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Abstract—We report on the structural and electrical character-
ization of Mo thin films deposited at room temperature by RF
magnetron sputtering. The effect of RF power on the morphology
and residual stress of the films is analyzed. The films are under
compressive stress and consist of densely packed columns with a
lateral size on the order of 20 nm. The stress, critical temperature,
and resistivity of the films are found to rise when increasing the
ejected ion energy during the sputtering process. The changes in
critical temperature and resistivity are discussed in terms of the
observed morphology and stress changes.

Index Terms—Conductivity, sputtering, stress, superconducting
films.

I. INTRODUCTION

MOLYBDENUM THIN films are of interest in various
technological areas [1]–[6]. Because of their remark-

able properties (high melting point, high conductivity, good
chemical stability, and high hardness), traditionally, they have
extensively been used in microelectronics (gates for MOS
integrated circuits, interconnections, and diffusion barriers) and
engineering and as back contacts for solar cells. More recently,
they are considered as the most suitable candidates to fabricate
superconducting microcalorimeters for high-performance radi-
ation detectors, the so-called transition-edge sensors (TESs).

As a consequence of their appeal, a variety of deposition
techniques and conditions has been employed to obtain Mo
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thin films [1]–[20]. The most used techniques are sputtering (dc
and RF) and electron-beam (e-beam) evaporation. Among all
possible deposition configurations, special attention has been
devoted to room temperature deposition, which would ease fab-
rication processes, avoiding mechanical or electrical problems
in Mo-based devices. One of the most important properties of
Mo thin films to be used for device applications is their state
of stress, since it will affect their adherence to the substrate
and alter their functional properties. In general, low-stress films
have been pursued to achieve better substrate adherence.

The effects of deposition conditions on the stress and
morphology of Mo thin films have been rather widely ana-
lyzed [7]–[11]. Because of the relevance of the electric con-
ductivity of the films, some studies [2]–[4], [12]–[14] were
focused on the correlation of morphology and stress with elec-
tric properties—mainly room temperature resistivity. However,
even when Mo thin films have been proposed as very suitable
candidates for TESs, only a few papers are devoted to the
correlation of stress and morphology with the superconduct-
ing critical temperature [5], [6], [15]–[18]. In fact, there is a
considerable lack of understanding of how morphology and
stress affect the superconducting properties of Mo thin films,
which hampers further improvement of superconducting Mo-
based devices.

In this paper, we study the effect of deposition parameters
on the morphology, stress, resistivity, and critical temperature
of Mo thin films deposited by RF magnetron sputtering at
room temperature. It will be shown that raising the bias voltage
results in an increase of residual stress, resistivity, and critical
temperature of the films. The correlations between these param-
eters will be analyzed.

II. EXPERIMENTAL

Mo thin films with a thickness of 50 nm were deposited on
top of Si single-crystal substrates covered by a 300-nm Si3N4

layer. The deposition was carried out by RF magnetron sput-
tering at room temperature and in an ultrahigh-vacuum system
with a base pressure of ∼10−7 Pa. The Ar working pressure
was kept constant at 0.5 Pa during sputtering, and the RF power
was varied between 25 and 213 W. The distance between the
substrate and the target was 8 cm in all cases. The purity of
the target was 99.95%. Prior to deposition, the substrates were
cleaned using a KOH solution (15 wt.% concentration).

1051-8223/$26.00 © 2009 IEEE
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X-ray diffraction (XRD) was employed to study the crystal
structure, preferential orientations, and residual stress of the
layers. θ−2θ scans at different angles Ψ between the normal to
the film and the normal to the diffraction planes were performed
using a Bruker D8 Advance diffractometer with a GADDS 2-D
detector. The thickness of the films was determined from reflec-
tometry measurements.

Morphological characterizations were performed by com-
bining different microscopy techniques, namely, transmission
electron (TEM), scanning electron (SEM) and atomic force
(AFM) microscopies. For TEM, thin foils were prepared in
planar view by mechanical flat polishing down to 20 μm and
final Ar+ bombardment at V = 4 kV with an incident angle of
7◦ focusing on the sample from above. A Jeol 2100 working at
200 kV was used in bright-field mode. SEM images were taken
with a microscope QUANTA FEI 200 FEG-ESEM operated at
10 kV and at a residual back pressure of 2.5 · 10−4 Pa in the
operating chamber. AFM images were taken by a commercial
(Agilent 4500) microscope operated in tapping mode at a fre-
quency between 146 and 236 kHz. Si3N4 tips of 2- and 20-nm
diameters were used. The topography was analyzed by the
software Mountains from Digital Surf.

The chemical composition of the films was investigated by
means of Rutherford backscattering spectrometry (RBS). RBS
measurements were done using a He beam at an energy of
2.0 MeV in a chamber, which is connected to a 5-MV Tandetron
accelerator [21], [22] at the Center for Microanalysis of Materi-
als, Universidad Autónoma de Madrid. The backscattered ions
were detected by a standard Si-barrier detector (ORTEC BU-
012-050-500) located at an angle of 170◦. The chemical compo-
sition of the samples was estimated by comparing experimental
and simulated RBS spectra. For the simulations, the SIMNRA
commercial computer code [23] was used.

The temperature dependence of the resistance was measured
in a commercial Physical Property Measurement System from
Quantum Design, using the four-point resistance method. Tc

was defined as the point at the middle of the resistive transition
(50% of the residual resistance value).

III. RESULTS AND DISCUSSION

When thin films are deposited by RF magnetron sputtering,
a change in the RF power W has always associated a change
in the dc bias Vc and, therefore, on the deposition rate Gr.
As shown in Fig. 1, these three parameters, namely, W , Vc,
and Gr, can be considered to be nearly proportional for the
studied pressure range. In our particular case, the deposition
rate varies from 0.1 to 0.7 nm/s by increasing Vc from 250 to
960 V. The changes of growth dynamics due to variations of
both the rate of arriving atoms and their energy are expected
to affect the stress, defect structure, and morphology of the
films. Because the aforementioned three parameters, which
characterize growth, differ only by a factor in our experi-
ment, the following analyses and discussion will be carried
out using only one of them as a variable. Since for a fixed
pressure and target–substrate distance, the initial energy of the
atoms ejected from the target is mainly determined by Vc,
and because we have obtained more reproducible films when

Fig. 1. Bias voltage and deposition rate as a function of the RF power to the
target for the studied films. A linear relationship between the three parameters
is observed.

Fig. 2. XRD (θ−2θ scan) for the film deposited at 248 V. Only the Si peaks
and the (hh0) reflections of Mo are appreciated, indicating a preferential
orientation along this direction. This scan is representative of all the films.
(Inset) Detail of the evolution of the (110) peak position as a function of the
bias voltage Vc. The dashed line corresponds to that of bulk Mo.

fixing its value during the deposition process, we decide to
choose this parameter to be the one determining the deposition
procedure.

A. Structure and Morphology

XRD patterns for films deposited at different Vc are shown in
Fig. 2. Only the (110) reflection of Mo is seen, indicating that all
the films are single phase and display a preferential orientation
along the (110) direction. The intensity of the main (110) peak
does not display any relevant dependence on Vc. Nevertheless,
an increase in the peak width and a shift in its position toward
lower angles are observed with increasing Vc. These data point
to the existence of some residual stress (lattice expansion along
the growth direction).

The residual stress has been more carefully analyzed by
the so-called sin2 Ψ technique [24], consisting of measuring
θ−2θ scans at different Ψ angles. Monitoring of the interplanar
distance d for a certain reflection (obtained from the θ−2θ
peak position at a given Ψ) as a function of sin2 Ψ provides
information on the stress of the film. All investigated films show
a linear dependence of d on sin2 Ψ, with a negative slope. The
linear dependence indicates that the films exhibit a biaxial stress
in-plane, whereas the negative slope reveals that this in-plane
stress is compressive, in agreement with the tensile out-of-plane
stress revealed by standard θ−2θ scans (Fig. 2).
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Fig. 3. Residual stress of the films as a function of the bias voltage Vc.
Note that the vertical axis is reversed to emphasize that the compressive stress
increases with Vc.

The residual stress of the films is directly proportional to
the absolute value of the slope of d versus sin2 Ψ; using these
slopes and tabulated elastic constants for Mo (E = 320 GPa
and ν = 0.32 [7]), we have estimated the residual stress values
as a function of Vc. They are displayed in Fig. 3, which reveals
a clear enhancement of stress when increasing the dc bias
from −190 MPa (for Vc = 248 V) to −1.3 GPa (for Vc =
610 V).

The values in Fig. 3 agree with those reported in other
works [6], [7], [9], [11], [17], [25], which showed that stress in
sputtered Mo films can be tuned from −1.4 GPa to +1 GPa by
changing the deposition conditions. In these studies, the com-
pressive stress has been reported to be typical for sputtered thin
films, and it has been related to the atomic peening mechanism
inherent to the sputtering process [11], [26], [27], whereas the
tensile stress is thought to arise from other defects [11]. It is
worthwhile to mention that films grown by e-beam display a
typical tensile stress, which can be reduced by increasing the
deposition temperature [12], [16].

The surface morphology of the films does not seem to display
a clear dependence on Vc in the studied range. All layers are
very flat, with typical values for integrated surface roughness
(rms) over 1 μm2 ranging from 0.13 to 0.32 nm. The low rms
might indicate, as further evidenced by TEM experiments, that
the films present a compact microstructure, which has been
commonly associated with the compressive stress [28].

Planar TEM and SEM images reveal that the films are quite
granular (Fig. 4). Transversal TEM images in similar films have
shown that they are made of tightly packed columns with height
equal to the thickness of the films [19]. The columnar growth
of Mo is typical of metal films grown at temperatures much
lower than their melting temperature (Tmelting/Tsubstrate �
1); indeed, similar morphologies have been reported for Mo
films deposited by either sputtering or e-beam, with grain sizes
ranging from 3 to 5 nm (sputtering [11], [26]) to 40 nm (e-beam
[2], [3], [5]).

As shown in Fig. 4, there is a considerable distribution in
the lateral size and shape of the columns within each film. Most
of the grains are of about ∼20 nm, but there are larger grains, on
the order of 35–40 nm, as well as a few even larger (∼70 nm).
The boundaries of the grains are some times diffuse or difficult
to discern; it might very well be that these larger grains are in
fact an agglomeration of smaller grains. No clear variation of

Fig. 4. Planar TEM image of the film deposited at Vc = 248 V. A large
dispersion of the grain sizes and shapes is visible for all films.

Fig. 5. (a) Temperature dependence of the normal-state resistivity for all the
films. Data have been plotted as R(T ) − Rres, normalized to its value at
300 K, to emphasize that the temperature-dependent part of the resistivity is
identical for the six films: All of them display the same slope, i.e., 0.00409 ±
0.00001, being the error bar of each fit smaller than 10−5. (b) Superconducting
transitions of the films.

the grain-size distribution as a function of Vc has been observed;
this is likely due to the large dispersion.1

B. Normal-State Resistivity

The temperature dependence of resistance R(T ) for the
studied films is depicted in Fig. 5. The values of the normal-
state resistivity at 300 K, i.e., ρn, and the residual resistivity
at 4.2 K, i.e., ρres, are given in Table I, together with the
superconducting critical temperature Tc. The values of ρn agree
quite well with those typically reported for Mo thin films [5],

1Several authors have tried to extract grain sizes from the widths of XRD
peaks. However, this is difficult in stressed textured columnar films for two
reasons: First, in the presence of stress, the broadening of the peak caused
by microstresses must be taken into account, and usually, it is difficult to
subtract. Second, for highly oriented films, the use of the main peak—as usually
reported—can only provide the grain size along the growth direction, i.e., the
column height in this case.
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TABLE I
ELECTRIC AND SUPERCONDUCTING PARAMETERS OF THE FILMS

Fig. 6. (a) RRR as a function of the bias voltage Vc. (Inset) RRR as a
function of the measured residual stress of the films. (b) Superconducting
critical temperature Tc as a function of the bias voltage. (Inset) Tc as a function
of the measured residual stress.

[6], [15]–[19] and are up to a factor of 4 higher than those for
bulk Mo, i.e., ρbulk

n = 5.3 μΩ · cm. The residual resistance ratio
(RRR) value (RRR = ρn/ρres) decreases with raising Vc, from
2.04 to 1.64 for films deposited at 248 and 965 V, respectively
[Fig. 6(a)]. These values are very much similar to those usually
found for Mo thin films deposited by sputtering and e-beam
but are substantially lower than those of high-purity Mo single
crystals. The high ρn and low RRR values of granular metal
thin films are usually ascribed to enhanced scattering occurring
at grain boundaries [2], [3], [18], [29], [30]. This fact is further
analyzed in the succeeding paragraphs.

Both ρn and ρres increase as a function of Vc, but RRR
displays a steady decrease with increasing Vc [Fig. 6(a)]. A
closer analysis of the data reveals that the linear temperature
dependence of R(T ) above the residual value Rres is indepen-
dent of Vc. This may clearly be appreciated in Fig. 5(a), where

the difference R(T ) − Rres, which is normalized to the T =
300 K value (to avoid errors associated with the calculation
of resistivity using geometry factors), has been plotted as a
function of temperature. In this figure, it is observed that the
data for all films collapse onto a unique straight line. These data
evidence that the temperature-dependent part of the resistivity
is not altered by changing Vc, whereas the residual resistance
increases with Vc and is responsible for the behavior observed
in Fig. 6(a).

As it is well known, the resistivity of a metal has two
components: 1) electron scattering with phonons and 2) elec-
tron scattering with lattice imperfections. The first component,
which is typically proportional to temperature, mainly depends
on the phonon concentration; the second component, which is
usually identified as ρres, is the one that dominates the low-
temperature behavior. Fig. 5(a) reveals that, in our films, the two
resistivity components are independent, i.e., electron scattering
with lattice defects does not depend on T , whereas electron
scattering with phonons is independent of the lattice defects.
This is known as the Matthiessen’s rule. Thus, this analysis
evidences that, as previously stated, changes in Vc only affect
ρres, i.e., electron scattering with lattice defects is enhanced
with Vc, and this can only happen if the density of lattice defects
increases. We examine in the following the possible origins for
this effect.

Sputtered films can contain a number of impurities, which
may be incorporated during deposition either from the residual
gas or from the sputtering gas (Ar). In the first case, the
presence of impurities should be enhanced at lower deposition
rates, and therefore, an increase of ρres would be expected
with diminishing Vc. Nevertheless, this would be in opposition
to the behavior observed in Fig. 6(a). On the other hand, the
incorporation of Ar should increase when raising the energy of
the atoms ejected from the target (i.e., increasing Vc), which
would account for the tendency displayed by ρres(Vc).

No impurity traces have been detected by RBS, with the
exception of an atomic percentage of argon (> 2%) [20], which
appears to become higher with increasing Vc. However, the
density of the incorporated Ar atoms is very small that they
cannot be considered to be the main factor that is responsible
for the measured changes in ρres (55% of increase between the
films deposited at 248 and 965 V). Indeed, a typical resistivity
enhancement on the order of 1 μΩ · cm per atomic percentage
of impurities has been reported for many metals [31], whereas
the changes in resistivity depicted in Table I for our particular
films are several times larger than this.

The second possible source of increased static electron scat-
tering is grain boundaries. In fact, the enhanced resistivity of
granular metal thin films is usually accounted for by this effect.
The Mayadas–Shatzkes expression [29] allows one to estimate
the resistivity ρfilm

n of granular disordered films from the bulk
value ρbulk

n , i.e.,

ρbulk
n = ρfilm

n 3
[
1/3 − α/2 + α2 − α3 ln(1 + 1/α)

]
. (1)

The parameter α is defined as α ≡ R/(1 − R)lo/D, where D
is the average grain size in the film, R is a factor corresponding
to the fraction of electrons specularly reflected at the boundary,
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and lo is the electron mean free path of the metal. Equation
(1) reveals that, when D approaches lo, the resistivity of the
film is very sensitive to D and can suffer a significant en-
hancement. This is indeed the case in our films: For Mo, lo is
40 nm [30], whereas the lateral grain size of the columns is
on this order or smaller. Therefore, grain boundary scattering
is a plausible explanation for the observed increase of ρres.
This argument may also be coherent if it is considered that
an increase in the growth rate should reduce the grain size
and therefore make grain boundary scattering more relevant.
Unfortunately, because of the observed large dispersion in grain
sizes, such a hypothesis cannot directly be corroborated from
our experimental data. Nevertheless, some estimates can be
done to deduce if variations in D within the observed dispersion
could account for the changes measured in the resistivity. Using
D = 25 nm and ρ corresponding to the film grown at the
lowest Vc, (1) allows one to estimate R ∼ 0.4, which is a rather
acceptable value [2]. Assuming that R is constant, the grain
size that would give rise to the measured resistivity for the film
grown at the highest Vc could be explained by a grain size of
D = 20 nm. These results prove that ρ is very sensitive to small
changes—within our experimental dispersion—in the grain size
D. Because of this reason, grain boundary scattering can be
assumed to be a good candidate to account for the behavior
observed in Fig. 6(a).

Finally, other lattice defects can be present in the films, and
their density should increase with increasing stress. In fact, the
resistivity R(T ) of a metal is quite insensitive to stress because
it produces tiny changes of the lattice parameter. However,
stress may have indirect effects on ρres through the generation
of structural defects and morphology changes (including a
reduction of the grain size). These could explain the behavior
depicted in the inset of Fig. 6(a).

C. Superconducting Critical Temperature

We now turn to the superconducting critical temperature Tc.
Several reports have emphasized the relationship between Tc

and stress in Mo films. For films deposited by e-beam, Tc and
RRR rise as tensile stress is suppressed [5], [15]–[18]. A few
reports focused on dc magnetron-sputtered films report that the
best Tc (∼1–1.4 K) and reproducibility are obtained for slightly
compressed films (σ ∼ −100 MPa) [6], [17]. Nonetheless, to
our knowledge, the relationship between Tc, RRR, and stress
for Mo thin films deposited by sputtering has not yet been
clearly settled.

As shown in Table I and Fig. 6(b), Tc values higher than
those corresponding to bulk Mo (T bulk

c = 915 mK) have been
measured for all films. In general, a gradual enhancement of
Tc is observed when raising Vc. From the dependences of
stress and RRR with Vc [Figs. 3 and 6(a)], it follows that the
enhancement of Tc may also be linked to an increase of the
residual stress [inset of Fig. 6(b)] or, equivalently, to a reduction
of RRR (Fig. 7).

All the films that we have been deposited and analyzed
display the same dependence of Tc(RRR) depicted in Fig. 7
[19]. Thus, this dependence is highly reproducible. However,
such dependence is found to be quite anomalous among clas-

Fig. 7. Superconducting critical temperature Tc as a function of the RRR of
the films. A highly reproducible [19] linear dependence is observed.

sical metal superconductors. Indeed, the Tc of most of them
(e.g., Nb, Ta, V, and Al) gets lower when increasing the
residual resistance (mainly because of impurity incorporation),
which has been explained by a reduction of the mean free
path [32]–[34]. It should be stated, however, that a rise of
Tc with increasing ρres is possible, depending on the ori-
gin or type of defects dominating ρres. Indeed, within the
Bardeen–Cooper–Schrieffer theory, changes of Tc—either en-
hancement or suppression—are the result of changes in the
density of states or in the electron–phonon coupling; on the
other hand, changes in electron scattering without substantially
modifying the electron or phonon spectra should have tiny
effects on Tc. To understand the mechanism responsible for
these Tc changes, we will focus on the different factors that we
have shown to change with Vc, as well as on their correlation
with resistivity.

The measured Tc values, as stated above, are larger than
the bulk Tc; even more, an increment of ρres of 55% results
in a substantial increase of Tc of 25%. Both RRR (or 1/ρres)
and Tc display a clear linear dependence on Vc, whereas the
dependence on stress exists but is less neat [inset of Fig. 6(b)].
In addition, as discussed above, the increase of ρres with Vc

can be understood by an enhancement of electron scattering by
grain boundaries or other stress-generated defects.

The traces of Ar contained in the films are unlikely to explain
the significant rise of Tc with Vc; in fact, D’yakov and Shvets
found an enhancement of Tc above the bulk value for Mo single
crystals with impurities, but Tc changed 29 by mK, whereas ρres

changed by a factor of 35 [35].
Stress can produce large changes in Tc since it may change

both the electronic structure and the phonon spectrum of a
material [34], [36]–[39]. McMillan [40] showed that metals
with weak electron–phonon coupling and low Tc, such as
Mo, could display large increases in Tc upon decreasing the
average phonon frequency. In fact, Kar’kin et al. [41] have
reported that superconducting two-element compounds with
Mo or Nb behave in a different way under pressure. While for
Nb compounds Tc clearly increases with RRR, Mo compounds
display a less clear trend, with a tendency of Tc to increase
for decreasing RRR; the authors have argued that this different
behavior must be related to distinct changes of the electron and
phonon spectra of Nb and Mo associated with microstresses,
which could also explain the anomalous Tc(RRR) in our Mo
films.
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Finally, we must discuss whether the granular character of
the films, which we have considered as a very likely cause for
the changes of ρres, may be responsible for the changes in Tc.
It has been argued [42] that, in granular films, the average ionic
vibration amplitude increases because the ionic restoring forces
are weaker at the grain surfaces, due to reduced symmetry.
This effect implies an increase of the phonon amplitude and
a reduction of their average frequency, causing an increase of
the electron–phonon coupling and, therefore, an increase of Tc.

In summary, both the enhancement of Tc in comparison
with bulk and the Tc(RRR) dependence could be explained
by changes in the electronic density of states caused by com-
pressive stress, or by an increase of the electron–phonon cou-
pling associated with stress or with the progressively reduced
grain size.

IV. CONCLUSION

The effects of morphology and residual stress on the resistiv-
ity and superconducting critical temperature of Mo thin films
deposited by RF magnetron sputtering at room temperature and
at different dc bias Vc have been studied.

The residual resistance and critical temperature have been
found to increase with Vc. The measured changes in the residual
resistance are associated with enhanced electron scattering
due to grain boundaries and other lattice defects, which are
generated by increased compressive stress as Vc rises.

The enhancement of Tc accompanying the decrease of RRR
(increase of the residual resistance) is extremely reproducible
although quite anomalous among metal element superconduc-
tors. We have shown that this behavior can be explained by
stress and morphology changes and must be related to the
specific electron and phonon spectra of Mo.
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