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Microwave power harvesting using resonator-coupled double quantum dot photodiode
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We demonstrate a microwave power-to-electrical energy conversion in a resonator-coupled double quantum
dot. The system, operated as a photodiode, converts individual microwave photons to electrons tunneling through
the double dot, resulting in an electrical current flowing against the applied voltage bias at input powers down to
1 fW. The device attains a maximum power harvesting efficiency of 2%, with the photon-to-electron conversion
efficiency reaching 12% in the single-photon absorption regime. We find that the power conversion depends on
thermal effects showing that thermodynamics plays a crucial role in the single-photon energy conversion.
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Nanoscale energy conversion, enabled by the revolutionary
advancements in science and technology [1,2], is key to the
functionality of solar cells [3,4], telecommunication systems
[5], and nanoscale sensing [6]. Precise control and manipula-
tion of energy at the nanoscale are of fundamental importance
to quantum thermodynamics [7], circuit quantum electrody-
namics [8,9], and quantum information processing [10]. For
these purposes, quantum dots (QDs) have emerged as com-
pelling candidates, offering a quantum channel to control the
energy and information flow [9,11–15]. As demonstrated by
previous experiments and theory, QDs have a large poten-
tial for thermoelectric power harvesting/heat engines [16–18],
information-to-work conversion [14,19], and for the conver-
sion of infrared radiation into usable electric power [20,21].

Recently, the investigation of microwave photons interact-
ing with QDs has garnered considerable interest, leading to
the development of microwave detectors [22–25], microwave
microscopy [26], and lasing operation in the microwave
regime [27–29]. These advances provide a unique platform
to explore the physics of condensed matter systems and as-
tronomy with an energy resolution of a few tens of µeV
[30–32]. Of particular interest is the harvesting of microwave
power, extensively investigated for large powers (> µW)
[5,33,34] where a classical wave description of the radiation
is appropriate. However, to date experimental demonstrations
of microwave power harvesting in the low-power quantum
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regime, characterized by single-photon absorption, are lack-
ing, leaving possibilities for utilizing microwave energy at the
most fundamental level unexplored.

Here, we present an experimental realization of a mi-
crowave power harvester capable of operating in the
single-photon absorption regime. An electron occupying a
double quantum dot (DQD) embedded in a superconduct-
ing resonator absorbs a microwave photon and undergoes
photon-assisted tunneling, generating an electrical current
from a source (S) to a drain (D) lead. This scheme has
previously been demonstrated for microwave photodetectors
in Refs. [23,24], where S and D are kept at equal chemical
potential and the energy gained by the tunneling electrons is
dissipated in the leads. In this Letter, by instead operating
the photodetector against an applied bias, part of the energy
gained by absorbing a microwave photon is converted into
electrical energy. We hence realize microwave power har-
vesting in the quantum regime, observing a maximal power
harvesting efficiency of 2% at 1 fW input power. Our re-
sults open up for applications in the single-photon absorption
regime, in on-chip power delivery in quantum circuits [9,10]
and astronomy, enabling energy collection from cosmic elec-
tromagnetic radiation [30,32,35].

The device operation is illustrated schematically in
Fig. 1(a). In the single-photon absorption regime, under
ideal operation conditions [24] every single photon is con-
verted into an electron tunneling through the DQD (red
arrows), against the bias. At low temperatures, for a bias
approaching the photon energy, the efficiency of the power
conversion as well as the photon-to-electron conversion, or
photodetection, efficiency thus reach unity. For an increas-
ing temperature, thermally induced excitations in the DQD
block the photon-assisted tunneling and lead to a backflow
of electrons (blue arrows), reducing both the photodetection
and power conversion efficiencies. We here present a theoret-
ical estimate of the thermodynamic maximum of the power
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FIG. 1. (a) Schematic of device energy band diagram. Red ar-
rows show an electron absorbing a photon of energy h fr and
tunneling through the DQD against a bias voltage Vb. Blue arrows
show tunneling processes in the direction of applied bias. (b) Optical
micrograph of the hybrid device. Insets depict the input coupler of
the resonator, inductive filtering on the dc lines, and the central part
of the device showing the connections to the DQD. (c) False-colored
scanning electron micrograph showing the nanowire device with the
schematic layout of the rf and transport measurement scheme. Bias
is applied on the blue leads across the DQD (indicated by yellow
circles) and current ISD is measured via the middle point of the
resonator that directly connects the DQD (yellow lead).

conversion efficiency. Moreover, increasing the power beyond
the single-photon absorption regime reduces the photodetec-
tion and power conversion efficiencies as well. Our scheme
is qualitatively different from conventional microwave power
conversion with rectifier antennas, or rectennas [36–39].
Rectennas work at high powers, where the radiation can be
described as classical waves. The maximum power conversion
efficiency, which can approach unity, is set by the device prop-
erties and not temperature—operation is typically at ambient
temperatures.

The device comprises a semiconductor DQD dipole cou-
pled to a one-port waveguide resonator [Fig. 1(b)]. The DQD
is formed by three segments of wurtzite barriers that confine
electrons in two zinc-blende islands in an InAs nanowire
[40–42]. Two plunger gate voltages VL and VR control the elec-
trochemical potential of QD-1 and QD-2, respectively. The D
lead of the DQD directly connects to the resonator which has

FIG. 2. (a) Measured photocurrent ISD as a function of gate volt-
ages VL and VR with Vb = 0 and microwave drive Pin = 1 fW. The
black dashed line indicates the δ = 0 detuning line. (b) Microwave
reflection coefficient as a function of drive frequency measured in
the Coulomb blockade regime (at δ � δr) and photodetection point
(at δ = ± δr) with Pin = 1 fW. (c) Photocurrent and (d) photon-to-
electron conversion efficiency as a function of Pin. Solid (dashed)
lines show the theoretically fitted curves at the low (large) drive
regime.

a fundamental resonance at fr = 6.715 GHz. The current ISD

across the DQD is measured via the resonator voltage node
point. The nanowire also hosts a third (sensor) dot coupled to
a readout resonator with fundamental resonance at 6.31 GHz
( �= fr) [see Fig. 1(b)]. We do not use the sensor dot or the
second resonator in the present study. To avoid any influence
from the third dot, we apply the same bias Vb to both sides
of the sensor dot [Fig. 1(c)]. Measurements are performed
in a dilution refrigerator with an electronic temperature of
Te ≈ 60 mK. The Supplemental Material (SM) [43] presents
the dc current-bias measurements of the DQD and details of
the rf heterodyne circuit used in this work. The same device
has been used in Ref. [44] to investigate wave-particle inter-
play by studying the energetics of the microwaves during the
photodiode operation. For the power conversion, we drive the
system with the cavity resonance frequency fr , and only use
f �= fr for the device characterization.

We start by measuring the photoresponse without applying
a bias voltage. Figure 2(a) shows the photocurrent as a func-
tion of gate voltages with microwave power Pin = 1 fW. By
varying VL and VR, we move the energy levels of the respective
dots and thus change the detuning δ. In Fig. 2(a), we observe
that I±

SD in the direction of ±δ reaches a maximum when the
energy gap between the hybridized states of the DQD matches
the photon energy, h fr = Ee − Eg = √

δ2
r + 4t2, where Eg

(Ee) denotes the energy of the ground (excited) state and
t denotes the interdot tunnel coupling [12,24]. Due to the
energy transfer from the photons to the electrons, the DQD
at ±δr introduces an additional loss channel (κ±

DQD) to the
resonator photon mode. Figure 2(b) presents the changes to
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the resonator response in the different detuning conditions
due to this additional loss channel. We then vary Pin and
plot the measured ISD at ±δr in Fig. 2(c). The corresponding
photon-to-electron conversion efficiency, ηPD = ISDh fr/ePin,
is plotted in Fig. 2(d), which shows a plateau in the low-power
regime with η−

PD reaching 12%. Note that ηPD encompasses
the entire process of photon-assisted tunneling, and thus cor-
responds to the external quantum efficiency (see SM [43]).

Next, to explore the ability of our device as a microwave
power harvester, we consider Pin = 1 and 100 fW. This repre-
sents two distinct physical regimes, with linear and nonlinear
responses to the photon flux [see the marked arrows in
Fig. 2(c)]. Figures 3(a) and 3(b) present the maximum I±

SD
in the plunger gate space recorded as a function of Vb. The
corresponding electrical power out Pout = ISDVb is shown in
Figs. 3(c) and 3(d). For a wide range of bias voltages, ISD

flows against Vb and hence, microwave energy is converted
into electrical energy. The shaded areas indicate the overall
bias range where power harvesting takes place. For opposite
detuning, Vb drives the electronic transport in the bias direc-
tion, resulting in a sharp increase in the power dissipation. The
blue (black) arrow of Fig. 3(c) depicts the amount of power
harvested (dissipated) with Vb = 5 µV when the energy levels
are detuned to −δr (+δr).

We employ the commonly used [36,37] definition of the
power harvesting efficiency as the ratio of the dc electric
output power to the ac input power from the microwave drive,
as

ηE = Pout

Pin
= ISDVb

Pin
. (1)

Figures 3(e) and 3(f) plot ηE as a function of Vb for the two
input powers. For eVb � h fr , the ηE increases linearly with
Vb. In this low-bias regime, the bias-independent nature of ηPD

allows us to observe a linear dependence of η±
E = η±

PDeVb/h fr ,
as illustrated by the dashed purple lines in Figs. 3(e) and 3(f).
Further increasing Vb causes a sublinear response in ηE , which
then reaches a maximum ηmax

E with V m
b , followed by a sharp

decrease when eVb approaches the photon energy h fr . For
Pin = 1 fW, the device attains the maximum power harvest-
ing efficiency η−max

E = 2% with positive bias V m
b = 10 µV as

marked by (A) in Fig. 3(e).
The energy of the absorbed radiation contributing to the

power harvesting is set by the DQD level detuning δ. For the
low-power case, with Pin = 1 fW, it is clear from Fig. 3(g)
[see also Fig. 2(a)] that power is harvested at the level de-
tuning δ ≈ h fr . For δ � h fr the photocurrent and hence the
power harvesting becomes vanishingly small. This shows that
the power harvesting occurs in the single-photon absorption
regime, with negligible contributions from multiple-photon
absorption. In line with this observation, the power harvesting
efficiency in Fig. 3(e) vanishes when the applied bias eVb

exceeds the single-photon energy h fr . On the contrary, for
Pin = 100 fW, power harvesting occurs even when eVb > h fr ,
as seen in Fig. 3(f). This can mainly be attributed to the
nonlinear, multiple-photon absorption process. Moreover, the
broadening of the photocurrent spot around δr with strong
drive also enables power harvesting at eVb > h fr .

FIG. 3. Photocurrent measured with an applied bias Vb across the
DQD for (a) 1 fW and (b) 100 fW input microwave powers. The solid
lines depict the numerically calculated results for the two detuning
configurations. (c) and (d) show the corresponding power harvested
or dissipated by the device, while (e) and (f) show the corresponding
power harvesting efficiency ηE for the two input powers. The bias
setting required to achieve maximum ηE of 2% is marked with point
(A) in (e). (g) and (h) present experimental and theoretical results
comparing the power harvested and dissipated in the plunger gate
space with Pin = 1 fW and Vb = 10 µV, which corresponds to point
(A) in (e).

The effect of temperature on the power conversion effi-
ciency is of particular interest in our device, where the thermal
energy (kBTe) of the electrons cannot be neglected compared
to the photon energy h fr . For an applied bias voltage such that
the chemical potentials of the drain and source leads approach
the energy levels (Eg, Ee) of the DQD, thermal fluctuations
in the electron population near the Fermi levels of the reser-
voirs induce excitations to the DQD occupancy. As shown
in Fig. 1(a), this hinders the photon absorption in the DQD
(red arrows) and also leads to a backflow of the electrons
(blue arrows), suppressing the power conversion efficiency. To
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obtain a qualitative understanding of these thermodynamic ef-
fects on the power harvesting, we consider a basic, mean-field
master equation model (see SM for details [43]), assuming
low drive power, symmetric tunnel couplings, no interdot
relaxation, and no internal losses in the resonator. At Te = 0,
these assumptions give ηE = 1 as well as ηPD = 1. At nonzero
temperatures, kBTe � h fr , the power conversion efficiency in
Eq. (1), maximized over bias voltage, can then conveniently
be written

ηmax
E = eV m

b

h fr
ηmax

PD , (2)

where V m
b = h fr − 2kBTe ln(1/2

√
h fr/kBTe + 9/4) is the

maximizing bias voltage and ηmax
PD = (1 − kBTe/h fr ) is the

photodetection efficiency attainable at V m
b . Equation (2) shows

that two separate thermal effects suppress the maximum
power harvesting efficiency ηmax

E . First, the photodetection ef-
ficiency ηPD is suppressed by increasing temperature. Second,
the maximizing bias voltage V m

b decreases to a value below
the photon energy h fr . As a result, we have ηmax

E � ηmax
PD .

Moreover, since ηmax
PD is the photodetection efficiency at V m

b
and not at zero bias (for which it is maximal), it is clear
that temperature effects have a more detrimental influence
on ηmax

E than on the maximal ηPD. This is in agreement with
our findings that ηmax

E = 2% while the maximal, low-power,
low-bias ηPD reaches 12%.

The device properties are obtained by comparing the zero
applied bias photocurrent data of Fig. 2(c) and the resonator
response in Fig. 2(b) with theoretical predictions. We use the
quantum master equation approach of Khan et al. [24] with
the additional features of I+

SD �= I−
SD which allow us to deter-

mine the tunnel rates at the left (�L) and right (�R) QD-lead
barriers individually. We calculate six unknown parameters:
tunnel rates �L, �R, interdot tunnel coupling t , charge de-
phasing rate γφ , interdot relaxation rate γ−, and cavity-DQD
coupling constant g, by fitting the following six features: two
photocurrent slopes in the low-power limit of Fig. 2(c), two
photocurrent plateaus in the high-power limit of Fig. 2(c), and
the rf reflectance curves measured at ±δr in Fig. 2(b). We
note that t contributes to the hybridization of the DQD levels
and that the coupling constant g sets the interaction strength
between the resonator and DQD, determining the response of
the DQD to the drive of the microwave cavity [23,24,31]. The
solid (dashed) lines in Fig. 2(c) show the fitted curves in the
linear (nonlinear) response regime using Eqs. (S6) and (S9)
(see SM for further details [43]). We see that the theoretical
results capture the essential features of the experimental data,
with the best fitting yielding �L/2π = 27 MHz, �R/2π =
5400 MHz, γ−/2π = 36 MHz, tunnel coupling t = 2.5 µeV,
γφ/2π = 1500 MHz, and g/2π = 27 MHz. Importantly, we
find �R � �L, γ−, which is causing the asymmetry in the
device operation. The fits [Eq. (S14)] to the reflectance spectra
in Fig. 2(b) provide the couplings, κ+

DQD/2π = 4g2/2π�̃+ =
0.4 MHz and κ−

DQD/2π = 4g2/2π�̃+ = 1.0 MHz, where �̃+

(�̃−) is the total decoherence rate at +δr (−δr). Based on the
scatter of the data points and their correspondence to the fits,
we estimate an uncertainty of approximately 10% for all the
parameter values.

To get further insight into the asymmetry of the device
operation, we derive an expression for the photocurrent in
zero-bias setting for low drive power and �0e � κ , reading

ISD/e = Pin

h fr

κc

κ

4κDQDκ

(κDQD + κ )2

�0e

(�0e + γ−)
p f , (3)

where �g0 = �gL + �gR (�0e = �Le + �Re) is the total tun-
nel rate into the ground (out of the excited) state and
p f = (�gL�Re − �gR�Le)/�0e�g0 denotes the directivity of
the DQD. Here, �(L/R)(g/e) (�(g/e)(L/R)) denotes the tunneling
rates out from (into) the DQD ground/excited state from the
left/right leads. These tunnel rates are the couplings �L/R

weighted with the corresponding hybridization of the DQD
state. The asymmetry of the photoresponse can be traced back
to the asymmetry in κDQD. At +δr , the tunnel rate out of the
excited state is much larger than at −δr due to �R � �L. This
results in a larger decoherence rate �̃ at +δr , which reduces
the effective coupling κDQD in analogy to the Zeno effect
[45]. In addition, the fourth term in Eq. (3) adds a smaller
contribution to the asymmetry.

In the high-power regime [Eq. (S9)], the ground and ex-
cited states become equally populated, and thus the dynamics
within the DQD can be neglected. Here, the saturation pho-
tocurrent only depends on the in- and out-tunneling rates and
is given by I∗

SD/e = p f /(1/�g0 + 2/�0e), where the factor of 2
arises from the fact that the DQD spends only half of the time
in the excited state. In the limit of large asymmetry �L � �R,
the smallest rate among �g0 and �0e determines the I∗

SD and the
ratio of currents becomes I*+

SD /I∗−
SD = 2�+

Le/�
−
gL = 2, which is

in good agreement with our experiment I*+
SD /I∗−

SD = 1.7.
Based on the parameter values extracted from the zero-

bias data, we can numerically evaluate the finite-bias current
I±
SD and the corresponding power conversion at Te = 60 mK.

The solid lines in Figs. 3(a)–3(f) depict the results. Further-
more, in Figs. 3(g) and 3(h), we compare the experiment
and theory results showing the amount of power harvested
and dissipated by the device in the plunger gate space cor-
responding to the point (A) of Fig. 3(e). Once again, the
theoretical curves are found to be in good agreement with
the experimental data and reproduce the asymmetric ηE in
the two detuning configurations. We however note that for
chemical potentials close to the DQD energies our mas-
ter equation approach formally breaks down, which may
explain the discrepancy between experiment and theory at
|Vb| ∼ h fr in Figs. 3(c) and 3(e). Moreover, despite our the-
oretical approach not accounting for multiphoton processes,
the agreement between experiment and theory for Pin = 100
fW in Fig. 3(c) and 3(e) is still good (see SM for further
discussion [43]).

In conclusion, we have demonstrated a microwave
resonator-DQD power harvester operating in the femtowatt-
power, single-photon absorption regime where a quantum
description of the incoming radiation is appropriate and
conventional rectenna power harvesters do not work. We
achieve a maximum power conversion efficiency of 2% and
a photon-to-electron conversion efficiency reaching 12%. Our
controllable and versatile microwave power harvester opens
up avenues of experiments enabling energy collection at the
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single-photon absorption limit, to explore the fundamental
aspects of quantum thermodynamics, quantum optics, and
astrophysics.
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