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ABSTRACT
The fabrication of niobium-based devices requires precision and reliability and, 
consequently, the characterization and description of their mechanical proper-
ties. However, there are few studies in the literature on mechanical properties 
characterization, even less so at the nanoscale, where new technologies require 
this knowledge. In this work, we study the dependence of the morphology, nano-
mechanical properties, and friction of niobium films on the pulsed frequency 
during DC sputtering. Niobium films without oxide in their bulk and bcc crystal 
structure were deposited at room temperature on Si (100) substrate under sputter-
ing pulse frequencies of 20, 100, and 350 kHz. As the pulsed frequency increased, 
the morphology changed from granular to flake-like, indicating a change in the 
atomic accommodation due to the increase in the niobium ion energy during the 
plasma sputtering, which resulted in an increase in the elastic modulus of films. 
Elastic modulus maps into an area of 1 µm × 1 µm revealed local variations for 
films with flake-like morphology. Increasing the pulsed frequency in plasma 
sputtering at 100 and 350 kHz resulted in films with higher elastic modulus flakes 
and higher attenuation of the ultrasonic wave during nanomechanical mapping, 
which was related to dissipative forces due to lateral friction, while the granular 
morphology and lower elastic modulus of films deposited at 20 kHz was associ-
ated with friction at interfaces.
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GRAPHICAL ABSTRACT 

Introduction

Niobium material exhibits mechanical, thermal, 
chemical, and electrical properties helpful in devel-
oping plasmonic devices [1], magnetic shielding layer 
[2], surface finishing [3], and superconducting radio-
frequency cavities [4], among others [5]. For the case of 
plasmonic applications, it has been found that transi-
tion metal nitrides such as TiN [6] and ZrN [7] have 
similar optical properties to gold with the advantage 
of being stable at elevated temperatures. Niobium also 
displays similar optical properties to gold from the 
near- to the mid-infrared spectral range and has the 
advantage of having a melting point above 2400 °C 
[1]. It has been established in Refs. [1, 8, 9] that nio-
bium may be a good candidate for applications in 
high-temperature plasmonics due to its tunable super-
fluid plasma frequency [9]. Niobium may absorb and 
convert light into heat or operate as a selective emis-
sion source for thermal radiation unrestricted by low 
thermal or chemical stability as the noble metals [1]. 
Besides, Nb is also stable under chemical environ-
ments due to its oxide [10].

Along with high chemical stability, superconduc-
tor properties [11], and good optical properties, nio-
bium has low density, high Young’s modulus, and 
high yield strength, making it a good candidate in 
the development of plasmonic devices [5]. Moreover, 
Nb outperforms TiN and ZrN in ease of preparation 
[2–4], as it is a single element that does not require 
a reactive process. Another advantage of niobium 
over nitrides is its relative ease of fabricating devices 
using electron beam lithography and plasma etching 
techniques [1]. On the other hand, in the case of Nb-
based superconducting cavities, the photocathode-
flange surface requires good mechanical stability 

and resistance to scratch formation [12]. Scratches 
can cause electrical discharges because they can give 
rise to a high electrical field gradient.

Despite the wide use of niobium in the devel-
opment of modern devices, only some studies in 
the literature address the characterization of the 
mechanical properties of this material deposited 
by physical vapor deposition or other techniques, 
without access to mechanical properties mapping. 
Ramana et al. [5] deposited Nb films (~ 90 nm thick) 
by radio-frequency sputtering on YSZ (001) substrate 
maintained at 500 °C and rotating at 3–4 rpm. The 
resulting films showed (011) and (220) diffractions 
at 2θ = 35.9° and ~ 81° with cone-like morphology 
related by the authors with closely packed nanoco-
lumnar epitaxial growth. The mechanical properties 
of the films were characterized by nanoindentation 
at indentation depths from 12 to 55 nm. The lower 
indentation depth (13% of the thickness) gave an 
elastic modulus of 90 GPa, while an indentation 
depth of 20 nm gave ~ 240 GPa, where is highly prob-
able that exist a substrate contribution. Seifried et al. 
[3] deposited Nb coatings (10 µm thick) by DC mag-
netron sputtering at 250 W (75 mm target diameter) 
on polished NiTi (50.8% at. Ni) substrate without 
heating. The resulting films showed (110), (211), and 
(220) diffractions at 2θ =  ~ 38°, 69° and 83°, indicat-
ing a polycrystalline structure. The films were char-
acterized by nanoindentation at constant strain rate 
of 0.05 s−1 with indentation depths below of the 10% 
of the thickness, given an elastic modulus of 98 GPa. 
Gontad et al. [12] deposited Nb films (~ 60 nm thick) 
by pulsed laser deposition on Pb substrate. They 
measured Nb films by nanoindentation obtaining a 
hardness of 2.8 GPa, but the elastic modulus was not 
reported.
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As seen from previous reports, the mechanical 
properties are reported as an effective parameter, 
sufficient in macroscopic applications. However, in 
developing devices with micro or nanometer sizes, it 
is necessary to access the local elastic variations within 
the polycrystalline aggregates. This type of characteri-
zation is not available for the case of niobium. In addi-
tion, the mechanical properties of Nb films have been 
characterized on the plastic and elastic–plastic regi-
mens, but the elastic regimen still needs to be studied. 
To the best of our knowledge, no publications report 
the mapping of Nb film’s mechanical properties at the 
nanoscale.

This work attempts to fill the knowledge gap in the 
characterization of nanoscale mechanical properties of 
niobium films. Here, we study the dependence of the 
morphology, nanomechanical properties, and friction 
of niobium films on the pulsed frequency (20, 100, and 
350 kHz) during DC sputtering.

Materials and methods

Deposition of Nb films

Nb films were deposited in a high vacuum magne-
tron sputtering system with a pulsed DC power sup-
ply (Advance Energy Pinnacle Plus 3 kW) under three 
pulsed frequencies to compare, 20, 100, and 350 kHz. 
A working pressure of 5 mTorr (∼0.66 Pa) was used to 
deposit Nb films from a Nb target (99.95% pure). Prior 
to each deposition process, the main chamber was 
evacuated to a base pressure lower than 1 × 10−8 Torr 
(∼ 1.33 × 10−6 Pa). The deposition atmosphere was 
argon research grade. No intentional heating was 
applied to the holder substrate during deposition. The 
holder substrate was maintained at 60 V negative bias 
voltage to improve the mechanical properties of the 
resulting films [13] and a 5-rpm rotation to achieve 
uniformity. Silicon substrates (100) were employed to 
deposit Nb films, which were ultrasonically cleaned 
with Alconox, deionized water, acetone, ethanol, and 

methanol for ten minutes each. Details of the Nb films 
samples conditions are summarized in Table 1.

Deposition of the aluminum protection layer 
to prevent niobium oxidation

An aluminum protective layer was deposited on the 
niobium films to prevent oxidation from environmen-
tal exposure. The aluminum protective layer is use-
ful in refractory materials such as niobium since it is 
employed in photonic structures where good optical 
stability is required. Protective layers of Al2O3 and 
HfO2 have been used in metals [14] and refractory 
materials [15] to improve optical and thermal stabili-
ties. In the present study, the protective layer intends 
to reveal an oxygen-free niobium deposition during 
sputtering. Oxygen harms the low-temperature elec-
trical properties of niobium films. It is important to 
note that the nanomechanical properties, friction, and 
surface morphology characterizations were performed 
on the Nb films without protective aluminum layer.

Before depositing the niobium films under the three 
different pulsed frequency conditions (see Table 1), a 
niobium film was deposited with the same conditions 
as the 20 kHz film. Without removing the film from 
the deposition chamber, a secondary sputtering gun 
with an aluminum target was activated to deposit 
a ~ 4.5-nm-thick layer.

XPS measurements on niobium film 
with protective coating

The niobium film with protective aluminum layer was 
extracted from the sputtering system and transported 
to the X-ray photoelectron spectroscopy (XPS) system 
for characterization. The exposure time to the labora-
tory environment was approximately 15 min. Meas-
urements were done with an XPS instrument using a 
monochromatic X-ray aluminum Kα1 (hν = 1486.7 eV) 
source and a 7-channeltron hemispherical spectrometer. 
The parameters for the acquisition of the spectra were 
10 eV pass energy and 1 eV steps. The angle between 

Table 1   Sputtering 
deposition parameters of Nb 
films.

Film Power (W) Frequency 
(kHz)

Reversal time 
(μs)

Rotation 
(rpm)

Bias voltage 
(V)

Ar flux 
(sccm)

Nb_20 150 20 5 5 60 13
Nb_100 150 100 4 5 60 13
Nb_350 150 350 1 5 60 13
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the monochromator and the analyzer was 41°, and the 
measurement angle was 90°.

X‑ray diffraction measurements

The structure of the Nb films was investigated by graz-
ing incidence X-ray diffraction (GI XRD). The GI XRD 
patterns were acquired with a PANalytical X-ray Empy-
rean diffractometer using Cu Kα radiation (λ = 1.5406 Å) 
at grazing incidence of 0.5° and operating at 40 kV and 
35 mA. A 2θ scan range from 20° to 80° with 0.05° angle 
steps was used.

Atomic force microscopy measurements

Morphology characterization

The surface morphology of the niobium films was ana-
lyzed with atomic force microscopy (AFM) measure-
ments in an area of 1 μm × 1 μm. AFM measurements 
were performed in contact mode using an SNL probe 
within a Bruker Dimension Edge System. From the 
morphology images, the amplitude distribution func-
tion (ADF) was obtained, which gives the probability 
that a profile has a specific height z at any x position 
[16]. ADF allows access to statistical parameters such 
as the root mean square roughness (Rq), skewness, and 
kurtosis that describe the surface morphology. The Rq 
measures the average of the measured height deviations 
taken within the evaluation length and measured from 
the mean line. The skewness measures the asymmetry 
of the ADF for a Gaussian distribution; positive skew-
ness indicates that the tail is on the right side of the ADF 
peak. For the case of AFM images, positive skewness 
may describe the presence of peaks and/or filled valley 
on the surface, while negative skewness may point out 
the presence of grooves without peaks on the surface. 
The kurtosis parameter is in terms of the tail extrem-
ity of the ADF peak; kurtosis indicates outliers that are 
outside one standard deviation from the mean. In AFM 
images, the existence of kurtosis may point out the 
existence of a few high peaks or deep grooves. Bias in 
statistical parameters due to possible tip-induced wear 
during contact mode measurements was ruled out by 
additional tapping mode measurements on a Bruker 
Innova AFM system.

Nanomechanical characterization

Ultrasonic atomic force microscopy (UAFM) uses 
a combination of contact with force modulation 
mode and dynamic AFM modes [17] to access the 
response amplitude and phase of a tip-sample sys-
tem as a function of sweep frequency (ω). In this 
technique, the probe tip is placed in contact with 
the sample surface, and through a piezoelectric 
transducer located at the probe’s base, longitudinal 
waves are sent to induce small displacements in the 
elastic regime at the contact point. The longitudinal 
wave frequencies are sweep around the contact reso-
nance frequency (ω0) of the tip-sample system. The 
contact resonance is one of the eigenmodes of the 
probe that is sensitive in ω0 to variations of the nor-
mal contact stiffness (kN) [18]. The amplitude spec-
trum is fitted to a simple harmonic oscillator model 
to obtain the relevant parameters as (ω0) and qual-
ity factor (Q value). An initial ansatz for Q value is 
obtained by dividing ω0 by the width of the ampli-
tude spectrum at half maximum. The amplitude 
and phase for mapping are evaluated at ω0. The ω0 
versus kN curves can be obtained using analytical 
equations [19] or finite element analysis (FEA) of the 
dynamic behavior of the probe [20]. The latter was 
the approach used in this work and details of the 
FEA can be found in Refs. [20, 21]. To convert kN to 
reduced elastic modulus (E*), it was determined that 
between the tip and the specimen there is a plane 
contact with a radius of the contact area aC, accord-
ing to our previous analysis presented in Ref. [18]. 
Thus, the relationship kN = 2 < aC > E* can be used to 
calculate the reduced elastic modulus. To access the 
mapping configuration, nanopositioning control of 
the AFM tip was used, which ideally avoids tip dis-
placements during the acquisition of amplitude and 
phase spectra. In the mapping configuration, ampli-
tude and phase spectra are obtained in a grid of M 
rows by N columns that are usually 128 × 128 to form 
a three-dimensional data array. Details on the UAFM 
implementation for mapping can be founded in our 
previous work [21].

For the case of metals, it is valid to assume that there 
is almost zero damping at the tip-sample contact, and 
consequently, the elastic modulus can be obtained from 
the kN (ω0). The parameter ω0 provides information 
about the kN and can therefore be used to measure the 
conservative interaction between the tip and the sample. 
On the other hand, the Q value represents a measure of 
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dissipative interactions between the tip and the sam-
ple, contrasting with the interpretations for viscoelastic 
materials [22].

Nanofrictional characterization

For the friction measurements, the AFM instrument was 
operated in contact mode using a probe with diamond-
like carbon tip coating. The experimental data were 
acquired by using the scanning surface profiles while 
applying a fixed low force to the cantilever [23, 24]. The 
setpoint parameter in the AFM instrument defines the 
applied force or load [23, 24]. As the load is given to the 
film surface (height mode in AFM), surface scanning is 
done simultaneously (parallel scan to the long axis of 
the cantilever). This process occurs with a linear increase 
in the load along the desired swept surface. Then, the 
friction force is obtained correcting of the topographic 
profiles forward and backward of the tip travel direc-
tions [24]. The applied load and the friction force were 
calculated following the equations [24]

Here S
P
 is the deflection setpoint (in volts), V

D
 is the 

vertical deflection (in volts), S is the sensitivity (in m/
volts), k

ct
 is the cantilever spring constant (in N/m), ΔH 

is the difference in height of the two tip travel directions 
(forward and backward, in m), L is the length of the can-
tilever (in m) and l

t
 is the height of the cantilever tip (in 

m). Finally, the coefficient of friction is calculated by 
considering a proportional dependence with the applied 
load, rewritten in the explicit form

Results

XPS, niobium films 
with and without protective aluminum layer

Figure 1 shows a survey (inspection spectrum) and 
high-resolution XPS spectra obtained on a niobium 
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film with an aluminum protective layer deposited at 
20 kHz pulsed frequency. From the low-resolution 
spectrum [panel (a)], photoemission signal from levels 
Nb 3s, Nb 3p, and Nb 3d is observed. The photoemis-
sion signal Al 2p is expected due to the aluminum 
protective layer. Signals related to oxygen and carbon 
from the sample surface due to exposition to the envi-
ronment are also observed.

The high-resolution spectrum for Nb 3d photoemis-
sion is the most appropriate for investigating the 
oxide on niobium surfaces [25, 26]. Previous research 
has shown that in oxygen-free niobium, there is an 
Nb 3d doublet at binding energies between 200 and 
206 eV [25, 26]. From Fig. 1b, the Nb 3d5/2 appears at 
202.105 eV and Nb 3d3/2 at 204.805 eV, with a sepa-
ration of Δ = 2.7 eV. For comparison, the sample at 
20  kHz was also deposited without a protective 

 (a)

 (b)

 (c)

Figure  1   Niobium film (160  nm thick) with a protective alu-
minum layer of ~ 4.5 nm. (a) XPS survey spectrum showing the 
photoemission of the elements present on the first 8–10  nm of 
the sample surface. (b) High-resolution spectrum for the Nb 3d 
photoemission from the niobium films with protective aluminum 
layer where there is no oxygen bound to the niobium. (c) High-
resolution spectrum for the Nb 3d photoemission obtained on 
niobium film (160 nm thick) without a protective aluminum layer.
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aluminum layer, the high-resolution Nb 3d spectrum 
is presented in panel (c) of Fig. 1. Photoemission indi-
cating the binding of niobium to oxygen is expected 
to appear from 206 to 212 eV as shown in Refs [25, 
26], due to the Nb2O5 compound. Figure 1c shows that 
Nb2O5 is present in the niobium film without protec-
tive aluminum layer at the expected binding energy, 
which must be on the surface according to results dis-
played in Fig. 1b.

XRD results of Nb films

Niobium films were deposited without protective alu-
minum layer to be analyzed with GI XRD measure-
ments. As mentioned in the materials and methods 
section, our Nb films were deposited without substrate 
heating. Figure 2 shows that the GI XRD diffracto-
grams exhibit the (110), (200), and (211) diffraction 
planes associated with a body-centered cubic (bcc) 
crystal structure. The dashed vertical lines in the fig-
ure indicated the expected positions according to the 
PDF card No. 01–089-5008 [3]. The diffraction patterns 

show well XRD intensities, indicating a crystalline 
growth under the three different pulsed frequency 
conditions. For the three pulsed frequencies, the (110) 
diffractions have higher XRD intensities than (200) 
and (211), indicating that the films tend to grow with 
(110) orientation, which also has been observed in Nb 
coatings deposited by DC sputtering [3]. It has been 
suggested in Ref [3] that the occurrence of reflections 
(200) and (211) in Nb films may be related to growth 
and coherence stresses. From the diffractograms in 
Fig. 2, it is observed that the peak of the diffractions 
(110) becomes sharper as the pulsed frequency of the 
DC source increases, which suggests that the Nb films 
deposited at pulsed frequency of 100 and 350 kHz 
exhibit grains with a larger size than Nb films depos-
ited at pulsed frequency of 20 kHz.

Surface morphology of the Nb films

Figure  3a–c shows the morphology images of the 
niobium films deposited under the three pulsed 
frequency conditions of the DC power supply. The 
increase in pulsed frequency causes a change in mor-
phology from granular to flake-like, accompanied by 
a change in the roughness Rq parameter from 3.1 to 
7–8 nm. The height distribution functions ADFs for the 
three pulsed frequency conditions give Gaussian-type 
profile, as displayed in Fig. 3d. The surface statistical 
parameters, skewness, and kurtosis were computed 
from ADF. Table 2 summarizes Rq, skewness, and 
kurtosis for the niobium films. The table shows that 
the tails of the ADF shift to the right as the pulsed 
frequency increases, which gives a positive skewness; 
this means that a higher pulsed frequency results in 
surfaces with high peaks and fill valleys. On the other 
hand, a positive excess kurtosis means that the surface 
has high peaks and low valleys. The excess kurtosis 
indicates that there are outliers outside one standard 
deviation from the mean on the right side of the ADF, 
as verified in the boxplot in Fig. 3d.

Nanomechanical properties

Figure 4 shows typical raw spectra of amplitude and 
phase as a function of sweep frequency for a map 
pixel. The solid blue solid line is the simple harmonic 
oscillator fit to the amplitude spectrum. The upper 
right inset in the plots shows values of the maximum 
amplitude (Amax), ω0, and Q value for each spectrum. 
Figure 5 shows 1 µm × 1 µm maps of topography, 

 (a)

 (b)

 (c)

Figure 2   GI XRD measurements on niobium films deposited at 
(a) 20 kHz, (b) 100 kHz, and (c) 350 kHz pulsed frequency of 
DC power supply.
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elastic modulus, and Q value obtained simultane-
ously on niobium films deposited under the three dif-
ferent frequencies pulsed at the DC power source. For 
the niobium film deposited at 20 kHz, there is a uni-
form distribution of the elastic modulus and Q value. 
Increasing the pulsed DC source frequency from 20 to 
100 kHz and 350 kHz gives rise to a change in mor-
phology, as described in the previous section, and to 
a change in the elastic modulus of the sample. Higher 
pulsed frequency results in regions of tens of nanom-
eter size with higher elastic modulus (see red shades). 
Three elastic modulus distributions are distinguished 
in the elastic modulus maps of films deposited at 100 
and 350 kHz. The film deposited at 350 kHz shows 
more significant regions with high elastic modulus. 
In films deposited at pulsed frequencies of 100 and 
350 kHz, regions with red shades in the modulus maps 

Figure 3   AFM morphol-
ogy at 1 µm × 1 µm area for 
niobium films deposited by 
DC sputtering under pulsed 
frequency of (a) 20 kHz, (b) 
100 kHz, and (c) 350 kHz, 
(d) ADFs and boxplot of the 
morphology displayed in 
(a–c).

Table 2   Statistical surface parameters of the Nb films.

Sample Roughness 
(Rq, nm)

Skewness Excess Kurtosis

Nb_20 (20 kHz) 3.1 0.45 0.25
Nb_100 (100 kHz) 7.8 0.69 0.49
Nb_350 (350 kHz) 7.2 0.78 1.00

 (a) Amax  : 0.38

0     : 1811.68
Qvalue: 688.08

 (b) Amax  : 0.31

0     : 1817.56
Qvalue: 282.83

Figure  4   Typical contact resonance UAFM spectra acquired 
on niobium films deposited at (a) 20 kHz and (b) 100 kHz. The 
AFM probe used was a BudgetSensors ContDLC
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present low Q values, indicating that in those regions, 
the dissipative interactions between the tip and the 
sample are higher than in regions with low modulus.

The ADFs for the modulus and Q value allow a 
better appreciation of the changes in the mechanical 
response of the films as the pulsed frequency of the 
DC power source increases, see Fig. 6. Increasing the 
pulsed frequency causes a shift in the ADF of the 
elastic modulus from symmetric to asymmetric to 
the right, indicating that regions with higher elastic 
modulus emerge as the pulsed frequency of the DC 
power supply increases. Increasing the DC pulsed 
frequency to 100 kHz results in the appearance of 

at least two clear peaks in the Q value, and when 
increased to 350 kHz, three clear peaks in the Q value 
are distinguished.

Friction force microscopy

Figure 7 shows friction force (FF) vs load (L) meas-
urements on the niobium films. A linear behavior is 
observed for all three films, indicating that Amonton’s 
law 

(

F
F
∝ L

)

 is valid for these measurements at the 
nanoscale. The values of the nanofriction coefficient 
are defined by the slope of the fit and are indicated 
in the graphs. The friction force required to initiate 

Figure 5   Nanomechanical mapping of niobium films deposited under different pulsed frequencies (a) 20 kHz, (b) 100 kHz, and (c) 
350 kHz
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sliding at the lowest load is very similar in all three 
samples, which may be a consequence of the metal 
surface oxide. However, as the load increases, less 
friction is required to maintain sliding on the sample 
deposited at the pulsed frequency of 100 kHz, result-
ing in a lower coefficient of friction for this sample. 
The films deposited at pulsed frequency of 100 and 
350 kHz have very similar morphology, but the fric-
tion force is different. The increase in friction force 
for the film deposited at 350 kHz seems to be related 
to the existence of flakes with higher elastic modulus 
which are seen in the elastic modulus maps (Fig. 5). 
The flakes with higher elastic modulus also have a 
lower Q value. Q captures the dissipative forces in 
UAFM measurements, and in the case of the sam-
ple deposited at 350 kHz appear to be related to an 
increase in frictional force or lateral force.

Discussion

Increasing the pulsed frequency at the DC discharge 
during the sputtering process caused a change in the 
morphology and elastic modulus of niobium films. 
Films deposited with 20 kHz pulsed frequency result 
in a morphology with a homogeneous distribution of 

grains and an elastic modulus with a symmetric ADF 
given values of 86.52.39

2.04
 GPa; increasing the pulsed fre-

quency at 100 and 350 kHz result in films with flake-
like morphology and asymmetric ADFs for elastic 
modulus, given values of 90.282.36

2.00
 GPa and 92.134.39

2.75
 

GPa, respectively. The films deposited with the pulsed 
frequency of 100 and 350 kHz show some flakes with 
elastic modulus ranging from 92.6 to 107.2 GPa. In the 
elastic modulus maps, each pixel contains information 
about the integral behavior of the sample in a local-
ized region where the probe tip has induced a higher 
stress field [27]. The analysis of the mechanical stress 

 (a)

 (b)

Figure 6   ADFs for (a) elastic modulus and (b) Q value from the 
maps displayed in Fig. 5.

 (a)

 (b)

 (c)

Figure  7   Friction force as a response of the applied load for 
niobium films deposited at pulsed frequency of (a) 20 kHz, (b) 
100 kHz, and (c) 350 kHz. The AFM probe used was a Budget-
Sensors ContDLC
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field in a Hertzian contact as a function of penetration 
depth into the surface indicates that the compressive 
stress reaches its maximum at the surface and falls off 
rapidly with the depth into the sample. In contrast, the 
principal shear stress has its maximum in the sample 
[28]. Thus, the maximum contrast in elastic modulus 
comes mainly from the surface of the niobium films 
and hence from surface features  such as granular or 
flake-like morphology. Table 3 compares our elastic 
modulus measurements with report from the litera-
ture for niobium material. As it can be seen from the 
table, the average elastic modulus values determined 
from UAFM maps compare well with other works, 
with the advantage that UAFM maps provide an elas-
tic modulus distribution.

By comparing the XRD results with the nanome-
chanical response, there seems to be a relationship of 
the crystallographic planes present in the films with 
the local variations of the elastic modulus. The XRD 
results show that the diffraction peaks become more 
defined as the pulsed frequency increases. According 
to a theoretical–experimental study on the bcc metal 
copper [35], the force required for a displacement of 
250 nm with a spherical indenter of radius 3.4 µm is 
highest for the oriented surface (100), followed by 
(011) and (111), with forces of 3.82, 3.55, and 3.00 mN, 
respectively. This behavior can be expected to con-
tinue in simple cubic materials with a bcc structure, 
such as niobium. Following the strain resistance in 
the bcc copper single crystal for our niobium films, 

the (100) orientation should exhibit the highest strain 
resistance, followed by (110) and (211). These planes 
are parallel to the substrate, which indicates that the 
bcc cubic structure has the crystallographic axis [110], 
[200], and [211] normal to the substrate and parallel 
to the exerted force by the AFM tip. Since the UAFM 
technique has the resolution to sense individual grains 
within polycrystalline aggregates, the increase in the 
elastic modulus is likely related to the well-defined 
diffraction peak (110) and (200).

On the other hand, the Q value maps show that 
the flakes-like aggregates with high elastic modulus 
have low Q value (see Figs. 4 and 5). As mentioned 
in the introduction section, the Q value captures the 
dissipative forces during the ultrasonic vibrations. The 
dissipative forces in metals or rigid materials usually 
come from lateral friction, friction at the interface, and 
internal friction, in contrast to viscoelastic material, 
where the Q value mainly captures the damping at the 
tip-sample contact. Although our UAFM measurement 
method is by nanopositioning control, which contrasts 
with the tip-probe drag method [21], there are fric-
tional lateral forces at the tip-sample contact that con-
tribute to the attenuation of the detected ultrasonic 
waves. Friction at interfaces, on the other hand, occurs 
mainly between the boundaries of different materi-
als within the sample [27]. Our case study deals with 
single-element material. Even so, the polycrystalline 
nature of our films results in the existence of polycrys-
talline aggregates with boundaries where attenuation 

Table 3   Comparison between the mechanical properties of Nb from literature and our films.

Reference Hardness (GPa) Elastic modu-
lus (GPa)

Morphology Method used Deposition method Test type

[5] 18 240 Cone-like Nanoindentation Sputtering Quasi-static
[3] – 98, 109 – Microindentation, 

Nanoindentation
Sputtering Quasi-static

[11] 2.8 – – Nanoindentation PLD Quasi-static
[29]  ~ 4  ~ 80 Grained Nanoindentation Sputtering Quasi-static
[30] – 63.5 – AFAM Sputtering Single point
[31] 6.6 133 Grained Nanoindentation Sputtering Quasi-static
[32] 4.45–5.39 10–115 Lamelar Nanoindentation Sputtering Single point
[33] – 77–92 – Nanoindentation Sputtering Quasi-static
[34] – 113–118 – AFAM – Single point
This work, Nb_20 86.5

2.39

2.04
Grained UAFM Sputtering Mapping

This work, Nb_100 90.28
2.36

2.00
Flake-like UAFM Sputtering Mapping

This work, Nb_350 92.13
4.39

2.75
Flake-like UAFM Sputtering Mapping
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of ultrasonic waves may exist. Internal friction occurs 
within a single material and attenuates the propaga-
tion of ultrasonic waves [27]. According to the ADF 
results for the Q value (Fig. 6b), the sample deposited 
at a pulsed frequency of 350 kHz presents three dis-
tinctive Q values, indicating that there are different 
friction responses in the flakes. The sample deposited 
at a pulsed frequency of 100 kHz shows at least two 
different Q values in its ADF, and thus there are two 
frictional responses. The frictional lateral forces are 
likely dominant in the flakes since the flakes have 
dimensions that exceed the radius of curvature of the 
tip without abrupt changes of morphology within the 
flakes. The sample deposited at a pulsed frequency of 
20 kHz shows in its ADF a behavior more difficult to 
decipher since the Q value is ample, indicating that 
the grains and their boundaries present a distinct 
frictional behavior. Due to the granular morphology, 
friction at the interfaces may be responsible for this 
dissipative behavior.

It has been reported that increasing the frequency in 
pulsed DC magnetron discharge results in improved 
ion bombardment of growing films as the physical 
and chemical characteristics of the plasma becomes 
time-dependent [23, 24]. Plasma parameters such as 
energy and incident ion flux influence the structure 
and properties of the growing films. In particular, for a 
non-reactive plasma of titanium, it has been observed 
that the increase in frequency results in an increase in 
plasma electron temperature, accompanied by a very 
slight decrease in plasma density, both parameters 
relative to a DC discharge [24]. Lin et al. [36] observed 
that increasing pulsed frequency leads to a shift 
toward higher energies of the ion energy distribution 
(IED) for the element chromium in a reactive environ-
ment. They showed that the IED for the DC discharge 
shows a peak at an energy of 7 eV for the 52Cr+ ion, 
while the pulsed DC discharge excites a wide range 
of ion energies up to 65 eV, with peaks of 7–17 eV and 
22–32 eV. By comparing DC and pulsed DC discharges 
for the same reactive condition, they showed that the 
resulting films have a microstructure ranging from 
columnar for DC plasmas to a super dense micro-
structure with a short columnar grain for pulsed DC 
plasmas. The resulting CrNx films exhibited hardness 
values ranging from 22 to 24 GPa for DC plasma to 
28–30 GPa for pulsed DC plasma in a 20–70% nitro-
gen flow rate environment. In addition, pulsed plasma 
resulted in CrNx films that exhibit a lower coefficient 
of friction and wear rate than DC plasma films.

Considering the beneficial evidence of pulsed 
plasma, it is possible to understand the increase in the 
elastic modulus of our niobium films and the change 
in morphology, the increase in the pulsed frequency 
results in a plasma with high ionization density and 
higher electron temperature. As the frequency is 
increased, ions with higher kinetic energy reach the 
substrate and transfer their energy to the adsorbed 
atoms lying on the surface of the growing film. The 
energy transfer increases the mobility of these surface 
atoms, which seal vacancies and create more nuclea-
tion sites [36]. This process increases the density of the 
growing film and consequently improves its mechani-
cal properties.

In summary, according to X-ray photoelectron 
spectroscopy, it was observed that the bulk of our 
films is oxygen-free, which required the deposition 
of a ~ 4.5-nm-thick aluminum protective layer to 
avoid surface oxidation. Nanomechanical characteri-
zation was performed on films without a protective 
aluminum layer with ultrasonic atomic force micros-
copy (UAFM) assisted with resonance tracking (RT). 
Nanofriction of the films was accessed with friction 
force microscopy technique. Our results shown that 
increasing the pulsed frequency results in a change of 
morphology from granular to flake-like. An increase 
in the elastic modulus accompanies the change of mor-
phology. Films with flake-like morphology exhibit 
local elastic variations that allow distinguishing at 
least two different values of elastic modulus. Films 
with flake-like morphology have flakes with a high 
elastic modulus but exhibit a higher attenuation of the 
ultrasonic wave during nanomechanical mapping. In 
these flakes, the dissipative interaction between the tip 
and sample surface is dominated by lateral friction. 
In contrast, in films with granular morphology, the 
dissipative interaction is by friction at the interfaces.

Conclusions

In this study, we have reported the nanomechanical 
properties of niobium films deposited by magnetron 
sputtering using a DC power supply operating under 
three pulsed frequency conditions, 20, 100, 350 kHz. 
First, we deposited niobium films with and with-
out a protective layer of aluminum to show that the 
bulk of our films is oxygen-free. The bulk of the film 
gave photoelectron XPS signals related to Nb 3d5/2 
and Nb 3d3/2 without contributions associated with 
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the Nb2O5 compound. XRD diffractograms reveal a 
body-centered-cubic crystal structure of the films with 
a tend to grow with (110) orientation. Nanomechanical 
mapping of the niobium films without an aluminum 
protective layer was obtained under the three pulsed 
plasma conditions. It was found that as the pulsed fre-
quency increases, the morphology changes from gran-
ular to flake-like and the elastic modulus increases. 
Maps of the resonant peak quality factor obtained dur-
ing nanomechanical mapping indicate that there are 
flakes in the films deposited at 100 and 350 kHz that 
cause a higher attenuation of the ultrasonic wave, i.e., 
they present a lower Q value. Films deposited at the 
pulsed frequency of 350 kHz have a higher number of 
flakes with a lower Q value. Such films also presented 
a higher coefficient of friction than the film deposited 
at 100 kHz. Thus, the Q value of the nanomechanical 
mapping was related to the friction coefficient of the 
samples. The responsible for the improvement in the 
elastic modulus and appearance of the flake-like mor-
phology is the increase in the energy of the niobium 
ions that reach the substrate in the pulsed plasma. 
These ions transfer their energy to the adsorbed atoms 
on the surface of the growing film, thereby increasing 
the mobility of the surface atoms, which in turn fills 
vacancies and creates nucleation sites, resulting in a 
denser film with enhanced mechanical properties. This 
enhancement in the densification also results in better-
defined diffraction peaks.
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