the light spot.

From Fig. 3, we observe that the width of the n-photon peak is
slowly broadened as n increases. To further investigate this phenome-
non, we plot the fitted DE2

n with k for n ¼ 0–10 in Fig. 4(a). We can
see that DEn has little optical power dependence for lower n. With
increasing n, the fluctuation in DE2

n becomes larger because as more
photons are observed in the histogram, the number of data points
within each photon peak decreases, resulting in a larger uncertainty in
the fitting. In Fig. 4(b), we plot the averaged DE2

n at different powers
with the absorbed photon energy En ¼ nh� for both 1064 and
1550 nm photons. The data points of both wavelengths fall onto the
same line, demonstrating a linear relation of DE2

n with nh�. For com-
parison, we show data for detectors B and D in Fig. 4(b), also demon-
strating the linear relation between DE2

n and nh� with different slopes.
Many factors can lead to the broadening of DEn with the

absorbed photon energy, and these factors may mainly include the
dark noise, the non-uniform response, and the phonon loss effect.
Assuming these factors are independent, then we write
DE2

n ¼ DE2
nsðnÞ þ DE2

rspðnÞ þ DE2
phðnÞ. DEnsðnÞ is the energy resolu-

tion of the n-photon peak due to dark noises from different sources
(e.g., the amplifier noise). DEnsð0Þ ¼ DE0 is the energy resolution of
the 0-photon peak, which is proportional to the frequency noise ampli-
tude at the resonance frequency. For a given phase noise level dh (volt-
age noise), the frequency noise dfr ¼ dh=ðdh=dfrÞ increases as away
from the resonance point, where dh=dfr is maximized. Therefore,
DEnsðnÞ is expected to increase with nh�. The estimated DE2

nsðnÞ is
given by the black curve in Fig. 5(a), showing that DE2

nsðnÞ increases
slowly with nh� and contributes less than 5% to the experimental DE2

n.
Under ideal conditions (e.g., perfect fabrication), the current is uni-
form along the inductor, and the simulated energy resolution due to
position-dependent response DErsp � 0 (R1 > 4000), which is negligi-
ble. The energy resolution due to phonon loss is given by

DEphðnÞ ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 ln ð2ÞDðF þ JÞnh�=gmax

pb

q
, where D ¼ 0:18 meV is

the superconducting energy gap, F � 0:2 is the Fano factor, gmax
pb

� 0:59 is the maximum energy conversion efficiency, and J is the pho-
non loss factor.17 The absolute value of J can be obtained by calculating
the variance of the hot phonon energy losses in the downconversion
process from photon energy to quasi-particles.26 For our case of Si sub-
strate and front side illumination, J is estimated to be� 3:2 (for detec-
tor C) and the corresponding DE2

phðnÞ is given by the green curve in

Fig. 5(a). See the supplementary material (Secs. E–G) for details on the
estimation of DEnsðnÞ; DErspðnÞ, and J factor, respectively.

From above analysis, the phonon loss effect is expected to be
dominant in the broadening of DEn. The dashed lines in Fig. 4(b)
show the linearly fitted DE2

n with the photon energy to a model

DE2
n ¼ DE2

0 þ 8 ln ð2ÞDJ�nh�=gmax
pb ; (2)

FIG. 4. (a) The fitted DE2
n as a function of k for n ¼ 0–10 at 1064 nm (detector C).

The average values of DE2
n are marked by the dashed lines. (b) For all detectors

(B, C, and D), the averaged DE2
n exhibits a linear relationship with absorbed photon

energy. Detector D with a 40 nm thick Al film shows the smallest slope of DE2
n with

En.

FIG. 5. (a) Estimated DE2
nsðnÞ and DE2

phðnÞ for detector C. The dashed line is the
fitted DE2

nðnÞ in experiments. (b) Photon-counting histogram for 1550 nm photons
at high optical power. (c) Photon-counting histogram for 1064 nm photons at high
optical power. The method to determine the photon number of each photon peak is
described in detail in Sec. H in the supplementary material.
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where the second term takes the same form as the contribution from
phonon loss and J� is a fitting parameter representing the slope
of measured DE2

n with nh�. From fitting, we obtain J�
� ð22:5; 14:9; 11:3Þ for detectors (B, C, and D), showing that the
detector made from a thicker Al film has a smaller J�. With typical
material parameters, we can calculate the phonon loss factors J
� ð5:6; 3:2; 1:2Þ for detectors (B, C, and D). We find that both J� and
J decrease with increasing thickness of the Al film, consistent with the
fact of lower phonon loss in thicker metal film. However, the difference
between J� and J is large. We think one possible reason is the underes-
timation of J, because the J-calculation [Eq. (S3) in the supplementary
material] is sensitive to several variables, e.g., the mean free path of
phonons and phonon transmission coefficient at the interface.
Increasing the input values of these variables will result in a larger J.
For example, by increasing the mean free path of Debye phonons from
12.8 nm27 to 25.6 nm, we obtain J � ð8:1; 5:4; 3:1Þ for detectors (B, C,
and D). Another possible reason is the position-dependent response
due to the imperfect sample fabrication (e.g., non-uniform width and
thickness of the inductor), and thinner film may have greater non-
uniformity. However, according to analysis in the supplementary
material (Sec. F), DE2

n with nh� should have different slopes for 1064
and 1550 nm photons if non-uniform response is a leading factor. This
contradicts with experimental result, therefore, it is unlikely that non-
uniform response has a significant contribution.

Another interesting question is what is the maximum number of
photons that can be resolved, i.e., the dynamic range of the photon-
counting detector. If we define the criterion for resolving the n-photon
as DEn < E1 ¼ h�, and assume that DE2

n is linear with nh� through-
out the range, then the maximum resolvable photon number is given
by

nmax ¼
gmax
pb

8 lnð2ÞDJ� h� � DE2
0

h�

� �
: (3)

For 1550 and 1064 nm photons, we obtain nmax¼ 27 and nmax¼ 42,
corresponding to the blue and red dotted lines in Fig. 5(a). Figures 5
(b) and 5(c) show the photon-counting histograms for 1550 and
1064 nm photons at high optical powers. Due to the large number of
peaks and their overlap, it is difficult to accurately fit the width of each
photon peak and obtain energy resolution. However, we can see up to
25 distinct photon peaks in Fig. 5(b) for 1550 nm photons, agreeing
well with the calculated nmax¼ 27. However, for 1064 nm photons, the
observed number of photon peaks � 32, which is less than the pre-
dicted nmax¼ 42, indicates that the experimental DE2

n may have a non-
linear relation with nh� in a higher photon energy regime and thus
degrades faster.

In conclusion, we measure the multi-photon responses of lens-
coupled kinetic inductance detectors made from pure aluminum film
with thickness 15–40 nm. From the histogram of the optimally filtered
multi-photon response pulse height, we obtain the energy resolution of
n-photon peak DEn and find that DE2

n increases linearly with the
absorbed photon energy nh� in a wide range. Detector made from
thinner Al film shows smaller single-photon energy resolution but
larger slope of DE2

n with nh�, which can be partially explained by the
phonon loss effect, dark noise, and non-uniform position-dependent
response. These factors limit our detectors to observe up to
about 30 photon peaks in the photon-counting statistics at NIR
wavelengths.

See the supplementary material for details on device fabrication,
fiber-to-detector coupling technique, optical pulse response measure-
ment, optimal pulse filtering, calculation of DEnsðnÞ; DErspðnÞ, and J
factor, and the photon number determination of photon peak in the
histogram.
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