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Development of KI-TWPAs for the DARTWARS project
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Abstract—Noise at the quantum limit over a broad bandwidth
is a fundamental requirement for future cryogenic experiments
for neutrino mass measurements, dark matter searches and
Cosmic Microwave Background (CMB) measurements as well
as for fast high-fidelity read-out of superconducting qubits. In
the last years, Josephson Parametric Amplifiers (JPA) have
demonstrated noise levels close to the quantum limit, but due
to their narrow bandwidth, only few detectors or qubits per

F. Ahrens, A. Cian, D. Giubertoni, F. Mantegazzini, and B. Margesin are
with Fondazione Bruno Kessler (FBK), 1-38123 Trento, Italy, also with INFN
- Trento Institute for Fundamental Physics and Applications, 1-38123, Trento,
Italy. (Corresponding author: F. Ahrens, email: fahrens @fbk.eu)

E. Ferri is with INFN - Milano Bicocca, 1-20126, Milano, Italy. (Corre-
sponding author: E. Ferri, email: elena.ferri@mib.infn.it)

G. Avallone, C. Barone, G. Carapella, V. Granata, C. Guarcello, and
S. Pagano are with University of Salerno, Department of Physics, 1-84084
Salerno, Italy and also with INFN - Napoli, Salerno group, 1-84084 Salerno,
Italy.

M. Borghesi, M. Faverzani, A. Giachero, D. Labranca, R. Moretti, N. Nuc-
ciotti, L. Origo, and M. Zannoni are with University of Milano-Bicocca,
Department of Physics, 1-20126, Milano, Italy, also with INFN - Milano
Bicocca, 1-20126, Milano, Italy, and also with Bicocca Quantum Technologies
(BiQuTe) Centre, 1-20126 Milano, Italy.

L. Callegaro, and L. Fasolo are with Istituto Nazionale di Ricerca Metro-
logica (INRiM), I-10135 Torino, Italy.

A. P. Caricato, A. Leo, G. Maruccio, A. G. Monteduro, and S. Rizzato are
with University of Salento, Department of Physics, I-73100 Lecce, Italy, and
also with INFN - Lecce, I-73100 Lecce, Italy.

I. Carusotto is with Istituto Nazionale di Ottica - CNR 1-38123 Trento, Italy,
and also with University of Trento, Department of Physics, 1-38123 Trento,
Italy.

A. D’Elia, D. Di Gioacchino, C. Gatti, C. Ligi, G. Maccarrone, A. S. Pied-
jou, L. Piersanti, A. Rettaroli, and S. Tocci, are with INFN - Laboratori
Nazionali di Frascati, I-00044, Frascati, Rome, Italy.

E. Enrico, and L. Oberto are with Istituto Nazionale di Ricerca Metrologica
(INRiM), I-10135 Torino, Italy, and also with INFN - Trento Institute for
Fundamental Physics and Applications, 1-38123, Trento, Italy.

P. Falferi, and A. Vinante are with Istituto di Fotonica e Nanotecnologie
- CNR, I-38123 Trento, Italy, also with Fondazione Bruno Kessler (FBK),
1-38123 Trento, Italy, and also with INFN - Trento Institute for Fundamental
Physics and Applications, 1-38123, Trento, Italy.

G. Filatrella is with University of Sannio, Department of Science and
Technology, I-82100 Benevento, Italy and also with INFN - Napoli, Salerno
group, 1-84084 Salerno, Italy.

R. Mezzena is with University of Trento, Department of Physics, 1-38123
Trento, Italy, and also with INFN - Trento Institute for Fundamental Physics
and Applications, I-38123, Trento, Italy.

line can be read out in parallel. An alternative and innovative
solution is based on superconducting parametric amplification
exploiting the travelling-wave concept. Within the DARTWARS
(Detector Array Readout with Travelling Wave AmplifieRS)
project, we develop Kinetic Inductance Travelling-Wave Para-
metric Amplifiers (KI-TWPAs) for low temperature detectors
and qubit read-out. KI-TWPAs are typically operated in a three-
wave mixing (3WM) mode and are characterised by a high
gain, a high saturation power, a large amplification bandwidth
and nearly quantum limited noise performance. The goal of the
DARTWARS project is to optimise the KI-TWPA design, explore
new materials, and investigate alternative fabrication processes
in order to enhance the overall performance of the amplifier.
In this contribution we present the advancements made by the
DARTWARS collaboration to produce a working prototype of a
KI-TWPA, from the fabrication to the characterisation.

I. THE DARTWARS PROJECT

The Detector Array Readout with Travelling Wave Am-
plifiers (DARTWARS) project [1], [2] aims at developing a
large bandwidth Kinetic Inductance Travelling-Wave Paramet-
ric Amplifier (KI-TWPA) with high gain and high saturation
power, characterised by nearly quantum limited noise, suit-
able for low temperature detectors and qubit read-out [3].
A TWPA consists of a weakly dispersive transmission line
with a phase-matched bandwidth, controlled by dispersion
engineering, required to create exponential amplification and
to prevent generation of harmonics [4]. The DARTWARS KI-
TWPA design is inspired by the one proposed by M. Malnou
[5]. Each individual cell is composed of a coplanar waveguide
(CPW), which consists of an inductive line with inductance L
and two interdigitated capacitors (IDC) stubs placed on either
side of the central line. The stubs’ length [ is adjusted to

|| super cell
|| unloaded cell, Z,=5

;u-per cell
unloaded cell, Z,=50Q || loaded cell, Z,=80Q

Fig. 1: Schematics of the lumped element artificial transmis-
sion line. The dark (light) blue areas indicate the supercon-
ductor (substrate).
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Fig. 2: The sheet resistance Rg, the critical temperature 7.
and the expected kinetic inductance L as a function of the
film thickness h. The fit models are described in the text.

achieve a capacitance value C' such that Zy = 1/L/C = 502
(unloaded-cells), as described in references [5], [6]. To achieve
exponential amplification in the 4 — 8 GHz range, each super-
cell consists of N, = 60 unloaded-cells and N, = 6 loaded-
cells (Fig. 1). The length of the IDC stubs in the loaded
cells is adjusted to achieve a characteristic impedance of
Zy = +/L/C = 80 The gap and stub widths of the artificial
transmission line are 1 um, while the stubs of the ground plane
are 2 um wide.

Each super-cell is 330 um long, which is equivalent to half
the wavelength (\/2) of the pump signal in the frequency range
of fp = (8 — 12) GHz. The band gap is engineered to be
just below the pump frequency fy,: in the three-wave-mixing
(BWM) process [7] this results in an amplification bandwidth
centred around f,/2 (4 — 6 GHz range in our case). The first
developed design consists of KI-TWPA prototypes patterned
as meander-shaped lines composed of 523 super-cells (34,518
elementary cells) with a total length of around 17 cm. The
expected gain is around 7 — 10dB. While these gain levels
may not be competitive, the results from these preliminary
half-size amplifiers are crucial for refining the design in the
final version. The full-size amplifier designs will be composed
of 1,000 super-cells (66,000 elementary cells) patterned as
double-arm spirals with a length of around 33 cm. This version
will provide a 20 dB gain over a 2 — 3 GHz bandwidth centred
at around 6 GHz. In this study, we present the fabrication

processes developed for producing these devices and the first
results from their characterisations.

II. FABRICATION OF THE PROTOTYPE DEVICE

The KI-TWPA prototype is made from a NbTiN thin film
on a high-resistivity 6” silicon wafer'. The film is deposited
by means of magnetron sputtering” employing a Nbggo, Tizg,
sputter target and adding nitrogen gas into the deposition
chamber during the deposition process.

For the optimisation of the deposition we have prepared
ten NbTiN thin film samples varying the gas pressure in the
deposition chamber between 2 x 1073 mbar and 3 x 103 mbar,
the nitrogen flow into the deposition chamber between 4 sccm®
and 8 sccm, the chuck temperature during deposition between
300 °C and 400 °C, and the sputter power between 600 W and
1200 W, keeping the deposition time fixed at 6 minutes and
the argon flow into the deposition chamber at 50 sccm. After
deposition, for each sample a cryogenic characterisation has
been performed, determining the the sheet resistance Rg and
the critical temperature 7. Subsequently, the expected kinetic
inductance Ly of the NbTIN film can be inferred via the
relation Lo = —lr—o [8].

The deposition recipe R10 with a sputter power of 600 W,
a pressure of 3 x 10~3 mbar, a nitrogen flow of 7sccm and a
chuck temperature of 400 °C yields both a sufficiently high
sheet resistance of about 28€)/sq and a sufficiently high
critical temperature of about 13.8 K, leading to an expected
kinetic inductance of about 2.1 pH/sq for a deposition time
of six minutes. Adjusting the film thickness by reducing the
deposition time, it is possible to increase the sheet resistance
and, consequently, the kinetic inductance of the film. In order
to exploit the film thickness as a fine tuning parameter to
reach the desired kinetic inductance value, a high control on
the film thickness, and thus, a precisely calibrated deposition
rate are essential. For this calibration, we have deposited six
NbTiN films on silicon wafers featuring a silicon oxide layer,
employing the deposition recipe R10, varying the deposition
time. For the accurate determination of the film thickness,
firstly, we have measured the wafers’ pre-deposition oxide

'FZ silicon wafers, diameter: 6”, thickness: 625 + 15 um, dopant type: p,
dopant: Boron, orientation: <100> resistivity: > 8000 £2/cm

2Kenosistec Physical Vapour Deposition, model KS 800 C Cluster

35cem = standard cubic centimeter per minute

U
1N

1.0 um

- | -

Fig. 3: Post-microfabrication SEM images of the patterned
artificial transmission line. Dark (light) areas correspond to
the patterned NbTiN film (substrate).
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Fig. 4: Schematics of measurement set-up for the determination of the KI-TWPA noise and gain performance.

thickness employing optical interferometry, secondly, we have
deposited the NbTiIN films and patterned them by means
of optical lithography and reactive ion etching, and thirdly,
we have measured the etched step height via atomic force
microscopy and the oxide thickness in the etched areas via
optical interferometry. From the change in oxide thickness,
we can infer the amount of over-etching and consequently,
we deduce the film thickness from the measured step height
and the measured over-etching. Fitting the film thickness as a
function of deposition time, we have found a deposition rate
of 5.2nm per minute for deposition recipe R10.

The samples also underwent a cryogenic characterisation
that allowed to correlate the film properties with the film
thickness. Fig. 2 shows the resulting sheet resistance, critical
temperature and expected kinetic inductance as a function of
the film thickness. The dependence of the sheet resistance Rg
on the film thickness h matches the expectations based on
Fuchs’ model [9], as shown in the fit in Fig. 2, whereas the
critical temperature 7. and the expected kinetic inductance
Ly as a function of the film thicl;ness h can be fit with phe-
nomenological models T, = AR;’lS [10] and Lo(h)och=* [11],
where A, B and « are free parameters in the fits. The sample
with a film thickness of A = 10.8 nm features a sheet resistance
of Rg = 86.0€)/sq and a critical temperature of T, = 12.5K,
leading to an expected kinetic inductance of about 9.5 pH/sq.
We have measured the actual kinetic inductance employing
a planar lumped-element microwave resonator made from a
NbTIN film. The capacitive element of the resonator is formed
by an interdigital capacitance, whereas the inductive element is
a narrow stripe of about 115 squares with negligible geometric
inductance. Comparing the measured resonance frequency to
electromagnetic simulations, we found a kinetic inductance of
Ly = 8.5pH/sq. The deviation of 11 % with respect to the
expected value is within the systematic uncertainties arising
from both the assumption of a BCS-like superconducting gap
and the accuracy of the simulations.

Upon completion of the NbTiN thin film optimisation, we
have fabricated the first KI-TWPA prototype device by means
of NbTiN sputter deposition (recipe R10), stepper lithography
and reactive ion etching. Fig. 3 depicts scanning electron
microscope (SEM) images of a section of the final device’s
artificial transmission line.

III. CHARACTERISATION OF THE PROTOTYPE DEVICE

The KI-TWPA prototypes (half-size amplifiers) firstly un-
derwent an optical inspection and resistance measurements
at room temperature. Subsequently, the devices have been
characterised in liquid helium in order to measure the critical
current I, the band gap and the scaling current I,. Devices
with sufficiently high critical currents (I, > 1mA) and
pronounced band gap in the in transmission parameter So;
have been tested at 20 mK in a dilution refrigerator assessing
the devices’ gain and noise performance.

From the characterisation of the first device at a temperature
of 4K, the band gap and the non-linear phase shift as function
of the dc current have been measured. The band gap is found
to be at 7 — 7.7GHz. The impedance of the artificial line is
determined to be close to 50(2, as estimated from the small
Voltage Standing Wave Ratio (VSWR) below 6 GHz. Fig. 5
shows direct measurements of the non-linearity of the device.
For this, a dc current 4. is superimposed to a weak VNA rf
signal and the output phase shift of the rf probe is measured as
function of I4.. The signal frequency is set slightly above the
band gap. The total phase shift along the device is estimated
as g ~ Ng.m where Ny, = 523 is the total number of
super-cells, with a small correction that can be applied to take
into account the actual probe frequency with respect to the
band gap center. A scaling current of I, = (5.3 £ 0.1) mA is
extrapolated from the linear fit of the theoretical relative phase
shift 6/6, as a function of I3_ [12]. This value is in reasonable
agreement with the theoretical value predicted by 3/2+/3 I,
[11], where I, = (1.5 + 0.2) mA is the critical current.

A second device, with suitable characteristics at room
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Fig. 5: Non-linear phase shift as function of the dc current.



— data
30 smoothing

G [dB]

10

4.0 4.2 4.4 4.6 4.8 5.0
f [GHZ]

Fig. 6: KI-TWPA gain at a dc current of 1.0mA, a pump
frequency of 8.05161 GHz and a pump power —22.2dBm.

temperature and at 4K, has been tested at 7' = 20 mK with
the aim of investigating the gain and the noise performances
of the KI-TWPA. The measurement set-up is depicted in
Fig. 4. The band gap frequency of this device was slightly
higher compared to the one discussed above, i.e. in the range
7.5 — 8 GHz. The frequency range for measuring the gain
and noise was selected from 4 GHz to 5GHz, taking into
account the constraints due to the high-pass cutoff of the
isolator just below 4 GHz and the presence of a low-pass
filter in the circuit, which is used to block the pump signal
before reaching the cryogenic HEMT amplifier and prevent its
saturation. Before the measurement, the dc current, the pump
frequency, and the pump power were adjusted to optimise the
gain while minimising the pump power in order to mitigate
any potential heating issues. The KI-TWPA gain has been
measured at different dc currents, pump frequencies and pump
powers and it has been evaluated as the ratio of the transmitted
signal with the pump switched on and off. An example of the
KI-TWPA gain is reported in Fig. 6. The highest achieved
gain was approximately 10dB (averaged value). Even if this
value is not competitive compared to the gain of 16.5dB
obtained by M. Malnou [5], we expect a gain of approximately
20dB in our final full-size KI-TWPA layout, as the gain
is expected to increase exponentially with the length of the
transmission line. The ripples of the gain profile are caused by
impedance mismatches within the device, and will be reduced
in the full-size KI-TWPA due to an improved transmission
line design. The measurement set-up depicted in Fig. 4 was
carefully designed for the measurement of the KI-TWPA’s
noise performance, on the one hand meeting the input rf
power constraints and, on the other hand, minimising the
thermal noise coming from rf circuit components placed at
temperatures higher than 20 mK. The noise source consists of
a 50 Q2 resistance anchored to the cold plate at a temperature
close to 100mK and is set to different temperatures in the
range from 0.28 K to 2.5 K. The output signal of the amplifier
is measured with a spectrum analyser. The noise measurements
are performed at three different KI-TWPA gains as shown in
Fig. 7. The experimental points are fit with V.2 = A + BT
and the system noise temperature Ty, is evaluated as the
ratio between the intercept and the slope. The bare noise
contribution of the KI-TWPA can be extracted considering the
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Fig. 7: System noise measurements as a function of the noise
source temperature.

Noise measurements results
Gk (dB) 7.2 9.0 10
Tsys (K) 1.78 1.72 2.06
Tn (K) 0.5 0.7 1.0
Ny 2.5 34 4.9

TABLE I: Noise temperature and equivalent noise quanta N
as a function of the KI-TWPA gain.

following equation:

Nouwt = Gu TH+(GK F GH) Tot+Fy Fy GH(GK+GK—1) T.
ey
Here, Gk, Gy, Ty, and Ty represent the gain and noise
temperature of the KI-TWPA and cryogenic HEMT amplifier,
respectively. Fy denotes the attenuation of the transmission
lines and other microwave devices between the resistance and
the KI-TWPA, while F5 represents the attenuation between the
KI-TWPA and the HEMT. Note that the contribution G —1 in
the last term arises from the idler. The experimental results for
various KI-TWPA gain settings are reported in table I, the best
value being 2.5 photons (500 mK at 4 GHz), which is close to
the quantum limit of 1/2 photon (100 mK at 4 GHz). This result
is obtained with a gain of approximately 7.2 dB, which is not
the maximum gain achieved. One possible explanation is that
higher gains require increased pump power, leading to heating
and a higher density of quasi-particles in the device.

IV. CONCLUSIONS

We have optimised the sputter deposition of NbTiN thin
films and the microfabrication process in order to fabricate
KI-TWPA prototype devices consisting of artificial transmis-
sion lines. Having gained precise control on the deposition
parameters, we are able to exploit the film thickness as
fine tuning parameter for the kinetic inductance value of the
film. The first KI-TWPA prototypes have been fabricated and
characterised, showing a gain of approximately 10 dB, aligned
with the expected values. Furthermore, they achieve a noise
level near to the standard quantum limit. In conclusion, even
though the half-size KI-TWPA prototype does not yet match
the state-of-the-art, the results obtained with this device are
very promising. The microfabrication and design can be easily
adapted to an optimised full-size device, which can potentially
reach beyond state-of-the-art performance.
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