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Spin-photon coupling presents an enticing opportunity for the long-range coupling of spin qubits. The spin-
photon coupling rate g is proportional to the charge-photon coupling rate g.. To move deeper into the strong
coupling regime, g. can be enhanced by fabricating high-impedance cavities using high kinetic inductance films.
Here we report dc transport and microwave response investigations of niobium nitride (NbN) films of different
thicknesses. The kinetic inductance increases rapidly as the film thickness is reduced below 50 nm and for
15 nm NbN films we measure a sheet kinetic inductance L; g =41.2 pH/[J. As an application of the high kinetic
inductance films, we fabricate compact LC filters that are commonly used to reduce microwave leakage in circuit
quantum electrodynamics (cQED) devices. These filters feature up to 60 dB of attenuation near typical cavity

resonance frequencies f. = 8§ GHz.

I. INTRODUCTION

In recent years, quantum computing has been a field of fast-
growing interest and intense research. In the quest for a large-
scale quantum computing architecture, individual processing
units can be interconnected via a coherent mediator, allowing
entanglement to be spread across the quantum circuit. Semi-
conductor spin qubits offer extended coherence times, com-
patibility with existing semiconductor technology, and the po-
tential for scalability. While many different schemes for short-
range nearest-neighbor entanglement of spin qubits have been
demonstrated and perfected [|—4] , long-range coupling of
distant spin qubits remains a challenge. To date, some ap-
proaches to achieve long-range qubit entanglement include
coherently shuttling electrons using gate-voltage pulses [5, 0]
or surface acoustic waves [7—10], coupling spin qubits with a
much larger coupling quantum dot (QD) [! 1], or using a mi-
crowave cavity as a mediator [12—16].

Strong spin-photon coupling has been achieved in circuit
quantum electrodynamics (cQED) device architectures by iso-
lating a single electron in a Si double quantum dot (DQD) and
utilizing the field gradient from a nearby micromagnet to en-
gineer a synthetic spin-orbit interaction [12, 13]. Exchange-
only spin qubits fabricated in GaAs have also reached the
strong coupling regime [14]. Resonant coupling of two spin
qubits separated by ~ 4 mm has been demonstrated [|5] and
attempts have been made to extend cavity-mediated spin-spin
coupling into the dispersive regime [17]. However, a larger
spin-photon coupling rate g, is needed to achieve high-fidelity
remote gates between spatially separated spins.

The spin-photon coupling rate is set by the electric dipole
moment of the electron trapped in the DQD, the cavity electric
field, and the strength of the effective spin-orbit interaction.
The cavity field is a function of the characteristic impedance
of the resonator Z¢. Therefore, an enhancement in g; can be
achieved by increasing Zc, as g5 o« gc < v/Zc. The kinetic
inductance can be greatly increased using large arrays of su-
perconducting quantum interference devices (SQUIDs) [18].
However, for single spin qubits, the magnetic fields required
to Zeeman split the spin states interferes with the operation of

SQUID arrays.

Another way to increase characteristic impedance of the
resonator is to fabricate it from a high kinetic inductance su-
perconducting film. The resonator impedance is given by

C,
and capacitance. The inductance L = L,, + L, can be sep-
arated into magnetic, L,,, and kinetic, L;, components. In
past experiments, the magnetic inductance has been modestly
increased using narrow Nb stripline resonators with an es-
timated impedance Z¢c ~ 300 Q [12]. For some supercon-
ducting materials, L; is dominant compared with L, [19].
Therefore, to tune Z¢ to a greater extent, high kinetic induc-
tance materials are desirable. The prospect of larger coupling
strengths has motivated investigations of many different high
L; materials, including NbTiN [20, 21], NbN [22, 23], and
TiN [24]. Since Ly is directly proportional to the ratio of the
resonator length [ to the cross-sectional area of the supercon-
ducting film [25], an effective approach is to fabricate a nar-
row resonator from a thin film of a high L; material [17, 21].

Zc = \/Z where L and C are the characteristic inductance

In this Article, we study high L; NbN thin films and present
two different approaches for extracting the sheet kinetic in-
ductance Lis. We begin with dc resistivity measurements
across the superconducting transition and compute L; s over
a large range of film thicknesses. We next characterize the
microwave response of quarter-wavelength (1/4) hanger-style
resonators fabricated from NbN. To investigate the thickness
dependence of L; g, we measure a variety of resonators, and
from the extracted resonance frequencies we determine the ki-
netic inductance contribution to the total inductance. The ki-
netic inductance values Ly g extracted from dc and microwave
measurements are in good agreement. Lastly, we utilize
thin NbN films to fabricate compact LC filters that are com-
patible with QD-cQED devices. These filters feature up to
60 dB of attenuation near typical cavity resonance frequencies
fe = 8 GHz and have a footprint that is significantly smaller
than our previous design [12].



II. NIOBIUM NITRIDE FILM DEPOSITION AND DC
RESISTIVITY MEASUREMENTS

We begin by characterizing the sheet resistance and criti-
cal temperature T¢ of unpatterned superconducting NbN thin
films using dc transport measurements. From the Bardeen-
Cooper-Schrieffer (BCS) theory of superconductivity, these
quantities can be used to estimate the kinetic inductance
[19, 26].

We use an AJA dc-magnetron sputtering system with a
high-purity Nb target to deposit the NbN films. Taking the
critical temperature 7¢ as a metric, we optimize the deposition
parameters, including gas flow rates, target power, and depo-
sition pressure. With a base pressure below 2x 10~ Torr, we
initiate the deposition process by introducing N, and Ar into
the system at flow rates of 6 sccm and 60 sccm to condition
the chamber. We then bias the Nb target with a power of 400
W to ignite a plasma. The plasma of ions dislodges Nb atoms
from the target, and the Nb atoms react with N to form NbN,
which then deposits onto the substrate. The chamber pressure
is held at 10 mTorr during deposition. We deposited five NbN
thin films of various thicknesses, with the substrate held at
room temperature, utilizing a deposition rate of approximately
12 Ass.

The thin films are characterized in a physical property mea-
surement system (PPMS). We measure the sheet resistance
Rp as a function of temperature 7' using conventional 4-probe
transport techniques. As shown in Fig. 1(a), all films exhibit
sharp superconducting transitions below T = 12 K. From each
cooldown curve, we extract the superconducting critical tem-
perature T¢ and the normal state sheet resistance just before
the superconducting transition Rf,. Tc is defined as the tem-
perature at which R drops to half of its normal state value. T
and R7 are plotted as a function of film thickness ¢ in Fig. 1(b).
As the film thickness ¢ decreases, R’ increases, while T¢
monotonically decreases. The general trends observed in the
temperature dependence of Tc and R are in agreement with
prior work on NbN [27-29] and align very well with the find-
ings from similar materials [24]. In Fig. 1(c), we plot ¢T¢
as a function of R. The data are fit to the scaling relation
tTe = ARD*}’ [30]. We extract the exponent b = 1.1 £0.3,
which agrees with b ~ 0.9 ~ 1.1 widely observed in high-
quality superconducting thin films [24, 30, 31].

Using the extracted T¢ and R, we estimate the sheet ki-
netic inductance using the formula [19]

Lis=—= 1
kS = TAy (D

where 7 is the reduced Planck’s constant and Ag is the zero
temperature superconducting gap. Assuming the NbN thin
films obey BCS theory, Ag = 1.76 x kgT¢, where kp is Boltz-
mann’s constant [26]. The extracted values of Tc, RY, and
the evaluated results of Li g, are given in Table I. As ¢ de-
creases from 52 nm to 15 nm, we observe a large increase
in RY, from 75.1 /00 to 273.9 Q/00 and a small decrease in
Tc from 11.1 K to 9.2 K, resulting in a significant increase
in Ly g from 9.4 pH/OJ to 41.2 pH/OJ. These estimated kinetic

fom) | 7e(®) | Ro(/0) | Lis(GH/D)
15 9.2 273.9 41.2
20 9.7 182.1 25.9
30 10.2 143.2 19.3
40 10.8 99.8 12.7
52 11.1 75.1 94

TABLE L. Critical temperature T¢, normal state sheet resistance RE,
and sheet kinetic inductance L g for various film thicknesses ¢.

inductance values allow for the efficient design of microwave
cavities.

III. MICROWAVE RESONATOR CHARACTERIZATION
OF THE KINETIC INDUCTANCE

Using the kinetic inductance values obtained in Sec. II, we
design microwave cavities with resonance frequencies ranging
from 5.8 — 6.4 GHz. We fabricate an array of A/4 cavities that
are coupled to a transmission line. The side-coupled cavities
allow for the efficient extraction of resonance frequencies and
quality factors [25, 32]. By fabricating resonators with dif-
ferent dimensions, we can quantitatively extract the magnetic
and kinetic contributions to the total inductance.

As shown in Fig. 2(a), a typical resonator chip contains
12 A/4 resonators of varying length [, each capacitively cou-
pled to a central transmission line. The sample is made from
a 30 nm NbN thin film sputtered on a high-resistivity Si
substrate, and the resonators are of the coplanar waveguide
(CPW) design with a central conductor width @ = 10 ym and
a gap width s = 6.2 um. We use a network analyzer to char-
acterize the microwave response of the sample, |S21(f)[, in
a dilution refrigerator with a lattice temperature of approxi-
mately 10 mK. Each resonance results in a Lorentzian dip in
|S21 (f)]. In Fig. 2(b), 12 resonances are observed (highlighted
in red), corresponding to the 12 different resonator lengths.

In Fig. 2(c), we plot the extracted resonance frequencies of
all 12 resonators and observe the expected relationship f o<
1/1. For a A/4 resonator, the resonator length can be written
as

Veff
I=1/4=-= (2)

/ 4fo’
where A is the wavelength and fj is the resonance frequency.
For non- magnetlc substrates, the propagation speed is vefr =
m R F where c is the speed of light in vacuum, e

is the relative magnetic permeability, and & is the relative
dielectric constant, defined as

1+¢&K
1+K °

3)

Eeff =
The value of & is determined by the geometry of the CPW

resonator and the relative dielectric constant of the substrate
g =11.7, with K given by

“4)
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FIG. 1. (a) Temperature dependence of the sheet resistance R for NbN thin films of different thicknesses r measured near the superconducting
transition. (b) Critical temperature 7c and normal state sheet resistance R, as a function of ¢. The dashed lines are guides to the eye. (c) tT¢

plotted as a function of Rf;. The blue solid line is a fit to the universal scaling relation tTc = AR b, yielding the power-law exponent b = 1.1

+0.3.
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FIG. 2. Microwave characterization of hanger-style resonators. (a) Optical images of samples containing 12 A/4 resonators of varying length /
that are coupled to a central transmission line. Insets: Zoomed-in images showing resonator dimensions. (b) Microwave transmission | Sy (f)|
through a sample made from a 30 nm NbN film. The 12 resonances are highlighted in red. Inset: Zoom-in of |S; (f)| near the resonance at
f =5.9 GHz. (c) Extracted resonance frequencies plotted as a function of /, showing the expected 1// dependence. A linear fit to the data
(solid line) using a transmission line model yields a sheet kinetic inductance Ly g = 20.9 pH/U.

Here K is the complete elliptical integral of the first kind, with
k=g, ks = f‘:g% K =vV1-k, ky=1/1-k} and b=
a + 2s, where a is the center conductor width, s is the gap
width, and 4 is the substrate thickness [33, 34].

In a CPW geometry, the magnetic inductance per unit
length is given by [32]:

_HK(K)
4 K((k)’
where 1 is the magnetic permeability of the substrate. In the
case of a high-L; resonator, the kinetic inductance must be
included to obtain the total inductance, L = L,, + L. With f o<
1/ /L, we can fit to the data to extract Ly s =20.9 pH/U [solid
line in Fig. 2(c)], which is close to the estimate obtained from
the PPMS data. As the magnetic inductance only depends
on the CPW geometry, we use the resonator dimensions to
calculate the sheet magnetic inductance L,, s = 4.4 pH/L].

To investigate the thickness dependence of Ly g, we fabri-
cate a variety of hanger-style resonators using NbN thin films
of different thicknesses. For each film thickness, we deter-
mine Ly g by fitting to the measured resonance frequencies,

Ly ®)

as described in the previous paragraph. Figure 3 combines
results from dc resistivity measurements and microwave res-
onator characterization. The values of L; s extracted from mi-
crowave measurements are in good agreement with the esti-
mates obtained from dc transport measurements. The kinetic
inductance of the NbN films is significant. For a direct com-
parison, the kinetic inductance extracted from a set of res-
onators fabricated on a conventional 50 nm thick Nb film is
only Ly s = 0.5 pH/CI.

As expected from theory, Ly s rapidly increases as ¢ is re-
duced below 50 nm, with the highest value L; s = 58.7 pH/[]
obtained from hanger resonators made from a 12.5 nm film.
Our past cQED devices utilized 50 nm Nb films and the largest
coupling rates measured were g, ~ 58 MHz in Ref. [16] and
8c(s) = 40 (11) MHz in Ref. [15]. To estimate the poten-
tial enhancement in g.(,) by switching to 15 nm NbN with
Ly s =41.2 pH/UJ, we compare the total inductances assuming
the same A/2 resonator design using the two different materi-
als. The A/2 resonators on our current QD-cQED chips have
a center pin width @ = 0.75 um and gap width s = 19.63 um,
which yields a sheet magnetic inductance L,, s = 0.85 pH/LI.
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FIG. 3. Thickness dependence of the sheet kinetic inductance Ly s.
The data are extracted from the dc characterization of the thin film
resistivity (Sec. II) and the microwave response of A /4 resonators
(Sec. III). The blue star indicates the much smaller L; g = 0.5 pH/C]
of a standard 50 nm Nb film.

With 15 nm NbN thick films, the magnetic inductance is only
2% of the total inductance. Since g,(5) < /Zc o< L'/*, switch-
ing from 50 nm Nb to 15 nm NbN is expected to result in a
5.6 increase in Zc, and hence a 2.4 x increase in g(y).

IV. LC MICROWAVE FILTERS FOR QUANTUM DOT
CIRCUIT QUANTUM ELECTRODYNAMICS

We now utilize high kinetic inductance NbN films to fabri-
cate compact microwave filters. Measurements of early QD-
cQED devices show significant microwave leakage through
the wiring used to dc bias the QD gate electrodes [35]. The
resulting photon leakage pathways can lower the cavity qual-
ity factor significantly. To suppress photon leakage, on-chip
low-pass LC filters are often connected in series with each
gate line [36]. A prior work that focuses on on-chip filters
for high impedance resonators in QD-cQED device platforms
demonstrates a filter design consisting of a nanowire induc-
tor and a thin-film capacitor [21]. The overlapping thin-film
capacitor is compact but requires additional steps in fabrica-
tion. Considering the specific requirements of quantum dot
devices, where fewer fabrication steps can lead to better hy-
giene, improved reliability, and potentially enhanced device
performance, we opt for a planar LC filter design, comprising
a spiral inductor and an interdigitated capacitor (see Fig. 4 in-
sets), both of which are patterned from the same high-L; film
as the resonator. We simulate different designs using the Son-
net EM simulation package and fabricate Nb and NbN filters
to evaluate their performance.

Figure 4 shows the microwave transmission [Sy;(f)]
through two types of filters that are cooled to 7 ~ 700 mK.
The filter fabricated from a standard 50 nm thick Nb film pro-
vides ~24 dB of attenuation near a typical cavity frequency of
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FIG. 4. Measurements of |Sy; (f)| for two LC filters (solid lines) and
the simulated response (dashed lines). The 15 nm NbDN filter (red)
gives a substantial attenuation of 60 dB around 8 GHz. In compari-
son, we measure 24 dB of attenuation using a ~2 X longer filter made
from a 50 nm Nb film (blue). Insets: Optical images of filters fabri-
cated from a 15 nm NbN film (outlined in red) and a 50 nm Nb film
(outlined in blue).

8 GHz [36]. In contrast, a filter fabricated using a 15 nm thick
NbN film is approximately 2x shorter and provides a much
larger attenuation of 60 dB near 8 GHz. The experimental
data are in good agreement with Sonnet simulations. These
measurements show that the utilization of NbN films can sig-
nificantly reduce filter sizes and provide a higher degree of
attenuation to reduce cavity losses.

V. CONCLUSION

In summary, we have investigated the thickness dependence
of the sheet kinetic inductance of sputtered NbN thin films
using a combination of dc transport and microwave measure-
ments. To mitigate microwave leakage through the QD dc
gate lines, we tested different LC filter designs and demon-
strated 60 dB of attenuation near typical cavity resonance fre-
quencies. Owing to the high L; of NbN, we can now achieve
much stronger on-chip filtering with a smaller filter footprint.
The high kinetic inductance Ly s = 41.2 pH/OJ of the 15 nm
NbN film provides an opportunity to further enhance g. and
gs, thereby moving QD-cQED systems further into the strong
coupling regime.
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