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Abstract Nb thin films were deposited onto Si wafers by
direct current (DC) magnetron sputtering at different
deposition pressures. The microstructure and nanome-
chanical properties of Nb films were investigated by
scanning electron microscope, X-ray diffractometer,
transmission electron microscope, atomic force microscope
and nanoindenter. The results revealed that the grain size,
thickness, surface roughness, the reduced elastic modulus
(Er) and hardness (H) values of Nb thin films increased at
the pressure range of 0.61-0.68 Pa. Meanwhile, the
porosity of Nb films decreased with the increase in depo-
sition pressure. The lattice deformation of Nb thin films
changed from negative to positive with the increase in
deposition pressure. It is concluded that deposition pressure
influences the microstructure and nanomechanical proper-
ties of Nb films.

1 Introduction

Nb thin films have attracted extensive attention of the
scientific community for many years for applications in
quantum bits (qubit) and photon detectors [1, 2]. The usage
of superconducting Nb films for qubit applications is due to
their low impedance and low subgap leakage in Josephson
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junctions. The ultra-thin Nb films can be used to realize the
potential high speed of superconducting photon detectors.
Many researchers have devoted to optimize film prepara-
tion techniques for the purpose of ideal superconductivity
[3, 4]. Meanwhile, some experiments have indicated that
microstructure (pore, grain size, thickness, etc.) and
mechanical properties of Nb thin films exert significant
influence on the performance of Nb thin film devices [5, 6].
However, research in this field is not sufficient and some
advanced measuring techniques should be employed to
study this topic in depth [7, 8]. In this work, we prepared
three kinds of Nb thin films on Si wafers by using DC
magnetron sputtering deposition at different deposition
pressures. The microstructure and nanomechanical prop-
erties of the films were investigated using several mea-
surement techniques. The interrelationships among these
tested characteristic parameters were revealed by elastic—
plastic deformation theories. We devoted to extend this
research topic and provide a guide for the designing and
producing practice of Nb-based Holzer components.

2 Experimental procedure

Nb thin films were prepared by DC magnetron sputtering
deposition (Kurt J. Lesker CMS-A) using a 99.95 % pure
Nb target. High purity argon was utilized as sputtering gas,
and the temperature of Si wafers was maintained at slightly
larger than 20 °C by cooling water flowing inside the
pedestal. The Si substrates were separated about 11 cm
from the target, and the chamber was pumped to a base
pressure of below 1.33 x 107 Pa. Nb films were prepared
with deposition pressures of 0.61, 0.65 and 0.68 Pa and
deposition time of 350 s. The employment of these depo-
sition pressures is based on the result that residual stress in
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Nb films changed remarkably at the range of 0.61-0.68 Pa
in our previous work of measuring stress by curvature
method. The microstructure of Nb thin films was studied
using a Zeiss Ultra 55 scanning electron Microscope
(SEM) equipped with an Oxford X-Max 20 mm?® energy
dispersive X-ray spectrometer. The films were then sub-
jected to grazing incidence X-ray diffraction (XRD) anal-
ysis using a PANalytical X-ray diffractometer with
incident angle of X-ray =2° and Cu Ko radiation
(4 = 0.15406 nm). High-resolution electron microscopy
(HREM) images of the interface were obtained using a
Zeiss Libra 200 field-emission transmission electron
microscope (TEM) operated at 200 kV. Geometric Phase
Analysis (GPA) Plug-ins (HREM Research Inc.) was used
to calculate the deformation of lattice fringes in Nb films.
The surface morphology and roughness of Nb thin films
were measured by a Dimension Icon atomic force micro-
scopy (AFM). Nanoindentaion tests were lastly performed
by a Berkovich indenter with a tip curvature radius of
approximate 100 nm in Hysitron TI900 Triboindenter. All
tests were done with a depth-control model as one loading—
holding—unloading circle indentation with the same hold-
ing time of 2 s, while the linearly loading and unloading
segment durations were held for 5 s. Based on the ISO and
ASTM standards [9], i.e., the maximum indentation depth
should not exceed 10 % of the thickness of a film in order
to avoid the influence of substrate; the indentation depths
of three Nb films were set to 22 nm.

3 Results and discussion

The surface and cross-sectional SEM images of Nb thin
films sputtered at different deposition pressures are shown
in Fig. 1. For the Nb film deposited at 0.61 Pa, lamel-
lar structure is observed on the Si substrate. These lamellas
grow bigger in size with the increase in deposition pressure
and lead to the decrease in porosity (Fig. Ic, e). The cross-
sectional microstructure of Nb/Si samples consists of three
layers and two sharp interfaces. The element line-
scan analysis reveals that Nb is mainly distributed in the
outermost layer, O in the middle layer and Si in the bulk
substrate. The Nb film prepared at pressure of 0.61 Pa,
which is characterized of columnar grains and tightly bond
to the substrate, has a thickness of approximate 228.9 nm.
The thickness of Nb films prepared at 0.65 and 0.68 Pa
increases to 401.9 and 471.7 nm, respectively. Meanwhile,
the columnar grains grow larger in length with the increase
in deposition pressure.

The XRD patterns of Nb thin films deposited at different
deposition pressures are shown in Fig. 2, from which we
can see the main diffraction crystallographic planes are
(110), (200), (211) and (220). The intensity of (110) peak
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increases remarkably with the increment of deposition
pressure, which indicates that the crystallinity is gradually
improved in the Nb thin films [10]. It is noted that the
phase composition of Nb films changes from single body-
centered cubic (bcc Nb) at deposition pressure of 0.65 Pa
to mixed phases (bcc Nb and Nb,Os) at 0.68 Pa. The for-
mation of Nb,Os is due to the oxidation of Nb, which is
proved by earlier researches [11, 12]. The theoretical and
experimental interplanar spacings (d) of Nb films are listed
in Table 1. It can be seen that the experimental d-spacings
of Nb( 0, are different with the theoretical value and the
biggest deviation is 4.21 %. These deviations are caused by
lattice distortion which ultimately produces residual stress
in the films.

The HREM images of Nb thin films prepared at different
deposition pressures are displayed in Fig. 3. The (110)
interplanar spacings of Nb thin films prepared at pressures
of 0.61, 0.65 and 0.68 Pa are measured, respectively, to be
0.226, 0.235 and 0.245 nm. They are significantly different
with the theoretical value (0.23379 nm), which indicate
that residual stress exists in the Nb thin films. By analyzing
the HREM image with GPA plug-ins, we measured the
deformation of the lattice fringe relative to an internal
reference lattice (the white square) in the Nb films, as
shown in Fig. 3b, d, f. As expected, the lattice deforma-
tions are slightly negative in the Nb films deposited at 0.61
and 0.65 Pa, i.e., the colors of the deformation map in the
fringe region are mainly green and blue. However, the
lattice deformation is mainly positive in the Nb films
deposited at 0.68 Pa.

The surface morphology and roughness of Nb films were
obtained by using AFM, which also provided guidance for
the parameter design of nanoindentation test. The Nb thin
film prepared at 0.61 Pa has a root-mean-square roughness
(Rq) of 1.70 nm and a mean surface roughness (Ra) of
1.32 nm. When the deposition pressure of the Nb film is
0.65 Pa, The Rq and Ra of the Nb film are, respectively,
2.28 and 1.81 nm. By increasing the deposition pressure to
0.68 Pa, the Rq and Ra increase to 2.55 and 2.02 nm,
respectively. It is concluded that the roughness of Nb films
goes up with the increase in deposition pressure. In addi-
tion, the morphology of the Nb film prepared at 0.68 Pa
presents better crystallinity and larger grain size when
compare to the other two Nb films.

The nanomechanical properties of Nb films are pre-
sented in Fig. 4. Prior to testing Nb films [13, 14], the fused
quartz reference material was utilized to calibrate the area
function of the indenter and the machine compliance of the
whole instrument. As shown in Fig. 4a, all the actual
indentation depths of Nb films prepared at 0.61, 0.65 and
0.68 Pa are about 22 nm. The load—displacement curves of
the Nb film prepared at 0.61 Pa display a dispersion fea-
ture. It is noted that the peak indentation loads of the Nb
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Fig. 1 Surface and cross-
sectional SEM images of Nb
thin films prepared at a and
b 0.61 Pa, ¢ and d 0.65 Pa,
e and f 0.68 Pa
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Fig. 2 XRD patterns of Nb thin films prepared at different deposition
pressures

films prepared at 0.61 and 0.65 Pa are around 160 uN
when the Nb film prepared at 0.68 Pa received a peak load
of about 180 uN. The unloading parts of these curves

401.9 nm

have different slopes, which can be used to calculate the
Er and H. The Er and H values of Nb films, calculated by
using the Oliver and Pharr post treatment method [15], are
shown in Fig. 4d. The Er values and corresponding
standard deviations of three Nb films are, respectively,
101.43 £+ 4.41, 102.32 + 2.45 and 115.01 £ 2.20 GPa.
Meanwhile, the H values are 4.45, 4.82 and 5.39 GPa and
have standard deviations of 0.20, 0.26 and 0.15 GPa,
respectively. It is concluded that the Er and H values
slightly increase with the increase in deposition pressure,
while the standard deviations of Er and H generally
decrease.

Earlier works have revealed the relationship between the
elastic modulus, hardness of a thin film and its porosity [16,
17]:

E = Ey x ¢! 7BP) (1)
H = Hy x =" (2)

in which Ey and Hj are the elastic modulus and hardness of
fully dense film, respectively. P was the volume fraction of
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Table 1 Theoretical and .

experimental interplanar Films (Pa) dllO theoretical (nm) dllO experimental (nm) Adl 10 (nm) 0 (%)

spacings of Nb thin films 0.61 0.23379 0.22576 —0.00803 ~3.43
0.65 0.23379 0.23248 —0.00131 —0.56
0.68 0.23379 0.24363 0.00984 4.21

Fig. 3 HREM and fringe
deformation of Nb thin films
prepared at a and b 0.61 Pa,
cand d 0.65 Pa, e and f 0.68 Pa

110

pore. B and b were empirical constants ranging between 2
and 4. The two equations suggested that the decrease in
porosity resulted in the increase of E and H. In this work,
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=0.245 nm;-

the porosity of Nb thin films decreases, and the Er and
H values increase with the increase in deposition pressure,
which can be explained by the equations.
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Fig. 4 Load—displacement curves of Nb thin films prepared at a 0.61 Pa, b 0.65 Pa and ¢ 0.68 Pa; d Effect of deposition pressure on the reduced

elastic modulus and hardness

The effect of grain size on elastic modulus and hardness
was significant when the grain size of materials was smaller
than 20 nm [18, 19]. In this work, the grain size of three Nb
films is mostly larger than 20 nm and thus this effect is
negligible. However, the grain size of Nb films can influence
the yield stress of slip deformation in nanoindentation test
according to the Hall-Petch relationship [20]. The larger the
grain size, the smaller the yield stress required for slip
deformation. The grain size of Nb films increases with the
increase in deposition pressure, and thus slip is most easily
activated in the Nb film prepared at 0.68 Pa. That is, the Nb
film prepared at 0.61 Pa is the hardest and the Nb film pre-
pared at 0.68 Pa is the softest. The accuracy of nanoinden-
tation test is better in “soft” Nb grains than in “hard” Nb
grains. That is exactly why the standard deviations of Er and
H decease with the increase in deposition pressure.

According to the XRD and HREM results, the lattice
deformation in the Nb thin films changes from compressive
to tensile and generally increases during the increase in
deposition pressure, which caused by the evolution of
microstructure, the difference of thermal properties
between film and substrate or other mechanisms. When the
residual stress in Nb films is larger than a critical in-plane

stress, interface cracks and delamination morphologies are
produced subsequently. Researches have revealed the
effect of some factors on the critical in-plane stress [21]:

Ocr = :l:|ain| +

where ¢y, was the initial value present after film prepara-
tion, E the elastic modulus, y the adhesion energy per unit
area, v the Poisson’s ratio of the film and D the film
thickness. This equation reveals that the decrease in elastic
modulus and the increase in film thickness result in the
decrease in the critical stress. That is exactly why film
detachment phenomenon more frequently happens with the
increase in film thickness. In this work, although detach-
ment phenomenon does not happen in the Nb film obtained
at 0.68 Pa, the clear interface indicates that the Nb film
tends to detach with a high possibility.

It is of importance to take surface roughness into
account in the nanoindentation tests of thin films. Earlier
studies suggested that the roughness had a significant
influence on the experimental precision of the tests when
the characteristic size of roughness was on the order of the
indenter, and the indentation load was in the range of
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0.2-2 mN [22]. The tested elastic module would be
incorrect when the indentation depth was in the range of
surface roughness. The rougher the indented surface, the
more the energy dissipated during the plastic deformation,
and the more significant the indentation size effect. Both
the nanohardness and elastic modulus of rough thin films
from nanoindentation tests were significantly lower than
those predicted for smooth thin films [23]. The finite ele-
ment method simulation revealed that the hardness and
reduced modulus of AISI 316L stainless steel decreased
with the rise of surface roughness from 2 to 37 nm. The
scatter of load—depth curves and the deviation of hardness
and elastic modulus were affected by the changing of
roughness [24]. In this work, both the curvature radius and
the indentation depth of the indenter are considerably lar-
ger than the surface roughness of Nb films; the indentation
load is large and the surface roughness changes relatively
little. Therefore, the effect of surface morphology on the
changing of the nanomechanical properties of Nb films and
the experimental precision can be ruled out.

4 Conclusions

The microstructure and nanomechanical properties of Nb
thin films deposited at different deposition pressures were
studied using several techniques. It was revealed that the
grain size, thickness, surface roughness, Er and H values of
Nb thin films increased at the pressure range of
0.61-0.68 Pa. Meanwhile, the porosity of Nb films
decreased with the increase in deposition pressure. The
lattice deformation of Nb thin films changed from negative
to positive with the increase in deposition pressure. It is
concluded that deposition pressure influences the
microstructure and nanomechanical properties of Nb films.
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