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Abstract

Molybdenum is a low T, type I superconductor whose fundamental properties are poorly
known. Its importance as an essential constituent of new high performance radiation detectors,
the so-called transition edge sensors (TESs) calls for better characterization of this
superconductor, especially in thin film form. Here we report on a study of the basic
superconducting features of Mo thin films as a function of their thickness. The resistivity is
found to rise and the critical temperature decreases on decreasing film thickness, as expected.
More relevant, the critical fields along and perpendicular to the film plane are markedly
different, thickness dependent and much larger than the thermodynamic critical field of Mo
bulk. These results are consistent with a picture of type Il 2D superconducting films, and allow
estimates of the fundamental superconducting lengths of Mo. The role of morphology in
determining the 2D and type II character of the otherwise type I molybdenum is discussed. The
possible consequences of this behaviour on the performance of radiation detectors are also

addressed.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Transition edge sensors (TESs) are superconductor-based
devices which work within the superconducting-to-normal
transition, taking advantage of its sharpness. TES detectors
are being developed for the detection of radiation across the
electromagnetic spectrum from millimetres to gamma rays,
as well as of weakly interacting particles and biomolecules.
TES potential is now being realized in a variety of research
fields, including particle physics, astronomy, biochemistry and
materials science [1].

For TES fabrication, bilayers of normal/superconducting
(N/S) films are preferred to single films. The transition

temperature for the bilayer can be tuned by the proximity effect
and their thermal diffusion can be enlarged by using noble
metal layers with high residual resistivity ratios (RRR). Among
the many N/S bilayers fabricated and tested [2-6], Mo-based
bilayers have demonstrated to be one of the best choices. They
have achieved the best spectral resolution in TES [6] and at
present exhibit the best long-term stability.

The detectors performances are limited, among other
factors, by the superconducting transition of the bilayer:
its width, critical temperature and response to current and
magnetic field. All of them are directly related to the
electric and superconducting properties of the N and S layers.
Hence, a deep understanding of the fundamental physics
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that governs the superconducting-to-normal transition of these
devices is essential for optimizing their design. However,
even though superconductivity in Mo was discovered nearly
50 years ago [7], the superconducting properties of this metal
have been poorly investigated. According to existing studies
Mo has been shown to be a classical type I superconductor
extremely sensitive to impurities [8, 9], weakly coupled,
with critical temperature 7. = 915 mK and critical field
H. = 98 Oe [10-13]. Nevertheless, as far as we know,
no experimental data on fundamental parameters such as
penetration depth (1) and coherence length (£) are available
in literature. These parameters have only been estimated to be
A & 96 nm and & ~ 271 nm by French [14], from indirect
calculations using other reported data for Mo bulk [10, 11, 15];
as the author states, the uncertainty in these estimates is high,
and the reported values can be considered an upper and a lower
limit of A and &, respectively.

The T. of a superconducting film is known to be
influenced by its microstructure, in particular by the granular
character [16-19] and by its thickness, for thin enough
films [20-25]. Also, a transition 3D-2D character has
been reported to occur when the film thickness becomes
equal to the coherence length [26]. Since the disorder
both enhances A and reduces & [17], the granular character
may affect the dimensional crossover and the onset of finite
thickness effects. Moreover, for type I superconductors,
as Mo is reported to be, a transition from type I to
type II may occur. The changes in dimensionality and
superconductivity type can result in significant modifications
of the behaviour of the superconducting thin films under
a magnetic field, since the critical fields can considerably
change.  Moreover, a 2D superconductor displays the
Kosterlitz—Thouless transition [27], which demarks the
spontaneous generation of vortex—antivortex pairs in zero field,
due to fluctuations. All these effects generate sources of
additional noise in devices such as TES detectors, and their
systematic analysis may help to understand the performances
of the TES and to improve reproducibility. In fact, it
has been shown very recently that vortex motion is one of
the fundamental processes responsible for excess noise in
TES [28].

This work reports on a complete study of thickness and
field effects in Mo thin films deposited at room temperature
by magnetron sputtering. The deposition at room temperature,
important for the mechanical stability of the detectors, implies
a high degree of granularity, and therefore phenomena such
as those just described may be quite relevant. The thickness
dependences of resistivity, critical temperature and critical
fields are used to analyse the superconducting character of
the films and to provide new estimates for the fundamental
superconducting lengths of Mo.

2. Experimental details

Mo thin films with thickness (d) ranging between 13 and
106 nm were deposited on top of Si single crystal substrates
covered by a 300 nm Si3Ny layer, which will constitute the
membrane in the future TES. The deposition was carried

out by radio frequency (RF) magnetron sputtering, at room
temperature and in an ultra-high vacuum (UHV) system with
a base pressure of ~107% Pa (1071° mbar). The Ar working
pressure was kept constant at 0.5 Pa (1072 mbar) during
sputtering and the RF power was fixed to 25 W. In most
reported works high temperature deposition is required in order
to obtain Mo films with good superconducting properties.
We have demonstrated that they can also be obtained at
room temperature, and this represents an advance for the
development of Mo-based TES. Indeed, room temperature
deposition minimizes the risk of interdiffusion (for instance,
the formation of silicides is not expected to occur below
200°C) and of thermal strains, and this improves the
mechanical and chemical stability of the material and thus of
the future device.

The films thickness was determined from x-ray reflec-
tometry measurements. Structural and microstructural studies
(texture, residual strain, grain size) were performed by x-ray
diffraction and scanning electron microscopy, using respec-
tively a Bruker D8 advance diffractometer with a GADDS two-
dimensional detector and a QUANTA FEI 200 FEG-ESEM
microscope. See Fabrega er al [29] for further details on
fabrication and structural characterization.

The film resistance was measured in a commercial
physical property measurement system (PPMS) from Quantum
Design Co., using the four-point resistance method and a
current of 10 wA. Both R(T) and R(H) measurements were
performed. The magnetic field was applied perpendicular and
parallel to the films. For the latter orientation, the angular error
was determined to be at most 0.25°. The T, was defined as
the middle point of the resistive transition (50% of the residual
resistance value).

3. Results

3.1. Resistivity and critical temperature

Figure 1 displays the thickness dependence of the residual
resistivity pores and the superconducting critical temperature 7t
for all measured films. It may be clearly seen that for the films
thicker than ~30 nm both p.e and 7¢ are constant and similar
to those reported earlier for 50 nm thick films deposited under
the same conditions [29]. An enhancement of the resistivity
and a reduction of T, are observed for films thinner than ~25—
30 nm. The room temperature resistivity (not shown) displays
nearly the same dependence as prs, indicating that p. is the
responsible of the observed variation in resistivity.

The measured changes in pes and 7, might have several
origins, such as stress, impurities and finite thickness effects.
In order to elucidate them the possible contribution of the strain
to the behaviour shown in figure 1 is first investigated. With
this objective, the evolution of the lattice strain and that of
the residual resistance ratio, RRR = R(300 K)/R(4.2 K),
with thickness are depicted in figure 2. Depending on d,
three different strain regimes are observed: films thinner than
~25-30 nm present a rather high in-plane tensile strain, which
relaxes when increasing d; films of ~50 nm are nearly relaxed
(it is important to mention that the deposition conditions for
these films were chosen to minimize the strain for 50 nm thick
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Figure 1. Thickness dependence of residual resistance p., = p
(4.2 K) and superconducling critical temperature.
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Figure 2. Thickness dependence of residual stress o~ and residual
resistance ratio.

(ilms) [29], and films thicker than ~50 nm have a compressive
in-plane strain. Concerning the RRR behaviour, it is seen
that it monotonously increases with thickness for [ilms thinner
than ~50 nm, which is due to the decrease of pres (figure 1).
RRR shows a maximum for thickness values of ~50 nm and
decreases for thicker films. This latler decrease reflects the
previously reported dependence of prs on compressive strain,
which was ascribed to enhanced bulk scattering,

The dependence of 7; on RRR is shown in figure 3; 75
increases monotonously with RRR until its maximum value,
and then saturates. This dependence is completely different
from what is observed for films of constant thickness and
different stress states, in which 7. (RRR) is a nearly linear
decreasing [unction without a tendency Lo saturate [29].

All these results evidence that the observed changes in
T. and pres for films thinner than ~50 nm have an origin
compleltely different than those due to stress.

3.2. Critical field

In order (o investigate the critical field and o find out il the
films are type I or type I superconductors, their electrical and
superconducting properties were investigated as a function of
an external magnetic field, H, applied along the two main
directions. The resistive superconducting transition for the
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Figure 3. Critical temperature as a function of residual resistance
ratio.
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Figure 4. Resistive transitions under magnelic feld applied
perpendicular to the film with thickness 80.6 nm. The magnetic field
was changed between 0 and 220 Oe with increments of 20 Oe.

80.6 nm thick film, under several lields applied perpendicular
to the film plane, is shown in figure 4. As expected, the
transition shifts towards lower lemperatures when increasing
the magnitude of the external magnetic field. Tt is worth
observing that superconductivity is still present in the film up
to 370 mK for an applied field of 220 Oe. This is a significant
resull, since according (o the literature the thermodynamic
critical field of bulk Mo, which is known to be a type I
superconductor, is much lower (~98 Oe) [8, 10-13].

Figure 5 displays the critical field values obtained for
H applied perpendicular (H*) and parallel (H') to the film
plane, as a function of 1/d; the critical fields H' and H)
were determined from the middle point of the R(H ) transition
recorded at 400 mK. The graph evidences that the critical field
is highly anisotropic and thickness dependent, and that for
both directions superconductivity persists up to fields much
higher than the earlier reported thermodynamic critical field.
Since the critical fields were measured at different reduced
temperatures (f = T/71.) because ol the different 7;'s of
the films, the experimental values have been corrected using
the conventional approximation for the Ginzburg-Landau
temperature dependence of H.(T) and &(T), ~(1 — (?) and
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Figure 5. Critical fields measured parallel and perpendicular to the
film plane. Inset: the same critical fields as a function of the
reciprocal thickness. Note the different scales for both field
orientaions.

~(1 — *) Y2 respectively (see equations (6) and (8) in
section 4). The corrected data are depicted in the inset of
figure 5. Both H," and Hc” display a linear dependence on 1/d,
but with quite different slopes.

4. Discussion

4.1. Thickness dependence of p

A clear thickness dependence of both pr and T, is observed in
figure 1 for films thinner than ~30 nm. This is the behaviour
expected for size-effect samples i.e., for samples having some
physical dimension comparable to the electron mean free
path [30, 31]. Asis known, the resistivity depends on size when
the contribution to the resistivity arising from surface scattering
of conduction electrons can no longer be ignored. For films in
which the thickness dependence has been attributed to surface
scallering, experimental data have been commonly analyzed
on the basis ol Fuchs theory [30]. For polycrystalline films,
the enhancement of resistivity due to finite thickness follows
the dependence [32]:

0 = poo(l + AL, /d). (n

Here A is a factor of the order of unity (0 < A < 1),
£, is the electron mean free path, and p. is the resistivity of
thick enough films; notice that this value may differ from that
corresponding Lo the bulk metal, ppyy, i the films are granular,
because of the resistivity enhancement due to grain boundary
scattering [31]. The dependence of pr on the reciprocal
thickness is shown in figure 6. As expected, these data clearly
follow the behaviour predicted by equation (1). Moreover,
from the linear fit A4, is estimated to be 19 nm, thus the mean
free path value is very close to the column width of the films.
This result points out that the resistivity in room temperature
sputtered Mo [ilms is dominated by grain boundary scatlering,
as argued by Fabrega ef al [29]. Consequently linite thickness
effects in resistivity become relevant when the thickness is
comparable to the grain size.
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Figure 6. Residual resistivity as a function of reciprocal thickness.

4.2. Thickness dependence of 1.,

As shown in figure 1, 7 is strongly reduced lor films thinner
than ~30 nm. The T suppression due to finite thickness
effects can he due to two mechanisms: (i) weak localization
effects due to surface scattering [33], or (ii) the contribution
to the superconducting free energy of the surface term, which
becomes relevant for thin enough films [34]. In order Lo
study which mechanism is the main one responsible for the T,
suppression observed in the measured films, the experimental
data were interpreted in terms of both models.

The Maekawa and Fukuyama theory predicts that an
enhanced Coulomb interaction between electrons produced by
localization effects results in a reduction of T;. In the frame
of this theory the following relationship between the critical
temperature and the sheet resistance Rgee 18 established [33]:

Tc glN(O)estheet 1 ‘i:o Tco‘ #
Inf — |=—— [ =|In{ 5.5—
Tu) ZJTzh' 2 Hn 7:,

1T (s g5 T ; "
+3m(se3)] | <

T, is the the bulk critical temperature, g;N(0) the
effective coupling constant and &, the BCS coherence length.
It & > £, as in our case, the first lerm in the brackel
becomes negligible, and a nearly linear dependence of T
on Rgeer is expected [25, 35]. As shown in figure 7, the
measured T.(Raeer) data can be fitled to this dependence but
the slope obtained from the fit, when using & = 271 nm
and £, = 20 nm, provides an unrealistic g;N(0) value, two
orders of magnitude larger than expected. Therefore, the
weak localization effect cannot be considered to be the main
responsible for the observed suppression ol 75 at small d.

According to Simonin [34], the reduction of T, due to
the surface contribution to the free energy is described by the
following dependence:

T =T, [1 6 1} 3)
e NV d )

where a is the Thomas-Fermi screening length and N(0)V
is the bulk interaction potential. This expression allows
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IMigure 7. Critical temperature as a function of the sheet resistance.

us to define a critical thickness d,, = 2a/N,V at which
superconductivity disappears.

The T, as a function of the reciprocal thickness for all
characterized films is depicted in figure 8. A nearly linear
dependence of 7, on 1/d is observed. Prom the data fil,
making use of N,V = 0.157 for Mo [13], the Thomas—Fermi
screening length is calculated to be 0.3 nm. This value is
in excellent agreement with a theoretical estimation using the
value of the Fermi length for Mo reported by Boucher et al
[36], Ap = 0.365 nm. Even more, the critical thickness at
which T, becomes zero turns out to be d,, ~ 4 nm. Thus, all
presented data support that the reduction of the order parameter
near the superconductor surfaces [34] seems to be the main
responsible mechanism of the 7, suppression mechanism due
to finite thickness, for the studied films.

4.3. Critical fields

As is well known the superconductor type depends on the
ratio between the penetration depth and the coherence length,
k = AJE. Moreover, the superconducting purity may affect
these characteristic lengths. Since for the analyzed films £, has
been estimated to be ~20 nm, and the lower limit of the Mo
coherence length has been reported to be & ~ 271 nm [14],
one can conclude that these Mo films are in the dirty limit
(£, < &). For dirty superconductors, the fundamental
superconducting lengths must be renormalized according to the
following expressions [37]:

3 1/2

= ) @

1.334 ¢

E(O) e OSSV Eof‘eff har{0) ~ Ay (O)(

where £(0), AgL(0) and Ap(0) are the zero lemperature
Ginzburg-Landau coherence length, the penetration depth and
the T.ondon penetration depth respectively, and fo is the
effective mean free path. These equations evidence that for a
dirty superconductor the coherence length and the penetration
depth are correspondingly directly and inversely proportional
to El,(,.z. Thus, an enhancement in the « parameter value is

950
.\‘\t .
900 & .\\\.\
< ss0l %
£ o
= T
=" 890 \“\o
.
7501 \\\
.
T00 1 1 I L I . @
001 002 003 004 005 006 007 008
1/d (nm™)

Figure 8. Critical temperature as a function of the reciprocal
thickness.

expected when reducing the mean free path according to:
i~ 0740 (0) /€ g (5

By inserting in equation (5) the Ay value reported for
Mo (A7 (0) = 96 nm) [14], which was argued to correspond
lo an upper limil, we obtain thal when £y is lower than
~140 nm Mo should behave as a type II superconductor,
Therefore, all characterized films are expected to behave as
type I superconductors, and consequently the critical field
obtained from the R(T, H) data should correspond to the
upper critical field H;z, which for a [ilm in the perpendicular
orientation can be written as [38]

HE(T) = V2H(T )k 7 Ho(T)A1.(0)/Lesr. (6)

Here H.(T) is the thermodynamic critical field of the
superconductor.  As shown by equation (1) and in [30] the
effective mean free path f.x is thickness dependent and can
be approximated Lo

I/'gn!'!'(d} = 1/1‘«}-:: + A/d (7)

where £, is the mean free path of an infinitely thick film.

Equations (6) and (7) reveal that H’C‘2 follows a 1/d law,
as observed in the inset in figure 5. By linearly fitting
these data an estimation of Af, ~ 21 nm is oblained, in
excellent agreement with that previously found from the p(d)
dependence. Also, by assuming H. ~ 98 Oe [8, 10-13],
the fit provides an estimate of 44 nm for ALz (0), somehow
smaller than the value derived by French [14], which was in
fact considered an upper limil for the penetration depth, as
argued in section 1,

We focus now on the upper critical field parallel to the
film. Considering the earlier reported lower limit for the
coherence length value of Mo, &, /2 271 nm [14], equations (4)
indicate that for the studied thickness range it is likely that
E(T) = d, which points oul thal the analyzed (ilms might be
2D superconductors. The parallel upper critical field for a 2D
superconductor is defined by [26]:

V126 ,
f i .. o
Balll= 2 & (TYd” ®)



As shown in the inset of figure 5 H/ follows a 1/d
dependence, in agreement with that predicted in equation (8).
The corresponding linear fit provides £(0) ~ 85 nm. Inserting
this value in equation (4), and using6 Lett ~ £y ~ 20 nm an
estimate for &, ~ 500 nm is obtained. This value is larger than
the reported &, ~ 271 nm, which was argued to correspond to
a lower limit [14], and corroborates the assumed 2D character
of the Mo films.

The fact that the studied films are 2D superconductors is
an important issue for Mo-based high performance radiation
detectors. It might have relevant implications in view
of sensor development; indeed, for instance, the thermal
fluctuations of the order parameter in a 2D superconductor can
lead to a Kosterlitz—Thouless transition [27], associated with
the spontaneous creation of vortex—antivortex pairs. These
fluctuations may constitute a significant noise source [28] and
thus would deserve further study. Also, it is worth noting
that the fundamental lengths of Mo are strongly affected
by the grain size of the films, and thus by the fabrication
conditions, which determine the films’ microstructure. For
highly disordered films, this implies that transitions from type
I to type II superconductor and from 2D to 3D behaviour
might occur for Mo films with thicknesses close to those
usually employed in proximity bilayers for TES (d ~ 50 nm);
furthermore, the effective coherence length determines the
maximum d to observe the proximity effect [1]. Therefore,
accurate estimates of the coherence length of Mo—both for
bulk Mo and for thin films—, as well as further studies of
the possible 2D character of the films and its effects on the
behaviour under magnetic field and on noise will be quite
important to tailor the detectors.

5. Conclusions

Summarizing, Mo thin films deposited by sputtering at room
temperature are highly disordered, with a resistivity dominated
by grain boundary scattering, so that the electronic mean free
path is limited to the lateral grain size, D ~ 20 nm. As a
consequence, the films display finite thickness effects both in
the normal state resistivity and in the superconducting critical
temperature when d approaches this characteristic length. The
resistivity enhancement at small thicknesses has been shown
to be mainly due the contribution of surface scattering, while
the reduction of the critical temperature may be principally
ascribed to the reduction of the order parameter near the
superconducting surfaces.

The critical magnetic field has been found to be
anisotropic, thickness dependent and larger than that reported
for Mo bulk. This behaviour is consistent with a picture of a
dirty superconductor, in which the lateral grain size limits the
mean free path and modifies the superconducting fundamental
lengths accordingly, so that the films behave as 2D type II

6 An accurate estimate would require introducing equation (7) in the
expression of £(0) in equation (4) and using it for the fit to equation (8);
however, and in opposition to what happens for the perpendicular field
direction, the effect of the thickness dependence of £.(d) is quite small,
because in equation (8) the 1/d factor dominates, while in equation (6) the
d dependence of £.¢(d) is only responsible for the thickness dependence of
the perpendicular critical field.

superconductors. These observations illustrate that for granular
films the superconducting fundamental lengths can be sensibly
altered, and therefore modify the type and dimensionality
of the superconductor; furthermore, type and dimensionality
crossovers can take place right within the thickness ranges used
for applications as TES detectors. These findings are extremely
relevant for further development of Mo-based high sensitivity
detectors in order to be able to predict and estimate possible
noise sources, magnetic field sensitivity, current carrying
capabilities and/or difficulties in their performance.

Finally, the fundamental lengths for Mo have been
estimated. These data allow the determination of the Mo
superconducting thin films’ properties which, as far as we
know, has not been previously done due to the scarcity of
experimental data on this superconductor.
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