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A B S T R A C T   

The use of energetic condensation techniques, such as HiPIMS, has the potential to significantly improve the 
superconducting performance of coated Cu cavities by producing bulk-like Nb thin films. However, in order to 
benefit from these techniques, a deeper understanding of the effects of, and the relationship between, the 
different deposition parameters, the physical properties of the deposited films and the superconducting perfor-
mance of the films, is still required. This contribution details the effects of different HiPIMS deposition pa-
rameters on the morphological, crystallographic and superconducting properties of Nb thin films deposited onto 
electropolished Cu substrates. Higher duty cycles (8 – 20 %) than previous HiPIMS investigations were used in 
the majority of the coatings. The films displayed more bulk-like crystallographic properties, indicated here by the 
lattice parameter, with a “transition zone” apparent in the early stages of film growth. A reduction in the surface 
roughness as well as interfacial voids, compared to typical DC MS Nb films, was also observed. The super-
conducting performance of the films, specifically the first magnetic flux entry field, showed a marked reliance on 
the substrate bias and the film thickness. Conversely, the HiPIMS duty cycle appears to have a comparatively 
insignificant effect.   

1. Introduction 

Thin film coated cavities, typically composed of a Nb thin film 
deposited onto a Cu cavity, have been used successfully in particle ac-
celerators for a number of years already, most notably at CERN for the 
LEP-II and LHC accelerators [1,2]. However, these cavities are typically 
limited to low field operation, due to the so-called “Q-slope”, which 
describes the significant reduction in quality factor, at fields above 15 
MV/m, observed in these cavities [3]. An extensive amount of research 
has already been conducted in order to overcome the Q-slope issue. 
However, no single specific origin has been identified [4–6]. 

With the ever increasing performance requirements of future accel-
erators, in combination with the potential cost savings offered by Nb 
coated thin film cavities, there is still great incentive to improve their 
performance. Furthermore, the deposition of Superconductor-Insulator- 
Superconductor (SIS) film structures on Cu cavities requires a smooth, 

homogeneous and bulk-like Nb base layer for effective use [7]. 
In this regard, various methods are currently being pursued, with a 

focus on energetic condensation techniques. These techniques typically 
utilise metallic ions of Nb, which allow for greater control of the growing 
film during deposition [8,9]. This is particularly relevant for Cu cavities, 
which cannot be heated to the high temperatures associated with 
enhanced surface diffusion. Significant improvements to the thin film 
microstructure, density, adhesion and superconducting performance of 
Nb have already been documented through the use of some of these 
techniques. These include: Electron Cyclotron Resonance (ECR) [10], 
Ultra High Vacuum Cathodic Arc (UHVCA) [11,12], Coaxial Energetic 
Deposition (CED) [13] and High Power Impulse Magnetron Sputtering 
(HiPIMS) [14–17]. Due to its ease of adaptability to already existing 
cavity coating systems, HiPIMS is of leading interest. 

The relationship between the substrate and the resultant Nb film has 
also been extensively studied due to the known effects of the Nb 
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topography and microstructure on superconducting performance [18, 
19]. Deposition on oxidised Cu leads to smaller grains and a Nb (110) 
texture [20]. ECR Nb deposition on Cu single crystals resulted in specific 
Nb/Cu orientation relationships, while similar coatings on poly-
crystalline Cu showed a higher degree of anisotropy in the film [21]. 
Similar results were obtained for both CED™ and HiPIMS deposition on 
polycrystalline Cu substrates, which exhibited polycrystalline Nb films 
with a Nb (110) preference [13,22]. 

This study focused on investigating the effects of changing deposi-
tion parameters on the microstructural, crystallographic and super-
conducting properties of Nb thin films deposited onto polycrystalline Cu 
substrates via HiPIMS. The study was focused on relatively low tem-
perature coatings, aimed at maintaining the structural integrity of the 
Cu cavities, with high temperature coatings having been previously 
studied [23]. 

2. Experimental 

The Nb thin films described in this study were deposited using 
HiPIMS with a fixed target to substrate distance of 55 mm. The films 
were deposited using a 100 × 88 mm2 Nb target (RRR 300) and Ar gas 
(99.999 Vol-%) in a commercial, high-volume, fully automated coating 
system (CemeCon CC800). HiPIMS operation was achieved using an 
ADL DC power supply coupled to a capacitor storage scheme controlled 
by a programmable operating system. A further dedicated ADL DC 
power supply was also used for the substrate biasing. 

The substrates used were 1 mm thick, polycrystalline, OFE (Oxygen- 
Free Electronic) Cu samples with dimensions of 25 × 25 mm2, as well as 
pieces of Si (100) wafer, which were used as reference samples. The Cu 
samples were prepared with mechanical polishing, followed by elec-
tropolishing in a solution of phosphoric acid (85 %) (H3PO4) and n- 
butanol (C4H10O) in a 3:2 ratio. This led to a typical Root-Mean-Square 
(RMS) surface roughness of Sq = 3.6 ± 1.5 nm of the used Cu substrates, 
based on multiple 20 × 20 μm2 Atomic Force Microscope (AFM) scans. 
EBSD analysis of 3 separate Cu samples following electropolishing 
showed an average Cu grain diameter of 4.1 ± 4.3 μm. 

Prior to deposition, the system, including the substrates, was baked 
at 290 ◦C for 6 h. The system was then allowed to cool to the coating 
temperature, typically 180 ◦C for this work, where a base pressure of ~ 
6.0 x 10− 7 mbar was reached prior to coating. This was controlled by 
programming requirements into the coating system software. Owing to 
the nature of the deposition system, the substrate temperature could not 
be monitored during sample coating. Instead, the values reported here 
for the substrate temperature were acquired separately during multiple 
separate trials. The power setting of the resistance heater and the 
resultant temperature measured by a thermocouple connected to the 
resistance heater were correlated to the temperature measured by a 
thermocouple placed on the substrate holder for each power setting used 
during the deposition processes. 

Once the coating temperature was reached the substrates were sub-
jected to a medium frequency (MF) plasma etching process for 10 min as 
a final surface treatment. During this process, medium frequency RF 
power (650 V, 240 kHz) supplied by an Advanced Energy Pinnacle Plus 
unit was applied to the substrate holder in conjunction with injection of 
inert Ar gas into the deposition chamber. This led to the creation of Ar+

ions, which interact with the substrate, resulting in sputter cleaning of 
its surface. The final step before the Nb film coating was sputter cleaning 
of the Nb target for 10 min. 

Typical HiPIMS deposition processes use a low duty cycle value, in 
the region of 1 – 10 % [14,24]. However, stable plasma conditions across 
a range of deposition parameters, while operating at a low deposition 
pressure (8.0 x 10− 3 mbar), were found to require a duty cycle > 8 %, 
other than for specific parameter combinations. For this reason, the bulk 
of the testing in this study was completed at a duty cycle of 10 %, but 
ranged between 2 and 20 %. All the samples were deposited using a DC 
substrate bias. The parameter ranges explored in this study are 

presented in Table 1. 
Multiple series of coatings were completed in this study, with each 

series focused on the effects of changing only a single deposition 
parameter. This resulted in a specific set of “base” parameter settings for 
the coatings, which are displayed in Table 2. The parameters which were 
varied in this study include the: cathode power (P), deposition pressure 
(pdep), HiPIMS pulse length (tpulse), HiPIMS pulse frequency (fpulse), 
substrate bias (UB) and the substrate temperature (Ts). Unless otherwise 
specified, film thicknesses were maintained > 2.5 μm, in order to allow 
for better comparability of the superconductivity test results. As a final 
experiment, a series of films was deposited with equal deposition pa-
rameters, similar to those detailed in Table 2, albeit with a pulse length 
of 120 μs, and thickness values ranging from 0.91 to 8.10 μm. Also 
included in Table 2 are the deposition parameters used to deposit the 
reference DC MS Nb film referred to in this paper. This recipe was also 
used to deposit the initial QPR sample (Sample B2.4) for the ARIES 
collaboration program [25]. 

During the film deposition process, the HiPIMS pulse signals (here-
after referred to as waveforms) were collected from the cathode using a 
4-channel Picoscope 2000 Series compact oscilloscope. 

Microstructural analysis of the films was completed using a Zeiss 
Ultra 55 Scanning Electron Microscope (SEM). The surface morphology 
of the samples was examined with a Halcyonics XE-100 AFM in non- 
contact mode, with a scan size of 20 x 20 μm2. 

The film thickness measurements were completed with X-Ray Fluo-
rescence (XRF) using an XDAL Fischerscope X-ray system. A 10 × 25 
mm2 section of each sample was measured 15 times, with equal spacing 
between points, in order to obtain a final average thickness value. 

The crystallographic characteristics of the films were determined 
with X-ray diffraction (XRD) (Panalytical Empyrean diffractometer). A 
Cu Kα source was used to complete θ - 2θ Bragg-Brentano scans of each 
sample. The average crystallite sizes of all samples were calculated using 
the Scherrer equation while the lattice parameters were determined 
using the Bragg equation. The instrumental broadening was accounted 
for by the use of a lanthanum hexaboride standard sample. A selection of 
samples was also subjected to pole figure measurements for texture 
studies. These scans were completed using the parallel beam XRD optics 
and a spot size of 4 × 4 mm2 for all measurements. During the mea-
surements, the stage was rotated through φ = 0 – 360◦ in steps of 5◦, 
with a time of 1.5 s per step. The stage was also tilted through χ = 0 – 80◦

in 5◦ steps. A background scan was collected for all pole figure mea-
surements to decrease the level of noise in the results. The defocusing of 
the X-ray beam at large tilt angles (> 60◦) was accounted for based on 
the equation developed by Gale and Griffiths [26]. 

For further microstructure and crystallographic analysis of the best 
performing HiPIMS Nb/Cu samples (in terms of their first magnetic flux 
entry field), a ThermoFischer FEI Talos F200X Transmission Electron 
Microscope (TEM) has been employed. The TEM lamellae were prepared 
using a dual-beam Focused Ion Beam (FIB) (ThermoFischer FEI Helios 
Nano Lab 600) by applying the standard lift-out technique. In this pro-
cess, a lamella was first attached to a support TEM Cu-grid and subse-
quently thinned down to electron transparency by sequentially reducing 
the ion-beam energy to reduce beam damage. In addition, the dual-beam 
FIB system also allowed for in-depth investigations of the Nb/Cu 

Table 1 
HiPIMS Nb deposition parameters and range of values.  

Parameter Value 

Cathode Power (P) 300 – 600 W 
Deposition Pressure (pdep) 8 × 10− 3 to 1.8 x 10− 2 mbar 
HiPIMS Pulse Length (tpulse) 80 – 200 μs 
HiPIMS Pulse Frequency (fpulse) 200 – 2000 Hz 
Duty Cycle (Calculated) 2 – 20 % 
Substrate Bias (DC) (UB) 0 to -250 V 
Substrate Temperature (Ts) 115 – 290 ◦C 
Film Thickness 0.91 – 8.10 μm  
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interface. 
The FIB system is also fitted with an EDAX/TSL 3D Electron Back-

scatter Diffraction (EBSD) Pegasus - XM 4 detector for crystal structure 
investigations. Typical step sizes of 0.01 – 0.02 μm were used during 
analysis. For the EBSD surface analysis detailed in this work, no specific 
sample preparation process was followed as the samples were treated 
with EP prior to coating, and thus were already sufficiently smooth for 
EBSD analysis immediately after the coating. For the cross section 
analysis, the samples were prepared using a JEOL IB-19500CP Cross 
Section Polisher. Ar+ ions of successively lower energies (8 kV, 6 kV and 
4 kV) were used to achieve a smooth imageable surface. 

Sections of all samples were used in DC magnetisation studies to 
investigate their basic superconducting properties; the critical temper-
ature (Tc) and the first magnetic flux entry field, further denoted as the 
“entry field” (μ0Hen). Small samples of approximately 2 × 2 mm2 were 
tested using a Vibrating Sample Magnetometer (VSM) option of the 
commercial Physical Property Measurement System (PPMS) – Model 
6000, from Quantum Design Inc. The exact measurement procedure has 
been described elsewhere [7]. 

3. Results and discussion 

The results obtained in this study will be described based on the 
different analysis techniques involved. Any specific differences as a 
result of changes to the base HiPIMS deposition parameter setpoints, 
detailed in Table 2, will be indicated. 

3.1. Waveform analysis 

Waveforms were captured during the deposition of all samples in 
order to verify stable plasma conditions and to measure the peak current 
and voltage at the target. While operating at a constant 10 % duty cycle, 
increasing the cathode power from 300 to 600 W led to a peak current 
increase from 15.5 to 22.5 A, while increasing the deposition pressure 
from 8.0 × 10− 3 to 1.8 × 10− 2 mbar led to a peak current increase from 
18.2 to 26.2 A. This equates to current densities in the range of 180 – 
300 mA/cm2. These values represent an approximate 20-fold increase 
over the typical current values measured during DC MS Nb coatings with 
similar settings [27]. 

The most apparent changes to the peak current values were as a 
result of adjusting the HiPIMS duty cycle, which is reliant on both the 
pulse length and the pulse frequency. As a result of this dual reliance, it 
is possible to have equal duty cycles with different combinations of the 
pulse length and frequency. For example, a pulse length of 120 μs and a 
frequency of 1000 Hz result in a duty cycle of 12 %. Similarly, a pulse 
length of 100 μs and a frequency of 1200 Hz also result in a duty cycle of 
12 %. Two separate series of samples were deposited with equal duty 
cycle values, while individually changing either the pulse length or 
frequency, as shown in Fig. 1(a) and (b) respectively. 

A roughly 2-fold increase in the peak current is observed when 
moving from a 20 % to an 8 % duty cycle value, as shown in Fig. 2, which 
likely results in increased ionisation of the sputtered material, as indi-
cated previously [28–30]. The changes in the duty cycle, and therefore 
the peak current, also result in changes to the deposition rate, as 
depicted in Fig. 2. As the duty cycle is decreased from 20 % to 8 %, the 
deposition rate initially increases, up to a specific maximum, followed 
by a decrease with further reduction of the duty cycle. The phenomenon 
of decreasing deposition rate with increasing target current density is 

attributed to the “return effect”, i.e. back attraction of ionized target 
species. This has been shown for duty cycles up to 10 % [31]. In this 
study we found that this return effect can be extended for duty cycles up 
to 14 %. At such high duty cycles the metal ionisation is seemingly still 
high enough to show the return effect. For longer pulses or higher fre-
quencies, i.e. higher duty cycles, the return effect is no longer prevalent. 
There is an obvious discrepancy between the change of duty cycle 

Table 2 
Deposition parameters of the DC MS deposited Nb reference film and the base 
HiPIMS deposited Nb film.   

Pave (W) pdep (mbar) tpulse (μs) fpulse (Hz) UB (V) Ts (◦C) 

DC MS 400 8.0 × 10− 3 – – – 290 
HiPIMS 400 8.0 × 10− 3 100 1000 − 50 180  

Fig. 1. Cathode current waveforms acquired during Nb deposition with HiPIMS 
for (a) a constant pulse frequency of 1000 Hz with different pulse length values 
and (b) a constant pulse length of 100 μs with different pulse frequency values. 
The respective duty cycles are also indicated in the legends of the figures. 

Fig. 2. Plot detailing the change in the deposition rate (blue symbols) and peak 
current (red symbols) as a result of changes to the duty cycle, which is 
dependent on the pulse length (PL) (solid circles) and pulse frequency (PF) 
(open triangles). Two separate series of samples were coated. Initially the pulse 
frequency was held constant at 1000 Hz while the pulse length was varied from 
80 to 200 μs and subsequently the pulse length was held constant at 100 μs 
while the pulse frequency was varied from 800 to 2000 Hz. 
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through frequency and pulse length. This phenomenon, however, is not 
part of this study. 

A separate series of films were deposited at different pulse lengths 
and frequencies to explore the low duty cycle regime (2 – 4 %). To 
achieve stable plasma conditions with the lower duty cycle settings, the 
deposition pressure was increased to 1.0 × 10− 2 mbar and the cathode 
power decreased to 300 W average power. This resulted in an increase in 
the maximum current, to the highest value found in this study of ~ 56 A. 
Interestingly, operation at lower duty cycles led to the appearance of a 
smaller, secondary peak in the current waveform, as shown in Fig. 3. 
This peak is believed to indicate the onset of self-sputtering and has 
previously been documented for HiPIMS Nb operation [32]. This typi-
cally occurs near the start of high power operation following runaway. 
However, the lifetime of the secondary peak is short, with the current 
dropping likely due to gas rarefaction [33]. 

Due to the lower deposition rate observed at these lower duty cycles, 
the film thicknesses of these films ranged between 1.3 and 2.9 μm. 
Therefore, due to the observed reliance of the superconducting perfor-
mance of the films on their thickness, detailed in Section 3.4, the 
comparability of these films was unsatisfactory and further results for 
these films are not reported here. 

3.2. Topographical and microstructural analysis 

With the exception of the substrate bias, changing the deposition 
parameters was found to have a relatively insignificant influence on the 
surface morphology of the Nb films as well as the individual grains 
themselves. As such, a typical HiPIMS Nb film surface prepared using the 
deposition parameters detailed in Table 2, which is representative of the 
majority of samples, is presented and discussed here, while any signif-
icant changes will be indicated later. 

It is evident from the SEM image in Fig. 4 (a) that the Nb film surface 
possesses a multitude of different grain morphologies. Six distinct sur-
face morphologies were identified and are shown in greater detail in the 
additional SEM images at increased magnification presented in Fig. 4 
(b). 

To investigate the orientation of the Nb grains in the deposited films 
and also a possible relationship between the surface morphology of a 
grain and its orientation, the area shown in the SEM image in Fig. 4 (c) 
was also investigated via EBSD, with the resultant Orientation Index 
Map (OIM) displayed in Fig. 4 (d). The EBSD results do not consistently 
show an individual crystallographic orientation for each grain 
morphology. For example, the yellow demarcated region in Fig. 4 (c), 
which is constituted by a grain morphology similar to (b-3), displays a 
variety of different orientations. This does not necessarily agree with 
previous research where the morphology displayed in (b-3) was 

Fig. 3. Cathode current waveforms acquired during Nb deposition with low 
duty cycle HiPIMS completed with a 100 μs pulse length and different pulse 
frequency settings. The duty cycles are indicated in the brackets in the legend. 

Fig. 4. Indicative surface images of the typical grain morphology observed in 
this study for HiPIMS Nb films deposited on Cu. (a) SEM image of multi-grain 
region. (b) Magnified SEM images of demarcated grain structures. (c) SEM 
image of EBSD-investigated multi-grain region. (d) EBSD OIM image of the 
same position. SEM images of (e) Nb film surface coated with 0 V DC substrate 
bias and (f) Nb film surface coated with -250 V DC substrate bias. 
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assigned to the (110) orientation [19]. However, the aforementioned 
study was completed on singly-oriented Cu (100) films deposited onto Si 
(100) substrates as opposed to the polycrystalline Cu substrates used 
here. Further to this, the orientation indexing of Nb grains of similar 
grain morphology was also inconsistent across multiple samples. Thus, it 
appears as if there is no correlation between the morphology of a specific 
Nb grain and its crystal orientation. It is therefore likely that the 
morphology of the Nb film surface is instead reliant on the morphology 
of the Cu surface onto which it is grown as opposed to the orientation of 
the Nb grain itself. 

Due to the different grain morphologies present on the film surface, 
the Nb films display separate regions, each characterised by a specific 
range of grain sizes. As evident in Fig. 4 (d), areas with small (100’s of 
nm) or large (μm) scale grains have been observed. However, the grain 
sizes do not follow a specific multimodal distribution across the samples. 
This was verified by further EBSD analysis of the as-deposited films, an 
example of which is shown in Fig. 11, as well as EBSD analysis of the film 
cross-section, presented in Fig. 12. 

Changes to the substrate bias, which was varied between 0 and -250 
V, in steps of 50 V, had the most significant impact on the Nb surface 
morphology. At substrate bias levels greater than -200 V, damage to the 
Nb film surface becomes evident. This is presented in the SEM images 
shown in Fig. 4(e) and (f), which compare the surfaces of the films 
deposited with -50 V and -250 V respectively. Instead of the homoge-
neous grain morphologies detailed in (e), the film surface in (f) shows 
evidence of surface damage as well as pitting, resulting in surface as-
perities due to disruptions during grain growth. This also leads to an 
increase in the surface roughness, detailed in Table 3. The modification 
of the surface is attributed to the onset of resputtering of the deposited 
Nb film as the impact energy of the impinging ions increases consider-
ably above the surface binding energy of Nb [34]. In conjunction with 
this, the films show a continuously decreasing film thickness with 
increasing substrate bias. This is attributed to a combination of an in-
crease in the film density and the resputtering of the deposited film, with 
resputtering dominating at higher substrate bias values. 

AFM images show the surface roughness of the deposited Nb films to 
be dependent on the respective film surface morphology of the indi-
vidual grains, as presented in Fig. 4 (b), as well as the height difference 
of the Cu grains in the underlying substrate, indicated in Fig. 5 (a). The 
Nb grain morphology affects the surface roughness on a nanometre scale 
while the differential height between different Cu grains acts on a scale 
of tens of nanometre. The surface roughness of the Nb films is therefore 
an average of the roughness of the different grain morphologies present 
in each measurement as well as the step heights between underlying Cu 
grains. An indicative AFM scan is presented in Fig. 5 (b), with similar 
features to the SEM images visible. 

The apparent step height between different Cu grains, which is 
evident in Fig. 5 (a), occurs as a result of the differential polishing rate of 
individual Cu grains during the EP preparation process. These features 
are further present in the overgrown Nb film, as shown in Fig. 5 (b), with 
typical measured values of 10 – 20 nm and a maximum for all films of ~ 
60 nm. 

These steps resulted in a general increase in the average surface 
roughness compared to that measured within an individual Nb grain. 
Thus, for the sake of comparability, efforts were made to measure the 
roughness of regions of the Nb films displaying the same grain 
morphology on each separate sample. This provided a better idea of the 
changes in the surface roughness as a result of the different deposition 
parameters, while also removing the effects of the steps found at Cu 

grain boundaries in the measurements. 
The effects of increasing the individual deposition parameter values 

on the surface roughness are detailed in Table 3, with (+) indicating an 
increase in surface roughness and (− ) indicating a decrease in surface 
roughness. The increased roughness with increasing cathode power and 
substrate bias corresponds to the results obtained by Burton et al. [22]. A 
further notable increase in the surface roughness is found when 
increasing the film thickness. 

Overall, when comparing Nb films deposited with similar deposition 
parameters, as detailed in Table 2, the use of HiPIMS resulted in a 
decrease in the RMS surface roughness of the Nb films compared to 
previous DC MS deposited films, from 16.9 ± 0.9 nm (DC MS) to 11.2 ±
0.3 nm (HiPIMS), similar to previous studies [35]. 

The purported improvement of the Nb/Cu interface, i.e. the reduc-
tion of interfacial voids, as a result of HiPIMS deposition was also 
investigated. FIB cuts as well as cross-sections prepared by Ar+ ion 
polishing of a series of samples were investigated via SEM to compare 
the presence of voids at the interface to previously studied DC MS Nb 
coatings, an example of which is presented in Fig. 6 (a). The areas used 
for this analysis typically displayed a 20 μm length of the Nb/Cu inter-
face. Due to the time-consuming nature of these measurements, only 
samples coated using the upper and lower bound values of the different 
deposition parameters were investigated. Approximately 40 samples, 20 
deposited with DC MS and 20 deposited with HiPIMS, were analysed. 
Three positions on each sample, randomly selected, were inspected for 
the presence of interfacial voids. From these results, a reduction in 
interfacial voids of ~ 87.5 % has been achieved through the use of 
HiPIMS, based on the number of positions imaged which possessed 
voids. All DC MS deposited films which were inspected displayed voids, 
with a total of 48 voids found. On the other hand, only four HiPIMS 
deposited films displayed voids, with a total number of six voids found 
for all inspected films. A comparison between a typical DC MS (a) and 
HiPIMS (b) Nb/Cu interface is shown in Fig. 6. This improvement should 

Table 3 
Deposition parameter effect on the surface roughness (Sq) of Nb films as 
measured by AFM.  

P (W) pdep (mbar) tpulse (μs) fpulse (Hz) UB (V) Ts (◦C) 

þ – none none + none  

Fig. 5. Indicative AFM images of (a) a typical Cu substrate surface used in this 
study following the normal surface preparation procedure and (b) a represen-
tative Nb film surface from this study. The images show the local roughness 
variation due to both the different Cu and Nb grain morphologies as well as the 
effect of the step grain boundaries on the global film roughness. 
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greatly improve the thermal conductivity between the film and the 
substrate, thereby decreasing the influence of the thermal contact 
resistance [36]. Finally, the grain contrast observed in the SEM image of 
Fig. 6 (b) clearly shows the change in the Nb grain morphology across 
the Cu grain boundary. This indicates the reliance of the growth of Nb 
films on the Cu substrate, which is further detailed in Figs. 11 and 12 and 
expanded upon in their discussion. 

3.3. Crystallographic analysis 

With the exception of the high substrate bias sample, the results of 
the Bragg-Brentano (BB) XRD analyses of the Nb films are similar 
regardless of deposition parameter changes. As such, the normalised 
diffractogram of the base HiPIMS Nb film, which was deposited using 
the parameters detailed in Table 2, is plotted in log scale in Fig. 7. The 
diffractogram shows a pronounced increase in the relative intensity of 
the Nb (110) peak and a marked decrease in the relative intensities of all 
other Nb peaks, with respect to the relevant reference data, indicated by 
the green lines plotted in Fig. 7 (a) [37]. This result is similar to previous 
studies and indicates a polycrystalline Nb film with a preferred Nb (110) 
orientation [22,23]. An overarching feature in the diffractograms of all 
films is a shift in the Nb peak positions to lower diffraction angles 
compared to the bulk Nb reference position [37]. This is indicative of a 
compressive in-plane stress state in all films, leading to an increase in the 
out-of-plane lattice parameter. 

Certain deposition parameters affected the crystal structure of the 
films more than others. With increasing substrate bias, the diffraction 
peaks displayed a continuously increasing shift to lower diffraction an-
gles, signifying an increasing compressive in-plane stress in the films. 
This is shown in Fig. 7 (b) for increasing substrate bias. This results in an 
increase in the calculated out-of-plane lattice parameters of the films, 
the results of which are displayed in Fig. 8 (a). This is attributed to an 
increasing intensity of the atom peening mechanism [38], and the likely 
increased incorporation of the sputter gas species at higher values for the 
substrate bias. A similar shift in the diffraction peaks observed with 
increasing substrate temperature is due to the increased difference in 
thermal expansion between Nb and Cu at higher substrate temperatures. 
This also results in increase in the calculated out-of-plane lattice pa-
rameters, the results of which are presented in Fig. 8 (c). Within the 
investigated parameter space, the effects of the substrate bias on the 
lattice parameter are more significant than the substrate temperature. 

Conversely, an increase in the deposition pressure leads to a 
decreased lattice parameter. This is presented in Fig. 8 (b), which shows 
a minimum of 3.3080 Å at 1.4 × 10− 2 mbar, the closest value to bulk Nb 
achieved in this study. This trend has previously been shown for DC MS 
Nb films and is related to the decreasing mean free path associated with 
increasing deposition pressure and the subsequent decrease in the 
incident energy of the impinging adatoms and ionized species at the 
substrate surface [39]. 

Finally, increasing the film thickness resulted in a pronounced 
decrease in the lattice parameter between 0.9 and 1.8 μm. Above a 

thickness of 1.8 μm, a less pronounced decrease can be observed with a 
further increase of film thickness. This is displayed in Fig. 8 (d). A 
thicker film allows for stress relaxation by dislocation formation, which 
allows for a reduction of both the thermal stresses and the intrinsic 
stresses, due to the lattice mismatch of between Cu and Nb. No signifi-
cant variations in lattice parameter were observed as a function of 

Fig. 6. SEM images detailing the Nb/Cu interface obtained with a FIB cut of (a) a DC MS Nb/Cu sample and (b) the base HiPIMS Nb/Cu sample. Samples deposited 
with the respective parameters detailed in Table 2. 

Fig. 7. (a) Normalised XRD spectrum of the HiPIMS Nb film deposited onto 
polycrystalline Cu using the parameters in Table 2, displayed in log scale. The 
normalised reference Nb diffractogram peak positions and relative intensities 
are displayed by the green lines, obtained from Ref. [37]. (b) XRD spectra of Nb 
films deposited with increasing substrate bias values, displayed in linear scale, 
with (i) displaying a magnified view of the main Nb (110) peak, allowing for 
better viewing of the peak broadening as well as peak displacement with 
increasing substrate bias, and (ii) displaying the full diffractograms. 
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changes in the pulse length or frequency. 
The XRD peaks themselves also display a significant broadening with 

increasing substrate bias, illustrated in Fig. 7 (b). This is accounted for 
by a decreasing crystallite size, determined by the Scherrer equation. 
During initial film growth stages, the high energy ions impacting the 
surface increase the likelihood of island formation by generating defect 
sites which are preferential nucleation sites, thereby restricting the 
crystallite size of the film. This is detailed in Fig. 8 (a), which indicates a 
decreasing crystallite size for increasing substrate bias values. 
Conversely, a noteworthy increase in crystallite size was observed for 
films deposited at higher substrate temperatures, owing to the activation 
of surface diffusion mechanisms. The largest crystallite size of all Nb 
films in this study (~207 nm) was produced at the highest substrate 
temperature used in this study, 290 ◦C. The relationship between the 
crystallite size and the substrate temperatures is plotted in Fig. 8 (c). A 
similar increase in crystallite size was observed with an increase in 
deposition pressure, as shown in Fig. 8 (b). Finally, Nb films of different 
thicknesses displayed a sharp initial increase in the crystallite size, fol-
lowed by relatively consistent crystallite sizes for films thicker than 2 
μm, as presented in Fig. 8 (d). This indicates a transition zone during the 
initial growth phase of the Nb films, most likely as a result of the se-
lective growth model [40]. 

Of further interest is the relationship between the crystallite size and 

the lattice parameter of the deposited film, which is presented in Fig. 9. 
A nonlinear increase in the lattice parameter is observed with decreasing 
crystallite sizes in the deposited Nb films, with more bulk-like Nb 
observed for films consisting of larger crystallites. This is consistent with 
previous research on nanocrystalline Nb films and has been related to 
the excess free volume of grain boundaries [41] as well as the inhibition 
of dislocation motion [42] with smaller grain sizes. 

In light of the orientation preference displayed in the BB scans, a 
series of pole figure (PF) investigations were undertaken to better un-
derstand the texture of the Nb film as well as the orientation relationship 
between the Cu substrate and the Nb film. This has previously been 
studied for Nb films deposited on single crystal Cu by Spradlin et al. [21] 
where specific epitaxial relationships between the deposited Nb films 
and the Cu substrates were observed; Nb (110)/Cu (100), Nb (110)/Cu 
(111) and Nb (100)/Cu (110). 

The Cu (200) and Cu (111) PFs of a typical Cu substrate used in this 
study, not shown here, indicate a (200) preferred orientation for the Cu 
substrate, which is believed to be a result of the rolling process used 
during manufacturing. The PFs of the base HiPIMS Nb film, which was 
deposited using the parameters detailed in Table 2, are presented in 
Fig. 10. The pole figures, obtained at (a) 2θ = 38.42◦, (b) 2θ = 55.58◦

and (c) 2θ = 69.53◦, represent the Nb (110), Nb (200) and Nb (112) 
orientations respectively. Due to the penetration depth of X-rays in Nb 
[43], these results represent the crystal structure averaged across the 
entire film thickness. 

The Nb (110) PF displays an intense central spot with further satel-
lites situated around the χ = 60◦ ring. These spots create a ring of 
modulated intensity in the azimuthal direction, pointing to a restricted 
fibre texture film, tending towards a monocrystalline film [44]. This is 
also indicative of the presence of an in-plane texture in the films. The 60◦

separation between the central spot and the satellite spots is due to the 
separation between the (110) and (101) planes in bcc crystals. The Nb 
(200) PF presents a further restricted spot pattern, with spots situated at 
45◦, providing further evidence for a restricted fibre texture. This 45◦

angle is due to the normal angle between the (110) and (200) planes. 
The observed intense central spot in the Nb (112) PF indicates a further 
orientation preference for these films and is consistent with the high 
intensity peak observed at 2θ = 69.53◦ in Fig. 7. 

The obtained Nb (110)/Cu (100) orientation relationship is typical 

Fig. 8. Plots detailing the change in the lattice parameter and the average Nb (110) crystallite size as a result of (a) increasing substrate bias, (b) increasing 
deposition pressure, (c) increasing substrate temperature and (d) increasing film thickness. The reference for the bulk Nb lattice parameter (3.3060 Å) is indicated by 
the green line in all figures [37]. 

Fig. 9. Plot detailing the lattice parameter as a function of the crystallite size 
for all HiPIMS Nb thin films in this study. 
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for both DC MS [43] and energetically deposited Nb films on Cu (100) 
substrates [21,45]. Moreover, this is the typical out-of-plane orientation 
for bcc materials [46]. However, an in-plane texture in the Nb films is 
believed to be due to the use of energetic deposition techniques, such as 
HiPIMS (this study), CED™ [45,47] or ECR [21]. The appearance of 
in-plane texture has also previously been shown for Ion-Beam-Assisted 
Deposition (IBAD) of Nb films [8,44]. However, these films were 
deposited with off-normal ion incidence angles and higher ion energies 
(200 – 1000 eV). The mechanism behind the in-plane texture formation 
in these films was stated to be due to ion-channelling along planes 
closely aligned to the ion beam direction, resulting in faster growth rates 
of these orientations. 

On the other hand, films in this study were deposited with lower ion 
energies of ~ 50 eV and a 90◦ ion arrival angle with respect to the 
substrate surface. Because of the low energies used here, and the angle of 
incidence of the ions, this is likely not as a result of ion channelling, as 
seen in IBAD films. Instead, the increased energy provided by the ions 
likely promotes long-range-order in the crystal structure due to 
enhanced adatom mobility during film growth, as previously mentioned 
by Zhao et al. [48]. 

The recorded PF results for all deposited films were similar to the PFs 
shown in Fig. 10 (a–c), except for those deposited at higher substrate 
biases, which indicated a loss of in-plane texture with increasing sub-
strate bias, as evidenced by a transition from a spot pattern to an 
azimuthally distributed ring pattern at 60◦. This is visible in the PF of the 
Nb film deposited at -250 V substrate bias which is displayed in Fig. 10 
(d). With increased ion energy, the crystalline structure is disturbed due 
to the creation of defects, indicated by a decreased crystallite size in 
Fig. 8 (a), resulting in the loss of in-plane texture. 

The crystallographic texture of a series of Nb films were additionally 
investigated with EBSD, which details the crystallographic identity of 
the top 50 – 100 nm of a sample and is therefore more representative of 
the surface orientation than PF measurements [49]. The surfaces of four 
separate samples were analysed with EBSD, both before (Cu surface) and 

after (Nb film surface) film deposition, in order to further understand 
their orientation relationship. The OIMs and Inverse Pole Figures (IPFs) 
of the surface of two separate Nb/Cu samples (a) prior to (Cu substrate) 
and (b) after deposition (Nb film) are displayed in Fig. 11. The deposi-
tion parameters used were the same as those depicted in Table 2, albeit 
with an increased pulse length of 120 μs. The analysis of the Cu substrate 
yielded an average Confidence Index (CI) of 0.82 while that of Nb was 
0.79. 

Based on Fig. 11, and consistent with the XRD and PF results, the 
films are polycrystalline in nature with separate positions on the Nb film 
surface displaying preferred (110) and (112) orientations. A more pro-
nounced grouping around the (110) orientation is observed in the cor-
responding Nb film IPF’s, consistent with the continuously higher 
intensity of this peak in BB XRD scans. The further two samples, which 
were deposited with the same deposition parameters, echoed these re-
sults. As such, they are not displayed here. This result is in line with work 
completed by previous authors [13,22]. The Nb/Cu orientation rela-
tionship on polycrystalline Cu substrates also appears to be less 
restricted than the specific Nb/Cu orientation relationships previously 
reported for Nb deposition on single crystal Cu substrates [21]. Further 
to this, the grain boundaries in the Nb films do not align with those of the 
underlying Cu substrate, indicating grain expansion and overgrowth of 
the deposited Nb film. Therefore, due to the thickness of the films (> 2 
μm) the surface of the Nb films is likely not representative of the 
epitaxial relationship of Nb and Cu at the interface. The distribution of 
Nb grain sizes is further apparent in these images, with the films 
constituted by regions of either small (100’s of nm) or large (μm) scale 
grains, with very few regions in between. 

In order to better understand the growth of the Nb films, a series of 
sample cross sections were analysed with EBSD and the resultant OIMs 
are displayed in Fig. 12. Three positions on two separate samples were 
analysed. The deposition parameters of these samples were the same as 
those shown for the HiPIMS film depicted in Table 2, albeit with an 
increased pulse length of 120 μs for (a) and (b), and an increased 
deposition time in the case of (c). 

The growth of the Nb films show instances of reliance on the un-
derlying Cu substrate, though it is not strictly dictated by the Cu sub-
strate. In position (a), at the interface, the Nb film shows zone T-like 
growth, with competitive growth of crystallites of different orientations. 
Once the dominant orientation has overgrown the others, a more 
columnar-like growth takes over. As such, we see the grain size 
increasing with increasing film thickness, resulting in the loss of the Cu 
substrate topography on the surface of the film, as detailed in Fig. 11. 
This also follows the proposed selective growth model, whereby grains 
with different crystal orientations have different growth rates based on 
their thermodynamic potentials [40]. On the other hand, position (b) 
indicates the potential for grain growth on the order of the film thick-
ness, resulting in grain sizes on the order of micrometres with HiPIMS. A 
change in the Nb film orientation is observed to coincide with the 
changing Cu orientation at the Cu grain boundary, though this could 
also be due to changing surface morphology of the Cu substrate. Finally, 
position (c) indicates the possibility to have two dissimilar grain mor-
phologies on a single Cu grain, further decreasing the likelihood of Cu 
grain replication in the overgrown Nb film. 

There are two mechanisms involved here, namely: defect introduc-
tion and the native surface morphology. Firstly, with energetic 
condensation techniques such as HiPIMS, the impacting adatoms can 
create defects, which act as preferential growth sites. The new nucleus 
doesn’t necessarily have a heteroepitaxial relationship with the sub-
strate. Secondly, the morphology of the Cu grain plays an important role 
in nucleation. Defects within the Cu grain, such as edge dislocations, can 
lead to different orientations. Both mechanisms promote Volmer-Weber 
growth mode with small lateral grain dimensions at the interface. In the 
absence of defects, whether induced or native, a Volmer-Weber growth 
mode is still present but due to the high diffusion length of high energy 
Nb adatoms on a defect free Cu surface, the lateral grain dimension is 

Fig. 10. Background corrected pole figures of the base HiPIMS Nb film for the 
(a) Nb (110) orientation, (b) Nb (200) orientation and (c) Nb (112) orientation. 
The sample was deposited with the parameters detailed in Table 2. Figure (d) 
shows the background corrected pole figure of a HiPIMS Nb film deposited with 
equal deposition parameters to (a–c), albeit with a -250 V substrate bias. 
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increased to μm as shown in the EBSD analysis. This also dispels the 
possibility of there being a single Nb/Cu orientation relationship when 
deposited on polycrystalline Cu substrates. Based on the above, the Nb 
films grown here appear to be in the transition region between zone-T 
and zone 2 type growth depicted in the Structure Zone Diagram (SZD) 
proposed by Anders [9]. Finally, the transition zone introduced with 
Fig. 8 (d) is also clearly visible in (a) and (c), where the interfacial grains 
are significantly smaller than those at the film surface. 

Fig. 13 (a) shows a cross-sectional bright field TEM image from a 
section of the best performing Nb/Cu sample, in terms of entry field, 
from this study. This sample was deposited with the same parameters as 
those depicted in Table 2, albeit with a longer pulse length of 120 μs. A 
columnar structure is observed in the Nb film in which the Nb grains are 
inclined approximately 12◦ relative to the interface normal between 
substrate and film. The width of the Nb columnar grains ranges from a 
few tens of nanometre to about one micron. No voids have been found at 
the interface, as already indicated by the SEM image in Fig. 6 (b). This 
indicates the potential for a reduced thermal contact resistance due to 
the improved adhesion between the Nb film and the Cu substrate. 

The contrast in the bright field TEM image is dominated by diffrac-
tion contrast. Therefore, the similar contrast of several grains in the 
image indicates a similar orientation and therefore also a predominant 
growth orientation in the Nb film. According to selected area electron 
diffraction, the orientation of those grains along the viewing direction is 
parallel to Nb [111], as can be seen from the diffraction pattern in 
Fig. 13 (b). Moreover, the Cu [110] zone axis of the Cu substrate was 
almost parallel to the viewing direction with a 3◦ difference in tilt angle. 
The crystallographic relationship between the two zone axes, Nb [111] 
and Cu [110], is shown in Fig. 13 (d). 

The film orientation, i.e. the orientation perpendicular to the inter-
face, of the Nb film was found to be parallel to Nb [341]. This film 
orientation corresponds well to the top-view EBSD measurements of the 
Nb film shown in Fig. 11 (b), in which the grain characterised by TEM 
would appear in light green in the IPF. This orientation is also exhibited 
by a large fraction of the Nb grains investigated by EBSD. However, 
taking into account the inclination of the grains in Bragg condition (dark 
grains) to the interface normal and relating the image to the diffraction 
patterns indicates that the growth direction of the Nb grains to be closer 
to Nb < 112>. The {112} surface plane of fcc metals is known to possess 
a relatively low surface energy [50–53]. Thus, observation and surface 

facet energies suggest this direction to be energetically favoured, as 
indicated by the PF shown in Fig. 10 (c) as well. 

The diffraction pattern of Cu in Fig. 13 (c) shows that the Cu < 112>
orientation is close to the Nb < 112> growth direction. Comparing the 

Fig. 11. EBSD Orientation Index Maps (OIMs) and the corresponding Inverse Pole Figures (IPFs) of two separate Nb/Cu samples deposited with parameters detailed 
in Table 2, albeit with a 120 μs pulse length. Images (a) and (c) depict the Cu substrate surface before deposition, while (b) and (d) depict the deposited Nb film 
surface in the same position. 

Fig. 12. EBSD OIMs of the cross section of the HiPIMS Nb/Cu sample deposited 
with parameters detailed in Table 2, albeit with a 120 μs pulse length. The 
image displays two separate positions which show (a) selective growth through 
the thickness and (b) individual grain growth through the thickness. (c) Further 
OIM of the thickest Nb film sample displaying two separate grain growth 
phenomena on a single Cu grain. 
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diffraction patterns in Fig. 13 (b) and (c), it can be seen that there is a 
small misorientation between the two <112> directions of the substrate 
and the film. The origin of this misorientation is attributed to the lattice 
misfit between Cu and Nb in those orientations (~ 9 %) and the resulting 
energy minimisation of the interface. Nevertheless, the TEM results 
suggest a direct epitaxial relation between the substrate and film for this 
specific TEM sample. 

Moreover, the results discussed above are also in good agreement 
with the cross-section EBSD measurements shown in Fig. 12 (c) (left 
side) where the orientations of the Cu substrate and the Nb film were 
also found to be Cu < 110> and Nb < 111>. 

3.4. Superconducting property analysis 

Sections of all samples, 2 × 2 mm2 in size, were tested in a VSM to 
determine their transition temperature (Tc) and entry field (μ0Hen) 
values. The critical temperature of these samples was measured during 
cooldown and is taken as the onset of the change in magnetic moment 

(m) while the transition width (Δ Tc) is taken as 80 % of the difference 
between the onset of change in the magnetic moment and the constant 
magnetic moment plateau. 

The majority of the samples displayed similar Tc values of 9.31 ±
0.06 K, slightly above bulk Nb. This is as a result of the compressive in- 
plane stresses detailed earlier. The films also feature a relatively 
consistent ΔTc of 0.19 ± 0.05 K, which is related to the small changes in 
the lattice parameter values of the films. However, two sets of films, 
those deposited with increasing substrate bias (-50 to –250 V) and 
increasing substrate temperature (116 – 290 ◦C), displayed pronounced 
changes to their Tc values, increasing to 9.7 K (≥ -150 V) and 9.6 K 
(290 ◦C) respectively, while their ΔTc. Values rose to 0.68 and 0.40 K 
respectively, indicating the increased state of stress and increased 
presence of defects, such as dislocations, within the films. These results 
correlate well with the calculated lattice parameters displayed in Fig. 8. 

The magnetisation loops of all samples were also recorded after 
cooling down the sample in zero applied magnetic field. The applied 
field was then linearly increased from 0 to 1 T, recording the so-called 
virgin magnetisation curve. Then the applied field was inverted, 
decreasing linearly from 1 T through 0 to − 1 T and afterwards 
increasing back to 1 T, recording the full magnetisation loop. The 
magnetisation curves allowed for determination of the entry field 
(μ0Hen), trapped flux density (μ0Htr) and maximum field (μ0Hp). The 
entry field was identified by the deviation of the magnetic moment from 
the initial linear trend observed in the virgin curve, employing a 2 % 
relative difference criterion. It correlates with the first critical field of 
the superconductor (Hc1), in the absence of pinning, and if no sample 
shape factors were involved, one would have Hen =Hc1. The trapped flux 
density is indicated by the y-intercept of the reverse loop and the 
maximum field, which is proportional to the full penetration field 
through a geometrical shape factor, corresponds to the field at which the 
minimum magnetic moment (maximum in absolute value) is reached on 
the virgin curve [54]. The full penetration field itself marks the field at 
which the magnetic flux penetrates the whole volume of the supercon-
ductor. It is determined by the strength of the bulk pinning in the su-
perconductor volume, in an ideal pinning-free sample one would have 
Hp = Hc1 (disregarding the shape factors). The measurements were 
conducted at 4.22 K, in a field applied parallel to the sample surface. For 
the sake of brevity, only a part of the normalised magnetisation loops for 
the samples deposited with increasing substrate bias and film thickness 
values are presented in Fig. 14 (a) and (c). 

The characteristic dip in the reverse section of the magnetisation 
loop encountered at ~ 120 mT is a result of the surface barrier effects in 
combination with the reversible magnetisation curve [55]. The size of 
the dip is seen to decrease with increasing substrate bias, becoming a 
simple kink at -100 V and disappearing above -150 V. This is likely due 
to the surface damage at higher substrate bias values, as detailed in 
Fig. 4 (f). The trapped flux in the films, indicated by the size of the 
hysteresis loops, also increases steadily with increasing substrate bias 
values. This is likely due to increased flux pinning as a result of an in-
crease in dislocation density, indicated by a decrease in the crystallite 
size of the films. The decrease in crystallite size of the Nb films, which is 
observed with an increase in the substrate bias, is presented in Fig. 8 (a). 
In spite of the increased hysteresis loop size, and therefore increase in 
trapped flux, the sample deposited at -100 V substrate bias displayed the 
largest entry field value of μ0Hen = 79 mT, for samples deposited with 
varying bias. This was determined from the deviation of m/mi from the 
constant value of 1 in Fig. 14 (b), where mi denotes the initial linear 
section of the virgin curve mi = cHa, corresponding to the Meissner 
shielding state (c – constant, Ha – applied field). The reason could be due 
to the strong pinning at the film surface, which can result in the 
measured virgin curve running very close to the linear Meissner trend 
line even after the start of field penetration into the film. 

With further increase of the substrate bias, more defects are pro-
duced than annihilated, leading to a significant decrease in the entry 
field value, as displayed by the earlier m/mi deviation in the plotted data 

Fig. 13. (a) Bright field TEM image of the cross section of the HiPIMS Nb/Cu 
sample deposited with parameters detailed in Table 2, albeit with a 120 μs pulse 
length. One set of Nb grains is oriented in zone axis such that they appear dark 
in the bright-field image. (b) and (c) Selected-area electron diffraction pattern 
of the Nb film and Cu substrate. (d) Spatial relationship between zone axis Nb 
[111] and Cu [110]. 
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in Fig. 14 (b) and the corresponding decrease of μ0Hen in Fig. 15 (a). This 
is supported by the decreased surface quality at -250 V shown in Fig. 4 
(f). 

The normalised magnetisation loops recorded for films of different 
thicknesses, presented in Fig. 14 (c), display a noteworthy decrease in 

the relative size of the loops and a subsequent decrease in the trapped 
flux with increasing film thickness, except for the thickest film, which 
shows an anomalously high trapped flux value. This decrease is likely 
linked to a reduction of the dislocation density in the film region 
penetrated by the magnetic field and a more coherent grain structure 

Fig. 14. Normalised magnetisation loops ((a) and (c)) and the virgin curves normalised to their initial linear sections mi ((b) and (d)), for the Nb samples deposited 
with, (a) and (b), increasing substrate bias values as well as samples deposited with, (c) and (d), increasing film thickness values. The measurements were conducted 
at 4.22 K. The lower, positive-valued curves in (a) and (c) represent the virgin magnetisation curves, recorded sweeping the applied field from 0 to +1 T. The upper 
curves are portions of the reverse loops recorded sweeping the applied field back from +1 T to -1T. Finally, the lower, negative-valued curve displays the applied field 
swept from -1 T to 0 T. 

Fig. 15. Plots detailing the change in the entry field (μ0Hen) and the maximum field (μ0Hp), measured in a parallel applied field, as a function of: (a) substrate bias, 
(b) film thickness, (c) pulse length and (d) frequency. 
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with increasing film thickness. This is indicated by a pronounced in-
crease in the crystallite size between a film thickness of 0.91 and 1.76 
μm, observed in the XRD results plotted in Fig. 8 (d) and the cross section 
EBSD images in Fig. 12. Increasing the film thickness to ≥ 1.8 μm also 
leads to the emergence of the dip in the reverse magnetisation loop at an 
applied field of ~ 120 mT. 

The m/mi ratio, displayed in Fig. 14 (d), is similar for film thicknesses 
≥ 3.68 μm, providing further evidence for the initial transition zone in 
the deposited Nb films. As detailed in Fig. 15 (b), the film with a 
thickness of 3.68 μm exhibited the highest entry field value during these 
individual parameter studies, with μ0Hen = 103 mT, nearly twice as high 
as the field found for previous DC MS coatings [7]. However, this value 
is still significantly lower than the purported Hc1 = 160 mT for small Nb 
samples [55]. This is likely related to the geometrical edge effects 
associated with the full immersion of the samples in the magnetic field 
during testing [23,56]. 

Of particular interest in this study was whether or not the use of a 
higher HiPIMS duty cycle would negatively affect the superconducting 
properties of the Nb films, due to the decreased ionisation of sputtered 
Nb particles. As shown in Fig. 15(c) and (d), the effect of the duty cycle, 
i.e. the pulse length or pulse frequency, on the entry field and the 
maximum field is insignificant in comparison to the effect of substrate 
bias and film thickness. For changes in both the pulse length and the 
frequency, films coated at 12 or 14 % duty cycle display superior entry 
field values, though the variation is more apparent for changes in the 
pulse frequency. On the other hand, the maximum field value shows no 
significant dependence on the duty cycle. 

It is evident that films whose crystal structure approaches that of 
unstressed, bulk Nb have better superconducting performance, as sum-
marised for all films in Fig. 16. As such, given the relationship between 
the crystallite size and lattice parameter displayed in Fig. 9, further in-
creases in the crystallite size may provide a route to further improve the 
performance of Nb thin films. 

4. Conclusion 

A series of Nb films have been deposited onto electropolished OFE Cu 
substrates using HiPIMS. The results show a more pronounced influence 
on the superconducting performance by three specific deposition pa-
rameters: the substrate temperature, substrate bias and film thickness, 
while the cathode power, deposition pressure, pulse length and pulse 
frequency show a comparatively lower influence. 

The observed changes in the superconducting performance are 
shown to be related to changes in the crystallographic structure of the 
Nb film, its state of stress and the resultant grain morphology within the 
penetration depth of the RF field. Evidently, Nb films with more bulk- 
like lattice parameters and larger crystallite sizes show improved 
superconducting performance. These characteristics are typically found 
in films thicker than ~ 3.5 μm, which also presented a more coherent 
grain structure and decreased film stress, resulting in better entry field 
values, smaller magnetisation loops and subsequent lower levels of 
trapped flux. 

Within the investigated parameter space, changes to the duty cycle 
did not result in any significant changes to the crystallographic structure 
of the films. It must be mentioned that, as a result of the substrate bias 
values and the short target to substrate distance in this work, this is valid 
for low/moderate Nb ion energies. Further to this, in spite of the relative 
entry field maximums obtained during superconducting testing, changes 
to the duty cycle do not appear to be a significant pathway to super-
conducting performance improvements of Nb thin films. Nevertheless, 
increasing the duty cycle also allows for operation at lower deposition 
pressures, which results in lower gas entrapment in the deposited films, 
not fully investigated here. This needs to be balanced with the desired 
ionisation of the sputtered material however. 

In light of these results, films used for srf cavities, in either single or 
multilayer structures, should be deposited at an intermediate 

temperature with a relatively low substrate bias and at thicknesses be-
tween 3 and 6 μm, to restrict the increasing surface roughness observed 
at higher film thicknesses. In addition, a lower average cathode power is 
recommended, in order to increase the crystallite size and decrease the 
resultant surface roughness by allowing sufficient time for surface 
diffusion. 
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