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Calibration-Free and High-Sensitivity Microwave Detectors
Based on InAs/InP Nanowire Double Quantum Dots

Samuele Cornia,* Valeria Demontis, Valentina Zannier, Lucia Sorba, Alberto Ghirri,

Francesco Rossella,* and Marco Affronte

At the cutting-edge of microwave detection technology, novel approaches
which exploit the interaction between microwaves and quantum devices are
rising. In this study, microwaves are efficiently detected exploiting the unique
transport features of InAs/InP nanowire double quantum dot-based devices,
suitably configured to allow the precise and calibration-free measurement of
the local field. Prototypical nanoscale detectors are operated both at zero and
finite source-drain bias, addressing and rationalizing the microwave impact
on the charge stability diagram. The detector performance is addressed by
measuring its responsivity, quantum efficiency and noise equivalent power
that, upon impedance matching optimization, are estimated to reach values
up to 2000 A W', 0.04 and =10-'¢ W / /Hz, respectively. The interaction
mechanism between the microwave field and the quantum confined energy
levels of the double quantum dots is unveiled and it is shown that these
semiconductor nanostructures allow the direct assessment of the local inten-
sity of the microwave field without the need for any calibration tool. Thus, the
reported nanoscale devices based on I11-V nanowire heterostructures repre-
sent a novel class of calibration-free and highly sensitive probes of microwave
radiation, with nanometer-scale spatial resolution, that may foster the devel-
opment of novel high-performance microwave circuitries.

solid state platforms.[>=] Moreover, innova-
tive MW detectors may open exciting per-
spectives in astrophysics,® for instance,
fostering novel approaches to the probing
of the cosmic background radiation and
the search for dark matter particles.” In
general, compared to optical radiation,
the detection of microwave photons is
quite challenging, mainly due to the small
energy scale involved. In fact, for radia-
tion frequencies in the 1-300 GHz range,
equivalent photon energies range from
few peV to about 1 meV. The detection
of photons of such small energy requires
detectors operated at ultra low tempera-
tures, to suppress the thermal back-
ground, and several precautions have to
be taken into account in order to preserve
the system from phonon coupling and any
other source of noise. While several sys-
tems and methods have been proposed for
the detection of MW radiation in different
regimes,® still no universal approach is
available. Conversely, the materials, archi-
tectures and active mechanisms exploited

1. Introduction

Microwave (MW) radiation plays a key role in countless appli-
cations ranging from information and communications tech-
nologies to medical diagnostics,!! and represents an important
tool for the development of quantum science and technology
by enabling the manipulation and readout of qubits encoded in

in MW detectors may strongly depend on the targeted applica-
tion. Microwave detectors based on Josephson junction devices
were reported in the 4-20 GHz range.’l In the same range,
opto-electromechanical detectors have also been theoretically
proposed, while different types of superconductive bolometers
have been operated in the frequency range above 300 GHz, with
promising potential extensions at frequencies down to 90 GHz.
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In recent years novel architectures based on semiconductor
nanowires (NWs) have been proposed for the manipulation
and detection of high frequency radiation. These include arrays
of NW diodes” and NW field effect transistors!™ for probing
THz radiation, >3 as well as NW quantum dot (QD) systems
coupled to superconducting resonators.*1) NW QDs - can be
realized electrostatically using gate electrodes!”*! to control
tunnel barriers and chemical potentials in the dots, resulting
in zero dimensional systems with relatively large dot size and
weak confinement owing to the small energy distance among
quantum confined energy levels. These systems can be rela-
tively easily exploited for MW emission??2 and detection
down to single photons.”>*’l On the other hand, hard-wall
NW QD systems—both single and multiple NW QDs—can
be realized exploiting the InAs/InP NW heterostructure tech-
nology, which allows to grow few nm-thick InP barriers inside
an InAs NW, that may induce quantum confinement along the
NW axis.?®l This technology allows to engineer NW QDs-based
devices displaying extremely large charging energy as well as
quantum confined energy, both exceeding 10 meV at 4.2 K.[7-%]
In the case of InAs/InP NW double quantum dots (DQDs),
such energetics may coexist with the onset of clean Pauli spin
blockade up to 10 K.3% Overall, these unique features make
InAs/InP NW DQD systems impressively resilient to tem-
perature and magnetic field.B! In addition to the large energy
scales and the robust current blockade features , InAs/InP NW
DQD are also highly tunable by external gate potentials. This
allows, in principle, the continuous tuning of energy levels
spacing from GHz to THz frequencies. While these features
overall suggest that InAs/InP NW DQD based devices may
offer intriguing perspectives for the detection of MW radiation,
their full exploitation as MW detectors still represents an open
challenge.

In this work, we exploit hard wall InAs/InP NWs to address
the impact of a MW field on the transport properties of elec-
trons tunneling across a semiconductor DQD. MW radiation
in the range 1-10 GHz was applied to NW DQD-based devices
equipped with source and drain electrodes and two indepen-
dently biased side gates, inducing quantitative and qualitative
changes in the charge stability diagram of the nanodevices.
Focusing on the triple points, at vanishing source-drain bias,
Vps, we map the evolution of the charge stability diagram as
function of the MW input power and we address the respon-
sivity of our devices, carefully ruling out the effect of tempera-
ture broadening. At finite Vg, the characteristic current trian-
gles emerging in the stability diagram widen in both the filling
and detuning directions upon the application of MWs, while
current spots with sign opposite to Vs emerge exactly in cor-
respondence of the zero-bias triple points. To rationalize our
experimental outcomes both at zero and finite Vg and explore
the mechanism of interaction of the MW field with the NW-
based device, we resorted to a phenomenological model, which
invokes an effective alternating current (AC) bias to account for
the MW field’s coupling with the NW-DQD. This bias has the
effect of shaking the chemical potentials in the leads, which in
turn affects the addition energies in the dots via lead-dot capaci-
tive coupling, inducing a shift in the relative alignment of the
potentials in the leads and the dots, due to the MWs. Overall,
this explains the main features observed in the charge stability
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diagrams and allows us to address the local amplitude of the
AC drive at the device without resorting to power calibrations.

We quantify the performance of our NW-DQD based MW
detectors with three figures of merit, namely the responsivity,
R, the quantum efficiency, 7, and the noise equivalent power,
NEP. We found that upon optimal MW-detector coupling our
devices display surprisingly high R and 7 (up to 2000 A W
and 0.04, respectively) and low NEP (down to 107°W //Hz).
Our work suggests that the unique combination of transport
features and subwavelength dimensions offered by InAs/InP
NW DQDs make these nanomaterials potential game changers
for future MW detection platforms and applications.

2. Results and Discussion
2.1. Device Architecture and Operation

Figure 1a reports the false color scanning electron micrograph
of one of the measured InAs/InP NW DQD-based devices,
equipped with source (S) and drain (D) electrodes (blue
colored) and two side gates (G1-2, green colored). We measured
7 devices, fabricated starting from the same NW batch, and
we carried out 8 measurement campaigns in the temperature
range 2-8 K. Nanodevices are fabricated by depositing the nano-
wires onto a Si++/SiO, substrate that can be used as a backgate.
This can be used in combination with two side gates allowing
to fully configure and control the direct current (DC) transport
features—the stability diagram—of the InAs/InP DQD. The
inset shows the scanning electron micrograph of the InAs NW
region embedding the three InP barriers (nominal thickness
5 nm) which separate two asymmetric InAs sections (nominal
thicknesses 20 nm and 23 nm) defining the DQD (see also
the Methods section). Figure 1b reports the schematic of the
experimental setup—the measurement circuit—together with
the nanodevice equivalent circuit (inset). S-D DC bias voltage
application and S-D current readout were performed with a
source-measure unit, the gates were voltage-biased by stabilized
DC sources and MWs were applied resorting to a radio fre-
quency (RF) line, bonded to one of the chip pads at a distance
of =2 mm from the nanodevice. In Figure 1(b-inset), quantum
dots labeled 1 and 2 are connected in series and coupled to
source and drain leads via tunneling barriers characterized by
resistive and capacitive components and are also capacitively
coupled to external gate voltages (only side gates indicated).
The device control scheme envisions three gates (one back and
two sides) acting on the whole DQD (global gates)i3% rather
than local gates acting separately on each QD.I**l Device cur-
rent response is measured as a function of effective side gate
voltages V¢, and V/, corresponding to linear combinations of
the voltages Vi and Vi, physically applied to side gates G1 and

G2, according to V¢, = ~Ve) and V4, = +Ve,)

%(vcz %(vm
(Section 1, Supporting Information). The control over the
DQD filling stems from the average component of the electric
field, proportional to V¢, (balanced gate voltage configuration),
whereas the the DQD detuning is controlled by the transverse
or Stark component of the electric field, proportional to V{,
(unbalanced gate voltage configuration). This kind of control
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Figure 1. a) Scanning electron micrograph of one of the measured devices, comprising of source (S) and drain (D) contacts and gate electrodes
(G1,G2). Inset: Scanning tunneling electron micrograph of an InAs/InP nanowire double quantum dot (NW-DQD)measured in this work. b) Pictorial
view of the experimental setup. A source-measure unit (not shown) is used to voltage bias (Vps) the nanodevice and measure the current intensity (Ips).
Microwaves are fed through an external antenna. Inset: model of the DQD system. The two QDs are represented by conductive islands connected in
series and connected to source and drain contacts through tunneling barriers. Two side gates and a backgate (not represented in the model) control
the DQD filling and provide a transverse electrostatic field to achieve detuning by exploiting the quantum confined Stark effect. c) Stability diagram of
the NW-DQD measured at T =2 K and Vs =—2.5 V, without MW applied at vanishing Vs, with triple points marking the edges of regions with fixed
occupation number, labeled with (AN;, AN;). ANy marks the number of additional electrons present in QD 1(2) with respect to a reference point.
d) Current trace at zero Vs measured along the white dotted line evidenced in panel (c) (filling direction across two triple points) with (red curve)
and without (blue curve) MW excitation. e) Stability diagram without MW applied measured at Vs = —5 mV; characteristic current triangles marked by
white contour. f) Current trace at Vps = —5 mV measured along the white dotted line evidenced in panel (e) with (red curve) and without (blue curve)
MW excitation.

exploits the quantum-confined Stark effect and it is possible
thanks to the asymmetry of the system, provided by the slight
differences between the axial lengths of the two dots and their
occupied electron orbitals.

Figures 1c and le report the device stability diagrams (color-
plots of Ipg as a function of V{4, and V¢,) measured at 2 K,
Vpe = —2.5 V and at zero MW power, for vanishing (1c) and
finite (le) S-D bias voltage applied. At Vs = 0 V (Figure 1c),
transport is permitted only when the chemical potentials of S
and D leads are aligned to the QD addition energies: this con-
figuration corresponds to the white-colored point-like current

Adv. Funct. Mater. 2023, 2212517 2212517 (3 of9)

spots arranged in a honeycomb fashion in Figure 1c. In the
top-right corner of the current map, the dashed axes labeled
Er and AE indicate the filling and detuning directions of the
DQD, respectively. Along the filling direction, the total number
of electrons confined in the DQD increases together with the
electron population of each dot. Along the detuning direction,
the number of electrons confined in the DQD remains constant
while electrons redistribute in the two QDs. According to the
electron population in the left and right dot (or dot 1 and 2 in
Figure 1(b-inset), different regions of the charge stability dia-
gram are labeled (i, j) with i and j being the number of electrons
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inside dot 1 and 2, respectively. Consistently, the locations of
the current spots are referred to as triple points, connecting
three regions of the stability diagram with different electron
population, such as for instance the regions (1,1), (2,0) and (2,1).
At finite Vpg (Figure le) for each triple point a finite energy
window opens in which transport is allowed and a current tri-
angle is observed in the stability diagram. From the analysis of
the two datasets and resorting to the DQD model schematically
shown in the inset of Figure 1b, all physical parameters identi-
fying the DQD can be extracted®” including the charging and
electrostatic coupling energies (=10 meV), the gate lever arms
(=20 meV V7Y, the dot capacitances (=20 aF) (see Section 2,
Supporting Information).

2.2. MW Impact on Current Traces at Triple Points

Figure 1d reports current traces measured along the filling
direction (V¢, axis) in the zero-bias stability diagram (white
dashed segment in panel (c)) with (red curve) or without (blue
curve) MW applied to the device. The two peaks, corresponding
to the two triple points connecting clock-wise the regions (1,1),
(2,1), (2,2) and (1,2), display marked amplification (current
intensity increase) as well as broadening upon application of
the MW field. Figure 1f highlights the effect of the MWs over
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the current profile connecting along the filling direction a pair
of current triangles measured at finite bias (Vpg=-5 mV). The
MW-OFF current trace (blue curve) is robust (order of 100 pA),
always negative (according to the bias sign) and displays a faint
symmetric trend with respect to V¢, =—-3.3 V. With MW turned
ON, the current profile (red curve) maintains its symmetry with
respect to V¢, = —3.3 V, however, it exhibits a reversal of the
derivative with respect to the blue curve and the emergence of
two peaks of positive current. In the following we shall inves-
tigate in detail the MW response of NW-DQD devices in both
zero and finite bias configurations as function of effective gate
voltages and MW nominal power, ruling out thermal effects
and providing a phenomenological model to rationalize the
observed results.

2.3. Probing MWs at Zero Vpg

Figure 2 illustrates the effect of the MW field on the NW-DQD
charge stability diagram at zero Vpg (Vg = -2 V, T=2 K),
tuning V¢; and V¢, in the proximity of a pair of triple points. In
absence of a MW field, the triple points appear as reported in
Figure 2a. Here, the red segment identifies the detuning direc-
tion corresponding to the scanning of the effective gate voltage
Ve =0.76X Vg —0.65X Vg, in the range 2.66-2.80 V. Figure 2b

MW ON (5 GHz,12 pW)
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Figure 2. Current triple points measured at vanishing bias (T=2 K, Vps =0 mV, Vgc = -2 V): a) without MW excitation and b) upon MW input power
of 12 uW. The red segment indicates the detuning direction, which corresponds to the scanning of the effective gate voltage Vi (defined in the main
text). c) Photocurrent map as function of Vo and MW power, at fixed frequency. d) Vertical cuts of the current map reported in (c), that is, photocurrent
curves as function of MW power for different values of V. Linear fitting curves are reported and used to estimate the responsivity R.
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Figure 3. Current maps at triple points measured at zero MW power at temperatures T=4 K (a), T=6 K (b) and T=8 K (c). (The map at T=2 K is reported
in Figure 2a). The effect of temperature on the stability diagram differs abruptly from the effect of the MW shown in Figure 2b. d) Current traces meas-
ured along the dotted line in (a) at different temperatures. ) Full width at half maximum (FWHM) and positive current peak intensity extracted from (d).

reports the charge stability diagram measured upon the appli-
cation of MWs with frequency of 5 GHz and power of 12 uW:
the triple points are emphasized by the MWs, with an overall
increase of the current level and a widening of each triple point
along both filling and detuning directions. We note that all MW
power values reported take into account the measured attenu-
ation along the RF lines (see Section 8, Supporting Informa-
tion). Figure 2c shows the photo-current (I,;) map measured by
scanning Vg, for different values of the applied MW power in
the range from 100 nW to 12 uW. The current increases mark-
edly from the bottom-left corner of the colorplot to the top-right
corner. Figure 2d reports I, as a function of the MW power,
for different values of V. Each dataset (set of points with fixed
color) corresponds to a vertical cut of the map in Figure 2c. All
the measured I, traces reported in Figure 2d are linearly pro-
portional to the MW power, as evidenced by the solid curves that
correspond to linear fits of the experimental points: this indicates
that NW-DQD devices may operate as power law MW detectors.
The response of the NW-DQD-based devices as MW detector
can be quantified extracting the responsivity R, a key figure of
merit which measures the intensity of the output signal for a
given input power. R can be extracted as the slope of the linear
fit of I, as function of the MW power (Figure 2d). An alterna-
tive way to quantify the detector response consists in reporting
Me

the quantum efficiency = —-, which measures the photon-to-

Ny
charge conversion as the number of photoelectrons generated
for each impinging MW photon. 17 can be directly derived from
the responsivity, as reported in Section 4.2, Supporting Infor-
mation. The maximum responsivity of our devices is obtained
at zero detuning and corresponds to the slope of the blue line
measured at V¢ = 2.80 V in Figure 2d. This slope was found to
provide R = 250 £ 10 nA W, which in turn implies 7 = 10712,
We also extracted the noise equivalent power (NEP) of our

Adv. Funct. Mater. 2023, 2212517 2212517 (5 of9)

devices, that is, the input power for which a signal-to-noise
ratio of 1 is obtained in a 1 Hz measurement bandwidth.[34
The lowest NEP is obtained at maximum responsivity and
was found to be NEP=1.2uW/+/Hz (Section 4.3, Supporting
Information).

It is worth noting that the values reported above for max-
imum R and 7 (and minimum NEP) represent lower bounds
to the actual performance of our NW-DQD MW detectors,
because these values (i) do not take into account the MW
power losses due to the antenna-detector coupling and (ii)
assume unitary absorption of the MW radiation in the NW
cross-section. Regarding point (i), we estimate the power
losses by considering the radiated power at the antenna and by
assuming irradiation with cylindrical symmetry, and this bring
us to define an antenna-detector losses renormalization factor,
Lap (details in Section 4.4, Supporting Information). We esti-
mated Lyp = 3.5 X — for the MW power impinging onto the
NW detector, yielding to renormalized values for maximum
R and 7 and for minimum NEP, namely 7 mA W1 5x%x 107
and 40pW /Hz, respectively. Regarding point (ii), as will be
clarified in the following section, we estimate the effective MW
absorption in the NW cross-section by resorting to finite-bias
spectroscopy measurements.

The entire study reported above, carried out at a MW fre-
quency of 5 GHz, was repeated at different frequencies without
observing any significant difference, except for the expected
frequency dependent attenuation of the experimental setup
(Section 7, Supporting Information). Importantly, the occur-
rence of transport features substantially unaffected by the
change of the MW energy suggests that we can exclude photon
assisted tunneling from the possible mechanisms of interac-
tion between the DQD and the MW.5353¢] Moreover, the features
observed in the current maps upon the application of a MW field
are not ascribable to trivial heating effects potentially associated
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to the impact of the MWs. This was ascertained by addressing
the effect of temperature on the stability diagram at MW OFF
and measuring the same pair of triple points at four different
temperatures in the range 2-8 K, as reported in Figure 2a and
Figure 3a—c. Figure 3d reports the current profiles measured
along the black dashed line shown in Figure 3a at T = 2 K,
4K, 6 Kand 8 K. For each curve, from the current peak observed
at gate voltage of about 3.3 V, we extracted the full width at half
maximum (FWHM) and the intensity. The results of this anal-
ysis, reported in Figure 3e, clearly indicate that a temperature
increase induces an overall broadening of the current features
accompanied by a drastic decrease of the current intensity: this
is absolutely not consistent with the observed strong increase
of the current level due to the application of MWs, as reported
in Figure 2b. In addition, we also exclude thermoelectric effects
or phonon assisted transport phenomena due to asymmetric
heating at the leads, that may establish a temperature gradient.
Indeed, such effects are associated to the occurrence of very
unique transport features in the stability diagram, such as trian-
gularly shaped current side bands with sign reversal,’”38l that
were never observed in our experiments.

2.4. Probing MWs at Finite Vpg

The high figure of merit envisioned in InAs/InP NW-DQDs
coexists with the possibility to operate the nanodevices as cal-
ibration-free or absolute MW detectors. This stems from the
peculiar transport characteristics displayed by DQDs at finite
Vps. Figure 4a reports two pairs of current triangles measured
at Vpg = -5 mV and MW-OFF (Vs = -2.5V, T=2 K). The cur-
rent is significantly quenched at the base of the left triangles
with respect to the right ones, consistently with a Pauli spin
blockaded transport in the left triangle pair. Figure 4b reports
the charge stability diagram measured upon the application of
MWs with frequency of 1.2 GHz and power of 100 uW. Overall,
the impact of the MWs is two-fold: the magnification of the size
of each current triangle, together with the rise of two current
spots with sign reversal with respect to the main triangle (posi-
tive current spots inside negative current triangles).

Regarding the triangle magnification effect, we notice that
in DC bias spectroscopy experiments the widening of triangles
is proportional to the increase of Vpg and corresponds to an

increased range of energetic configurations fitting inside the
bias window.?? This bring us to introduce an effective bias
V& accounting for the triangle magnification due to the MWs.
With the energetics of the NW-DQD known from the finite bias
spectroscopy at zero power MWs (Sections 1 and 2, Supporting
Information), we estimate that the increased triangle size
reported in Figure 4b corresponds to V& =-10+1 mV. This
is confirmed by a direct comparison of the MW-ON stability
diagram with the Vpg = —10 mV, MW-OFF stability diagram
(Section 6, Supporting Information). The four current spots
with sign reversal (positive current) shown in Figure 4b were
actually observed also for different charge occupation configu-
rations and for both spin blockaded and non spin blockaded
current triangles (Section 3, Supporting Information). In all
cases, the position and the relative intensities of the four posi-
tive current peaks perfectly match position and intensity of the
triple points measured at Vpg ~ 0, as reported in Figure 4c.

In order to rationalize our results both at zero and finite
Vps, we adopt a semiclassical picture of radiation-matter inter-
action where MWs are treated classically while NW-DQDs are
in quantum transport regime. Moreover, we assume that the
MW field couples preferentially with one of the leads—for
example, the drain—driving oscillations in its chemical poten-
tial. In this frame, we qualitatively explain the MW impact on
the charge stability diagram at zero SD bias as the effect of a
shaking of the addition energies in the lead, which broaden the
region where tunneling is permitted along the filling direction,
according to the schematic depicted in Figure 5a. This semi-
classical picture also accounts for the impact of MWs at finite
applied SD bias. To show this, we consider a total effective bias,
Vps, which spans the range Vs —V,c < V% < Vps + Vaer Where
Vac is the amplitude of the MW perturbation (Figure 5b). All
the bias configurations in this range may contribute to electron
tunneling through the NW-DQD. The size of the current trian-
gles is determined by the largest absolute value of the total bias.
that is, Vps =Vps —Vac (being Vg < 0), corresponding to the
configuration shown in Figure 5c. The opposite extreme of the
bias range, where Vp5 = Vg + Ve, corresponds to the schematic
depicted in Figure 5d). For V¢ > |Vpg|, a current sign reversal
can be observed.

On the base of this model, we interpret the main results
reported in Figure 4b, namely, the increased size of current tri-
angles and the occurrence of current spots with sign reversal

MW OFF MW ON (100 W, 1.2 GHZ) MW OFF
@5, o [ © a2 ©).32]
(:”,_~1 Y:~\~~ 50 ] ()
3.3 \vﬁj S 3 3.3 ®
s G & g = s D
= o8 - 0 % 5 -84 = 3.4
= \N > > > Q\
35T -2K y 50 -3.5 -83.54T=2K
V. =-5mV V,s=80uV
-3.64,,°° e -3.61 -3.6,°°
Voo = '2'|5 v - E, ‘ -100 Vie = -2-:5 v | :
-2.0 -1.0 0.0 { -2.0 -1.0 0.0
Ver 7! Vt;1 \%] V<'31 vl

Figure 4. Current triangles measured at finite bias without MW excitation (a) and upon MW input power of 100 uW (b). Black dotted lines mark the
edges of the current triangles. Black circles in (b) mark the onset of four current spots with sign reversal with respect to the full triangles. c) Current
triple points measured at vanishing bias, marked with black circles. The locations of the black circles in panels (b) and (c) show an excellent match.
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Figure 5. a) Schematic illustration of the model based on an effective AC bias (V,() used to rationalize the interaction of microwaves with NW-DQDs
at vanishing-bias. V¢ is assumed to couple preferentially with the drain. b) Schematic illustration of the effective V¢ bias model used to rationalize
the MW-DQD interaction at finite Vps. The oscillating potential V¥ =Vps £V, (red-colored in (b)) imposes a bias window for electron tunneling
spanning from configuration (c) to (d). c) The effective AC oscillation brings the DQD to the maximum voltage bias configuration, d) the effective AC
oscillation brings the DQD to the minimum (zero-) voltage bias configuration.

at triple points position. On the one hand, the triangle size
increase is due to the DQD configuration depicted in Figure 5c.
From the triangle size a 4 =10+ 1 mV was extracted. Under
the discussed model, V& = V% =Vp5 — Vi where Vpg < 0. Since
Vps =—=5 mV, we extract Voc =5+ 1mV. On the other hand, the
current spots with sign reversal originate from the DQD config-
uration shown in Figure 5(d). In this configuration, as an effect
of the oscillating V¢, the chemical potential of the source and
drain electrodes are aligned, corresponding to vanishing posi-
tive bias V%, thus generating the conditions for a current flow
direction reversal. This scenario is in very good agreement with
the V,c values extracted above, since Vp§ = Vs + Ve =011 mV.
In this picture, the current inversion spot is enabled by
the amplitude of V,c, which in turn is determined by the
impinging power, while it does not directly depend on the
radiation frequency.

Strikingly, this framework provides an absolute reference—
the applied bias voltage—for the evaluation of the local ampli-
tude of the MW field, a physical quantity which is otherwise
exceedingly difficult to measure, estimate or calculate. This can
be achieved without the need for any calibration and resorting
to the unique transport features of InAs/InP NW-DQD detec-
tors. The self-calibration of InAs/InP NW-DQD MW detectors
implies an assessment of the relationship between the effective
Vac and the photocurrent I, which are measured exploiting
two different device configurations. To this aim, we first extract
the electrical impedence as Z = V,¢/I,;. For applied MW field
of 12 uW at 5 GHz, we estimate Z= 160 MQ (see Section 5, Sup-
porting Information). Then, we compare this value to the one
calculated starting from the measured DQD resistance, R,, and
capacitance, C, obtained from the analysis of the conductive
configurations in the current maps at zero and finite bias. In
this case we found that Z is dominated by the resistive compo-
nent R,; which measures 65MQ (Section 5, Supporting Infor-
mation). While the discrepancy between the two estimates of
Z (factor =2.5) could be fixed by directly measuring the com-
plex admittance of the devicel3%; however, the two values are
sufficiently similar to validate the relationship Vac = ZI,. This

Adv. Funct. Mater. 2023, 2212517 2212517 (7 Of9)

allows us to estimate the dissipated power at the device, Py, as
Pgiss = Vaclyn, from which we calculated Py = 1.5 x 107 W (for
Vac=0.5 mV,1,;=3 pA, P=12 uW, v=5 GHz).

Finally, this bring us to fix the issue concerning the actual
absorption of MW radiation in the NW cross-section. Indeed,
the ratio between the dissipated and impinging powers, Py /P,
provides a direct estimate of the total MW losses, accounting
for both the MW power losses due to the antenna-detector cou-
pling (quantified by L,p, introduced in Chapter 2.3) and for the
losses associated to non-unitary absorption in the NW cross-
section, that we quantified by the parameter Lcs. Thus, we can
write Py/P = Leg X Lap, from which we estimate Leg = 3.6 X
107, By accounting for L¢g in the renormalization of the MW
power, we can further renormalize the values of the maximum
R and 7 and minimum NEP, obtaining 2000 A W1, 0.04 and
107 W per +/Hz, respectively: these values correspond to an
optimal MW-detector coupling. These figures of merit can be
compared with nanoscale quantum-confined semiconductor
devices including noise detectors operated in the 10-80 GHz
rangel?3? and DQD devices coupled to MW resonators.'®! For
the former architecture, a quantum efficiency of 10~> was com-
puted by measuring the rates of competing relaxation mecha-
nisms for photoexcited electrons. Our estimate of the quantum
efficiency at the optimal coupling condition (4 x 107%) captures
the intrinsic efficiency of the detection mechanism by taking
into account the external power losses. In the latter architec-
ture, the high efficiencies reported (6 x 1072) came at the cost
of a quite complicated device architecture and an operating fre-
quency locked at the resonator’s one (f= 6.4 GHz).

3. Conclusions

Microwaves are efficiently detected by probing their impact on
the transport properties of electrons tunneling across InAs/
InP nanowire DQD-based devices. The nanodevices, equipped
with source and drain electrodes and three independently
biased gates, were exposed to microwave radiation (1-10 GHz,

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85U8017 SUOWILIOD 3AIERID 3ot jdde au) Aq peusenob aJe ssoie O ‘88N JO S3|nI oy ARIgITaUIIUO 8|1 UO (SUORIPUOD-PUE-SWLBH LD A8 | M Ae1q 1 [eu [U0//Sa1Y) SUORIPUOD PLe SLLB | 83U} 835 *[£202/€0/ST] U0 Ariqiauliuo AB(1Mm BuspoiN ANsRAIIN AQ LTSZTZZ02 WiPe/200T OT/I0p/Lod A8 |mAselq1jeul|uo//Sdny woiy papeojumoq ‘0 ‘82089T9T



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

0.1-100 uW) and the changes induced by the microwaves in
the charge stability diagram at zero and finite source-drain bias
were mapped as function of the MW intensity and frequency.
The results at zero bias show that our devices act as power law
MW detectors and allow us to extract lower thresholds for the
figures of merit: responsivity R, quantum efficiency 7 and the
NEP. The results at finite Vpg show current triangle magnifi-
cation along filling and detuning directions together with the
emergence of current spots with sign reversal. The experi-
mental outcomes at both vanishing and finite bias are rational-
ized with a phenomenological model invoking an effective AC
bias to account for the coupling between the microwaves and
the NW-DQDs. Combining zero and finite-bias results with the
model we envision that our devices are capable of microwave
detection with unprecedented figures of merit R = 2000 A W1,
1N = 0.04 and NEP=10"°W //Hz. The present study demon-
strates that NW-DQD-based devices allow us to measure the
amplitude of the local MW field with an absolute reference—
the equivalent source-drain bias—without requiring any cali-
bration process. The peculiar transport features allowing for
absolute MW detection, together with the high sensitivity and
the nanometer-scale resolution, make InAs/InP NW DQDs
a class of nanomaterials with the potentiality to act as game-
changer for future MW detection platforms and applications.

4. Experimental Section

Nanomaterials Growth: InAs/InP nanowires were grown by metal-
assisted chemical beam epitaxy, starting from an Au seed obtained by
thermal dewetting on an InAs(111) substrate. NW diameters were found
in the range 55-60 nm. Alternating Tert-Butyl-Arsine, Trimethyl-Indium
and Tert-Butyl-Phosphine, three layers of InP (nominal thickness 5 nm)
separated by two InAs sections (nominal thickness 20 nm and 23 nm)
were grown inside the NW body. Further details can be found in ref. [30].

Device Fabrication: The grown nanowires were sonicated in isopropyl
alcohol and then deposited by dropcasting on pre-patterned substrates
with a 300 nm SiO; insulating layer on top of highly doped Si. Electron
beam lithography was used to patter the devices, followed by O, plasma
ashing, passivation in a NH,S, solution*¥ and thermal evaporation of
Cr (10 nm)/Au (100 nm). With the final liftoff the source, drain and side-
gate contacts were defined.

Transport Measurements: The devices were characterised in a cryostat
(temperatures of 2-8 K), wired with 16 filtered DC contacts and 2 RF
lines (see also Section 8, Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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