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ABSTRACT

We have looked into cobalt disilicide (CoSi,) as a potential building block for superconducting quantum circuits. In order to achieve this,
we annealed a thin layer of Co to create microwave cavities with thickness of d = 10-105 nm from CoSi, embedded in the silicon substrate.
The cavity properties were measured as a function of temperature and power. In the films measuring 10 and 25 nm, we find a significant
kinetic inductance Lx with a non-BCS power-law variation 8L oc T***%2 at low temperatures. The quality factor of the studied microwave
resonances varied from 3 x 10° (d = 10 nm) to ~5 x 10? (d = 105 nm) and increased as d(A - log d) with thickness, with two-level systems
having very little effect. The power dependence of kinetic inductance was analyzed in terms of heat flow due to electron-phonon coupling,
which was found to be stronger than estimated for heat relaxation by regular quasiparticles.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0195106

I. INTRODUCTION

Microwave cavities are essential building blocks for quantum
circuits and circuit quantum electrodynamics.' Their low-frequency
noise properties’ and dissipation at GHz frequencies” will influence,
for example, qubit decoherence, which, in turn, causes errors in
qubit gates and degrades the single-shot readout efficiency. In addi-
tion to the high quality of the fabrication material,* the material’s
compatibility for circuit fabrication is an essential asset for its utiliza-
tion in very-large-scale integration technology for superconducting
circuits.”

In this work, we investigate the potential of cobalt disilicide
(CoSi,) as a high-quality material for quantum circuits. The cobalt
silicide technology has been used for mass production of com-
plementary metal-oxide-semiconductor (CMOS) ultra-large-scale
integration (ULSI) in several technology generations from 180 to
65 nm.° Silicides, for example, vanadium silicide,” are known to be
promising materials for silicon-based superconducting field effect

transistors, provided that the problem of Schottky barriers is over-
come.” A cobalt disilicide conductor is a low-temperature super-
conductor that can be obtained straightforwardly by annealing a
stripe of cobalt laid on top of the silicon substrate. The induced
chemical reaction is self-limiting, and it results in a high-quality,
nearly epitaxial CoSiy film with excellent lattice match to silicon.
Owing to the excellent lattice match, the amount of disorder is
small at the CoSi,/Si interface, which promises low 1/f noise in
this material.”

Thin CoSi; films possess a substantial kinetic inductance. This
inductance is related to the normal state resistance R,, which
is known to display low-frequency resistance fluctuations (8R,)?
oc R with a 1/f power spectrum.” The 1/f resistance noise of 105-
nm-thick CoSi, films has been investigated in Ref. 9, and the noise
was found to be quite small. One of the questions that we address is
whether large kinetic inductance can be achieved in CoSi, without
enhanced dissipation at microwave frequencies, typically caused by
the presence of two-level tunneling states (TLS).”"" A high-quality
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FIG. 1. (a) Notch-type resonator layout with five cavities of slightly different lengths. (b) The cross-sectional view illustrates the ensuing sample structure. (c) AFM image of
the surface structure of our 25 nm thick cavity: Si and CoSi, are marked in the image, (d) and (e) show one cavity sample wire-bonded in the sample box.

superconductor with large kinetic inductance would facilitate, for
example, wide-band traveling wave parametric amplifiers.' "’

The kinetic inductance for a superconducting wire with the
length Ly is given near zero temperature by'’

L = 2 Line h _ hRy
K73\/§ & 2el. nmA’

(1)

In the latter form, A denotes the superconducting gap and R,
denotes the total normal-state resistance of the sample. We have
employed the fact that according to the Ambegaokar—Baratoff type
of relation, the product R, (&)l = #A/e (Ref. 14), where Ry(&)
denotes the resistance of a film section of coherence length &; for
CoSiy, the superconducting coherence length at zero temperature is
£(0) =90 nm."® Consequently, the kinetic inductance in thin CoSi,
films is enhanced both by increased film resistance and the reduced
transition temperature. At finite temperatures, there is a correction
oc tanh (A/ks T)™ (Refs. 16 and 17), which is insignificant in our
analysis and has been omitted.

Il. SAMPLE FABRICATION AND CHARACTERISTICS

Our samples use a regular notch-type design with five cavi-
ties in parallel, as shown in Fig. 1(a). A cobalt film was deposited
via thermal evaporation onto a surface area of an undoped Si(100)
substrate defined by photolithography. Before the deposition, the
native SiO; on the substrate surface was removed by soaking it in
an aqueous hydrogen fluoride (HF) solution (volume ratio 1.5%) for
3 min. The timing of HF treatment relative to the subsequent evac-
uation in the thermal evaporator was controlled within 10 min to
minimize the regrowth of native SiO,. It was found the residual
photoresist on the substrate surface could significantly hamper the

quality (resistivity) of the grown CoSi, films, and therefore, we
applied O, plasma treatment after the development to remove the
photoresist residuals. These processes lead to good reproducibility
of our devices. The deposited Co film was annealed in a vacuum
with a pressure of ~1 x 10~ Torr for silicidation. During the thermal
annealing process, Co atoms act as predominant moving species,
diffusing downward and reacting with Si atoms to form the epi-
taxial CoSiy film.”'® The silicide thickness ratio for CoSi,/Co is
~3.5 (see Table 8.2 in Ref. 19), i.e., for a Co film with thickness
tco, after silicidation, the thickness of CoSiy is ~3.5tc,. A cross-
sectional view of our device structure is schematically shown in
Fig. 1(b). The transmission electron microscopy (TEM) images
in our previous work reveal the epitaxial nature at the CoSi,/Si
interface.”

In this work, we deposited Co films with thicknesses of 3, 7, 17,
and 30 nm, and the expected thicknesses for CoSi, films are ~10,
~25, ~60, and ~105 nm, respectively. The annealing conditions for
3, 7, 17, and 30 nm thick Co films are 550 °C (30 min) followed
by 600 °C (30 min), 600 °C (30 min) followed by 700 °C (30 min),
600 °C (1 h) followed by 700 °C (1 h), and 700 °C (1 h) followed by
800 °C (1 h), respectively. Figure 1(c) shows an AFM image of the
surface roughness in our 25 nm thick samples. The measured root
mean square (rms) roughness of the CoSi, surface (excluding the
edges with extra spikes) amounts to 1.56, 1.73, 1.51, and 1.78 nm for
the samples with the thickness of 10, 25, 60, and 105 nm, respec-
tively. The superconducting temperatures T. were determined by
measuring the temperature dependence of resistance at low T using
a’He cryostat. T¢ is 1.37, 1.31, 1.45, and 1.35 K for the CoSi, films
with thicknesses of d = 10, 25, 60, and 105 nm, respectively. The
normal-state sheet resistances Rs at 1.5 Kare 7.1, 2.4, 0.7, and 0.24 Q,
respectively. These values are consistent with those in our previous
work,”’ confirming the good reproducibility of our devices. Table I
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TABLE 1. CoSi, fabrication parameters and basic characteristics.

tcosi,/nm  tco/nm T anneal/°C tamneat/min  T/K  Ry/Q
~10 3 550 and 600 30 and 30 1.37 7.1
~25 7 600 and 700 30 and 30 1.31 24
~60 17 600 and 700 60 and 60 1.45 0.7
~105 30 700 and 800 60 and 60 1.35 0.24

presents the fabrication parameters and basic characteristics of our
samples.

Nominally, the cavities have a characteristic impedance of 50 Q,
but this is only valid when the kinetic inductance can be neglected
in the design (d 2 100 nm). We chose a width of 10 pm for the
center conductor on a high-purity silicon substrate, for which a
6 um gap between the center conductor and the ground plane corre-
sponds to a 50 Q) transmission line. Afterward, using the measured
kinetic inductance, we may state the actual estimates for character-
istic impedance as 88, 65, 55, and 50 Q for 10, 25, 60, and 105 nm
thicknesses, respectively. We note that the ground plane conductor
is made of the same material, which means that the ground plane
does contain significant kinetic inductance for our 10 and 25 nm
resonators, but this was neglected in our analysis.

I1l. EXPERIMENTAL METHODS

Our samples were bonded to sample boxes using a 25 pm Al
wire with three wires connecting both ends of the feedline and ~10
wires connecting the ground plane on each side. There are no bond
wires across the feedline of the notch, nor any flux trapping holes,
which lets the flux to be expelled from the ground plane into the
regions of the gap of the coplanar transmission lines. Our experi-
ments were mostly performed on a Bluefors LD400 dilution refrig-
erator with a base temperature of 10 mK. The employed temperature
scale was calibrated against a Coulomb blockade thermometer.”!
The refrigerator has a 4-8 GHz microwave measurement setup,
which, in addition to a Low Noise Factory HEMT amplifier, encom-
passes a Josephson traveling wave parametric amplifier (JTWPA)
with nearly quantum limited operation for 4-7 GHz frequency.””
A diplexer was employed to combine the signal and pumping fre-
quency in the JTWPA. Two 4-8 GHz circulators were installed
between the sample and JTWPA, while two 4-12 GHz circula-
tors were employed at the JTWPA output to eliminate any back-
propagating pump signal. For further details of the system, we refer
to Ref. 23.

The calibration of the input power was performed by measur-
ing the attenuation of the lines at room temperature. This calibration
yielded the attenuation of 79.6 dB for the in-going microwave sig-
nal around 6 GHz (frequency range of 25 nm thick samples). This
attenuation was subtracted from the generator power, which in our
experiments was limited to +15 dBm. The calibration was done sim-
ilarly for the experiments on 10 nm (~4 GHz) and 105 nm devices
(~7 GHz).

Our notch-type samples have five coplanar and quarter-wave
microwave cavities connected capacitively to the measurement line
with a separation of ~0.6 mm [see Fig. 1(a)]. The lengths of the 1/4
cavities vary over 3.86-4.36 mm, which correspond to the design
frequency range of fyg, = 6.83-7.73 GHz without kinetic induc-
tance. The estimation of kinetic inductance from the experimental

pubs.aip.org/aip/apm

results was obtained using the basic equivalent model of the A/4
cavity with resonant frequency 27 fm = 1/1/C(Lgeo + Lx ), where C
is the total capacitance, Lge, is the total geometric inductance, and
L is the corresponding kinetic inductance of the coplanar line.

The scattering parameter for transmission, S;1(w), for a notch
type resonator is given by”*

2

S (w) = aei“e_m(l - (Qload/lQCpl‘)ew ),

1+ Zinoad(w/wr — 1)

where ae'®e™“" quantifies the environment with amplitude a, phase
shift «, and electronic delay 7; Q,q is the loaded quality factor;
|Qcpi| is the absolute value of the coupling quality factor; ¢ quanti-
fies impedance mismatch; w is the probing frequency; and wr is the
resonance frequency. The fitting”” in Eq. (2) to the measured data
yields Q) and Qyq,q, which then gives the internal Q;y, factor using

1 _ 11 . 3)
Qint Qioad Qcpl
In our data on 10 and 105 nm samples, the resistive and reactive
responses are somewhat mixed, which requires careful analysis using
Eq. (2). In the experiments, the magnitude of the transmission signal
is well calibrated so that the parameter a = 1 with an error <1%. In
addition, the phase of the vector network analyzer (VNA) probing
signal is quite well calibrated, and w7t <« 1 in most of our response
curve fits, except some fits at large measurement powers (data in the
emerging non-linear Duffing regime).
The internal quality factor is expected to be governed by
dissipation coming from quasiparticle resistance (qp), two-level
tunneling states (TLS), and flux flow (FF),’

1 1 1 1
= — + +—
Qnt Qg Qms Qrr

Here, Qg = Rgp/wL with Rgp = Rnexp(A/ksT) and L is the total
inductance, and Qg is typically a function of average photon occu-
pation number 7 in the cavity, i.e., Qris() with a tendency to
lead to an increase in Q with increasing power owing to satura-
tion and a relaxation behavior of the TLSs. The last term in Eq. (4)
describes dissipation due to flux influenced by screening currents
and defects/pinning centers in the sample.

iw

(4)

IV. EXPERIMENTAL RESULTS

The impedance of a notch type of resonator including its envi-
ronment leads to the scattering parameter S; given by Eq. (2). The
measured response curve is shown in Fig. 2(b), in which the large
suppression at resonance indicates that our device is nearly critically
coupled.

Figure 2 shows fits of Eq. (2) to the measured data in a
25-nm-thick resonator. In both 10- and 105-nm-thick resonators,
the real and imaginary components of a Lorentzian response func-
tion are strongly mixed, while the mixing is nearly absent in the
25 nm thick cavities. Equation (2) fits our data well in the linear
response regime. When approaching the critical drive amplitude for
the hysteretic Duffing regime, the fits deteriorate, and they become
fully impossible in the hysteretic regime (part of the circle is miss-
ing). In addition to the Duffing behavior, the 10 nm samples were
found to display heating effects, which led to extra hysteresis due
to frequency shifts caused by Lx(T). The analyzed results in this
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FIG. 2. (a) Notch-type scattering parameter circle for the 25 nm thick CoSiy cavity measured at 20 mK. (b) and (c) Magnitude and phase response, respectively. The fit curves
are calculated using Eq. (2) with parameters w, /27 = 5.632 x 10° 57", Quoaq = 7092, Qepi = 12236, ¢ = —0.097 rad, a = 0.9348, = 0.2939, and 7 = 6.767 x 10="2 s,

TABLE 1. Characteristics of the investigated 25-nm-thick CoSi, resonators with a

nominal characteristic impedance of Zy = \/L/C = 50 Q; actual Zy = 65 Q. The
design frequency fug, is calculated from the length Lyine using the theoretical speed of
propagation. fm denotes the measured resonance frequency, which yields the kinetic
inductance to the geometric inductance ratio Li/Lgeo. Qints Qepl, and Qoag denote
internal, coupling, and loaded quality factors, respectively. These characteristics were
measured at 1 ~ 1000 average cavity photon occupation number.

fagn/GHz fn/GHz Lige/mm Li/Lgeo Qi Qi Qioud

fi 6.83 5.208 4.36 0.720 6930 20910 5200
f2 7.16 5.447 4.15 0.728 19170 12160 7440
f3 7.38 5.632 4.04 0.717 18500 12760 7550
fa 7.49 5.782 391 0.678 28180 11880 8360
fs 7.73 5.882 3.86 0.727 25560 10480 7430

work are based on resonance shapes and fits close to those shown
in Fig. 2.

Table II presents the fitting results for 25-nm-thick microwave
cavities. The design frequencies fqg, reflect the physical length
of the resonators and the speed of propagation in the coplanar
transmission lines given by 1/v/fc, where £ and c are the induc-
tance and capacitance per unit length, respectively. Frequency fm
denotes the measured resonance frequency, which yields the ratio

of kinetic and geometric inductances as Li/Lgeo = ( fagn/ fm)2 -1
The division of the loaded Q factor into the coupling dissipation rate
oc1/Qp and inherent dissipation rate oc1/Qyy, arises from circle size
S21 and its orientation given in Eq. (2). The obtained kinetic induc-
tance is consistently around Lk /Lgeo = 0.72, which indicates a pretty
uniform quality for the CoSi, film. For the inherent average dissipa-
tion from all data points, we find Q,,. = 19 700. However, if we were
to neglect the first resonator with a somewhat unrealistic coupling
factor, we would find Q,,. = 22 900, not far from the full average.
Figure 3(a) shows the kinetic inductance Lx deduced from the
resonance frequency of 25 nm thick CoSi, cavity as a function of

temperature. Data obtained at three different measurement powers
Pn, are given (see the legend for P, values). Already when T' > 0.1 K,
a distinct change in the temperature-dependent kinetic inductance
Lx(T) is observed. The fit illustrates 1/A(T) dependence given in
Eq. (1) using Lgeo ~ 1.4 nH and T, = 1.15 K. The substantial devi-
ation from the actual T¢ = 1.31 K may be an indication that the
simple formula Lx(T) o< Ry/A(T) is not fully accurate in our sys-
tem. The inset displays the frequency change &f relative to the
T = 0 value 8f /fo = | fm(T) — fm(0)|/fm(0) vs T on a log-log scale.
Our data display power law dependence o<T* with an exponent
o =43 +0.2. This finding differs from the standard behavior of
metallic materials with similar sheet resistance,” and it calls either
for non-BCS mechanisms, for example, triplet type pairing,'” or a
suitable phonon density of states’” for the creation of elementary
excitations.

Figure 3(b) shows the internal quality factor Q;, extracted from
the same data used for Fig. 3(a) (the legend indicates the values of
Pn). The data display a universal exponential behavior at high T:
the fitted dashed line depicts the exponential dependence due to
quasiparticle dissipation, Qj,; o< Rgp o< exp(A/ksT) with constant
A/ks = 1.75 K. Using the BCS relation A/kg = 1.76T., we obtain
Tc = 0.99 K. This suppression of apparent T. indicates either local
reduction in the gap at some weakly ordered CoSi, spots or signifi-
cant dissipation facilitated by the non-uniform gap in a triplet part
of the CoSi; order parameter."”

Owing to large normal state resistance, the cavity frequency in
the normal state cannot be measured. Instead, the design frequency
(length of cavity) was applied to deduce the frequency shift due to
kinetic inductance. Kinetic inductance is found to follow scaling
with 1/d, as in the data shown in Fig. 3(c), which depicts Lk values
of all five resonators measured for each thickness. The sample with
the largest thickness d = 105 nm displays the biggest scatter owing
to the uncertainty in determining the normal state frequency and the
role that this uncertainty plays in determining the kinetic inductance
fraction.

Figure 3(d) shows the internal quality factor as a function of
thickness, showing a d(A —logd) type of dependence. The depen-
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FIG. 4. (a) Power dependence of the cavity frequency fn (upper curve, left scale)
and the internal quality factor Qiy (lower curve, right scale). The upper scale
indicates the average photon occupation number 7 in the cavity. (b) Electronic
temperature T, (deduced from the data for fr, in frame a) as a function carrier
power. The dashed curve is a fit for electron-phonon heat transfer using Eq. (5)
with parameters y = 4.15 and p, /p = 1.0 x 1073,

FIG. 3. (a) Kinetic inductance of the 25-nm-thick CoSi, cavity as a function of
temperature. The fit illustrates the 1/A(T) dependence given in Eq. (1) with T¢
= 1.15 K. The inset shows the scaled resonance frequency shift 6f/fy = |fn(T)
— fn(0)|/f(0) as a function of temperature on the log-log scale. The fitted
dashed line yields &f o< T4, For comparison, the gray curve illustrates the
expected behavior by numerically evaluating the BCS energy gap equation with
T = 1.15 K. (b) Simultaneously measured internal quality factor Q;; vs temper-
ature. The line depicts exponential dependence due to quasiparticle dissipation,
exp(—A/kgT) with constant A/kg = 1.75 K. (c) Kinetic inductance (T = 20 mK)
as a function of film thickness d including all the measured cavities. The average
data follow the 1/d dependence originating from the approximate Ry o< 1/d rela-
tion. (d) Average internal quality factor (Qiyt) Vs film thickness d. The dashed line
illustrates the fit to Q o< d%{log (f) —log (%)} with f2dy = 572 nm; see the
text for details.

dence of the cavity resonance frequency fi, and the inherent quality
factor Q;,; on the drive power Py, (or equivalently, the number
of photons in the cavity) is shown in Fig. 4(a). The data dis-
play a clear decrease in frequency and increase in dissipation with
increasing drive power. We assign most of the increased dissipa-
tion to enhanced temperature with smaller quasiparticle resistance
Rgp. Thus, the measured fm(Pm) and Qi (Pm) can be employed
for thermometric purposes via fm(T) and Qi (T) dependencies,
respectively. The resolution of this kind of thermometry is clearly
better using the shift in fp,.

Figure 4(b) shows the electronic temperature T obtained from
the frequency shift shown in Fig. 4(a) and fi(T) in the inset of
Fig. 3(a), as well as depicts T as a function of microwave carrier
power Py. By assuming that all the power will be dissipated in
the cavity,” the dependence shown in Fig. 4(b) can be employed
for the estimation of electron-phonon (e-ph) coupling in this sys-
tem. Similar estimation of e-ph coupling has been performed, for
example, in suspended graphene.’! A direct power law fit yields for
electron-phonon heat flow Q o< TZ, but one should keep in mind
that only a fraction of normal electrons carries the heat (see below).

This power law exponent is close to that found in thermal experi-
ments on a niobium superconductor.’”” We note that the measured
dependence fim(Pm) has a broad, weak maximum around power Py,
= —110 dBm. Consequently, the temperature determination from
kinetic inductance does not work properly in the range of powers
-110... - 105 dBm, resulting in the deviation upward from the fit
shown in Fig. 4(b).

Our data on Qy,; vs P, also cover small powers [see Fig. 4(a)].
The results showed only a 1%-2% increase in Qjy; with the number
of photons in the range of 1-1000 quanta in the cavity. Conse-
quently, we believe that microwave dissipation due to TLSs is quite
small in these CoSi, devices,” which is consistent with the observed
extremely limited disorder at the CoSi,/Si interfaces.” Most prob-
ably, the weak power dependence of Q;(Pm) is due to a small
number of TLSs combined with the presence of an extra dissipation
channel, e.g., due to flux flow,”””" or even more likely, due to driv-
ing the boundary layer to a dissipative state by screening currents.
We have also performed measurements on frequency fluctuations
on these microwave cavities, which corroborate the good quality of
this material with a low spectral density of 1/f noise in the cavity
frequency.”

V. DISCUSSION

The given fit curve shown in Fig. 3(d) is based on estima-
tion of the resistance of a dissipative boundary layer induced by
screening currents. The screening current density in a superconduc-
tor increases exponentially toward the boundary according to j(x)
= jo%’ exp (—x/1), where x is the distance from the border line, A
is the London penetration depth, and j, denotes the current den-
sity necessary for flux expulsion at thickness do; for non-dissipative
expulsion at dy, j, has to be below the critical current density j.
In the region where critical current density j_~ j(x), the state of

CoSiy becomes dissipative. The width of this region is given by
Xn=Aln (%%’), which yields for the dissipative resistance along
the cavity R = 1p, f(“{jl. Since a voltage oscillation suffers dissipation
P oc 1/R, we obtain for the thickness dependence of the Q factor,
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Qo d%{log (;i) —log (d%)} This dissipation becomes significant
when thickness d is small and the critical current density of CoSi, is
smaller than in Nb at least by a factor of 20.

Our experiments were performed in Earth’s magnetic field (~50
uT), which is known to influence cavities made of Al (150 nm
thick) and Re (50 nm thick)* that are close in characteristics in
comparison to our 105 nm devices. The field-induced screening cur-
rents at the edges of the superconducting transmission lines will
decrease in current density with increasing film thickness. Thus, the
ensuing dissipative surface resistance becomes enhanced, leading to
smaller dissipation at larger d, as seen in the experiments. The fit
shown in Fig. 3(d) yields do ~ 600 nm, which provides an estimate
for the thickness of the CoSi, layer, which would be insensitive to
Earth’s magnetic field in our geometry.” However, further exper-
iments are needed to separate the effect of TLS-based dissipation
from flux-based dissipation in our devices.

For normal electrons in metals, the heat transfer by
electron-phonon coupling can be written as™*

Q=2Va(T¢ - T}), (5)

where the parameter £ ~ 10° W m™ K™ for bulk metals with y = 5%
and Vy = (p,/p)V is the effective volume of heat-carrying electrons
(fractional density p_ /p) in total volume V, while T, and Ty, are the
electron and phonon temperatures, respectively. In disordered, thin
conductors, the exponent y depends on the disorder and phonon
dimensionality, resulting in y = 4-6."" "

We obtained exponent y = 4.15 by fitting Eq. (5) to the mea-
sured Q(T.) shown in Fig. 4(b) using p,/p=1.0x 107, V = 1.25
x 107" m?> for the cavity volume, and X ~ 10° W m™ K™*°. The
employed prefactor X corresponds to the regular results on metals
around 1 K temperature (see, e.g., Ref. 40). The residual nor-
mal electron fraction corresponds to T = 0.25 K (T =0.33 K) if
considered as thermally excited quasiparticles in the sample using
Afkg = 1.75 K (A/kg = 2.3 K using T = 1.31 K), which is clearly
higher than the lower range of temperatures in 100-200 mK. This
discrepancy in comparison with the typical excess quasiparticle
density""*" may indicate the presence of anisotropic triplet corre-
lations in CoSi,'° or an additional relaxation channel from CoSi,
electrons to substrate phonons.*°

We also estimated the e-ph coupling from 10 to 105 nm sam-
ples. However, the results were much more unreliable compared to
the 25 nm data. The data on 10 nm cavities were hampered by the
small Q factor and an early onset of non-linear behavior, while the
resolution of kinetic inductance thermometry in 105 nm devices was
bad from the beginning. Thus, we are not able to conclude any-
thing about the universality of the exponent y = 4.15 as a function of
thickness, which would illuminate the issue of mixed-dimensionality
phonons in thin films.*’

To conclude, our study shows that CoSi is a promis-
ing material for quantum circuits due to its high-quality, low-
temperature superconducting properties, and excellent lattice match
to silicon. We demonstrate that thin CoSi, films possess a sub-
stantial kinetic inductance, which displays a non-BCS power-law
dependence 8Ly oc T***°2 at the lowest temperatures. Our inves-
tigation also addresses the potential issue of enhanced dissipation at
microwave frequencies caused by two-level tunneling states, as well
as the efficiency of thermalization of charge carriers at large drives.

pubs.aip.org/aip/apm

Our findings suggest that CoSi; is a valuable addition to the toolkit
of materials for quantum circuit fabrication, with applications in
ultra-low temperature sensing, single photon detection, and para-
metric amplification, all providing uses in which strong coupling
to the environment can be used to facilitate operation even without
shielding from Earth’s magnetic field.
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