Investigating the superconducting properties and
surface morphology of sputtered Nb films on Cu
due to laser treatment

Daniel Andrew Turner, O. B. Malyshev, G. Burt, E. Seiler, R. Ries, A. Medvids, P. Onufrijevs, R. Valizadeh, A.
Sublet, C. Pira, E. Chyhyrynets, M. Vogel, S. Leith, T. Junginger

Abstract—Bulk niobium is currently the material of choice for
superconducting radio frequency (SRF) cavities and is a well
matured process. However, it is possible that SRF cavities could
be further improved beyond bulk Nb by sputtering thin Nb films
onto Cu cavities. Copper has a greater thermal conductivity
than Nb and is also easier to machine, whilst sputtering films
on the surface reduces the amount of Nb used to fabricate the
whole cavity. However, sputtering Nb on Cu produces other
issues, for example, the surface quality of the Cu affects the
quality of the Nb deposited on the surface and therefore the
superconducting parameters. As the Nb on the surface is not
perfect, the magnetic field produced by the RF can enter the
cavity earlier than expected, producing RF losses, which can in
turn lead to a quench. One approach is to treat the Nb post
deposition by irradiating the surface using a laser to polish
the surface of the Nb and increase the surface magnetic field
that the cavity can maintain whilst remaining in the Meissner
state. A magnetic field penetration experiment designed and built
at Daresbury Laboratory has been used to measure the field
of full flux penetration to characterise the effect of the laser
treatment on the superconducting properties of the Nb. Surface
characterisation and the response of the Nb in a DC magnetic
field have also been performed to try and provide an explanation
for the change in the superconducting properties. The results
demonstrate that the laser treatment can lead to an increase in
the magnetic field at which the flux penetrates from one side of
the sample to the other, thus it could potentially improve the
performance of Nb coated RF cavities.

Index Terms—Superconductivity, Magnetic field penetration,
Niobium, Type II, Superconducting radio frequency, Laser treat-
ment.

I. INTRODUCTION

Particle accelerators use radio-frequency (RF) to accelerate
bunches of charged particles. When the applications of the
particle accelerator require high duty cycle or continuous wave
operation, superconducting cavities are preferred as they are
more efficient. The RF wave has two components; the electric
field which accelerates the charged particles (E,..), and the
magnetic field (B,,,y) which is produced perpendicularly to
E, .., and therefore applied parallel to the cavity surface.

Superconducting RF (SRF) accelerating cavities are mostly
made from bulk Nb. Niobium has one of the largest critical
temperature (T, = 9.25 K) of any element [/1], and the largest
lower critical field (B.1(0 K) ~ 174 mT) for any known (single
element) superconductor [2 (3]. Below B.;, an externally
applied magnetic field is expelled from the superconductor
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due to screening currents present at the surface, and the su-
perconductor behaves as a perfect diamagnet, which is referred
to as the Meissner state. Increasing the external magnetic field
applied to a Type II superconductor such as Nb increases the
supercurrents screening the field, until it becomes energetically
favourable for the magnetic field to enter the superconductor
in the form of normal conducting cone like structures, called
vortices, and is known as the Abriskov state/the mixed state.
However, the magnetic field does not necessarily enter the
superconductor at B.;. A superconductor can remain in the
Meissner state in a metastable regime above B.q, up to the
superheating field (Bgp) due to the Bean-Livingston surface
barrier [4]]. The magnetic field can also enter a superconductor
below B,.; due to defects or impurities on the surface of the
superconductor making it energetically favourable for B to
enter the superconductor. Under RF conditions, vortices being
present in the cavity creates losses in the cavity walls due
to the normal conducting regions, and can cause a cavity to
quench. Increasing the maximum FE,.. for SRF applications
therefore requires superconductors to remain in the Meissner
state to larger B, . Thus, a major goal for SRF technology
is to increase the applied B, s to the superconductors.

One alternative to bulk Nb is to deposit a thin Nb film
on a Cu cavity, as the RF only affects a few microns on the
surface, typically less than 1 pm [S]]. Deposition of Nb has a
few benefits compared to bulk Nb cavities, such as;

e Cost - Copper is cheaper than bulk Nb, and the manu-
facturing costs for Cu cavity are also cheaper than bulk
Nb.

o Thermal stability - Cu has a greater thermal conductivity
than Nb, creating a smaller temperature gradient from
the cavity surface to the liquid He bath. The increased
thermal conductivity of the Cu causes the thin film to be
more resistant to field emission [5].

« Insensitive to the earths magnetic field [1} 6], so complex
magnetic shielding is not required.

o Free from impurities in the Nb, such as steel, nickel
and some oxide compounds [5]]. These substances can
be present within bulk Nb sheets/ingots and can be
uncovered by etching, or they can be introduced during
the manufacturing process of bulk Nb cavities [7]. Pro-
cess’ can be implemented which remove these impurities,
however this increases the manufacturing cost. Deposition
under vacuum can avoid adding these impurities.



Thin film Nb cavities also consist of limitations. For ex-
ample, the Q-slope (which is also a limiting factor for bulk
Nb cavities for high fields) limits thin film cavities to a
low Egcc [8l. Thin films typically replicate the morphology
of the substrate they are deposited on, which alters the RF
performance. Additionally, the atoms of the gas used during
DC magnetron sputtering can be embedded in the film, which
can affect the RF performance of the films [9].

Previous studies have been performed on how the quality
of the Cu substrate affects the superconducting performance
in a DC magnetic field. A vibrating sample magnetometer
(VSM) was utilised to investigate the field of first flux en-
try (B.p) indicating a deviation from perfect conductivity
and allowed a comparison in B.,, between various substrate
polishing techniques [10, 11]. Further studies on the affect
of substrate polishing have been performed [12] using an
in house magnetic field penetration facility (MFPF) designed
and built at Daresbury laboratory [13]] which applies a local,
parallel B from one side of a sample to the other. The MFPF
investigates the field of first full flux penetration (By),), where
B has fully penetrated from one side of the sample to the
other. Thus, By, was compared between samples for various
substrate treatments. Both systems are described in more detail
in sections [I-C and Dl

The structure of the Nb can be altered post deposition by
irradiating the sample using laser treatment. Laser treatment
has already been performed for bulk Nb [[14} |15] and Nb thin
films [[11} |16} |17, [18]]. Previous DC magnetometry tests have
been performed on laser treated samples [[11} 19, 20] using the
conventional VSM technique which showed promising results.
However, further studies are required to determine the effect
of laser treatment on the superconducting properties of Nb thin
films.

The main disadvantage of commercially available magne-
tometry is that a small sample is placed inside a larger solenoid
which applies a B, whereas thin films within a SRF cavity only
have B applied from one side. A solenoid produces a uniform
B within the coil. However, the presence of a superconducting
sample distorts the B lines as B is expelled from the sample,
thus producing flux enhancements. Flux enhancements can be
accounted for using samples with a well known geometry
factor such as spheres or ellipsoids, such that the increased
B on the sample surface can be determined [21, [22 23]
However, if the geometry factor is not known, the local B
cannot be determined. Similarly, a planar sample placed on
an angle to B will also produce flux enhancements which
cannot be accounted for. The samples are mounted into the
system by an operator, such that the orientation of the sample
with respect to the B may change for each sample, therefore
altering the magnitude of any flux enhancement present.

Recently, a new magnetic field penetration facility has been
designed and commissioned at STFC Daresbury laboratory.
The facility was designed to reduce the limitations present in
the VSM. For example, a local, parallel, DC applied magnetic
field (Byypp) is applied from one side of a sample to the other,
similar to that in an SRF cavity [[13[]. As B is applied from one
side of a sample (the surface prepared for testing), such that B
must enter through the desired surface, i.e.- not the interface

between the substrate and the film which is not prepared for
RF conditions [13]]. A C-shaped magnet applies a constrained
B minimising the stray fields produced, therefore removing the
possibility of flux enhancement at the sample edges, such that
By, is clear and not influenced by flux enhancements, whilst
ensuring easy alignment of B to the sample. In this paper the
results obtained using the MFPF on laser treated samples are
compared to both untreated samples, and to results obtained
with a VSM.

II. EXPERIMENTAL

A. Sample preparation

The Thin Film for Superconducting RF Cavities (TF-SRF)
work package (WP15) of the European Union’s Horizon 2020
Research and Innovation program under grant agreement no
730871 (ARIES) concentrated on the deposition of Nb thin
films on polished Cu substrates. The Cu substrates were cut
from 1 mm thick high purity oxygen free high conductivity
(OFHC) Cu. Each sample had a surface area of 53x53
mm?. As the condition of the substrate surface influences the
growth of the thin film, and therefore the superconducting
properties of the Nb samples, each sample was polished either
mechanically, chemically, electrically, or a combination, at
CERN or INFN LNL. The surface roughness and reflectivity
of the Cu substrates were measured before deposition [10].

TABLE I
THE SUBSTRATE TREATMENT FOR NB COATED THIN FILMS FOR EACH
INSTITUTE.
Name Substrate erqsition tl:iliii; s
treatment institute [pm]
C7 SUBU CERN STFC 10
L13 EP STFC 10
L18 EP + SUBU STFC 10
L19 SUBU INFN STFC 10
Cl SUBU CERN Siegen 3
L1 SUBU INFN Siegen 3
L9 Tumbling Siegen 3
L10 EP Siegen 3
L23 EP + SUBU Siegen 3
C10 SUBU CERN INFN 3
L8 Tumbling INFN 3
L16 EP + SUBU INFN 3
L20 SUBU INFN INFN 3
L21 EP INFN 3

After the substrates had been polished they were sent to
one of three institutes; INFN LNL, the University of Siegen
or STFC Daresbury Laboratory for deposition. The Nb thin
films were deposited by magnetron sputtering, with the set up
and deposition conditions previously reported in Refs. [[10}|11]].
The targeted sample thickness was 3 pm for those deposited at
the University of Siegen and INFN, and 10 pm for the samples
deposited at STFC Daresbury Laboratory, and are labelled
as such throughout. The sample thickness was measured by
taking a SEM image of the cross section, with the results
for both pre and post laser treatment are shown in Table
It should be noted that that the error shown in Table [II is
the statistical error, and not the error in sample preparation



for cross sectional imaging which can produce a discrepancy

between the targeted and the measured thickness.

TABLE I
THE MEASURED THICKNESS OF THE NB THIN FILMS AND THE
STATISTICAL ERROR OF THE MEASUREMENTS.

Name | Pre-laser treatment [pem] | Post laser treatment [pm]
L1 1.591 £ 0.009 1.616 £ 0.057

L10 2.082 + 0.204 1.591 £ 0.025

L13 10.662 + 0.928 -

L18 14.242 4+ 0.356 10.780 £+ 0.293

The initial 53x53 mm? sample was cut into 2 parts, with
dimensions of 53x35 mm? and 53x15 mm?. The larger
section of the sample was used for measurements described
in Section |II-C| whilst the smaller section of the sample was
used for measurements in Sections and

After these initial measurements, the larger section of the
films were irradiated using a Nd:YAG laser in an Ar atmo-
sphere with the parameters shown in Table The irradiated
samples were measured again using the technique presented in
Section After these measurements were completed, the
sample was cut again for further testing using the techniques

presented in Sections and

TABLE III
THE PARAMETERS OF ND:YAG LASER USED FOR IRRADIATING THE NB

THIN FILMS.
Parameter Value
Wavelength, A 1.064 pm
Pulse duration, 7 6 ns
Intensity, I 70 MW/cm?
Step 5 pm
Dose 66 J/cm?
Frequency, v 10 Hz
Beam diameter 3 mm

B. Surface characterisation and morphology

Surface characterisation was performed to correlate the
quality of the Nb thin film after laser treatment with the
superconducting performance described in sections and
The roughness (R,) of each sample was measured
using a NTEGRA prima atomic force microscope (AFM)
in tapping mode with a HA-NC measurement probe from
NTMDT spectrum instrument, and was calculated from 3
different spots on each sample surface. The measurements
were performed in a 25x25 pum? area, using an array of
512x512 scanning points. The AFM measurements were were
performed on the same samples pre and post irradiation,
however the samples were not tested in the same location
for both pre and post laser treatment. The investigated area
could have changed on the order of millimeters, whilst the
measurements were performed on the order of microns. The
surface of the Nb was also investigated by using SEM images,
and SEM images were also performed on the cross section of
the samples using a FEI quanta 250 FEG scanning electron
microscope (SEM). It should be noted that the investigated
area of the samples is different pre and post laser treatment
for the SEM images. It could be assumed that the surface of

the samples are a good representation of the films, however
it is unlikely that the samples are perfectly homogeneous.
Additionally, investigating the surface of the films provided
an insight into the magnetometry measurements.

Samples deposited at same institute exhibit similar effects
due to laser treatment, therefore only a few images are
provided in the paper. The three samples deposited at STFC
(C7, L13, L18, with L18 shown in Fig. [Ta] and [2b) show well
grown Nb crystals post laser treatment, which is likely due
to re-crystallisation. This is expected to be due to the laser
rapidly heating the surface layers of Nb, which form large
grain crystals upon cooling. Additionally, the number of cracks
present on the surface of the samples seem to have reduced,
however this could also be due to the change in scale used to
take the images.

The Nb thin films deposited by the University of Siegen
have a different surface morphology. The surfaces for some
samples deposited at Siegen are shown in Figure [I| There are
no visible presence of grain boundaries with a 10 um scale,
with some small bumps present on the samples. It can be seen
in Figs. [Te] and [Id] that the sample roughness is reduced due
to the laser treatment, and scratches in the surface are also
slightly reduced. However, it can be seen in Figs [Ie] and [If]
that the surface of the films have also been damaged, indicated
by cracks on the most damaged samples. This damage is likely
caused by the heat generated by the laser being deposited in
the Cu substrate rather than the Nb film. The parameters of the
laser were kept consistent, and therefore the deposition depth
of the laser was also consistent. However, there is a visible
difference of the surface between the samples deposited at
STFC and the University of Siegen, with the film thickness
being the main difference between institutes. Thus, for the
thinner Nb films it is thought that the heat produced by the
laser was deposited into the Cu substrate instead of the Nb.
Thus, due to the Cu substrate possessing a greater thermal
conductivity than Nb, the Cu substrate expanded faster than
the Nb film. The expansion of the substrate therefore produced
a force on the film (due to the film possessing a smaller
coefficient of thermal expansion), in turn generating tensile
stress between the superconducting film and the substrate.
If the force on the film became large enough due to the
substrate, the film would be damaged. Alternatively the cracks
on the surface could have also been produced due to rapid
solidification of the liquid metal, which has been observed in
other metals which have been laser treated [24} 25].

Additionally, at the top right of Fig. shows some dark
holes which look like subsurface heating has taken place, also
known as the lid effect [26]. Subsurface heating is where the
Cu substrate melts underneath the Nb film, and due to the rapid
thermal expansion of the Cu breaks through the Nb film. The
expanding molten Cu can therefore produce holes in the Nb
film allowing B to penetrate the sample early.

Cross sectional SEM imaging was also performed on sam-
ples L1 and L10 deposited at the University of Siegen, and
L13 and L18 deposited at STFC, with a comparison for before
and after laser treatment shown in Fig. [2| for sample L1
and L18. The cross-sectional images also indicate that the
microstructure of the Nb films were similar for each institute,
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Fig. 1. The surface SEM images for samples deposited at STFC Daresbury Laboratory and the University of Siegen, before laser treatment (left) and after

laser treatment (right) for samples L18 (Ta] [TB), L1 [Td), and L10 (T [TT).
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i.e. samples L1 and L10 had a similar structure, as did L13 laser treatment, however R, was reduced in all samples. For
and L18. However the microstructure for the Nb films is both samples it can be seen that the Cu substrate underneath
different between STFC and University of Siegen. None of the Nb film has melted. Additionally, Fig. 2d] looks as if the
the investigated samples microstructure changed due to the Cu has entered, and possibly broken through the Nb thin film
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Fig. 2. The cross-sectional SEM images of samples L18 (10 pum deposited at STFC) pre-laser treatment @ and post laser treatment 47_5[), and L1 3 um
deposited at the University of Siegen) pre-laser treatment and post laser treatment (2d).

- the lid effect [26]].

Figure 3] shows the surface for the AFM measurements and
the corresponding roughness of samples L18 and L1 both pre
and post laser treatment. The images are of the same samples
both pre and post laser treatment, however not the same local
area on the sample surface will have been investigated. The
measurements were repeated at various areas of the sample,
which produced similar results. The R, decreased for all
samples post laser treatment. Sample L18 had one of the
largest reductions in R, from a mean R, value of 69.2 nm to
40.1 nm due to laser treatment. Sample L1 had a lower mean
R, of 24.9 nm than L18 due to irradiation, however they are
comparable.

C. Magnetic field penetration facility

A MFPF has been designed and built at STFC Daresbury
laboratory which determines the field of full flux pene-
tration (By,), which is the parallel B, from one side of the
sample which has fully broke through to the opposing side

of the sample. This is not the same as B.;. This is because
By, is the applied field at which the flux has penetrated all
the way through the sample, from one side of the sample to
the other, whereas B.; is the magnetic field at which it is
energetically favourable for B to enter the sample. It should
be noted that for thick Type II superconductors, vortices can
enter from one side of the sample and leave on the same side
of the sample and cannot be detected. Thus, the flux forms a
semi-loop within the superconductor 28]

The MFPF uses low temperature superconducting solenoid
to generate a magnetic field, and a C-shaped ferrite yoke with
a2 mm gap in which B, is generated parallel to the sample
surface, denoted by B;. A small gap constrains By, which
limits edge effects that can be generated on the sample. Two
Hall probe sensors are used to measure the magnetic field in
the facility. Hall probe 1 (HP1) measures B, and Hall probe
2 (HP2) measures the magnetic field on the opposing side of
the sample (B2). A cross section of a simulation of the magnet
with a current of 1 A is shown in Fig. fa] with the position of
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Fig. 3. The AFM measurements of samples L18 (10 pm deposited at STFC) pre-laser treatment @) and post laser treatment @), and L1 (3 um deposited

at the University of Siegen) pre-laser treatment and post laser treatment @ The colour of the line indicates the position of the measurements on the
sample. Multiple measurements were taken at different areas to ensure consistent results.

the sample and the Hall probe sensors also shown. In addition,
the physical system is shown in Fig. 4

The sample undergoes ZFC for each test to ensure no
flux is trapped within the sample. Increasing the current
applied to the solenoid increases B;. The magnetic field at

which B; has penetrated from one side of the sample to the
other (determined by a rapid increase in Bj) is defined as

Byp, and is determined to be the greatest rate of change in
d*(Bs)/d(B1)>.

The facility measures By, at multiple set temperatures,
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Fig. 4. (a) A cross-sectional view of the MFPF set up, with the positions of
the Hall probe sensors shown with respect to a sample and the magnet (b)
The set up of the MFPF with a 3 m Nb thin film.

which is controlled using a PID loop and heaters placed either
side of the sample. After each set temperature run, the sample
is heated above the T, of the sample and held for 15 minutes
for temperature stabilisation and to ensure any and all trapped
flux is removed from the film, before undergoing a ZFC
to the next temperature set point. Further information about
this facility can be found in Ref. [13]]. An example of raw
data produced by the MFPF is shown in Fig. [5| for multiple
temperatures for sample C7.

D. Vibrating sample magnetometry

The superconducting properties of the samples have also
been studied using conventional DC magnetometry techniques.
The Nb thin films were measured in a VSM, integrated in a
commercial Physical Property Measurement System (PPMS)
from Quantum Design Inc. at the Institute of Electrical Engi-
neering . Small samples of approximately 2x2 mm?
cuboids were cut from the original 53x35 mm? samples,
and then placed in a uniform B,,, applied either parallel or
perpendicular to the flat face of the superconducting thin film.

After cooling the sample below 7. in zero applied field
(zero field cool-down, ZFC), the initial magnetization curve
was measured increasing the applied field from O up to a

maximum value B,,,,, at a constant rate. From this point the
measurement continued performing a hysteresis loop, ramping
the applied field from B, 4, t0 —B;,4, and back to B, 4,. All
measurements conducted in a varying B,,, were performed
at a constant temperature at 4.22 K.

Whilst the sample is in the perfect shielding conditions of
the Meissner state, the magnetic moment (m) is proportional
to Bgpp and the initial magnetization curve is thus linear (due
to the Meissner state) at low B,,,,. Above a certain value of the
applied field, proportional to the first critical field B.; through
a geometrical constant, the magnetic flux starts penetrating
inside the superconductor, reducing the total superconducting
volume and consequently decreasing the absolute value of
the magnetic moment. This defines the so-called field of first
magnetic flux entry, B,. Whilst the geometry factor can
be well defined for spherical and ellipsoidal samples, it is
much more difficult to determine for flat samples. The flux
enhancements present on the surface of the film are influenced
by the angle of the film to B,,,, which cannot be accurately
measured for small samples when mounted in the VSM.

It should be noted that B,,, and By, are not the same. The
B, is the first flux entry into a superconducting material,
whereas By, is the field which has fully penetrated from one
side of a superconductor to the other. However, in realistic
samples, flux pinning is usually present (to some degree).
In such a case, the start of the flux penetration does not
generate any distinct feature on the initial magnetization curve.
The curve deviates smoothly from the linear Meissner slope
towards smaller absolute values of m, as shown in Fig. |§| for
the laser treated films. We have thus determined B,.,, from the
initial magnetization curves employing an arbitrary 2% relative
difference criterion between the linear Meissner slope and the
measured initial curve.

The critical temperatures were determined from the tem-
perature dependence of the magnetic moment, m(T), at a
constant B,;,,. At a temperature well above the T, a small
constant magnetic field (typically 5 mT) was applied to a
sample, which was then slowly cooled down with the field
still present to determine the temperature at which there is
a sudden change in the magnetic moment, indicating the
superconducting transition. For simplicity, the reported 7, was
determined as the onset of the increase in the absolute m with
decreasing temperature.

III. RESULTS
A. Magnetic field penetration facility

A summary of the results obtained the MFPF both before
and after laser treatment are shown in Table [[V] to compare
By, for samples deposited on substrates polished by various
techniques, and deposited at three institutes. The first round
of testing has been presented in Ref. [[12]], however the
data analysis technique has been improved upon which is
further described in Ref. such that the results are slightly
different.

The samples deposited at STFC are thicker than the samples
deposited at the other two institutes, which increases By, [13].
The samples deposited at INFN were not tested by the MFPF
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Fig. 5. The raw data produced by the MFPF run at multiple temperatures for a 10 pm Nb thin film on sample C7 after the laser treatment of the Nb film.
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Fig. 6. The initial magnetisation curve produced by the VSM for the laser treated films, all performed at 4.2 K. The Meissner line is shown for samples C1,

C7 and L13.

before irradiation, so there is no comparison for the change
in By, due to irradiation, and whilst almost all samples were
tested at 4.2 K to determine By, the samples that were not
tested at 4.2 K have been calculated using the line of best

fit using the linear dependence of By, as a function of T2
Finally, the first round of samples (laser treated Nb films
deposited at INFN and non-laser treated Nb films deposited
at Siegen and STFC) have measurements approximately 1 K



TABLE IV
THE By, MEASURED AT 4.2 K. FOR SAMPLES NOT MEASURED AT 4.2 K THE EXPECTED VALUE FOR B, HAS BEEN EXTRAPOLATED USING A LINEAR
DEPENDENCE OF pr AS A FUNCTION OF T2 WHICH IS DENOTED BY ‘*’. THE pr AS A FUNCTION OF T2 HAS ALSO BEEN USED TO EXTRAPOLATE Te.

Pre-Laser Treatment Post-Laser Treatment Change due fo Taser
treatment
By, (4.2K) B;,(4.2K) ABy,(4.2K) ABy,(4.2K)

[mT] Te [K] (mT] Te K] [mT] [%]
C7 1744 £ 2.6* 9.19 + 0.11 186.3 £ 0.8 9.18 + 3.4 +10.5 +6.0
LI13 177.0 £ 1.1 9.61 £ 0.08 185.8 £ 0.5 9.19 £ 0.08 +8.8 +5.0
L18 152.0 £ 2.8* 9.29 £ 0.07 161.2 + 0.4 9.55 £ 0.03 +9.2 +6.1
LI19 163.1 £ 1.4* 9.31 £ 0.03 - - - -
Cl 127.7 £ 4.8% 9.38 + 0.13 142.8 £ 0.7 9.24 + 0.06 +15.1 +11.8
L1 1375 £ 1.1 9.73 £ 0.07 123.8 + 0.7 9.75 £ 0.06 -13.7 -10.0
L9 116.0 £ 0.8 9.10 £ 0.11 102.7 £ 0.4 8.92 + 0.10 -13.3 -11.5
L10 137.8 £ 6.6 9.57 £ 0.12 947 +£ 04 8.98 + 0.92 -43.1 -31.3
L23 1004 £ 1.1 8.95 + 0.13 99.8 +£ 0.4 8.90 + 0.90 -0.6 -0.6
C10 - - 140.6 £+ 4.0* 9.30 £ 0.10 - -
L8 - - 1659 + 4.4 9.67 £ 0.09
Li6 - - 116.9 £+ 6.2* 9.17 £ 0.20
L20 - - 1429 £+ 8.7* 9.36 £+ 0.30

apart, whereas the more recent measurements (laser treated
Nb deposited at Siegen and STFC) were performed approx-
imately every 0.5 K, as the system became automated and
remotely operated, which removed time as a limiting factor
for measurements.

The MFPF tests samples at a range of temperatures, however
to allow a comparison to the VSM the data for By,(4.2 K)
is shown in Table A linear relation for B fp(Tz) was
found, such that By, (T?) = Gradient x (T?) + By,(0K).
Extrapolating the line of best fit until By,(7?) = 0 mT allows
T, for the sample to be estimated, and also extrapolating
until 72 = 0 K allows By,(0K) to be found. This linear
relationship therefore allows By, to be estimated at various
T wvalues, such as at 4.2 K shown in Table The error
in these values are found using the equation ABy,(T?) =

1

[((Aamdiem)2 x (T2)) + (AByp(0K))?

The results produced by the MFPF show that the samples
deposited at STFC show an enhancement in By, up to 10 mT,
indicating that the laser treatment has had a similar effect on
all samples. Samples C7 and L13 (SUBU polishing at CERN
and electro-polishing) have a similar By, post laser treatment,
which could indicate the laser treatment has altered the surface
such that both samples are have a similar structure. The EP +
SUBU sample for STFC (L18) still has the lowest By, for all
the samples post laser treatment, similar to pre-laser treatment.

The largest increase in By, for all samples is sample Cl1,
the Nb sample deposited on a Cu substrate polished at CERN
using the SUBU technique, with an increase of 15.1 mT to the
pre-laser treated sample. However, this sample contradicts the
other 4 samples deposited at Siegen which all saw a decrease
in By,. Samples L1 and L9 (SUBU polishing performed
at INFN and tumbling) saw a similar decrease in By, by
~13 mT, whereas L10 (the electro-polished Cu substrate)
which previously produced the largest By, for all the samples
deposited at Siegen, had the greatest drop in By, by 43 mT,
causing it to produce the lowest By, for all the samples
deposited at Siegen even pre-laser polish.

The samples deposited at Siegen with laser treatment pro-
duce similar results to the samples deposited at INFN with post
laser treatment. It could be assumed that if the effect of laser
treatment is due to the thickness of the sample, there would be
a similar effect on the samples from both INFN and Siegen,
and this would explain the increase in By, for all samples
deposited at STFC. If the effect of the laser treatment was
due to the type of substrate polishing, it would be expected
that each polishing technique would alter By, a similar way
for each deposition institute.

The results produced by the MFPF show that thicker Nb
films deposited at Daresbury Laboratory had an increase in
Byp, whereas the thinner films deposited at Siegen have an
overall reduced By,. One explanation for this is possible
melting or boiling of the Cu substrate under the Nb film,
known as subsurface melting or the lid effect [26]]. As the
rapid expansion of the Cu substrate due to increased thermal
conductivity of the Cu could be an explanation for damage
of the Nb films on the surface which do not expand as fast.
The expanding molten Cu can create holes in the Nb which
will create holes which will allow B, to penetrate through
the sample early. For the thicker samples deposited at STFC,
this may not be the case. Heat produced due to the irradiation
would be deposited in the Nb film rather than the Cu substrate,
which has a lower thermal conductivity. Therefore subsurface
heating would not be present, and the Nb film would not
expand due to heating as quick as Cu such that the film is not
damaged. To determine if the enhancement in By, produced
by irradiation is due to the thickness of the Nb films a further
study must be conducted with a range of samples of varying
thickness.

B. Vibrating sample magnetometer

To determine the quality of the superconducting thin films
small samples were cut and tested in the VSM, measuring 7
and B, with B, in both the parallel and perpendicular ori-
entation (Bpq,, and By, respectively), and have previously
been presented in [10L [11, [29]. The data is also presented



TABLE V

THE Ber, (4.2K) AND T¢.(5mT') FOR NB THIN FILMS ON CU SUBSTRATE WITH VARYING POLISHING METHODS, FOLLOWED BY POST DEPOSITION LASER
TREATMENT ON THE NB SURFACE. THE ERROR IN Bey, (4.2K) 1S 5% FOR EACH MEASUREMENT.

Pre-Laser Treatment Post-Laser Treatment Change due to laser treatment
Ben, er: Ben, ara Ben, er Ben, ara Ben, er: Ben, ara
T~ | TmT] TelK] 1]~ | Tm] TelK] 1~ | [mr] | ABen%

C7 24.1 150.1 9.35 - 139.0 9.23 - -11.1 -1.4
L13 22.0 100.3 9.35 - 144.0 9.24 - +43.7 43.6
L18 17.7 61.0 9.30 - 143.0 9.22 - +82.0 1344
L19 17.3 73.2 9.20 - - - - - -
Cl 15.5 49.6 9.50 - 83.0 9.28 - +33.4 67.3
L1 14.5 38.0 9.60 - 83.0 9.27 - +45.0 118.4
L9 16.0 38.6 9.38 - 59.0 9.30 - +20.4 52.8
L10 15.5 32.7 9.38 - 37.0 9.16 - +4.3 114
L23 15.0 24.5 9.38 - 43.0 9.14 - +18.5 75.5
C10 12.0 - 9.37 17.0 50.2 - +5.0 41.7
L8 18.0 - 9.48 19.1 42.5 - +1.1 - 6.1
L16 14.0 - 9.37 15.5 472 - +1.5 - 10.7
L20 20.0 - 9.58 237 450 - +3.7 - 18.5
L21 18.0 - 9.28 18.8 452 - +0.8 - 44

in Table |V| to allow comparison with after the samples have
been irradiated. A few things should be noted; the samples
deposited at STFC are thicker than the other 2 institutes (10
pm compared to 3 pum) and therefore lead to an increased
m which is visible in Fig. [f] The samples deposited at INFN
were only tested in the B, configuration pre-laser treatment
so the post laser treatment results can only be compared in the
same field orientation, and the ‘L19° sample did not undergo
laser treatment due to being used in an alternative experiment.

The VSM determined there was an increase in B,,, for
every sample except one, the Nb deposited at STFC on
a Cu substrate polished by chemical polishing at CERN,
C7. Pre-laser treatment, C7 had the largest B, for Bp.;q,
suggesting the sample could have induced damage during the
laser treatment and therefore reducing the superconducting
performance. The other 2 samples deposited at STFC show
a large increase of 43.7 and 82.0 mT in B, for By q.

All samples deposited at Siegen show an increase in B,
with the Nb film on the Cu substrate chemical polished at
INFN (L1) gaining the largest increase. After irradiation B,
is the same for both chemically polished substrates (C1 and
L1) in the B4, configuration.

Samples deposited at INFN also all shown an increase in
B.,, due to irradiation, however they were only tested in the
Byperp configuration. Each sample shows an increase in By,
but much smaller than the samples deposited at the other 2
institutes due to normal components of B applied to the film
surface entering the sample much earlier. It can be expected
that if there is an increase in B, in the By, then there
should be an increase in the B, configuration also.

Comparing the T, both before and after laser treatment
shown in Table [V] it can be seen that the critical temperature
also changes to values much closer to the expected 7, of
Nb[2]], however this could also be due to a change in the
measurement parameters as the temperature ramp rate was
reduced and more points were taken for the laser treated films.

However, the VSM suffers some technical issues. As the
sample is placed in a B with a geometry larger than the
sample, edge effects can cause B to enter the sample early

as Bgp, is enhanced at the edges of the sample, therefore
causing early B.,. In addition, when trying to align a sample
it is possible that the sample is not perfectly parallel with B,
and a normal component of the magnetic field will be present,
which can also cause early B.,. Finally, as small samples
have had to be cut to fit inside the VSM, impurities can be
introduced to the samples from the machining tools, which
again can cause early B.,. Therefore, it is possible that the
change in B, that initially looks due to irradiation could be
due to a change in any of the aforementioned issues when the
sample is placed in the system, and it is difficult to ensure
that B.,, is a physical superconducting property, or if this is
due to a number of other effects present due to the type of
measurement.

IV. DISCUSSION

In total, 14 Nb thin films were deposited on Cu substrates
which were polished by different techniques, and were anal-
ysed as part of the ARIES collaboration using a MFPF and
a VSM. The samples were then irradiated using a laser at
Riga Technical University, followed by further analysis of
the samples using 2 DC magnetometry techniques. These
techniques do not investigate the same properties. The VSM
measures the total superconducting volume, and can determine
B.,, and is highly sensitive to this property, whereas the MFPF
investigates B s,. The main difference is that vortices can enter
and leave from the same side of the sample which cannot be
detected by the MFPF.

Measurements in the MFPF determined that samples with
the same polishing technique do not produce a consistent
change in By, for each institute i.e - EP samples do not
increase the same amount for each deposition institute once
they have been irradiated. It can therefore be determined that
whilst the effect of polishing is critical to ensure a high quality
film is grown on the substrate, it does not affect the outcome
once the sample is irradiated by laser treatment withing the
uncertainty of the study.

The irradiation of the Nb reduces the surface roughness as
the Nb ‘hills” flows into the ‘valleys’, thus producing a more



homogeneous film thickness. It is possible that prior to laser
treatment the smaller values for By, was due to the applied
B breaking through local areas of reduced thickness. Thus,
irradiating the sample increased the minimum thickness of
the films, thus increasing By, as By, is thickness dependant
[13]. Although the thickness of the Nb is reduced due to the
irradiation, it is not expected to have a large influence on By,
as the change in thickness is not on the order of pm.

Measurements produced in the VSM in Bratislava show
an increase in B,, for all samples that have been irradiated
except the Nb film deposited by STFC on SUBU polished
substrate at CERN. Whilst the increase in B,,, can be due to
laser irradiation, it is possible that the increase in B, could
be due to a number of reasons such as flux enhancements
or normal components present in previous tests, which have
then been improved upon in further rounds of testing, which
makes the latter rounds appear to have improved qualities due
to laser treatment. The Nb films were placed in a uniform
Bapp. In the Meissner state, the film disturbs By, such that
localised flux enhancements are generated on the the film. Flux
enhancements can be accounted for using a demagnetisation
factor for well known samples such as ellipsoids or spheres,
however the films were mounted into the system by an operator
such that the angle of the film with respect to the B may
change for each film, thus altering the magnitude of any flux
enhancement present. Hence, the flux enhancements in the
VSM were not accounted for.

However, thick samples produce an increase in By, in the
MFPF, whilst all 3 pum thick samples except one show a
decrease in By, and it is likely that the effect of thickness is
the main cause for an increased By,. Further studies should
be performed to determine how post deposition laser treatment
varies as a function of thickness.

The cross-sectional SEM images show that the microstruc-
ture of the Nb does not change due to laser treatment, and the
Cu substrate has melted due to the heat from the laser. The
parameters of the laser are kept constant, thus the penetration
depth is also constant. In this case, the heat deposited by the
laser can produce different effects for different areas of the
sample, due to different thickness’ and initial surface rough-
ness. For example, samples at STFC are thicker, and therefore
all of the heat may be deposited in the Nb, producing localised
annealing and reducing the surface roughness. However, if the
samples are thinner than the penetration depth of the laser,
such as the samples deposited at Siegen, the energy could be
deposited at the Nb/Cu boundary, melting both the film and
the substrate and allowing them to mix, or even break through
the superconducting film. Finally, if the energy is deposited
in the Cu substrate only, the heating and enhanced thermal
conductivity of the Cu allows the substrate to expand. The
expansion can then generate stress between the substrate and
the thin film, which leads to the film becoming damaged.

By comparing the results between B., produced by the
VSM and By, produced by the MFPF leads to the conclu-
sion that there is some correlation between both B.,,(4.2K)
and Bj,(0K), where samples with a greater B.,, also have
produce a greater By,, shown by the line of best fit in Fig.
Thus, the samples deposited at STFC are situated towards

the top right of Fig. [/] and the samples deposited by Siegen
are shown on the lower left. For future thick samples, it can
be expected that if a superconducting sample performs well in
one facility, it is likely to perform well in the other.

All samples saw a reduction in R, after laser treatment.
However there was no correlation between the surface rough-
ness and By,. The samples deposited at STFC had a lower
R, than the samples deposited by the university of Siegen,
except for the exception of sample C7. Sample C7 produced
the largest By, whilst having a roughness similar to that of the
samples produced at Siegen. However, the surface roughness
(and the surface analysis) were performed on small 2x2mm?
samples from the edge of the original sample. Therefore whilst
surface characterisation produce an insight into the quality and
structure of the Nb thin films, it does not necessarily represent
the area probed by the MFPF, as they are two different areas.

V. CONCLUSION

Comparative studies of superconducting properties have
been performed using MFPF and a VSM techniques on 14
Nb thin films coated onto polished Cu substrates.

There are two main conclusions. There is a correlation be-
tween the results obtained with MFPF and VSM. For samples
with a higher By, in the MFPF tend to produce to higher B,
in the VSM. The results demonstrate that laser treatment can
provide higher By, (and therefore B.,) measurements, thus it
could also potentially improve performance of Nb coated RF
cavities.
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