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Abstract

Niobium-coated copper radio-frequency cavities are cost-effective alternatives to bulk niobium
cavities, given the lower material costs of copper substrates and their operation in liquid helium
at around 4.2 K. However, these cavities historically exhibited a gradual degradation in
performance with the accelerating field. This phenomenon, not yet fully understood, limits the
application of niobium thin film cavities in accelerators where the real-estate gradient needs to
be maximized. Recent studies on niobium films deposited on copper using high power impulse
magnetron sputtering (HiPIMS) technique show promising results in mitigating the
performance degradation of niobium thin film radio-frequency cavities.

This paper examines the effect of film thickness on the superconducting properties of
niobium films deposited on copper using HiPIMS. The study provides insights into how the
critical temperature, transition width, lower and upper critical fields, and critical current density
vary with the film thickness. Increasing the thickness of niobium films deposited through
HiPIMS is found to enhance superconducting properties and reduce densities of defects and
structural irregularities in the crystalline lattice. This shows potential for enhancing overall
performance and potentially mitigating the observed performance degradation in niobium thin
film radio-frequency cavities. Additionally, the Ivry’s scaling relation among critical
temperature, thickness, and sheet resistance at the normal state appears applicable to niobium
films up to approximately 4 m. This extends the previously confirmed validity for niobium
films, which was limited to around 300 nm thickness.

Keywords: niobium film, niobium-coated copper radio-frequency cavities, HIPIMS
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1. Introduction

Niobium films deposited on various substrates are currently
being studied for several technological applications. These
applications include detectors of single photons [1, 2],
millimeter-wave receivers [3, 4], sub-millimeter-wave mixers
[5, 6], and superconducting quantum interference devices
(SQUIDs) [7, 8]. Niobium films are even employed in creat-
ing superconducting qubits for the advancement of quantum
computers, relying on their elevated robustness and chemical
stability [9, 10]. Furthermore, these niobium films find applic-
ations in constructing superconducting radio-frequency (SRF)
cavities for particle accelerators.

Niobium-coated copper cavities were introduced in the
early 1980s [11] as a promising alternative to bulk niobium
cavities [12, 13]. One of the advantages of employing niobium
thin film technology for SRF cavities lies in the cost reduction
achieved by utilizing copper in place of niobium. This type of
cavities was adopted at CERN for the Large Electron Positron
collider (LEP-II) and, then, for the Large Hadron Collider
(LHC). At INFN-LNL, niobium-coated copper cavities were
employed for the Acceleratore Lineare Per Ioni (ALPI)
machine. They were also utilized in various other acceler-
ator facilities and projects, such as ELETTRA, SOLEIL, and
SLS [12]. More recently, this technology was once again used
for SRF cavities in the High Intensity and Energy Isotope
Separator On Line Device (HIE-ISOLDE) linac at CERN.

The performance of SRF cavities is determined by the sur-
face resistance of the superconductor present in their internal
surface. At an operational temperature well below the super-
conducting transition temperature, the surface resistance R;
of a superconductor in the radio-frequency regime can be
expressed as the sum of two terms: a temperature-dependent
term, which depends on the fraction of unpaired carriers, and a
second one, usually referred to as residual surface resistance.
The residual surface resistance is typically associated with
imperfections, interstitial impurities, and atomic size defects
in the crystalline lattice [14, 15], as well as the trapped mag-
netic field during the cooling of cavities below the trans-
ition temperature from the normal to the superconducting state
[16, 17]. Both terms of Rs depend on various parameters, as
extensively discussed in the literature [14, 15, 18-20]. An in-
depth discussion is not the subject of this paper; here, we
only emphasize that the superconducting properties play a
fundamental role in determining the surface resistance of a
superconductor.

While niobium thin film cavities provide certain advant-
ages, especially for large cavities operating at low frequencies
[18], it is important to note that this type of cavities can exhibit
serious performance degradation issues with increasing radio-
frequency field [21-24], preventing their use in accelerators
where the real-estate gradient needs to be maximized. This
is the so-called Q-slope problem, which occurs due to the
increase in the surface resistance of the niobium films when
exposed to an increasing radio-frequency field, resulting in
higher power dissipation. Recent studies have reported a sig-
nificant reduction of the Q-slope phenomenon and the residual
surface resistance in niobium films deposited on copper using

the high power impulse magnetron sputtering (HiPIMS) tech-
nique. Experimental results indicate that this coating technique
allows for the growth of niobium thin films that exhibit sur-
face resistance values comparable to those obtained on bulk
niobium samples [25]. Using the HiPIMS deposition tech-
nique, promising results are also obtained in niobium thin
film cavities at 400 MHz [26] and 1.3 GHz [13, 24] both at
around 2 K and 4 K. To further improve the promising results
obtained so far, we have investigated the effect of thickness on
the superconducting properties of niobium films deposited on
copper using HiPIMS.

The paper is organized as follows. Section 2 describes how
the niobium films analyzed in this study are prepared and
deposited on copper using the HiPIMS technique. In section 3,
we present how we measure the superconducting properties
of niobium films and investigate how these properties change
with varying film thickness. In particular, the thickness effect
on the critical temperature and the width of the transition from
the superconducting state to the normal state is examined in
section 3.1, whereas the influence of the film thickness on
the lower and upper critical fields, as well as the critical cur-
rent density, is explored in sections 3.2 and 3.3, respectively.
Finally, conclusions are drawn in section 4.

2. Methods

Niobium films of various thicknesses are deposited on cop-
per substrates using HiPIMS. During the deposition process,
this technique enhances the production of niobium ions, which
can be accelerated toward the substrate. When combined with
a DC bias applied to the substrate, the energy of the impinging
ions increases and their trajectory is redirected close to the
substrate normal, thereby enhancing the densification of the
growing thin film [27].

The samples of this study are made of OFE copper with
a residual resistance ratio of approximately 50 and a thick-
ness of 2mm. Prior to coating, the copper slabs undergo a
chemical polish with a mixture of sulfamic acid (H3NSO3,
5 g7, hydrogen peroxide (H,O,, 5% vol.), n-butanol (5%
vol.), and ammonium citrate (1 g L") heated to 72 °C for 20
minutes. After polishing, each substrate is rinsed with sulfamic
acid to eliminate any native oxide buildup and is cleaned
with de-ionized water and ultra-pure ethanol. Then, substrates
are placed in an ultra-high vacuum stainless steel chamber,
which is subsequently connected to the coating setup. This
assembly is done in an ISOS cleanroom. Afterwards, the sys-
tem is brought outside the cleanroom and connected to the
pumping group and gas injection lines. The vacuum chamber
is pumped down to about 10~7 mbar. In addition, the pumping
group and the entire coating system undergo a bakeout at 200
°C for 48 hours. When the bakeout is completed, the vacuum
chamber is maintained at 150 °C until the coating process
begins.

The HiPIMS deposition technique is detailed in previous
works [25, 28, 29], including the coating setup specifically
utilized for the samples analyzed in this study. The HiPIMS
discharge is 200 us long with a repetition frequency of 100 Hz



Supercond. Sci. Technol. 37 (2024) 085005

A Bianchi et a/

Table 1. Coating parameters for the niobium films deposited on copper using the HiPIMS technique. The table contains information on the
sputtering gas, the pressure in the vacuum chamber during deposition, and the duration of the coating expressed in minutes. Moreover, the
table includes values for the voltage and current associated with the DC bias and the plasma discharge. Finally, the temperature at which the
sample is maintained for 48 hours post-deposition is specified. If the temperature is not specified in the table, the sample is cooled to room

temperature after the coating process.

Sputtering parameters

DC bias

Plasma discharge After coating

Sample Gas Pressure (Pa) Duration (min) Voltage (V) Current (A) Voltage (V) Current (A) Temperature (°C)
R8-A2 Ar 0.23 180 -50 47 590 160 —
R8-D2 Ar 0.23 60 —-50 47 590 160 —
R11-C2 Ar 0.26 240 —175 60 585 180 —
R16-A1 Kr 0.26 180 =75 50 625 162 200
R16-B2 Kr 0.26 120 —75 50 625 162 200
R16-C1 Kr 0.26 240 —175 50 625 162 200
R17-A1 Kr 0.27 240 -175 51 620 158 250
R17-C2 Kr 0.27 120 —175 51 620 158 250
R18-B1 Kr 0.24 120 —175 54 620 162 300
R18-C2 Kr 0.24 240 =75 54 620 162 300
R19-A1 Kr 0.22 240 —75 59 630 162 150
R19-B2 Kr 0.22 60 —175 59 630 162 150
R21-C2 Kr 0.34 240 —75 36 645 135 350

[28]. The coating temperature is monitored using an infrared
thermal sensor and maintained constant at 150 °C with a fan
[28]. A comprehensive summary of the coating parameters
is provided in table 1. Depending on the sample, ultra-pure
krypton or argon is introduced into the system until a pressure
ranging from 2.2 x 1073 mbar to 3.4 x 10~ mbar is reached.
The pressure during the coating of each sample is kept con-
stant, while the duration of the deposition varies from 1 hour
to 4 hours to achieve film thicknesses ranging from approxim-
ately 1 ym to 4 pum, as the coating rate is around 1 pm per
hour. However, this is a very rough estimate, as other coating
parameters may also play a role. Similarly to the sputtering
parameters, the voltage and current values of the plasma dis-
charge and the DC bias to the substrate are specified for each
sample in table 1. After the coating process, the samples are
either maintained at a specific temperature for 48 hours, for
post-coating annealing, or immediately cooled down to room
temperature. The vacuum chamber is vented with dry air after
this step.

Before measuring the superconducting properties, all
samples are cut to dimensions of approximately 3 x 3 mm?
using electro-erosion. In addition, the thickness of each
sample is measured by x-ray fluorescence via the attenuation
method. Sample dimensions are essential for determining cer-
tain superconducting properties of the samples, as will be fur-
ther explained in section 3.

3. Results and discussion

Superconducting properties of niobium films deposited on
copper substrates are measured using a SQUID vibrating
sample magnetometer (SQUID-VSM) [30]. The sample is
vibrated at a known frequency and phase-sensitive detection
is employed to enhance data collection speed and reject spuri-
ous signals. Unlike traditional VSMs, the signal generated by

a sample is not influenced by the frequency of vibration but is
exclusively governed by the magnetic moment of the sample,
the vibration amplitude, and the configuration of the SQUID
detection circuit [30]. The setup includes a superconducting
coil that can generate magnetic fields of up to 7T, while
also providing precise temperature control within the range of
1.8 K to 400 K. The external magnetic field is applied parallel
to the plane of niobium films.

For all measurements presented in this study, the temperat-
ure sweep rate for determining the superconducting properties
is kept constant at 1 K per minute throughout the data collec-
tion, whereas the field sweep rate for measuring the magnetiz-
ation curve is kept equal to 10 mT s~/. The sample undergoes
a zero-field cooling prior to each measurement. Furthermore,
to remove any residual magnetic flux potentially trapped in the
superconducting coil, the coil is quenched before initiating the
zero-field cooling of the sample.

Superconducting properties of samples are examined by
measuring the magnetic moment of the samples at various
values of temperature and applied magnetic field. More pre-
cisely, we measured the magnetic moment m of each sample
for different values of the applied magnetic field from approx-
imately 2.5 K up to about 12 K. The transition of the sample
from the superconducting state to the normal state corresponds
to a rather abrupt increase in the magnetic moment. The crit-
ical temperature and the transition width of each sample are
determined by measuring the magnetic moment in the magne-
tometer as a function of temperature, with the application of
an external magnetic field of 1.2 mT. This low magnetic field
value is chosen to enable the measurement of these supercon-
ducting properties in the presence of an almost negligible mag-
netic field. As shown in figure 1, the onset of the change in the
magnetic moment resulting from the transition of the sample
from the superconducting state to the normal state is inter-
polated with a straight-line segment. Similarly, the magnetic
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Figure 1. Magnetic moment () value of sample R11-C2 as a
function of temperature (7') in the presence of an applied magnetic
field of 1.2 mT. The interpolation of data in different temperature
ranges is represented by solid lines, while the extrapolation of the
fitted curves is displayed by dashed lines.

moment values from 2.5 K to 5K and from 9.6 K to 11.5 K are
interpolated with horizontal lines. By identifying the intersec-
tion point of the fitted curves as shown in figure 1, it is possible
to determine the temperatures 7| and 7., that define the trans-
ition width of the sample from the superconducting state to the
normal state. The value of critical temperature T is calculated
by averaging the temperatures 7., and 7.,, while the transition
width AT, is equal to the difference between T, and T,.
The magnetization curve of each sample is assessed at
various temperatures approximately between —2T and 2T.
The magnetic moment of each sample is measured as the
external magnetic field is gradually increased from 0T to
2T, then reversed from 2T to —2T, and finally increased
again from —2 T to 2 T. At the beginning of each magnetiza-
tion curve measurement, the initial measurements of the mag-
netic moment as the applied magnetic field is progressively
increased from the value of 0 T determine what is known as the
virgin magnetization curve. The virgin magnetization curve
initially exhibits a linear trend due to the perfect repulsion of
the external magnetic field by the superconducting sample.
Interpolating the virgin magnetization curve with a linear
function enables the measurement of the entry field. Indeed,
the entry field Beyyy is identified when the magnetic moment
starts to deviate from the initial linear behavior observed in
the virgin magnetization curve. In this work, the entry field is
defined as the applied magnetic field value where the discrep-
ancy between the measured magnetic moment of the sample
and the linear fit of the low-field data exceeds one standard
deviation. The entry field is correlated with the lower crit-
ical field B.;. In section 3.2, we make the assumption that B
equals Beygry solely for the purpose of evaluating the Ginzburg—
Landau parameter of each sample. This assumption is valid
in the absence of pinning and if no sample shape factors
are involved. Some precautions have been taken to minimize

Figure 2. Critical current density (J.) values of sample R11-C2 as a
function of the applied magnetic field (Bapp) at various temperatures.

potential limitations arising from our assumption. Each sample
is cooled down in a zero-applied magnetic field before each
measurement to minimize the pinning of the external mag-
netic field. In addition, we attempted to measure samples with
approximately the same dimensions to minimize significant
variations in the data due to their shape. Despite these precau-
tions, a small discrepancy may still exist between Benyy and
B.;. Nevertheless, the determination of the Ginzburg—Landau
parameter for our samples, where the value of B, plays a role
as explained in section 3.2, spans the entire range of expected
values reported in the literature. This confirms that the estim-
ation of B through the measurement of Bepy is not far from
the actual value. More details are provided in section 3.2.

From the magnetization curves at various temperatures, we
determined the temperature and magnetic field dependence
of the critical current density J., using the Bean critical state
model and applying the formula suitable for a slab geometry
in the parallel magnetic field configuration [31, 32]:

2Am (T, Bapp)

Je (TaBapp) = Vd

ey

where T is the temperature, By, is the applied magnetic
field, Am(T, Bypp) represents the separation between the two
branches of the magnetic moment loop measured with oppos-
ite field sweep directions, V is the volume of the sample and
d its thickness. Figure 2 shows the critical current density as a
function of the applied magnetic field measured for a sample
at various temperatures. For a fixed value of By, the lower the
temperature, the higher the critical current density. We define
B as the field at which J.(T, B,yp) becomes zero.

Hereafter, we focus on the values of B.; and B, estimated
at 4K, because niobium-coated copper cavities are primar-
ily used at temperatures between 4.2 K and 4.5 K. Similarly,
J. values are assessed at 4 K and 200 mT. This specific field
strength was chosen as it represents the minimum magnetic
field at which the evaluation of J is feasible for the majority
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Table 2. Superconducting properties of niobium films on copper analyzed in this study: 7 is the critical temperature, AT, is the width of

the transition from the superconducting state to the normal state, Benyy is the entry field at 4 K, and B, is the upper critical field at 4 K. J is
the critical current density measured at 4 K and 200 mT. Moreover, the table includes the dimensions of each niobium film. The thickness of
the niobium film is denoted as d. The width and length of each sample have a statistical error of 0.02 mm each.

Sample d (pm) Area (mm?) Te (K) AT, (K) Benwry (mT) Be (T) Je (Amm™?)

R8-A2  3.51+£0.05 3.05x3.00  9.50+0.01 0.24 + 0.02 25+ 1 120 £0.05 (5.73 £0.01) x 10*
R8-D2 1214004 3.10x295  939+0.02 0.09 & 0.03 125405 120£0.05 (1.26 £ 0.01) x 10°
R11-C2  3544+0.09 295x290 9481 40.002 0.027 & 0.004 56 + 1 0.95+0.05 (7.01 £0.01) x 10°
R16-A1 3.34+0.08 3.05x295 9.453+0.003 0.103 + 0.006 19+1 040 £0.05 (6.58 £0.01) x 10*
R16-B2 224 +0.08 298x292 9385+0.005 0.1240.01 16+ 1 1.354+0.05 (1.55=+0.01)x 10°
R16-C1  420+0.11 296x296 9.463+0.003 0.061+0.006 1954+05 090=+005 (6.95=+0.01)x 10*
R17-A1 3.824+0.13 3.50x2.65 9.391+0.002 0.102 & 0.004 2141 0.75+0.05 (5.48 +0.01) x 10*
R17-C2 228 +0.08 320x3.10  9.38+0.02 0.22 + 0.04 2141 1.554+0.05 (9.73 &+ 0.01) x 10*
RI8-B1 2394+0.07 3.15x3.00  9.38+0.03 0.11 & 0.05 2041 1.30 £0.05 (929 & 0.01) x 10*
R18-C2 3.57+0.11 3.00 x 2.65 9.40 + 0.01 0.11 & 0.02 12+1 0.65+0.05 (5.74 £+ 0.01) x 10*
R19-A1 3.89+0.11 3.15%x295 9.423+0.006 0.09+0.01 16+ 1 0.70 £0.05  (5.65 % 0.01) x 10*
R19-B2 096 +0.03 3.00x295 9.363+0.004 0.198 & 0.007 12+1 1.10 £ 0.05 (5.50 &+ 0.01) x 10°
R21-C2  4.15+0.14 320x3.15 9.337+0.003 0.128 + 0.005 13+1 0.70 £0.05 (4.88 +£0.01) x 10*

of the samples. Table 2 summarizes the superconducting prop-
erties of the niobium films on copper analyzed in this study. In
particular, we report the values of Benyy, Bz and J. measured
at 4K, along with the values of 7. and AT, measured in the
presence of an almost negligible magnetic field. Additionally,
the thickness and area of each sample are provided in the same
table. In this work, only samples with a Bepyy value at 4K
greater than or equal to 12mT are considered, as those with
lower values would not have significant practical applications
in cavities. Indeed, radio-frequency cavities generally oper-
ate in the Meissner state, where the magnetic field is com-
pletely expelled from the superconductor that constitutes the
cavities [33]. If we assume the value of 12mT as the max-
imum peak magnetic field reached in a single-cell TESLA cav-
ity at 1.3 GHz, it would correspond to an accelerating field of
approximately 3MV m~! [34].

3.1. Critical temperature and transition width

The critical temperature of niobium films has been examined
in relation to film thickness. In this work, the critical temper-
ature of all samples, ranging from approximately 9.34K to
9.5 K, is higher than that in bulk niobium [13, 21]. Figure 3(a)
shows the values of critical temperature 7, as a function of
film thickness d for all samples analyzed in this study. For
most of the samples, the critical temperature falls between
9.34K and 9.40 K, especially for those with a thickness lower
than approximately 3 yum. On the contrary, some samples
thicker than 3 um exhibit a critical temperature exceeding
9.40K, reaching up to 100 mK higher. In further detail, the
average critical temperature of all samples with a thickness
below 3 um is about 9.38 K, whereas those thicker than 3 ym
present an average critical temperature higher by 50 mK. As
already mentioned, the critical temperature of all niobium
films analyzed in this study is slightly higher than the value
in bulk niobium, which is approximately 9.25 K [35]. This has
also been observed in different experiments on both samples
[36, 37] and niobium-coated copper cavities [13, 21]. The

reason for this increase of 7, compared to the value meas-
ured in bulk niobium is not clear [36]. In some studies, this
is attributed to the softening of the phonon spectrum in super-
conducting films, due to internal stress or strain in the lattice
[21, 36-39].

Figure 3(b) shows the transition width AT, as a function
of the critical temperature 7, for all samples analyzed in this
study. Except for one sample with a critical temperature of
9.50 K, which significantly deviates from the observed trend,
there is a general decrease in transition width as the critical
temperature increases. The minimum and maximum values
of the transition width differ by approximately a factor of 8.
AT, is typically correlated with the quality of the niobium
film. Higher sample quality results in a narrower transition
width; conversely, films with lower quality generally present
a broader transition [40-42].

3.2. Critical magnetic fields

In radio-frequency cavity applications, the penetration depth
and coherence length of the superconducting material, from
which the cavities are made, are important parameters that
determine the cavity performance. The Ginzburg-Landau
parameter kgL is the ratio between the penetration depth A and
the coherence length £. This parameter is also correlated to
B, and B,. Indeed, the greater the ratio between A and &, the
larger the ratio between B, and B, [43]. With the estimation
of B.; and B.,, it becomes feasible to evaluate the Ginzburg—
Landau parameter of each sample. In the limit of large M/ val-
ues, the lower critical magnetic field B.; can be approximated
as follows [44]:

B In (kGL) : @

_ %

4 \2
Conversely, the upper critical magnetic field B, is given
by [44]:

- 2mer

3

BCZ
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Figure 3. (a) Dependence of the critical temperature (7¢) values on the film thickness (d) for niobium films on copper analyzed in this
study. (b) Dependence of the transition width (AT.) on the critical temperature.

Therefore, the ratio between B, and B.| can be expressed as:

B 2 1
P2 o,
B Lln (kL)

“
By obtaining the real solution of equation (4), the parameter
kgL can be determined. As explained in section 3, B.; has been
assumed to be equal to Bepry for estimating kg, although small
discrepancies may be present despite precautions taken to min-
imize them. Another limitation arises because equation (4)
is based on the assumption of large M/¢ values, which could
potentially lead to uncertainties in the estimation of kg, espe-
cially for niobium films with kg, values close to those of bulk
niobium. Nevertheless, the kg, values of our samples span
almost the entire range expected for niobium films used in
thin film radio-frequency cavity applications [45]. Figure 4(a)
shows the Ginzburg—Landau parameter of all samples at4 K as
a function of the film thickness. Since the values of Beyyry and
B, listed in table 2 refer to a temperature of 4 K, kg is the
Ginzburg-Landau parameter evaluated at 4 K. Our niobium
films demonstrate kg, values within the range of 3 to 11, while
kgL values of niobium films for superconducting cavities typ-
ically vary from 3.5 to 12 [45]. Obtaining kgL values within the
expected range enables us to have confidence in the Ginzburg—
Landau parameter determination procedure employed in this
work. Minor deviations from the actual value, resulting from
assuming B¢, equal t0 Benry and the partial fulfillment of
the large M¢ limit in some samples, have negligible implic-
ations for the scope of this study. As shown in figure 4(a), a
correlation between the Ginzburg—Landau parameter and the
film thickness has been observed. In particular, the Ginzburg—
Landau parameter generally tends to decrease with increasing
film thickness. This may suggest that increasing the thickness
of the niobium film on a copper cavity leads to lower values
of surface resistance. It is worth mentioning that two samples,
with a thickness of approximately 3.4 um, exhibit a kg, value
of around 3, which is quite close to the lower limit of the
expected range in niobium films for radio-frequency cavities.
This does not appear to be correlated with different coating
parameters when compared to all other samples in the study.

Furthermore, one sample was produced using argon, and the
other using krypton.

In the dirty limit, the coherence length as a function of tem-
perature can be expressed as [46]:

£(T) :O.SSQ@\/%
T

where [ is the mean free path and &, is the BCS coherence
length, which is 38 nm in niobium [43]. By substituting the
expression of the coherence length into equation (3), one
obtains the mean free path / of each sample:

D, 1 T
1= 1—— 6
27 B (0.852) & ( TC) ©

where T is assumed to be equal to 4K as B, is evaluated at
that temperature. Figure 4(b) shows the values of the mean free
path as a function of the film thickness. The values of /, which
span from ~4 nm to ~17 nm for the samples analyzed in this
study, are very close to the expected range where the surface
resistance of niobium thin film cavities exhibits a minimum
[18, 21]. The dirty limit assumption may not be entirely satis-
fied, as the values of / in our samples are smaller than & only
by a factor ranging from 2 to 9, whereas the dirty limit condi-
tion requires that the value of / be significantly smaller than &g
[46]. Once the mean free path is known, the residual resistiv-
ity ratio (RRR) can be calculated as follows: RRR = /2.55,
where [ is expressed in nanometers [47]. Some authors use the
value 2.7 instead of 2.55 for niobium [22].

Ivry et al discovered a universal relation among the crit-
ical temperature, the film thickness, and the sheet resistance
of the film at the normal state (R,) [48]. This relation has been
demonstrated to be valid for various superconducting mater-
ials across a wide range of thicknesses (approximately from
1nm to 1 um) [48]:

®

dT. = AR (N

where A and B are fitting parameters. Ivry’s relation is valid for
superconducting films deposited on any substrates. In accord-
ance with the convention adopted in the original paper [48],
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Figure 4. (a) Dependence of the Ginzburg-Landau parameter (kL) on the film thickness (d). (b) Thickness dependence of the mean free

path (/).

d, T. and R, are considered unitless when the values provided
are in nanometers, Kelvin, and ohms per square, respectively.
Similarly, A and B are hereafter considered dimensionless. We
have used Ivry’s relation to validate our mean free path estim-
ation for the samples analyzed in this work. Indeed, although
the sheet resistance of our films in the normal state has not
been directly measured, it can be estimated using the relation
between electrical resistivity po and mean free path:

pol = constant (3)

where the material constant of niobium is 3.72 x 10~¢ 2 cm?
[49]. As a consequence, R, is equal to pg/d. To verify the scal-
ing relation in niobium, Ivry et al utilized data from Gubin et al
[36], which covered niobium films with thicknesses ranging
from 7nm to 300 nm. They found that A is equal to 611.38
and B is equal to 0.761 in niobium films [48]. More recently,
Pinto et al [40] found in a different dataset that the paramet-
ers A and B are 1350+£120 and 0.76£0.05, respectively. The
fitting parameter B is in excellent agreement in both studies,
while the parameter A in Pinto’s study is larger than that in
Ivry’s. Figure 5 shows the two different trends derived from
their respective datasets. Additional data from the datasets of
Gershenzon et al [50] and Quateman [51] appear to mainly fol-
low the trend recently found by Pinto et al. Similarly, our data
primarily follow the same trend observed in the datasets from
Pinto, Gershenzon, and Quateman, as shown in figure 5. This
suggests that the derivation of the mean free path for niobium
films analyzed in this work is reasonably satisfactory, even if
the dirty limit assumption is not fully met in some samples. In
addition, the relation among d, T¢, and R, found by Ivry et al
appears to be valid not only for niobium films with a thickness
lower than 300 nm but also within the range of ~1 to ~4 um,
which corresponds to the range of our samples.

Another method to estimate the Ginzburg—Landau para-
meter for each sample is presented by Ooi et al [47]. Using
the mean free path evaluated for each sample, it is possible
to calculate the corresponding Ginzburg—Landau parameter.
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Figure 5. Dependence of the product of the film thickness (d) and
the critical temperature (7¢) on the sheet resistance at the normal
state (Ry,) for niobium films. Data from various datasets are
reported: in blue, the data by Gubin et al [36], in red, the data by
Pinto et al [40], in green and yellow, those by Gershenzon ef al [50]
and Quateman [51], respectively. Data in black corresponds to this
study. In addition, the two trends derived by Ivry et al [48] from the
data of Gubin et al and by Pinto et al from their own data are shown.
The solid lines correspond to the interpolation range, while the
dashed lines indicate the extrapolation of the observed trends.

From the values of the mean free path illustrated in figure 4(b),
we obtain Ginzburg—Landau parameters in substantial agree-
ment with the values shown in figure 4(a), except for the
two samples approximately 1 pm thick, whose Ginzburg—
Landau parameters are reduced by around 30%. For the calcu-
lation, we used a Ginzburg-Landau parameter of 1.26 for pure
niobium at 4 K, as previously measured in niobium samples
with high purity [52, 53]. The Ginzburg—Landau parameters
obtained from the mean free path fall within the expected
range of values for niobium films for superconducting cavity
applications.
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Figure 6. Values of critical current density (J.) at 4 K and 200 mT
as a function of the film thickness (d). Except for the sample in red
which significantly deviates from the observed trend, the data are
interpolated from the sum of two power functions.

3.3. Critical current density

The critical current density J. can be significantly enhanced
through the creation of pinning centers that effectively anchor
fluxons against the Lorentz force acting on them. These pin-
ning centers are created within the crystalline lattice and can
result from material impurities, dislocations, grain boundar-
ies, and precipitates with sizes of the order of the coherence
length [32, 54]. For example, it is well-known that metallur-
gical processes, such as cold working or heat treatment, typ-
ically increase the density of pinning centers and, as a result,
enhance the critical current density in type-1I superconductors
[32]. This is also applicable to niobium, where the critical cur-
rent density can provide insights into the presence of structural
defects within the crystalline lattice [13, 55, 56]. In this study,
the critical current density of niobium films has been determ-
ined using the Bean critical state model in a slab geometry
under the influence of a parallel magnetic field. The values
of J. at 4K and 200 mT for all films are provided in table 2,
while the thickness dependence of these values is presented in
figure 6.

Except for one data point that significantly deviates from
the observed trend, the data in figure 6 are interpolated from
the following function:

Jo = (3.8£0.7) x d~ ¢80 4 (0.50 £-0.08) x g~ (4+0-1)
)

where J. and d are given in MA mm~2 and pm, respectively.
The decrease in J. values with increasing film thickness indic-
ates a progressive reduction in the density of defects and struc-
tural irregularities in the crystalline lattice as the film thickness
increases. A niobium film with a thickness of 4 um exhibits
a critical current density of approximately 5 x 10* A mm~2.
However, this value is still higher than that of bulk niobium.
Based on the interpolation of J., a thickness of 11 pm results
in a J, value of 10* A mm—2, which is two orders of magnitude

higher compared to that of niobium ingots used in the produc-
tion of bulk niobium radio-frequency cavities [54].

Along with surface resistance and kinetic inductance, the
depairing current density Jy4 is one of the most relevant phys-
ical quantities for modern superconducting devices [57]. In
SRF cavities, J4 determines the maximum current that these
devices can support [20, 58]. In superconductors in the dirty
limit, Jy4 is directly proportional to the thermodynamic critical
field, which is the ultimate performance limit of SRF cavities
[45]. Using BCS theory, J4 can be calculated at any given
temperature [57]. In the dirty limit, the normalization factor
Jyo is defined by the equation Jyo = Beo/(120\0), Where B
is the thermodynamic critical field at 0K, )\ is the London
penetration depth at OK, and pq is the magnetic permeabil-
ity. Depending on the specific values of B,y and )y, which can
vary slightly [21, 35, 45, 59, 60], we generally obtain a value of
Jo from 5 to 8 MA mm 2 for niobium. Assuming an idealized
BCS superconductor with a Dynes gamma factor of 0, Jg at4 K
can be approximated to 0.5 x Jy [57]. It is worth mentioning
that the critical current density of the thinnest films analyzed
in this study approaches the depairing current density at 4 K,
which is the theoretical limit.

4. Conclusion

The purpose of this study is to understand how the supercon-
ducting properties of niobium films deposited on copper using
HiPIMS vary with changing film thickness. The HiPIMS coat-
ing technique has demonstrated promising results in mitigat-
ing the Q-slope and reducing the residual surface resistance in
niobium-coated copper radio-frequency cavities. Therefore, it
holds the potential for successful application in the production
of cavities for upcoming particle accelerators.

In this study, we analyzed the superconducting properties
of niobium films with thicknesses ranging from approximately
1 pm to 4 um. The results presented here indicate that both
the critical temperature and the Ginzburg-Landau parameter,
calculated from the ratio between the lower and upper crit-
ical magnetic fields, show a correlation with the film thickness.
In general, a high critical temperature and a small Ginzburg—
Landau parameter contribute to reducing the surface resist-
ance of superconductors in the radio-frequency regime. In the
pursuit of optimizing the surface resistance of niobium films
for radio-frequency cavity applications, increasing the film
thickness appears to align with this objective. Indeed, thicker
niobium films, analyzed in this study, exhibit a higher crit-
ical temperature and a smaller Ginzburg—Landau parameter.
Moreover, both transition width and critical current density
decrease with increasing thickness; therefore, the quality of
the films appears to improve, while the presence of defects and
structural irregularities within the crystalline lattice seems to
decrease, which is desirable for radio-frequency cavity applic-
ations. Finally, in this study, we assessed the mean free path of
our samples in the dirty limit based on the experimental meas-
urements of the upper critical magnetic field. The obtained val-
ues of the mean free path are in quite close proximity to the
expected value where the surface resistance of niobium thin
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film radio-frequency cavities exhibits a minimum. Using the
mean free path estimation in our samples, the scaling relation
among critical temperature, thickness, and sheet resistance at
the normal state, as discovered in superconducting films by
Ivry et al appears applicable to niobium films up to approxim-
ately 4 um. This extends the previously confirmed validity for
niobium films, which was limited to around 300 nm thickness.

Based on our findings, thicker niobium films depos-
ited on copper using the HiPIMS technique demonstrate
improved superconducting properties and reduced densities of
defects and structural irregularities in the crystalline lattice.
Consequently, these improvements hold promise for enhan-
cing overall performance and potentially mitigating the Q-
slope observed in niobium thin film radio-frequency cavities.
Nevertheless, finding a compromise between film thickness
and structural aspects in cavities is essential. This involves
addressing concerns like the potential detachment of the film
from the substrate, which is more likely with thicker films,
mechanical issues caused by differing thermal contractions
between niobium films and copper substrates, and ensuring
uniform coating of films with an adequate thickness across
extensive areas.
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