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The use of superconducting radio frequency (rf) cavities in particle accelerators necessitates that copper (Cu) 
surfaces are coated by thin niobium (Nb) films, predominantly synthesized by magnetron sputtering. A key 
feature of the rf cavities is that they exhibit a complex three-dimensional geometry, such that during Nb 
film growth vapor is not deposited on a flat substrate. The latter, combined with the line-of-sight nature 
of the deposition flux in conventional magnetron sputtering methods (including direct current magnetron 
sputtering; DCMS) yields films with porous columnar morphologies on surfaces of the cavities that do not 
face the magnetron source. High-power impulse magnetron sputtering (HiPIMS) is a variant of sputtering that 
generates highly-ionized fluxes. Using electrical fields, such fluxes can be deflected to trajectories that are 
closer to the substrate normal and, thereby, dense and uniform layers can be deposited on all surfaces of the 
rf cavities. In the present work, we use classical molecular dynamics simulations to model Nb film growth 
on Cu substrates at conditions consistent with those prevailing during DCMS and HiPIMS. Our computational 
results are in qualitative agreement with experimental data (also generated in the present study), with respect to 
film morphology. Based on this agreement and by studying the evolution of the simulated systems, we suggest 
that the morphology of HiPIMS-grown films (as compared to their DCMS counterparts) is the result of the 
combined effects of deflection of ionized sputtered particles to trajectories parallel to the substrate normal, 
bombardment-induced interruption of crystal growth, and ballistic atomic rearrangement along with dynamic 
thermal annealing caused by energetic film-forming species. Moreover, the predictions of our model with respect 
to dynamic processes at the film-substrate interface and their effect on local epitaxial growth are discussed.
1. Introduction

Superconductive radio frequency (rf) cavities are key components 
in large-scale accelerators, including the SOLEIL synchrotron [1], HIE-
ISOLDE [2,3], the Large Electron Positron (LEP) collider [4,5], and the 
Large Hadron Collider (LHC) [6]. The rf cavities are metallic cham-
bers – originally made of bulk niobium (Nb) which is chosen due to its 
superior superconducting performance and stability at cryogenic tem-
peratures [7] – that confine electromagnetic fields with the purpose of 
accelerating charged particles [8]. A low-cost alternative to bulk Nb 
is Nb-coated copper (Cu) [9], whereby depositing an Nb film (typical 
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thickness 2 μm) on Cu rf cavities the advantages of both materials can 
be combined in a single platform. Using the Nb-Cu approach, the per-
formance of the rf cavity crucially depends on the Nb-layer morphology 
and density, as well as on the film morphology and thickness uniformity 
on all cavity surfaces [10].

The rf cavities are complex-shaped curved objects on which Nb 
films are typically synthesized by direct current magnetron sput-
tering (DCMS) of a cylindrical Nb cathode that is assembled into 
the cavity [11,12]. DCMS is, in general, characterized by versatility 
and compatibility with large-scale substrates [13], yet it generates 
anisotropic fluxes, such that deposition predominantly occurs in the 
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line-of-sight [14,15]. Hence, growth of films with uniform thickness 
and morphology on all surfaces of substrates with complex three-
dimensional geometries (including rf cavities) can be challenging. The 
reason is that material arrives on surfaces that do not face the mag-
netron source in off-normal directions, which is known to cause geo-
metrical shadowing and porosity [16,17].

The above-described shortcomings associated with the line-of-sight 
nature of the sputter-deposition process can be mitigated by using a 
variant of magnetron sputtering termed high-power impulse magnetron 
sputtering (HiPIMS) [16–19]. In HiPIMS, power is applied to the sput-
tering cathode in the form of short (a few tens of μs long) unipolar 
pulses at duty cycles smaller than 10%. This operation mode allows the 
power density to reach values of a few KW cm−2, leading to plasma 
densities about three orders of magnitude higher than those achieved 
in DCMS. The high plasma densities yield, in turn, up to 100% ioniza-
tion for the sputtered material, in contrast to DCMS in which ionization 
degrees of only a few % are achieved [20,24]. The trajectories of the 
highly-ionized deposition fluxes can then be manipulated by electric 
fields (e.g., by applying an electrostatic bias potential on the substrate), 
such that film-forming species can be deflected to near-to-normal in-
cidence directions on surfaces that do not face the magnetron source. 
These deposition conditions have been shown experimentally to allow 
for deposition of uniform films on a wide range of complex substrates, 
including vias structures [16], metal cutting tools [17], and rf Cu cavi-
ties [12].

Despite having experimentally established that HiPIMS yields 
markedly different film morphologies, with respect to DCMS, on 
complex-shaped substrates, the exact atomistic mechanisms that govern 
these morphological differences are not fully understood. For instance, 
it is not clear to what extent growth is affected by the synergetic effect 
of trajectory modification and ballistic-induced atomic rearrangement 
due to bombardment of the growing surface by the energetic ionized 
species of the HiPIMS discharge. Moreover, local heating due to intense 
ion irradiation may also play a role in the film morphological evolution 
during HiPIMS. An atomistic picture of film growth can be provided by 
Molecular Dynamics (MD) simulations, which have been employed in 
the past decade for modeling film growth at conditions consistent with 
both DCMS and HiPIMS [21–23].

In the present work, we shed light on atomic-scale processes per-
taining to the growth of Nb on Cu, by a combination of MD simulations 
and experiments. We deposit Nb coatings by DCMS and HiPIMS on Cu 
substrates that are oriented parallel to or titled with respect to the nor-
mal of the sputtering cathode. Morphological characterization of the 
deposited layers shows that HiPIMS yields a dense and uniform mi-
crostructure irrespective of substrate orientation. In contrast, DCMS 
yields a columnar morphology, while deposition on tilted substrates 
results in a porous microstructure in which the columns are tilted to-
wards the direction of the deposition flux. Concurrently, we model the 
growth of Nb on Cu substrates by DCMS and HiPIMS. To resemble the 
plasma conditions and the plasma-surface interactions for both depo-
sitions methods, we systematically vary in our simulation model the 
atom energy and angle of incidence, as well as the substrate tempera-
ture during growth. For appropriate sets of the simulation parameters, 
our model reproduces qualitatively the key morphological features of 
DCMS- and HiPIMS-grown films seen in the experiments.

Based on the agreement between experimental data and simulations, 
and by carefully evaluating the evolution of the simulated systems, we 
suggest that the dense and uniform morphology of HiPIMS-deposited 
layers, as opposed to their DCMS counterparts, emanates from the 
combined effects of (i) deflection of ionized sputtered species to a 
direction parallel to the substrate normal; (ii) bombardment-induced 
interruption of crystal growth through all film formation stages; and 
(iii) ballistic-induced atomic rearrangement and local dynamic thermal 
annealing caused by the energetic HiPIMS species. We note that the 
ability of HiPIMS to yield dense films compared to DCMS, on both flat 
2

and complex-shaped three-dimensional substrates, is well-established 
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in the literature. Our work provides a detailed atomic-scale picture of 
the processes that govern morphology differences between DCMS- and 
HiPIMS-grown films. In addition, our model predicts that intermixing 
may result in the presence of Cu not only in the vicinity of the film-
substrate interface but also in the bulk of the film, as well as on the 
film surface, which is confirmed experimentally by detailed composi-
tional analyses of the deposited layers. This process might be one of the 
reasons for performance deterioration in rf cavities. Hence, our study 
potential provides the scientific foundation for addressing a drawback 
in modern accelerator technologies. Moreover, our simulations show 
that Nb grows on Cu in an epitaxial manner with orientation rela-
tionships consistent with experimental data and models that are based 
on rigid lattice approximations. Concurrently, for simulation conditions 
consistent with HiPIMS, we find that the Nb lattice exhibits a tilt with 
respect to the substrate normal, which we explain on the basis of the 
mixed Nb-Cu layers formed at the film-substrate interface.

2. Research methodology

2.1. Computational methods

Molecular Dynamics (MD) is used to simulate growth of Nb on var-
ious surfaces of the Cu rf cavity (see Fig. 1) by DCMS and HiPIMS. The 
simulation box consists of an initial Cu FCC substrate (cell size ∼10.3 
× 10.3 × 5.5 nm3 containing ∼34 000 Cu atoms) the z-axis of which is 
oriented along one of the ⟨1 0 0⟩, ⟨1 1 1⟩, and ⟨110⟩ directions. Thus de-
position on the low-index crystallographic planes of the FCC structure 
– i.e., (1 0 0), (1 1 1), and (1 1 0) – is modeled. Prior to commencing de-
position of plasma and film-forming species, the substrate is relaxed at 
the simulation temperature 𝑇 (𝑇=300, 450, 750, and 1000 K) using 
an NPT ensemble, zero pressure, and a Berendsen thermo and baro-
stat for 60 ps (time constant 𝜏=0.3 ps). Moreover, periodic boundary 
conditions (PBCs) are applied in all x-, y-, and z-axes of the simulation 
box. After the NPT relaxation step, PBCs along the z-axis are lifted and 
the bottom atomic layer is fixed to prevent transnational motion of the 
cell during particle deposition. This structure is again relaxed at the 
deposition temperature 𝑇 for 10 ps, by applying a thermal bath (NVT 
ensemble) 5 Å above the fixed bottom layer and from the sidewalls for 
the cell, while the rest of the box is relaxed using an NVE ensemble. A 
schematic illustration of the initial configuration of the simulation cell 
is shown in Fig. 1(a).

Film growth is simulated by releasing particles 10 Å above the Cu 
surface, whereby this distance corresponds to roughly two times the 
cutoff distance of the interatomic potentials used to model the particle 
interactions in the system (details on the interatomic potentials are pro-
vided later in the present section). In a typical DCMS process, the ioniza-
tion degree of the sputtered material (Nb in the present manuscript) is 
of the order of a few percent, while their energy exhibits a distribution 
with their most probable energy in the range 1-3 eV [24]. Ar+ ions are 
also present in the DCMS discharge and impinge on electrically ground 
substrates (see experimental details in Section 2.2) with energies of the 
same order as the Nb atoms. Hence, for modeling growth at DCMS con-
ditions, 25 000 Nb atoms with energies 1 eV/atom are deposited on 
the Cu substrate surface at 𝑇=450 K, the latter being consistent with 
temperature used during experimental growth of Nb on Cu rf cavities 
[9,25]. Moreover, the effect of the orientation of the various surfaces of 
the rf cavity on growth is modeled by depositing Nb particles at vari-
ous angles 𝜃 with respect to the substrate normal, i.e., 𝜃=0◦, 45◦, 65◦, 
and 75◦. We note that the effect of Ar+ ions is not modeled since these 
species, considering their inert character and their rather low kinetic 
energy, are not expected to chemisorb on the surface, become incorpo-
rated in the growing layer, and cause considerable atomic displacement 
that will affect film morphological evolution.

In HiPIMS, ionization degrees of the sputtered material can reach 
up to 100% with energies of the order of a few tens of eV [20,24]. 

Moreover, in the HiPIMS growth experiment we model, a bias voltage 
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Fig. 1. (a) Schematic illustration of the simulation cell for the case of Cu(1 0 0) substrate, whereby blue, yellow, and red spheres indicate the atoms that belong to 
the fixed, NVT, and NVE layers, respectively. (b) Schematic illustration of the constructed surface mesh (white surface) after simulating deposition of 25 000 Nb and 
5 000 Ar atoms on Cu(1 0 0) (𝑇 = 300 K) at conditions consistent with HiPIMS growth. The green and orange spheres represent the Nb and Cu atoms, respectively. 
In both panels (a) and (b), the simulation cell dimensions along the x- and y-axis are provided.

Fig. 2. (a) An example of the real cavity and a schematic illustration of the deposition geometry, representing the cylindrical sputtering cathode and the Cu stripe 
substrate. SEM analysis is performed on three different areas: one at the equatorial position of the cavity (area A), one on the flat slope of the cavity (area B), and 
one at the iris position (area C). These areas correspond to distinctly different orientations of the substrate surface relative to the Nb cathode normal (marked with a 
dashed arrow), such that vapor flux conditions ranging from near-to-normal (area A) to oblique-angle incidence (areas B and C) are probed. (b)-(g) Cross-sectional 
scanning electron micrographs of Nb films deposited on Cu substrates by DCMS (panels (b) - (d)) and HiPIMS (panels (e) - (g)) on areas A, B, and C, as indicated 
next to each panel. The scale bar corresponds to a length of 1 μm. The black arrows in panels (c), (d), (f), and (g) indicate the direction of the deposition flux.
of -75 eV is applied to the substrate, which results in acceleration of 
Nb+ and Ar+ ions in the substrate sheath region. Hence, ions arrive at 
the substrate with kinetic energies of the order of 100 eV. We simulate 
this experimental scenario by representing ions by the corresponding 
neutral species and deposit Nb (25 000 particles) and Ar atoms (5 000 
particles) with energies of 100 eV/atom on the Cu substrate. This parti-
cle deployment scheme implicitly assumes that the Nb ionization degree 
is 100%, which enables us to probe the asymptotic-limit behavior dur-
ing HiPIMS growth and better demonstrate its differences relative to 
DCMS growth. Every fifth Nb atom is followed by an Ar atom, which 
does not interact chemically with the substrate and has high probability 
to leave the surface after the impact. This Nb-to-Ar atom species ratio 
is based on experimental data on HiPIMS growth of Nb on Cu rf cavi-
ties [26]. Moreover, the deposition flux impinges on the substrate along 
the surface normal direction (𝜃=0◦). Four different substrate tempera-
tures (𝑇=300, 450, 750, and 1000 K) are simulated to explore potential 
effects of local heating on the film growth due to the intense ion irradi-
ation during the HiPIMS process.

For normal incidence (𝜃=0◦), particles are introduced into the sim-
ulation system every 0.6 ps. For all other angles 𝜃 used in DCMS 
growth simulations, and because of the relatively low particle energies 
(1 eV/atom), the time required for atoms to reach the surface is longer 
than for normal incidence. Hence, particles are released every 1.5 ps. 
Each newly introduced particle is always directed towards the center of 
the simulation cell surface, while the cell is randomly shifted across the 
3

periodic boundaries. This ensures that the impact site is random and far 
from the thermal bath at the boundaries [27,28]. To collect sufficient 
statistics, we perform five simulations for each combination of parti-
cle energy, incidence angle, and temperature, using different random 
number seeds. Structural information is recorded at an interval of 50 
deposited particles.

Simulations are performed using the LAMMPS software package 
[29]. The Cu-Cu, Nb-Nb, and Cu-Nb interactions are, respectively, 
described by the force field models developed by Mishin [30], Ack-
land [31], and Zhang [32], within the same embedded atom method 
(EAM) formalism. These potentials have been successfully used to re-
produce static bulk properties of the binary Nb-Cu system more accu-
rately than other potentials. [33,34]. The close-range repulsive interac-
tions between metal atoms are described by the Ziegler, Biersack, and 
Littmark (ZBL) universal potential, which is joined with the pair part of 
the EAM potential. For the interactions between Ar and Cu/Nb, we use 
the DMol potential [35]. The repulsive ZBL potential allows us to model 
the dissipation of the kinetic energy of the projectiles in the substrate 
via collision cascades, while the contribution of electronic excitations 
during the impact is taken into account as an additional friction force 
acting on energetic atoms in the material. Due to significant difference 
in ionic and electronic time scales, more accurate assessment of elec-
tron dynamics during the deposition process is not accessible within the 
atomistic approach which we choose in this study. However, as it was 
shown by Burgdorfer and Meye [36], possible potential energy effects 
related to the ionization state of the incoming ions during the ion irra-

diation of a metal surface are negligible, since the charge neutralization 
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Table 1

Coating parameters used in this study to elaborate the Nb/Cu 
films.

Deposition Parameter DCMS HiPIMS

Voltage (V) 375 590
Current (A) 3.47 (time-averaged) 344 (peak)
Pulsing Frequency (Hz) - 100
Pulse Width (μs) - 200
Pressure (Pa) 0.23 0.23
Deposition time (h) 1 1.5
Substrate bias potential (V) 0 -75

takes place very quickly within the first one or two atomic monolayers 
and does not modify notably the kinetic component of interactions.

Visualization of the simulation results and post-simulation analy-
sis is performed using the OVITO freeware [37,38]. Post-simulation 
analysis includes determination of the atomic density of the film and 
construction of a surface mesh modifier (using the built-in OVITO func-
tion; see Fig. 1(b)), which is used to quantify the film root mean square 
roughness 𝜎, computed as

𝜎 =

√∑𝑁

𝑖=1(𝑍𝑖 −𝑍)2

𝑁
(1)

𝑍𝑖 denotes the coordinate along the z-axis (i.e., height) of the 𝑖th 
atom, 𝑍 is the mean height of all the atoms, and N is the number of 
atoms on the surface.

2.2. Experimental procedures

Films are deposited on oxygen-free electronic (OFE) grade Cu stripes 
(10 mm wide and 640 mm in length) that are bent using two stainless 
steel dyes to obtain a shape similar to the internal surface of a 704 
MHz low beta cavity, as presented in a previous work [25]. The stripes 
are degreased using a commercial detergent, etched in a tri-acid mix-
ture (H2SO4 42% vol, HNO3 8% vol, HCl 0.2% vol), and passivated 
in a sulpho-chromic acid bath. Subsequently, they are rinsed with de-
ionized water and ultra-pure alcohol, followed by dry-air blowing. The 
stripes are then mounted in the cavity and the coating setup is assem-
bled in a cleanroom. The full coating apparatus and coating procedure 
description are available in [25]. Two different coatings are grown us-
ing a cylindrical cathode, one by Direct Current Magnetron Sputtering 
(DCMS) and another one by High Power Impulse Magnetron Sputter-
ing (HiPIMS). For the HiPIMS deposition, a negative DC bias potential 
is applied on the substrate. A summary of the deposition parameters is 
given in Table 1. A schematic illustration of the deposition geometry is 
shown in Fig. 2(a).

After deposition, the Cu stripe is unfolded and the Nb film morphol-
ogy is studied by cross-sectional scanning electron microscopy (SEM) 
using a Zeiss Sigma field emission gun instrument, equipped with an 
InLens detector (Secondary Electron), an Everhart-Thornley secondary 
electron detector, and a backscattered electron detector. Cross-sectional 
specimens are prepared using a ZEISS ‘XB540’ focused ion beam (FIB). 
For the cross-sectional milling, Pt deposition on top of the film is ini-
tially performed at a milling current of 300 pA and an accelerating 
voltage of 30 kV to deposit a 1 × 3 × 15 μm3 protection barrier. 
Coarse milling at a current of 7 nA and accelerating voltage of 30 kV is 
then used to remove a 5 × 7 × 20 μm3 region of material, before pol-
ishing the cross-sectional surface at a mild milling current of 300 pA. 
We note that the FIB cross-sections are cut perpendicularly to the longi-
tudinal axis of the cavity to correlate the effect of the orientation of the 
cavity surface (with respect to the target normal) on film morphology. 
Three areas of the Cu stripe are investigated as shown in Fig. 2(a): one 
at the equatorial position of the cavity (area A), one on the flat slope 
of the cavity (area B), and one at the iris position (area C). These areas 
4

correspond to distinctly different orientations of the substrate surface 
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with respect to the cathode surface normal (indicated with the dashed 
arrow), yielding vapor flux conditions that range from near-to-normal 
(A) to oblique-angle incidence (B and C).

The film composition is studied by X-ray photoelectron spectroscopy 
(XPS) depth-profiling using an ultra-high vacuum surface analysis sys-
tem from Specs Surface Nano Analysis GmbH operating at a base pres-
sure of <2×10−10 mbar. Al-K𝛼 radiation is generated by an XR 50 M 
X-ray source in combination with a Focus 500 monochromator, while 
photonelectron spectra are sequentially acquired using a Phoibos 150 
hemispherical electron analyzer equipped with nine channeltrons which 
installed in magic angle configuration with respect to the photon source. 
Depth compositional profiles are collected via sputter-etching the film 
surface by scanning a beam of 3 keV Ar+ ions with a spot diameter of 
0.8 mm across the surface in a square of 5×5 mm2 using a differen-
tially pumped IQE 12/38 ion source that creates an ion current of ∼1 
𝜇A. At these operation conditions, the etching rate of a Ta2O5/Ta refer-
ence sample is 1.3 nm/min. The elemental composition was determined 
by considering the electron analyzer transmission function as well as 
fitting all spectra using CasaXPS version 2.3.24 and the algorithms im-
plemented therein. For all spectra, a Shirley-type background correction 
was performed and the elemental sensitivity factors are based on the 
cross sections reported by Scofield [39] and considering an inelastic 
mean free path (IMFP) of the emitted electrons that is dependent on 
their kinetic energy: IMFP∼𝐸0.7414

kin [40].

3. Results & discussion

3.1. Nb film morphology

Figs. 2 (b) through (g) present cross-sectional scanning electron mi-
crographs of Nb films from the areas A, B, and C of the Cu stripe (see 
Fig. 2(a)), deposited by DCMS (panels (b) - (d)) and HiPIMS (panels 
(e) - (g)). For DCMS deposition on area A (Fig. 2(b); near-to-normal 
angle of incidence), the film exhibits a columnar and seemingly dense 
microstructure. Deposition on areas B and C (Fig. 2(c) and (d), respec-
tively; oblique-angle deposition conditions) gives rise to intercolumnar 
porosity, while the columns are titled towards the general direction of 
the deposition flux (indicated by black arrows), as determined by the 
position of the sputtering cathode in relation to the substrate. HiPIMS, 
in contrast, yields similar film morphologies, irrespective of the area of 
deposition. Columns are still visible and no intercolumnar porosity is 
seen, i.e., a compact and dense microstructure is obtained. Moreover, 
the column in-plane size is considerably larger than that of the columns 
seen in DCMS-grown films. The columnar morphology of the deposited 
layers is indicative of a polycrystalline microstructure, which is ex-
pected based on the fact that films are grown on a polycrystalline Cu 
substrate. The overall morphology evidenced in Fig. 2 is consistent with 
results obtained for deposition of metallic and ceramic films [16–18] on 
complex-shaped substrates by DCMS and HiPIMS.

Fig. 3 displays three-dimensional (3D) perspective snapshots of 
atomic assemblies generated at simulation conditions consistent with 
Nb film growth by DCMS. The snapshots are obtained after deposition 
of 25 000 Nb atoms on Cu(1 1 1) at a temperature 𝑇=1000 K and an 
angle of incidence 𝜃=0◦, as well as for 𝑇=450 K at 𝜃=0◦, 45◦, 65◦, 
and 75◦. For all simulated conditions, the Nb films exhibit an ⟨1 1 0⟩
out-of-plane crystallographic orientation. For 𝑇=1000 K and 𝜃=0◦
(Fig. 3(a)), the film microstructure consists of multiple grains separated 
by twin boundaries. In addition, the surface is uneven which means that 
roughness builds up at the film growth front. By evaluating data from 
five independent runs, we compute that the number of grains in the 
simulation box is �̄�gr=2.2 ± 1.1. Decrease of temperature to 𝑇=450 
K (𝜃=0◦; Fig. 3(b)) still yields a multi-grain structure, but the num-
ber of grains increases to �̄�gr=3.6 ± 1.5. Furthermore, the film height 
increases, which indicates that the microstructure becomes less com-
pact. More pronounced changes in film morphology are observed when 

changing the angle of incidence 𝜃 of the Nb atomic flux to the substrate 
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Fig. 3. Snapshots of atomic assemblies (atoms represented by spheres of different colors) generated at simulation conditions consistent with growth of Nb films by 
DCMS (deposition of 25 000 Nb atoms with an energy of 1 eV/atom) on Cu(1 1 1) surfaces at various temperatures 𝑇 and incidence angles 𝜃 of the deposition flux, 
as indicated in each panel. The top row (panels (a) - (e)) presents three-dimensional perspective snapshots, while the bottom row (panels (f) - (j)) presents top-view 
snapshots. In panels (a) - (e) the colors represent different crystallographic grains, while in panels (f) - (j) the colors represent the Z-coordinate (i.e., height) of the 
atoms, as indicated in the respective color scales.
(Figs. 3(c) to (e)). With increasing 𝜃 to 45◦, 65◦, and 75◦, the num-
ber of grains in the simulation box increases to 4 ± 1.9, 5.8 ± 0.44, and 
6.2 ±1.3, respectively. Moreover, the grains (i.e., columns) are tilted to-
wards the direction of the incoming deposition flux (along the negative 
Y-coordinate), and the structure becomes seemingly more porous.

Further information with regards to the effect of simulation con-
ditions on the film morphology is obtained by the top-view snapshots 
presented in Figs. 3(f) through (j). When Nb atoms are deposited at 
normal incidence (𝜃=0◦), the film surface is relatively flat with a max-
imum peak-to-trough distance equal to 14.5 Å (𝑇=1000 K; Fig. 3(f)) 
and 17.3 Å (𝑇=450 K; Fig. 4(j)). Film height variations become more 
pronounced for off-normal deposition and the maximum peak-to-trough 
distances are 53.1, 81.3, and 101.6 Å for 𝜃=45◦, 65◦, and 75◦, respec-
tively (Figs. 3(h) through (j)). Moreover, at conditions of off-normal 
deposition, the film surface is not continuous as parts of the Cu substrate 
surface remain exposed (more profoundly for 𝜃=65◦ and 𝜃=75◦).

Snapshots of simulations consistent with HiPIMS growth of Nb films 
on Cu(1 1 1) (25 000 Nb and Ar 5 000 atoms with energies of 100 
eV/atom; 𝑇=300, 450, 750, 1000 K; 𝜃=0◦) are presented in Fig. 4. The 
3D perspective representations show that at 𝑇=300 K (Fig. 4(a)) the 
film consists of two grains, while at all other temperatures (Figs. 4(b) 
through (d)) only one grain is observed. It should be, however, noted 
that a multi-grain morphology is not in general associated with the low-
est simulated temperature, since simulated data for Nb film growth on 
Cu(1 0 0) and Cu(1 1 0) surfaces (see Figs. S1 and S2; supporting infor-
mation file) show that the number of grains varies between one and 
three in a random fashion among the various simulated temperatures. 
The surface topography of the simulated assemblies is similar for all 
temperatures; the surface is rather flat with small height variations, 
while defects in the form of asperities are observed at the atomic scale. 
The top-view snapshots (Figs. 4(e) through (h)) better demonstrate the 
similarities of the surface topography, whereby the maximum peak-to-
trough distance is 7 - 9 Å at all conditions. Moreover, by comparing 
the height variations in Fig. 4 with those of the top-view snapshots 
in Fig. 3 for 𝜃=0◦ (14.5 and 17.3 Å for 𝑇=1000 and 450 K, respec-
tively), it becomes evident that simulations at HiPIMS-like conditions 
result in flatter films with reference to simulations at DCMS-like con-
ditions. Besides topography, crystallographic analysis of simulated Nb 
films in Figs. 4 and S1 and S2 show that they exhibit an ⟨1 1 0⟩ out-of-
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plane crystallographic orientation on Cu(1 1 1) and Cu(1 0 0), while they 
grow along the ⟨1 0 0⟩ direction on Cu(1 1 0). We also note that the same 
out-of-plane crystallographic orientations are obtained for simulations 
of DCMS Nb film growth on Cu(1 0 0) and Cu(1 1 0) surfaces (data not 
shown here).

To quantitatively assess the trends observed in Figs. 3 and 4, we 
compute the film atomic density 𝑁at and surface roughness 𝜎 for all in-
dependent simulation runs. With respect to atomic density (data plotted 
as a function of the simulation conditions in Fig. 5(a)), we see that for 
simulation parameters consistent with the conditions prevailing during 
DCMS deposition (hollow circles; top and right axes) 𝑁at=58.1 ± 0.1
nm−3 for 𝑇=450 K and 𝜃=0◦. Increase of 𝜃 (at 𝑇=450 K) causes 𝑁at
to decrease steeply and reach a value of 24.9 ± 1 nm−3 for 𝜃=75◦. 
It is also observed that an increase of the temperature to 𝑇=1000 
K for 𝜃=0◦ (hollow cross) does not significantly affect 𝑁at which is 
equal to 57.6 ± 2.3 nm−3. Simulation conditions that resemble HiPIMS 
growth (filled squares; bottom and left axes) yield an atomic density of 
54.7 ± 1.2 nm−3 for 𝜃=0◦ and 𝑇=300 K, which increases to 56.7 ± 0.4
nm−3 for 𝑇=450 K, and effectively saturates for higher temperatures.

Surface roughness data are plotted in Fig. 5(b), for the same com-
bination of simulation parameters as those in Fig. 5(a). The plot shows 
that simulations at DCMS-relevant conditions and for normal incidence 
of the deposition flux (hollow circles and cross; top and right axes) yield 
Nb films with 𝜎=3.1 ±0.1 and 2.8 ±0.03 Å for 𝑇=450 and 1000 K, re-
spectively. An increase of the incident angle above 𝜃=0◦ (𝑇=450 K) 
leads to a larger surface roughness, such that 𝜎= 30.2 ±1 Å for 𝜃=75◦. 
In contrast to DCMS conditions, simulations at HiPIMS-relevant condi-
tions (filled squares; bottom and left axes) result in a 𝜎 that fluctuates 
between 1.1 and 1.3 Å for all temperatures. We also note that data for 
HiPIMS growth simulations on Cu(1 0 0) and Cu(1 1 0) (presented in Fig. 
S3 in the supporting information file) reveal the same trends as those 
evidenced in Fig. 5 for growth on Cu(1 1 1).

Formation of polycrystalline films commences with the nucleation of 
islands that exhibit random in-plane and out-of-plane crystallographic 
orientations. Further atom flux causes the islands to grow in size, un-
til they interact with each other, merge, and eventually form clusters 
in which single-crystalline grains are separated by grain boundaries. 
This network of polycrystalline clusters is the template upon which the 
columnar microstructure develops, the latter being an inherent feature 
in physical vapor deposited (including magnetron-sputtered) polycrys-

talline layers [41–43]. In our simulations, Nb atoms are deposited on 
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Fig. 4. Snapshots of atomic assemblies (atoms represented by spheres of different colors) generated at simulation conditions consistent with growth of Nb films by 
HiPIMS (deposition of 25 000 Nb and 5 000 Ar atoms with an energy of 100 eV/atom) on Cu(1 1 1) surfaces at an incidence of the deposition flux 𝜃=0◦ and various 
temperatures 𝑇 , as indicated in each panel. The top row (panels (a) - (d)) presents three-dimensional perspective snapshots, while the bottom row (panels (e) - (h)) 
presents top-view snapshots. In panels (a) - (d) the colors represent different crystallographic grains, while in panels (e) - (h) the colors represent the Z-coordinate 
(i.e., height) of the atoms, as indicated in the respective color scales.
Fig. 5. Atomic density 𝑁at (panel (a)) and surface roughness 𝜎 (panel (b)) of 
atomic assemblies generated at simulation conditions consistent with growth 
of Nb films on Cu(1 1 1) by DCMS and HiPIMS. In both panels the left-bottom 
axes plot data from simulations at HiPIMS-relevant parameters vs. temperature 
𝑇 , for deposition flux angle 𝜃=0◦ (filled squares), while the right-top axes plot 
data from simulations at DCMS-relevant parameters vs. deposition flux angle 𝜃
at 𝑇=450 K (hollow circles) and 𝑇=1000 K (hollow crosses). The solid and 
dashed lines are guides to the eye only.

single-crystalline Cu surfaces upon which epitaxial growth that yields a 
well-defined out-of-plane crystallographic orientation is expected. This 
notwithstanding, a multigrain columnar morphology is reproduced for 
simulation parameters resembling DCMS growth (Figs. 3(a) and (b)), 
as the film-substrate orientation relationship allows for crystalline Nb 
domains with different in-plane orientations to nucleate and grow (see 
Section 3.3 for more details on the epitaxial orientation relationships on 
the various Cu surfaces). Concurrently, atomic shadowing at off-normal 
deposition conditions (e.g., on surfaces of the rf Cu cavity that do not 
face the sputtering source) exacerbate atomic shadowing, leading to 
faster growth rate and tilt of columns towards the incoming deposi-
tion flux, as well as to an underdense morphology [44], as seen in 
Figs. 2(c) and (d). The snapshots presented in Figs. 3(c) through (e), 
and the data plotted in Fig. 5 support this notion, which indicates that 
our simulation model describes the fundamental atomic-scale processes 
that govern morphological evolution of Nb films on the complex-shaped 
Cu rf cavities during typical DCMS conditions.

In contrast to DCMS, the HiPIMS discharge provides ample numbers 
of Nb+ ions that can be deflected to trajectories parallel to the surface 
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normal – and thereby mitigate effects of off-normal deposition on film 
morphology [16–19,45] – by applying an electrostatic bias potential to 
the substrate. Our model explicitly accounts for this effect by choosing 
𝜃=0◦ for all simulation runs; which yield films in which the Nb grains 
grow perpendicularly to the substrate surface (Figs. 4(a) through (d) 
and Figs. S1 and S2), qualitative agreement with the experimental data 
in Figs. 2(e) through (g)).

The other feature of HiPIMS accounted for in our model is that ion-
ized plasma species (both Nb+ and Ar+) are accelerated and impinge on 
the growing surface with energies of a few tens to hundreds eV, depend-
ing on the applied bias potential (100 eV/atom in our simulations). En-
ergetic bombardment has been shown to affect morphological evolution 
by either increasing or decreasing nuclei density (relative to deposition 
without energetic bombardment), due to substrate cleaning [46], pref-
erential sputtering [47], enhancement of adatom mobility [48], cluster 
dissociation [49], point-defect creation [50], adatom generation [51], 
and nucleation at ion-induced adatom clusters [52,53]. To explore the 
relevance of the above-mentioned mechanisms in our simulations, we 
present in Fig. 6 top-view and 3D perspective snapshots corresponding 
to the initial film growth stages up to a coverage of 1 monolayer (ML). 
We note here that 1 ML is the number density of Nb atoms required 
to form a complete (1 1 0) layer (1.3 × 1015 cm−2). The top (panels (a) 
- (e)) and bottom (panels (f) - (j)) rows in Fig. 6 present data from 
simulations at conditions resembling DCMS and HiPIMS deposition, re-
spectively, while all data are from simulations at 𝑇=450 K and 𝜃=0◦.

The data corresponding to DCMS show the typical stages of film for-
mation. Islands consisting of ∼10-15 atoms nucleate (0.2 ML; panel (a)) 
and grow both in-plane and out-of-plane (0.45 ML; panel (b)). With 
continued deposition (0.75 ML; panel (c)) island impingement occurs 
and an interconnected network of elongated clusters is formed at 1 ML 
(panel (d)). Moreover, for coverage of 1 ML, the islands typically consist 
of 3 layers (also seen in the 3D perspective snapshot in panel (e)), and 
large parts of the Cu substrate remain uncovered (seen in both panel (e) 
and magnified section of panel (d)), i.e., the film exhibits a 3D morpho-
logical evolution. The network of interconnected islands also features 
boundaries between different domains (marked with dashed lines in 
panel (d)), upon which the multigrain structure observed in Figs. 3(a) 
and (f)) is formed.

Snapshots for simulations at conditions resembling HiPIMS show 
that at 0.2 ML (panel (f)) the film surface features aggregates that con-
tain a few Nb atoms only. These aggregates do not lead to well-defined 

Nb islands with continued deposition, but rather the number of Nb 
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Fig. 6. Top-view and 3D perspective snapshots of atomic assemblies (atoms represented by spheres of different colors) generated at simulation conditions consistent 
with the growth of Nb films by DCMS (panels (a) - (e); deposition of 25 000 Nb atoms with an energy of 1 eV/atom) and HiPIMS (panels (f) - (j); deposition of 
25 000 Nb and 5 000 Ar atoms with an energy of 100 eV/atom) on Cu(1 1 1) surfaces at a temperature 𝑇=450 K and an incidence angle of the deposition flux 𝜃=0◦ . 
The top-view snapshots (panels (a), (b), (c), (d), (f), (g), (h), and (i)) present data at various coverages up to 1 monolayer (ML). The 3D perspective snapshots 
(panels (e) and (j)) show data at 1 ML coverage. One ML is the number density of Nb atoms required to form a complete (1 1 0) layer (1.3 × 1015 cm−2). The Cu 
adatoms have been removed from the top-view snapshots for clarity, except for the magnified sections in panels (d) and (i).
adatom aggregates increases (0.45 ML; panel (g)), and eventually form 
an interconnected network of rather flat clusters (2 atomic layers; pan-
els (h) and (i)). Moreover, considerable intermixing with substrate Cu 
atoms is observed (3D perspective snapshot in panel (j) and magnified 
section of panel (i)). This intermixing is the result of ballistic sputtering 
of the substrate by energetic Nb atoms and thermally-activated diffu-
sion, as discussed in detail in Section 3.2. By comparing the top and 
bottom snapshot rows in Fig. 6, we conclude that energetic bombard-
ment at simulation conditions relevant for HiPIMS growth leads to in-
creased nucleation density via adatom cluster generation. These adatom 
clusters become embedded into Cu layers formed by out-diffusing sub-
strate atoms, and lead to a few mixed Nb-Cu crystalline domains upon 
which the Nb layers consisting of one to three grains grow (Figs. 4, S1, 
and S2)). The suppression of columnar morphology in polycrystalline 
films has been attributed to ion-bombardment-induced interruption of 
local epitaxial growth (i.e., crystal growth) on grain facets, that causes 
repeated nucleation and yields an equiaxed morphology [41–43,54]. 
The atomistic pathway suggested by our model is consistent with the 
notion of repeated nucleation (our simulations predict an increase in 
nucleation density). However additional mechanisms, including Nb and 
Cu intermixing at the film-substrate interface, may also be relevant for 
explaining the morphological evolution of Nb coatings deposited by 
HiPIMS on rf Cu cavities.

3.2. Dynamic processes at the Nb-Cu interface

In Section 3.1, we establish that our MD simulations qualitatively 
reproduce key features pertaining to growth morphology of Nb films 
deposited on Cu rf cavities by DCMS and HiPIMS. We then leverage the 
agreement between model and experiment to shed light on atomic-scale 
mechanisms that govern film morphological evolution. In the present 
Section, we use the experiment-consistent picture provided by our sim-
ulations as foundation for studying atomistic processes at the Nb-Cu 
interface that may be relevant for growth evolution and composition of 
Nb films.

The Nb+ and Ar+ ions in the HiPIMS deposition process are acceler-
ated towards the substrate surface by a negative electrostatic bias of a 
few tens to hundreds of volts, resulting in energetic impacts on the sur-
face of the substrate and the growing film. Although the energy of these 
impacts is too low for triggering substantial bulk atomic rearrangement, 
it can lead to sputtering of surface atoms, ultimately causing erosion and 
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roughening of the substrate surface. This, in turn, may affect the sub-
strate and film surface morphology and influence the final structure of 
the interface. To explore the relevance of such processes in our simula-
tions, we plot in Figs. 7(a) through (d) Cu and Nb atomic concentration 
profiles (solid and dashed lines, respectively) along the z-axis of the 
cell box after the completion of the simulation. Data are presented in 
the form of atomic content ratio of Nb and Cu with respect to the to-
tal number of atoms in the simulated system. The vertical dashed lines 
mark the z coordinate of the Cu substrate surface prior to commencing 
the Nb and Ar particle deposition.

Fig. 7(a) presents data for DCMS deposition simulations on Cu(1 1 1), 
whereby the different line colors correspond to results of simulations at 
different deposition flux angles 𝜃, as designated in the figure legend. 
The curves show for all deposition angles the position of the film-
substrate interface – determined as the intersection of the Nb and Cu 
concentration profile lines – coincides with the position of the initial 
Cu substrate surface. Moreover, the region in which Cu and Nb are in-
termixed has a width of 20 Å.

Concentration profile data for HiPIMS deposition simulations on 
Cu(1 0 0), Cu(1 1 0), and Cu(1 1 1) are plotted in Figs. 7(b), (c), and (d), 
respectively. Different line colors are results from simulations at differ-
ent deposition temperatures (𝜃=0◦ for all simulations), as indicated in 
the figure legend. In contrast to the DCMS simulations, HiPIMS condi-
tions result in an interface z position that is lower than that of the initial 
Cu surface, i.e., the interface moves deeper into the bulk of the Cu sub-
strate. This can be explained by the energetic (100 eV/atom) impact of 
Nb and Ar atoms that sputter-erode the substrate surface; a process that 
is not active during DCMS simulations in which the Nb atoms impinge 
on the substrate with energies of 1 eV/atom that are below the sputter-
ing threshold. Concurrently, the width of the region across which Nb 
and Cu intermixing occurs is of the order of 20 Å, i.e., similar to that 
for DCMS simulations. This indicates that intermixing is not a ballistic 
process, but it is rather mediated by the thermal inter-diffusion of the 
two species. This is further supported by the fact that the magnitude 
of intermixing increases with increasing temperature and reaches the 
maximum of 𝑇=1000 K. We also see in Figs. 7(b) - (d) that, besides the 
film-substrate interface, there is a non-zero concentration of Cu through 
the Nb film, with the largest Cu content being in the vicinity of the film 
surface (marked with a black arrow), in particular for 𝑇=1000 K. This 
feature is not seen in the DCMS deposition simulation data (Fig. 7(a)), 
which can be explained by the absence of intense mixing via collision 
cascades and atomic sputtering that can allow Cu atoms to propagate 

toward the top of the film and segregate at the growth front. Moreover, 
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Fig. 7. (a) - (d) Cu and Nb atomic concentration profiles (solid and dashed lines, respectively) along the z-axis of the cell box after the completion of the simulation 
for DCMS (panel (a); Cu(1 1 1) substrates) and HiPIMS (panels (b), (c), and (d); Cu(1 0 0), Cu(1 1 0), and Cu(1 1 1), respectively). Data are presented in the form of 
atomic content ratio of Nb and Cu with respect to the total number of atoms in the simulated system. The vertical dashed lines mark the z coordinate of the Cu 
substrate surface prior to commencing the Nb and Ar particle deposition. The different line colors represent different deposition flux angles 𝜃 (panel(a); DCMS at 
𝑇=450 K) or different deposition temperatures 𝑇 (panels (b)-(d); HiPIMS at 𝜃=0◦). Panel (e) shows depth profile of Cu, Nb, O, and C in a 150 nm thick Nb layer 
grown on Cu by HiPIMS as determined by XPS in combination with Ar+ ion etching. The inset part shows the outermost surface on a magnified scale and the right 
graph the full distribution from the Nb surface towards the Nb/Cu interface with increasing sputter time. Panel (f) plots the cumulative fraction of sputtered Cu 
atoms 𝑓sp (with respect to the initial number of Cu atoms in the simulation box) as a function of number of the deposited particles for HiPIMS growth simulations. 
Solid, dotted, and dashed lines correspond to data from simulations on Cu(1 0 0), Cu(1 1 0), and Cu(1 1 1) substrates, respectively. The different line colors correspond 
to data at different simulation temperatures, as indicated in the legend.
we observe that the segregation of Cu atoms at the film surface is more 
pronounced for Nb layers exhibiting an ⟨1 1 0⟩ out-of-plane crystallo-
graphic orientation, i.e., for layers grown on Cu(1 0 0) and Cu(1 1 1).

The simulation data in Figs. 7(b) through (d) are complemented by 
XPS-measured depth compositional profiles of a 150 nm thick Nb layer 
grown by HiPIMS on Cu (Fig. 7(e)). Besides Nb, at the outermost sur-
face C, O, and Cu are detected, the latter amounting ∼0.2 at.% (see inset 
in Fig. 7(e)). After 6 min of Ar+ ion etching the Cu signal drops below 
the XPS detection limit and reemerges when ion etching approaches the 
Nb-Cu interface and the remaining Nb layer thickness is of the order of 
the inelastic mean free path of the photoelectrons. The presence of O 
and C at the surface is expected due to exposure of the sample to am-
bient during transport from the coating to the surface characterization 
apparatus. Moreover, the high reactivity of Nb that leads to the inter-
action with the residual gas in the UHV chamber is the reason why O 
and C content do not completely vanish when sputtering through the 
Nb film.

To better understand the processes of Cu diffusion and segregation 
evidenced from the HiPIMS growth simulations, we plot in Fig. 7(f)–for 
different simulation temperatures 𝑇 –the cumulative fraction of sput-
tered Cu atoms 𝑓sp (with respect to the initial number of Cu atoms 
in the simulation box) as a function of number of deposited atoms, 
for Cu(1 1 1) (dashed lines), Cu(1 0 0) (solid lines), and Cu(1 1 0) (dotted 
lines) surfaces. We see that for all deposition temperatures and substrate 
orientations 𝑓sp initially increases. The initial linear loss of the atoms 
from the simulation box indicates ballistic sputtering of Cu atoms by 
energetic Nb ions, most notably at a temperature of 300 K where ther-
mal evaporation is negligible. The latter becomes relevant at elevated 
temperatures, as evidenced by the increase of the linear slope when 𝑇
increases from 300 K to 1000 K. We also see that the thicker the film 
grows the fewer atoms are sputtered away and the dependence 𝑓sp on 
number of deposited atoms starts deviating from the linear function 
until it reaches saturation. The number of atoms at which the satura-
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tion is reached (see the black vertical arrows) shifts towards greater 
number of deposited atoms with an increase of temperature, i.e. from 
≈ 1.1 × 104 at 300 K to ≈ 1.9 × 104 at 1000 K. Moreover, for all tem-
peratures, the saturation value of 𝑓sp displays a weak dependence on 
crystallographic orientation of the substrate surface, and increases from 
8% at 300 K to 18% at 1000 K. These trends further support the notion 
that Nb-Cu intermixing and Cu evaporation during Nb condensation 
is governed by a complex interplay between thermally activated dif-
fusion and ballistic-driven atomic rearrangement. Careful inspection of 
the data for 𝑇=1000 K shows that, while 𝑓sp values saturate above 
≈ 2 × 104 atoms for simulations on Cu(1 1 1) and Cu(1 0 0) substrates, 
the curve for Cu(1 1 0) exhibits a small yet noticeable positive slope. 
This is consistent with the data in Fig. 7(c) which shows lesser pres-
ence of Cu near the interface of Cu(1 1 0)/Nb(2 0 0), than in two other 
cases (see Figs. 7(b) and (d)), which can be explained by easier migra-
tion of Cu atoms along the open [2 0 0] direction in Nb film than along 
the close-packed [1 1 0] direction.

3.3. Epitaxial relationships at the Nb-Cu interface

In Section 3.1, we see that our simulations predict that Nb films 
grow with different out-of-plane orientations on different Cu surfaces. 
In addition, depending on the simulation parameters, films may consist 
of either single or multiple grains. In the present section, we correlate 
these features with the epitaxial relationships between the Cu and Nb 
lattices at the film-substrate interface. We focus our discussion on data 
from HiPIMS deposition simulations which yield films of higher epitax-
ial quality, as compared to data from DCMS deposition simulations.

Fig. 8 presents top-view snapshots obtained from simulations of HiP-
IMS growth of Nb films on Cu after deposition of 25 000 Nb and 5 000 
Ar atoms, whereby the size of the Nb and Cu atoms (green and pink 
spheres respectively) is reduced to better illustrate the orientation re-
lationships between the film and the substrate lattices. The top row 
in Fig. 8 shows film-substrate systems in which the Nb film (simu-

lation temperature 𝑇=300 K) consists of a single grain on Cu(1 0 0)
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Fig. 8. Top-view snapshots of simulated atomic assemblies at parameters con-
sistent with HiPIMS deposition of Nb films (25 000 Nb and 5 000 Ar atoms 
with energy 100 eV/atom) on Cu. The specific simulation parameters are (a) 
Cu(100) and 𝑇=300 K; (b) Cu(110) and 𝑇=300 K; (c) Cu(111) and 𝑇=300 
K; (d) Cu(100) and 𝑇=300 K; (e) Cu(100) and 𝑇=450 K; (f) Cu(100) and 
𝑇=1000 K. Panels (a) through (c) show snapshots from simulations in which 
only one crystalline domain is formed, while panels (d) through (f) show snap-
shots from simulations with multiple crystalline domains separated by domain 
boundaries. The size of Nb and Cu atoms (green and pink spheres respectively) 
is reduced to better illustrate the orientation relationships between the film and 
the substrate lattices, which is also highlighted via the magnified insets. The 
epitaxial relationship in the form of (𝐻𝐾𝐿)Nb||(ℎ𝑘 𝑙)Cu;[𝑈 𝑉 𝑊 ]Nb||[𝑢𝑣𝑤]Cu
is provided in each panel.

(panel (a)), Cu(1 1 0) panel ((b)), and Cu(1 1 1) (panel (c)). The in-
sets in the figures are magnified views of the individual unit cells 
from the films and the substrate. From the insets, the following epi-
taxial orientation relationships are established for the various Cu sur-
faces: (i) (1 10)Nb||(1 11)Cu; ⟨110⟩Nb||⟨110⟩Cu, (ii) (1 10)Nb||(1 00)Cu; ⟨111⟩Nb||⟨011⟩Cu, and (iii) (2 00)Nb||(1 10)Cu;⟨200⟩Nb||⟨110⟩Cu, in 
agreement with the Nishiyama-Wasserman model based on the rigid lat-
tice approximation [55], as well as experimental data for electron-beam 
evaporated and magnetron-sputtered Nb films on Cu substrates [56–
59]. Besides the specific orientation relationships, all top-view snap-
shots in Figs. 8(a) through (c) exhibit Moiré patterns, most notably 
those corresponding to the Cu(1 1 1) and Cu(1 0 0) surfaces. This is be-
cause accommodation of the Nb lattice on the Cu(1 1 1) and Cu(1 0 0) re-
quires that it rotates in-plane by 5.26◦ and 9.75◦, respectively, along the 
[1 1 0] axis [60]. On the contrary, no rotation is necessary on Cu(1 1 0), 
but the lattice mismatch between Nb(2 0 0) and Cu(1 1 0) surfaces still 
produces a noticeable Moiré pattern.

The simulation data show that Nb films may consist of multiple 
grains, most frequently when growing on Cu(1 0 0). This is because the 
Nb(1 1 0)/Cu(1 0 0) overlayer is formed by four equivalent domains of 
Nb crystal grains (having the [1 11] direction parallel to the Cu[0 1 1]
direction, with rotational symmetry of 90◦ [56]. For reference, the 
Nb(1 1 0)/Cu(1 1 1) overlayer is formed by three equivalent domains 
with rotational symmetry of 60◦. Representative top-view snapshots of 
simulated multi-grain Nb films on Cu(1 0 0) at various temperatures are 
shown in Figs. 8(d) through (f). The grain boundaries mainly follow 
the lowest energy twin configuration with an angle between adjacent 
grains ∼ 19.5◦, which is twice as large as the rotation angle between 
the Nb and Cu lattice of 9.75◦. Some grains grow with a more complex 
grain boundary structure as crystal domains are rotated by ∼ 70.5◦ or 
∼ 90◦ [56]. These configurations are observed at elevated temperatures 
since the grain boundaries of such a complex structure are associated 
with higher formation energy.

Besides the in-plane rotation of the film crystal lattice seen in Fig. 8, 
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inspection of the simulation output shows that, for all parameters used 
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in HiPIMS growth simulations, the film lattice planes are tilted with re-
spect to the substrate normal. Typical data are shown in Figs. 9(a), (b), 
and (c) (HiPIMS simulations on Cu(1 0 0), Cu(1 1 0), and Cu(1 1 1), re-
spectively; 𝑇=450 and 𝜃=0◦) whereby the lattice tilt angle 𝛽 ranges 
between 1.9◦ and 5.2◦. We also note that data from simulations at dif-
ferent temperatures (not presented here) show that 𝑇 has no systematic 
effect on the lattice tilt. In contrast to HiPIMS, no tilt is observed for 
simulation parameters consistent with DCMS deposition (see Figs. 9(d) 
through (f)). In the absence of misfit dislocations, tilt of lattice planes 
in epitaxial layers occurs when deposition occurs on vicinal surfaces 
and the out-of-plane lattice mismatch relaxes along the direction of the 
propagating steps [61]. In our model, low-index Cu surfaces are used 
as substrates, hence no vicinal surfaces exist in the starting configu-
rations of our simulation boxes. However, as seen in Fig. 7, substan-
tial intermixing occurs between Cu and Nb yielding a rough interface 
(Figs. 9(a)-(c)), that may provide atomic steps for strain relaxation to 
occur via lattice tilting. This is not the case for DCMS growth simula-
tions (Figs. 9(d)-(f)) in which the interface is sharp and no intermixing 
is observed. Such lattice tilt has not been yet observed experimentally 
in earlier studies of Nb film growth on Cu using either thermalized [56]
or low-energy vapor fluxes [57–59]. Hence, our data underscore the 
necessity for dedicated experimental studies of epitaxial orientation 
relationships and microstructure during growth of Nb on Cu by hyper-
thermal vapor fluxes.

4. Summary and conclusions

We present a combined computational and experimental study on 
the growth of Nb films, by DCMS and HiPIMS, on the complex-shaped 
curved surface of Cu rf cavities. Experimental data show that DCMS-
grown films exhibit a columnar and seemingly dense morphology on 
the equatorial position of the cavity that faces directly the sputtering 
cathode and hence the Nb flux arrives at the substrate at near-to-normal 
incidence conditions. Films grown on the flat slope of the cavity at the 
iris position (oblique-angle deposition conditions) are still columnar, 
but the columns are tilted towards the direction of the deposition flux 
and the microstructure is porous. In contrast to DCMS, HiPIMS-grown 
films exhibit a dense microstructure with columns growing perpendic-
ularly to the substrate surface, irrespective of the area of deposition.

Classical Molecular Dynamics simulations are used to model Nb 
growth at conditions consistent with DCMS and HiPIMS deposition. 
Our simulation data reproduce the overall trends with respect to film 
morphology and microstructure established at the various experimental 
conditions. Moreover, analysis of the evolution of the simulated systems 
allows us to conclude that the dense microstructure of the HiPIMS-
grown layers (as compared to their DCMS counterparts) emerges as 
result of (i) deflection of ionized sputtered species to a direction par-
allel to the substrate normal by the electric field between the plasma 
and the bias potential and (ii) bombardment-induced interruption of 
local epitaxial (i.e., crystal) growth through all film formation stages. 
Besides the atomic-scale mechanisms that control growth evolution, the 
simulations predict that HiPIMS growth atomic intermixing at the film-
substrate interface due to ballistic- and thermally-induced effects. This 
intermixing results in incorporation of Cu in the Nb film bulk close to 
the film-substrate interface, as well as Cu segregation on the Nb film sur-
face. The incorporation of Cu in the vicinity of the interface is seemingly 
correlated with tilt of the Nb lattice planes relative to the Cu substrate 
lattice planes, the latter being a phenomenon that has not been observed 
in experimental studies of Nb on Cu using thermalized on low-energy 
vapor fluxes. Moreover, experimental data confirm the presence of Cu 
on the Nb film surface, which may affect the performance of the rf cav-
ity. The overall conclusion of our study is that knowledge-based design 
of plasma coating processes for the Nb-Cu system for the next genera-
tion of rf cavities can be supported by strategically combining atomistic 
simulation with characterization tools capable of providing structural 

and compositional information at the nanoscale.
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Fig. 9. Cross-sectional snapshots of atomic assemblies (Nb and Cu are represented by green and red spheres, respectively) generated by simulating growth of Nb at 
𝑇=450 K and 𝜃=0◦ at conditions resembling HiPIMS on (a) Cu(1 0 0), (b) Cu(1 1 0), (c) Cu(1 1 1) and DCMS on (d) Cu(1 0 0), (e) Cu(1 1 0), (f) Cu(1 1 1). The vertical 
dashed lines show the direction of the Cu substrate lattice as normal while the arrows mark the direction of the film lattice as normal. The tilt angle 𝛽 between the 
substrate and the film lattice normal is provided in each panel.
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