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We demonstrate an efficient and continuous microwave photon-to-electron converter with large quantum
efficiency (83%) and low dark current. These unique properties are enabled by the use of a high kinetic
inductance disordered superconductor, granular aluminium, to enhance light-matter interaction and the
coupling of microwave photons to electron tunneling processes. As a consequence of strong coupling, we
observe both linear and nonlinear photon-assisted processes where two, three, and four photons are
converted into a single electron at unprecedentedly low light intensities. Theoretical predictions, which
require quantization of the photonic field within a quantum master equation framework, reproduce well the
experimental data. This experimental advancement brings the foundation for high-efficiency detection of
individual microwave photons using charge-based detection techniques.
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Introduction—In the optical domain, the photoelectric
effect is the method of choice to build single photon
detectors covering a wide frequency spectrum with large
quantum efficiency and low dark current [1]. Reducing the
photon energy down to microwave frequencies (∼10 GHz),
while fulfilling the requirements for single photon detection,
is experimentally challenging because of the absence of
semiconducting or superconducting materials with a suffi-
ciently low energy gap. Consequently, efficient single
microwave photon detectors rely so far on alternate strat-
egies using the circuit quantum electrodynamics toolbox,
which has its own limitations [2–8]. Recently, experiments
in hybrid circuits combining semiconducting quantum dots
with high finesse microwave cavities have monitored
photon-assisted tunneling processes using single electron
charge detectors [9–13]. However, the conversion efficiency
of the incoming photons into electrons remained low.
In this Letter, we demonstrate that photon-assisted

quantum tunneling of quasiparticles in a voltage-biased
superconducting tunnel junction, which has been known
for a long time [14–20], can be pushed close to the limit
where every incoming photon is converted into a tunneling
electron. The impedance matching of the microwave mode
to the tunnel junction is achieved by using a high
impedance material, granular aluminum (grAl), which is
a high kinetic inductance disordered superconducting
material with interesting material properties [21–26]. We
reach 83% quantum efficiency while keeping a low dark
current (3.4 × 105 e=s) through the junction in the absence
of incoming light. From a more fundamental perspective,
our experiment addresses the question of photon-assisted

tunneling in the regime where a quantum description of the
microwave signal is mandatory to reach a quantitative
understanding of the process. Our work is complementary
to previous works dealing with Cooper pairs tunneling in
high impedance environments [27–32] and extends it to
incoherent quasiparticle tunneling [33,34]. In particular, we
observe high order processes where photon-assisted tun-
neling takes place through the absorption of two, three, and
four photons, while remaining in the quantum regime,
where the mean occupancy of the microwave mode is on
the order of a few photons. The nonlinear power depend-
ence of the tunneling current for these different processes
allows us to obtain an absolute calibration of the incoming
photon flux.
Principle of the experiment—The principle of the experi-

ment is shown in Fig. 1. A dc-biased superconducting
tunnel junction is connected to a quarter wavelength
resonator made of grAl with a high characteristic imped-
ance. The microwave photons that we aim to convert into
electrons are fed to the resonator by a microstrip 50 Ω
waveguide visible on the left of Fig. 1(a). The photon-
assisted tunneling of one quasiparticle through the absorp-
tion of one photon from the resonator mode is energetically
allowed if the bias voltage V satisfies eV > 2Δ − ℏω,
where Δ is the superconducting gap and ω the frequency of
the resonator [see Fig. 1(b)]. At low temperature, and in the
absence of photons, no dc current flows through the
junction if eV < 2Δ. The working voltage range of the
detector is therefore 2Δ − ℏω < eV < 2Δ, where the dark
current is low and the one photon photon-assisted tunneling
process is allowed. The probability that an incoming
photon is absorbed and converted into an electron defines
the detector quantum efficiency, which reaches unity when
the coupling rate κc from the resonator to the waveguide*Contact author: julien.basset@universite-paris-saclay.fr

PHYSICAL REVIEW LETTERS 133, 076302 (2024)
Editors' Suggestion Featured in Physics

0031-9007=24=133(7)=076302(6) 076302-1 © 2024 American Physical Society

https://orcid.org/0000-0002-9359-0059
https://orcid.org/0000-0002-7574-0228
https://orcid.org/0000-0002-1556-8120
https://orcid.org/0000-0001-6778-926X
https://ror.org/03xjwb503
https://ror.org/03xjwb503
https://ror.org/02dyaew97
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.133.076302&domain=pdf&date_stamp=2024-08-16
https://doi.org/10.1103/PhysRevLett.133.076302
https://doi.org/10.1103/PhysRevLett.133.076302
https://doi.org/10.1103/PhysRevLett.133.076302
https://doi.org/10.1103/PhysRevLett.133.076302


matches the absorption rate κj due to the photon-assisted
tunneling (PAT) process. This is equivalent to an imped-
ance matching condition. Here, we have supposed for
simplicity that other internal losses are negligible.
Below the gap, the PAT rate coming from single photon

absorption [33,35–37] is given by

κj ¼ λ2 expð−λ2ÞIðV þ ℏω=eÞ=e; ð1Þ

where the coupling constant λ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

πZC=RK

p

is set by the
ratio of the characteristic impedance of the mode Zc to the
quantum of resistance RK ¼ h=e2 and IðVÞ is the current
voltage characteristic of the junction. In the experiment
presented here, we designed the grAl resonator to reach
λ ∼ 0.8. The coefficient λ2 expð−λ2Þ corresponds to the
Franck-Condon matrix element jh0jDλj1ij2, whereDλ is the
displacement operator exp½iλðaþ a†Þ�, which translates the
charge degree of freedom of the resonator mode a by one
electron [35]. Connecting the resonator to a 50 Ω wave-
guide typically leads to a coupling rate κc ∼ 2π × 80 MHz
(see Supplemental Material [38]).
A straightforward estimate based on Eq. (1) indicates

that a junction with a resistance of about 1.5 MΩ fulfills the

impedance matching condition in the detector bias window
[38]. This large value of the tunnel junction resistance is
highly beneficial to reduce the elastic tunneling rate and
therefore the dark current, which is a key figure of merit. In
a conventional low-impedance resonator, the Franck-
Condon factor λ2 expð−λ2Þ would reduce the photon-
assisted tunneling rate by approximately 2 orders of
magnitude. The matching condition could still be reached,
but with a much more transparent junction, which is
detrimental in terms of dark current. Assuming a detector
with a 200 Ω characteristic impedance and the same
bandwidth would require a tunnel resistance about
100 kΩ. With a Dynes parameter of 10 neV [19], a subgap
current of roughly 2 pA (≈14 Me=s) is then expected at the
operating voltage. The sample shown in Fig. 1 is fabricated
via a three-step process using standard e-beam and optical
lithography techniques. It is then mounted in a dilution
fridge with a base temperature of 20 mK with a measure-
ment circuit, which allows us to dc-bias the tunnel junction,
feed microwaves, and measure the sample microwave
reflection S11. The measured resonator has a characteristic
impedance of 5.1 kΩ (λ ¼ 0.79), and the normal state
resistance of the junction, obtained by triple oxidation, is
1.53 MΩ [38].
Microwave spectroscopy—We show in Fig. 2(a) a color

map of the reflection coefficient jS11j2 of the resonator as a
function of frequency and bias voltage in the vicinity of the
superconducting gap 2Δ=e. The power of the probe tone is
sufficiently low (−142 dBm) to keep the resonator pop-
ulation below 0.02 in order to be in the linear regime, where
the measured spectrum is power independent. Below
375 μV, the reflection coefficient S11 exhibits a resonance
around ω=2π ¼ 5.525 GHz with a small dissipative
response (−2 dB dip; see inset), indicating that the internal
losses of the resonator are small, about 0.13κc, as desired.
When the voltage increases and reaches ð2Δ − ℏωÞ=e≈
379 μV, photons are absorbed by the junction through
photon-assisted electron tunneling. The reflection dip cor-
respondingly becomes more pronounced [inset, Fig. 2(a)].
Additionally, the resonance frequency shifts [dotted-dashed
green line in Fig. 2(a)] due to the coupling to the junction,
illustrating Kramers-Kronig relations [17,18,34]. At a
given voltage, we fit the reflection S11 using

S11 ¼ 1 −
κc

κ=2þ κc=2þ iδ
; ð2Þ

where δ is the detuning between the source and the
resonance frequency of the mode ω, which we fit together
with κc and κ. The loss rate κ is the sum of the PAT loss rate
κj and other intrinsic losses with a rate κi. We determine
κi ¼ 2π × 9.5 MHz by taking the averaged value of κ
below 340 μV, where κj ≈ 0. We then assume that κi is
voltage independent and obtain κj ¼ κ − κi. The evolution
of κc and κj as a function of voltage is shown in the inset of

FIG. 1. Principle of the experiment. (a) Microscope image of
the device and simplified schematic of the measurement setup.
An incoming microwave photon is efficiently converted into an
electron by coupling a waveguide to a high-impedance resonator
(red). Efficient conversion is reached when the loss rate κj due to
photon-assisted tunneling through the junction matches the
coupling rate κc to the input waveguide. The quarter wavelength
resonator is made out of granular aluminum; the junction is
aluminium based. (b) Energy diagram (E, vertical axis) of the
displaced superconducting density of states (DOS, horizontal
axis) of the voltage biased superconducting tunnel junction and a
sketch of the photon-assisted tunneling of quasiparticles. The bias
voltage sets a frequency band in which photons can be absorbed,
while no elastic current flows through the junction. (c) Chemical
content sensitive transmission electron microscope image of a
granular aluminum thin film. Brighter colors mean larger
aluminium content. Darker areas have a stronger oxygen content.
(d) Scanning electron microscope image of the superconducting
tunnel junction.
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Fig. 2(b). The coupling rate κc only weakly depends on bias
and is equal on average to 2π × 75 MHz in the range
2Δ − ℏω < eV < 2Δ, where the junction loss rate κj
reaches 2π × 65 MHz in good agreement with (1) [38].
Above the gap, the elastic quasiparticle current leads to an
out-of-equilibrium electronic distribution, which increases
κ. When eV becomes larger than 2Δþ ℏω, κ decreases
abruptly as a consequence of photon emission by the
junction into the resonator through inelastic tunneling.
From these values, we compute the probability that an

incoming photon at resonance is absorbed 1 − jS11j2 ¼
1 − ðκ − κcÞ2=ðκ þ κcÞ2 [see Fig. 2(b)]. Critical coupling,
which corresponds to perfect absorption (jS11j2 ¼ 0), is
reached when κj ¼ κc − κi. We observe a minimal reflec-
tion below −30 dB at the corresponding voltage [inset,
Fig. 2(a)]. We can estimate the quantum efficiency by
noting that the resonator population at resonance is
nph ¼ 4ϕκc=ðκc þ κÞ2, where ϕ is the incoming photon
flux, which is proportional to the incident power P through
ϕ ¼ P=ℏω. The quantum efficiency is then κjnph=ϕ ¼
4κjκc=ðκc þ κÞ2, which we also plot in Fig. 2(b). It is

maximal when κj ¼ κc þ κi, which happens at a voltage
slightly above critical coupling. The expected efficiency is
steadily around 87% over the full working window 2Δ −
ℏω < eV < 2Δ of the detector (gray area).
Photon-assisted tunneling current from coherent

source—In order to verify that the losses induced by the
junction indeed correspond to the conversion of photons
into electrons, we measure the PAT current IPAT as a
function of the incident microwave power. Figure 3(a)
shows the power dependence of the current-voltage char-
acteristics when shining a microwave tone at the resonator
frequency. As the power increases, a first subgap current
step emerges that grows linearly with power. Additional
steps appear at higher power that correspond to multi-
photon absorption processes. Because of energy conserva-
tion, processes where N photons are absorbed to photo-
assist the tunneling of one electron are allowed when
eV > 2Δ − Nℏω. The colored bands indicate the process
with minimal N allowed at each step. We measure the
photocurrent at the center of the first four steps and plot
their evolution with power in Fig. 3(b). The plotted IPAT
corresponds to the difference between the current with and
without microwaves, not taking into account the dark
current, which will be addressed later. At the N ¼ 1 step,
the ratio between IPAT=e and the photon flux, is the
quantum efficiency χ.
A precise direct measurement of χ is known to be

difficult because of the unavoidable uncertainty on the
value of the attenuation between the microwave source and
the sample in the cryostat. In the limit nph ≪ 1, the PAT
current at step N is given by the population in the N Fock
state multiplied by the rate jh0jDλjNij2 × IðVmÞ=e, where
Vm ¼ ð2Δþ ℏω=2Þ=e. The population is given by
ðϕ=κNÞN , where κN is an effective loss rate, which depends
on κc, κ, λ, and IðVÞ and can be calculated analytically [38].
Fixing κc to 2π × 75 MHz, λ ¼ 0.79, and using the

independently measured resistance of the junction to
estimate IðVmÞ ¼ 190 pA, the four IPAT curves can be
fitted with the attenuation as a single free parameter, which
is very constrained because each curve is proportional to
the Nth power of the attenuation. Because the assumption
nph ≪ 1 rapidly breaks down with increasing power, the
fitting procedure is a bit more elaborate and relies on the
numerical simulation of the Lindblad master equation
describing the dynamics of the resonator mode instead
of the analytical expressions [38]. We obtain an attenuation
of −107.0ð3Þ dB, corresponding to χ ¼ 83%. The resulting
simulated IPAT curves are shown as solid lines in Fig. 3(b).
The good quality of the fit for all the steps at once with a
single adjustable parameter confirms our good understand-
ing of the PAT processes. We estimate the systematic
uncertainty on the quantum efficiency to be on the order
of 0.05.
The deduced attenuation factor is only 1.0 dB above the

estimated value that we obtain from an independent

(a)

(b)

FIG. 2. Microwave spectroscopy. (a) Squared modulus jS11j2 of
the microwave reflection coefficient near resonance vs frequency
and bias voltage. The resonance frequency is shown as a green
dash-dotted line and undergoes Lamb shift. Inset: frequency line
cuts for two significant voltages (reference and critical coupling
spectra). (b) Microwave absorption and expected quantum
efficiency of photon-to-electron conversion deduced from the
spectroscopic measurements shown in (a). The quantum effi-
ciency is meaningful only for eV < 2Δ, where elastic tunneling is
negligible. Inset: voltage bias dependence of the coupling and
junction induced loss rates κc and κj.
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measurement of the overall transmission of the microwave
lines of the cryostat and 0.2 dB above the one obtained by
shot-noise calibration [38]. At large power, the detector
saturates when nph becomes on the order of unity and
multiphoton processes cannot be neglected. More specifi-
cally the 1 dB (3 dB) compression points occur respectively
for P ¼ −119.0ð−114.2Þ dBm or ϕ ¼ 0.34ð1.0Þ Gph=s.
Photon-assisted current from thermal population—As

an independent test of our estimate of the quantum effi-
ciency, we measure the conversion of the blackbody radia-
tion coming from the matched 50 Ω load that is connected
to the circulator port in direct view of the detector (see detai-
led circuit in [38]).We suppose that the load is thermalized to
the fridge temperature. In the limit nph ≪ 1, the expected
equilibrium resonator population readsnphðTÞ ¼ ðκc þ κiÞ=
ðκc þ κi þ κjÞnBEðTÞ with the Bose-Einstein distribution
nBEðTÞ ¼ 1=½expðℏω=kBTÞ − 1�. This assumes that the
coupling and intrinsic loss channels both connect the
resonator to a bath at temperature T and that the junction
behaves as a zero temperature bath. The corresponding
thermally photon-assisted current is eκjnph. Here, we
measure the total current, which is given by ID þ eκjnph,
where ID is the dark current of our detector. Figure 4 shows
themeasured current-voltage traces (inset) and the current at
fixed bias voltage in the middle of the N ¼ 1 step as a
function of temperature from 20 to 150 mK. The full line
corresponds to the expected current including a dark current
ID ¼ 55 fA, while the dashed line shows the expected
photocurrent eκjnph alone. Again, the agreement between
the simple prediction using the loss rates obtained from the
resonator spectroscopy and the measured current is good
without any adjustable parameters. The small discrepancy is
explained if we consider the sample temperature to be 3 mK
above the one measured by the thermometer. The voltage

FIG. 3. Photon-assisted current and quantum efficiency. (a) Voltage dependence of the subgap current for different microwave powers
at frequency ω=2π ¼ 5.525 GHz. At low power, a single step is observed when 2Δ − ℏω < eV < 2Δ corresponding to a PAT current
where one photon gives one electron. At higher powers, multiphoton processes involving the tunneling of a single electron with N
absorbed photons occur when eV > 2Δ − Nℏω. (b) Power dependence of the N ¼ 1, 2, 3, 4 PAT current steps and the corresponding
theoretical prediction [38].

FIG. 4. Thermal photon-assisted current and dark current.
Temperature dependence of the current measured at the center
of theN ¼ 1 photo-current step (dashed line in top inset). The full
line is the expected current using the values of the loss rates fitted
in Fig. 1 to which is added the measured dark current. The dashed
line assumes zero dark current. Top inset: voltage dependence of
the subgap current for different temperatures. Lower inset: same
data as main in logarithmic scale vs nBEðTÞ. The saturation at low
temperature is due to the dark current of our detector.
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dependence of the dark current (see Ref. [38]) indicates that
it is not due to a rounding of the IðVÞ of the junction near the
gap but rather to a nonequilibrium population of the
resonator mode that we estimate to nph ¼ 10−3, which
corresponds to a temperature of 40 mK, close to the fridge
temperature. We expect that a better shielding and filtering
of the setup should reduce this value [7].
Noise equivalent power—In the data presented here, the

current is measured using a differential voltage amplifier on
a 51.6 kΩ resistor in series with the junction. The equiv-
alent current noise of this setup is 120 fA=

ffiffiffiffiffiffi

Hz
p

, which
results in a noise equivalent power of 3.3 × 10−18 W=

ffiffiffiffiffiffi

Hz
p

.
The setup could be modified in order to reduce the current
noise measurement to δI ¼ 1 fA=

ffiffiffiffiffiffi

Hz
p

by using a HEMT
voltage amplifier [42] and increasing the value of the
resistor in series with the junction, reducing the noise
equivalent power to 3 × 10−20 W=

ffiffiffiffiffiffi

Hz
p

on par with bolo-
metric detection [43].
Conclusion—We have realized an important proof of

concept regarding continuous and efficient low energy
microwave photon-to-electron conversion using a high-
impedance quantum circuit. The quantum efficiency of
the process is unprecedentedly high (83%) compared to
the state of the art [10] and is limited by the internal quality of
the grAl resonator, which has been shown by others to be
high [23]. The relatively large intrinsic losses of the sample
are of unknown origin. Other resonators fabricated with the
same technique have shown significantly larger intrinsic
quality factors (about 2 times). Quantum efficiency as large
as 99% should be within reach of this technique by
increasing the intrinsic quality factor above 104. We antici-
pate direct application to singlemicrowave photon detection
using quantum tunneling in a localized dot [9–13], in which
the charge can be probed in real time [13] with a radio-
frequency single electron transistor [44]. Given the charge
sensitivity of state-of-the-art single electron transistor,
single photons could be measured at a maximal rate of
100 kph=s. This will require one to lower the detection
bandwidth (κc). The recentwork in [7] shows that dark count
rates as low as 100 Hz can be reached in a narrow band
detector. Compared to superconducting qubit based detec-
tors, continuous operation is possible and does not require
high frequency pump signals. Also, qubit based detectors,
though very efficient, can only be used in the photon
counting regime and are intrinsically limited to low photon
fluxes (< ∼100 kph=s).Our detector can handle large fluxes
and performs better than an ideal power detector behind a
Josephson parametric amplifier with a noise temperature of
one photon when the measurement bandwidth is larger than
δI2=ðηeÞ2 ≃ 50 MHz. Finally, the very same detector, here
demonstrated around 6GHz, could be used at frequencies as
high as twice the superconducting gap (≈100 GHz) by
tuning the resonator dimensions. This could be of interest to
axion search [45,46].
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