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Abstract
The low-temperature electrical transport properties of nanocrystalline boron-doped diamond
(b-NCD) thin films have been found to be strongly affected by the system’s granularity. The
important differences between the high and low-temperature behaviour are caused by the
inhomogeneous nucleation of superconductivity in the samples. In this paper we will discuss
the experimental data obtained on several b-NCD thin films, which were studied by either
varying their thickness or boron concentration. It will be shown that the low-temperature
properties are influenced by the b-NCD grain boundaries as well as by the appearance of an
intrinsic granularity inside these granules. Moreover, superconducting effects have been found
to be present even in insulating b-NCD films and are responsible for the negative
magnetoresistance regime observed at low temperatures. On the other hand, the
low-temperature electrical transport properties of b-NCD films show important similarities
with those observed for granular superconductors.

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

1. Introduction

The discovery of superconductivity in boron-doped diamond
[1] adds a new intriguing property to the already broad branch
exhibited by these materials. Pure diamond is known to be
a wide-gap insulator with a band-gap of ∼5.5 eV and can be
doped in a controlled way with boron, phosphorus and even
nitrogen [2, 3]. Among the techniques available for growing
doped-diamond samples, plasma-enhanced chemical vapour
deposition (PECVD) is of wide use. By seeding silicon
or quartz substrates with diamond powder, carbon diffusion
is blocked and diamond nucleation sites are generated [4].
When the CVD growth occurs in a hydrogen-rich plasma, an
evolution in the diamond grain size from the small crystals at
the seeded substrate is observed [5]. The resulting diamond
thin films are then consisting of nanocrystalline diamond
(NCD) granules.

The observation of superconductivity in PECVD boron-
doped NCD (b-NCD) thin films was reported for the first
time in 2006 [6], two years after its discovery in boron-
doped diamond [1]. Experimental results so far point out
the strong influence of granularity on the low-temperature
electrical transport properties of this system [7–10]. According
to Mareš et al [7], the structural NCD grain boundaries
play a fundamental role in the low-temperature behaviour.
An unambiguously proof for the latter would be the fact
that the relative width of the superconducting transition,
which is measured as δT /TC, decreases upon increasing the
sample thickness [7]. Here, δT is the difference between the
on-set and off-set transition temperature and TC is the off-set
temperature. Furthermore, the NCD grains are considered to
be electrically connected with each other only in a few spots
with characteristic dimensions of ∼5 nm [7]. These spots
act as weak links once the system is in the superconducting
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state [7]. Moreover, grain boundaries are also claimed as
causing the negative magnetoresistance regime observed in
highly nitrogen-doped ultra-nanocrystalline diamond (UNCD)
thin films [11].

In addition to its structural granular morphology (see
figure 1), b-NCD may also posses an intrinsic granularity
with a typical length scale much smaller than the structural
b-NCD granules [9, 10]. The inhomogeneous boron doping
of diamond is perhaps one of the most important sources for
intrinsic granular effects [10, 12]. However, recent scanning
tunnelling microscopy (STM) measurements give evidence
that the b-NCD electronic band structure can also induce an
ordered nanosized granularity [13].

Upon increasing the boron concentration above a critical
value nC, boron-doped diamond undergoes an insulator–metal
transition (IMT). At relatively low concentrations (nB ≈
1017 cm−3), the boron atoms enter the diamond crystal by
substituting carbon atoms and form an acceptor ground level
with energy EA ≈ 370 meV above the host’s valence band
[2, 14]. This energy is very close to the ionization energy
(Ei ≈ 368 meV) found from optical experiments [2]. In
the effective hole-mass approximation, the IMT in diamond
is expected to happen for dopant concentrations of nC =
(0.26/aB)3 ≈ 2 × 1020 cm−3, where aB ≈ 3.5 Å is the boron
Borh’s radius [2]. Experimentally, the nC values obtained for
boron-doped diamond samples made by PECVD techniques
lay between 2×1020 and 4.5×1020 cm−3 [15, 16], in agreement
with theory. From the above, the inter-boron distance rBB,
which is obtained by [17]

rBB =
(

3

4πnB

)1/3

(1)

should be between 8 and 10 Å when nB = nC. Since aB ≈
3.5 Å [2], the metallic regime is then providing percolating
paths of overlapped wave functions between neighbouring
boron atoms.

So far, supercoductivity has been only observed in
metallic boron-doped diamond, i.e. when nB > nC [8, 15].
Furthermore, the critical temperature (TC) of superconducting
single-crystalline boron-doped diamond has been found to
depend on nB as TC ∼ (nB/nC − 1)1/2 [15], being the highest
value obtained TC = 11.4 K [18].

Two recent experimental observations strongly support
the phonon-mechanism proposed by Bardeen, Schriefer
and Cooper (BCS) for the superconductivity in diamond:
(1) the superconducting gap of single-crystalline boron-doped
diamond shows the BCS temperature evolution [19] and
(2) the TC is dependent on the isotope of the carbon (isotope
effect) [20].

In this paper, we discuss on the strong influence
of granularity on the low-temperature electrical transport
properties of b-NCD thin films prepared by PECVD
methods. The high critical magnetic field values obtained
for these systems despite being low-TC BCS superconductors
are explained by an inhomogeneous nucleation of the
superconducting order parameter inside the b-NCD granules.
This intrinsic granularity has a typical length scale of the order

of <50 nm, a much smaller size than the structural diamond
granule of b-NCD films with thicknesses larger than 200 nm.
The latter is confirmed by recent STM experiments performed
on superconducting b-NCD thin films, in which it has been
observed that the superconducting gap varies typically over
30 nm [9]. On the other hand, the broadening in temperature
of the superconducting transition is directly related to the
number of grain boundaries, in agreement with Mareš et al [7].
Moreover, we will show that the reduction of this number is
accompanied by a weakening of the effect of superconducting
fluctuations.

Superconducting effects are not only exclusive to metallic
b-NCD, but can also be present when the system is
insulating. These effects are detectable with electrical
transport experiments by the observation of a negative
magnetoresistance regime at low temperatures [10]. We
will show that this regime is explained by a competition
between inter-grain quasiparticle tunnelling and intra-grain
superconducting fluctuations.

In the last part we will also discuss the similarities
observed in the low-temperature electrical transport properties
of b-NCD and granular superconductors, which consist of
metallic granules, such as lead or aluminium, embedded in
an insulating matrix.

2. Experimental

The b-NCD films were made by PECVD techniques. In short,
the sample preparation process can be divided into two main
steps [5, 4]:

(1) Substrate seeding: this consists in covering a substrate
with a layer of diamond powder. First, the size distribution
of a commercially available diamond powder is reduced
by milling the powder with zirconia beads. This is done in
order to obtain small particles (�5 nm) and hence increase
the nucleation density. Next, a suspension is formed by
mixing the milled powder with water or alcohol, and a
wafer is placed into this suspension. After placing the
suspension with the wafer into an ultrasonic bath for about
30 min, the wafer is taken out and spun dry. As a result, a
seeding monolayer is left on the substrate.

(2) Microwave PECVD growth: the substrate with a seeding
layer on top is placed into an ASTex series microwave
PECVD reactor and diamond films were grown in a
hydrogen rich plasma with low methane concentrations
(<3%). Typically, the substrate was held at 700 ◦C under
a pressure of 35 Torr. Boron doping was achieved by
injecting trimethylboron (TMB) gas during the whole
growth process with the concentrations of TMB/CH4

ranging between 4000 and 8000 ppm.

For this work, diamond layers were grown on two different
substrates: Si and quartz. The sets of samples investigated
were either consisting of films with varying thicknesses or
with different boron concentrations nB. The doping level was
mainly controlled by the amount of TMB gas injected, and the
thickness by tuning the growth time.

The macroscopic properties of the samples were
characterized by means of electrical transport measurements.

2



J. Phys. D: Appl. Phys. 43 (2010) 374019 B L Willems et al

Figure 1. (a) The SEM picture corresponding to a 65 nm thick film. Here, the scale is 1 µm and a typical grain size of 50 nm can be
inferred. (b) A SEM picture of a 800 nm thick film. The length scale is 5 µm and the typical grain size obtained 1 µm.

These were probed by using a four-terminal configuration with
the contacts silver pasted to the corners of the 1 by 1 cm2

square samples. Current is caused to flow along one edge
of the sample while the voltage was measured between the
extremities of the opposite edge. We have found that the
resistance (R) measured by using this configuration showed
almost no difference with the obtained when a transport
bridge was patterned on one of the samples. The latter
evidences the absence of important current re-distribution
processes in the whole temperature and field range, and hence
the sample’s extrinsic (resistance) and intrinsic (resistivity)
parameters only differ by a constant. The temperature
range between 272 and 1.5 K was studied in an Oxford 4He
cryostat. This setup is provided with a 12 T dc magnet
coil and a Lakeshore temperature controller. Four-point
resistivity measurements were performed with a nanovoltmeter
(Hewlett Packard 34420A) and a programmable current source
(Keithley 220). To eliminate thermal or offset voltages while
using the nanovoltmeter, the measured voltage is averaged over
both positive and negative polarities of the injected current.
Typically, a current of 10 µA was used. On the other hand,
the temperature range between 1.6 and 0.4 K was studied in
a Heliox 3He cryostat by Oxford, provided with a 5 T dc
magnet coil and a Lakeshore temperature controller as well.
In this setup, the samples resistance was measured by lock-in
techniques. Typically, the values for the current and frequency
were 10 µA and 77 Hz, respectively. In all measurements,
fields were applied perpendicularly to the sample surface.

3. Sample morphology

All the samples show a granular morphology which is revealed
by scanning electron microscope (SEM) imaging, as can be
seen in figures 1(a) and (b). Figure 1(a) corresponds to a
65 nm thick b-NCD film, in which a typical lateral size of 50 nm
has been inferred for the diamond granules. For the case of
an 800 nm thick b-NCD film (figure 1(b)), the typical lateral
grain size is around 1 µm. We have found a more-or-less linear
correspondence between sample thickness and lateral grain
size in our films, and both parameters were mainly controlled
by the growth time, i.e. the time spent in the CVD reactor. This

correspondence is characteristic of the van der Drift growth
regime [21]. The way the diamond grains grow obey the
maxim ‘survival of the largest’ [5]: the nuclei with their fastest
growing orientation perpendicular to the surface will overgrow
the slower facets as the film coalesces, forming heavily twinned
agglomerates. XRD analysis shows the presence of (2 2 0) and
(1 1 1) peaks, confirming the polycrystalline nature of the films.

In what follows, the samples grown on Si and quartz
substrates will be labelled as s and q, respectively.

4. Granular superconductivity

Figure 2 shows the resistance versus temperature dependence
(R(T )) of a set of 200 nm thick b-NCD films grown onto quartz
substrates under different TMB concentrations. Samples q1
and q2 show their R(T ) dependences typical of an insulator
as can be seen in the inset of figure 2. By re-plotting R(T )

as ln(R) versus T −α , good fits were obtained for α = 1 [10],
indicating that electrical transport mainly occurs by nearest
neighbour hopping processes [22].

On the other hand, samples q3, q4 and q5 show their
R(T ) to increase upon lowering the temperature as R ∼
ln(T ), a typical dependence for metallic boron-doped diamond
[22]. Moreover, a superconducting transition is observed
for samples q4 and q5 with TC equal to 1.8 K and 2.2 K,
respectively. The latter TC was obtained by taking the
temperature at which the R(T ) takes the half value of the
normal resistance.

From the above, it is clear that figure 2 shows an IMT
when going from q1 to q5. Previous studies on b-NCD thin
films grown under similar conditions and in the same CVD
reactor as the ones presented here, and whose nB was obtained
by secondary ion mass spectroscopy analysis [16]; confirm that
the observed IMT is driven by varying nB. In other words, nB

increases systematically when going from sample q1 to q5.
It is important to note that the increase in the R(T ) of

all the samples is rather slow down to 4 K, approximately.
Below this temperature, an important departure, either upwards
or downwards, is observed, suggesting the presence of
superconducting grains in the samples.
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Figure 2. The temperature dependence of the resistance (plotted on
a log–log scale) of a set of 200 nm thick b-NCD films grown on
quartz substrates. The samples differ from each other in their boron
concentration, which increases when going from q1 to q5. The
electrical transport properties of samples q1 and q2 were measured
down to 0.4 K while of the other samples down to 1.5 K. The TC of
q4 and q5 are 1.8 K and 2.2 K, respectively. (Inset) The R(T )
dependence of sample q1 plotted on a linear scale. The resistance is
shown to be incremented in approximately one order of magnitude
between 10 and 0.4 K.

4.1. Superconducting b-NCD thin films

For the case of heavily doped b-NCD films, the following
characteristics have been observed for their R(T ) dependence:

(1) A broad transition in temperature towards a state of zero
resistance, a characteristic of granular superconductiv-
ity [8, 23].

(2) The broadening of the transition increases upon applying
an external magnetic field (see figure 4).

(3) TC < 4 K when taking the half value of the normal
resistance as criterion.

(4) The R(T ) curves measured under zero and 12 T magnetic
fields split typically at temperatures below 8 K (see
figure 4).

(5) The samples reveal an important increase in their
diamagnetic response at temperatures two to three times
TC when measured in a SQUID magnetometer [9].

This last point is a clear proof for the inhomogeneous
boron doping of the samples. Hence, for T > TC highly doped
regions become superconducting and their presence is detected
by magnetic measurements. Next, a state of zero resistance
is achieved below 4 K once percolating paths of Josephson-
coupled regions are provided.

Table 1 show some parameters corresponding to two
sets of b-NCD thin films grown onto Si substrates. In this,
the TMB/CH4 ratio used during the CVD growth is shown
together with the sample thickness, the critical temperature TC,
the second critical magnetic field BC2(0) and the Ginzburg–
Landau zero temperature coherence length ξ(0). The BC2(0)

values were obtained from the linear fits performed on the
TC versus magnetic field plots. On the other hand, ξ(0) was

Table 1. Growth and superconducting parameters of b-NCD thin
films with varying thicknesses/boron doping.

TMB/CH4 Film thickness TC BC2(0) ξ(0)
Sample (ppm) (nm) (K) (T) (nm)

s1 6500 65 <0.4 — —
s2 6500 85 1.6 2.7 11
s3 6500 200 2.78 4.3 8.7
s4 6500 490 2.9 — —
s5 6500 800 3.1 4.1 8.9
s6 6000 200 2.78 4.3 8.7
s7 5500 200 2.71 3.9 9.2
s8 5000 200 2.37 4 9.1
s9 4800 — 2 — —

derived from the Ginzburg–Landau expression for BC2(0) [24]

BC2 = �0

2πξ 2
, (2)

where �0 is the magnetic flux quanta.
Samples s1 to s5 (set A) only differ in the growth

time while s6 to s9 (set B) in the TMB/CH4 ratio used.
It is important to mention that by performing a qualitative
analysis on the secondary ion mass spectroscopy data of
samples s1, s3 and s5, similar values were obtained for
their boron/carbon ratio, confirming that these films have
approximately equal nB [25].

Figure 3(a) shows the evolution of the TC on the
TMB/CH4 ratio used during the growth process of the samples
corresponding to set B. Based on the fact that the TC of boron-
doped diamond depends strongly on nB [15], we can conclude
that the TMB/CH4 ratio controls the amount of boron doping
(nB) in the samples, as long as the other growth parameters
are kept constant. On the other hand, the data obtained for the
samples of set A show a systematic increase in TC with the
film thickness. This is shown in figure 3(b).

In figure 4 a semi-logarithmic plot of the R(T )

dependences of samples s2 and s5 is shown for different
applied magnetic fields. It can be seen that the thinner the film
is, the broader its superconducting transition in temperature.
Moreover, this broadening is further enhanced upon applying
magnetic fields.

In the normal state, the resistance of samples s2 and s5
shows a logarithmic dependence on the temperature

R = R0 ln(T0/T ), (3)

where R0 and T0 are constant (see figure 4). This is a
general feature for all metallic b-NCD thin films studied.
Furthermore, it has been observed that R0 becomes smaller
upon increasing the sample thickness. Hall experiments show
that the logarithmic temperature dependence is accompanied
by a slow decrease in the hole concentration when the system
is cooled down [25].

A R ∼ ln(T ) dependence is often attributed to two-
dimensional (2D) weak localization (WL) effects stemming
from coherent backscattering processes on impurities [26, 27].
WL effects are expected to settle in for metallic doped-diamond
films because of the high degree of disorder present in these
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Figure 3. (a) The evolution of the TC of the samples with the same
thickness and grain size, as a function of the TMB concentration.
(b) The R(T ) curves of the samples with varying thicknesses plotted
on a semi-logarithmic scale. Here, the corresponding TC, defined as
the temperature at which the resistance, takes the half value of the
normal one, are indicated.

materials [8, 15]. The interplay between the temperature
dependence of the sample resistivity and of the carrier
concentration fits into the WL scenario. Furthermore, it has
been observed that for sample thicknesses above 200 nm the
resistance is incremented in less than 10% between 30 and
1.5 K, in agreement to what is expected when WL effects
are present [28]. However, a negative magnetoresistance
(negative-MR), a conclusive proof for the existence of 2D-WL
processes [27], was not resolved for any of the samples when
magnetic fields were applied perpendicularly. This leaves the
possibility open for the contribution from non-WL effects, to
which a R ∼ ln(T ) dependence is also attributed. These not
yet understood mechanisms are claimed to govern the electrical
properties of some granular superconducting samples in
the vicinity of the superconductor insulator transition [29].
Moreover, samples thinner than 100 nm show their resistance
incremented up to 60% over the last temperature decade before
undergoing the superconducting transition, a value no longer
consistent with WL regimes [28].

4.2. Superconducting effects in insulating b-NCD films

Superconducting grains have been also found to be present
in insulating b-NCD samples located close to the IMT.

Figure 4. The R(T ) curves, measured under different applied fields
(oriented perpendicularly), corresponding to the films with
thicknesses 85 nm (s2) and (inset) 800 nm (s5). Note that the
splitting between the zero and 12 T field curves occurs below 8 K for
both samples.

Figure 5. The R(B) isotherm of sample q2, taken at 0.5 K. In
region I some of the grains Josephson couple with each other while
in II superconducting fluctuations only occur inside the grains. In
region III, superconductivity is totally absent and the PMR is caused
by orbital shrinking.

Furthermore, their presence is detectable under electrical
transport measurements by the observation of a negative-MR
regime at low temperatures [10]. Such a regime was measured
in the samples q1 and q2 of figure 2.

Upon increasing the applied magnetic field, the samples
q1 and q2 show positive magnetoresistance (PMR) →
negative-MR → PMR crossovers. The latter can be seen in
figure 5 where the magnetoresistance (R(B)) of q2, measured
at 0.5 K, is shown. To distinguish between the two PMR
regimes, the first will be referred as PMR1 (region I in figure 5)
and that recovered at high fields as PMR2 (region III). The same
dependences have been found for sample q1. However, there
are some differences: (1) the negative-MR regime appears at
higher temperatures and is more significant for q1 and (2) q2
shows a stronger PMR1 signal with a positive variation in the
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Figure 6. The temperature dependence of the fields at which the
NMR → PMR2 crossover happens for sample q1. The dashed line
corresponds to the fit of the B1 values by using a temperature
dependence similar to that empirically found for the
superconducting critical field BC when TC = 4 K.

resistance ∼20% at the lowest measured temperature [10]. A
comparative analysis with the transport data (figure 2) shows
a positive correlation between the strength of the negative-MR
signal, the temperature at which it appears and the magnitude
of the increase in R(T ). The crossover from negative-MR
to PMR2 at high fields can be attributed to orbital shrinking
processes which decouple overlapped wave functions between
dopants [22].

A negative-MR regime was previously observed in highly
nitrogen-doped UNCD [11], which was analysed within the
framework of a WL [11] and a strong localization scenario [30].
Here, we claim that the observed negative-MR in b-NCD
samples is caused by the presence of superconducting grains
in the insulating films. The proof for this claim is given by
the large PMR1 signals observed, which cannot be explained
by considering WL nor strong localization effects [10]. An
additional support for the presence of superconducting effects
in the insulating samples is given in figure 5. In this,
the field values (B1) at which the crossover between the
negative-MR and the PMR2 happens are plotted as a function
of the temperature for sample q1. It can be seen that these
follow a temperature dependence similar to the empirical
BC ≈ BC0(1 − (T /TC)1/2) found for the critical field in
superconductors [24] (figure 6). Moreover, the TC extracted
from this fit is 3.8 K, a value that is consistent with the
temperature at which the zero-field resistance of q1 starts to
increase more dramatically (see figure 2).

5. Discussion

Metallic b-NCD thin films show a broad superconducting
transition in temperature and this broadening is further
enhanced upon applying a magnetic field. On the other
hand, the increase in the sample thickness, and hence the
b-NCD grain size, gives as a result a steeper transition in
temperature towards a state of zero resistance. These features
can be explained by means of the effect of the structural

Table 2. The evolution of the strength of superconducting
fluctuations (Q) upon increasing the film thickness.

Film thickness TC

Sample (nm) (K) Q = Reff/RQ

s2 85 1.6 0.6
s3 200 2.78 0.5
s5 800 3.1 0.1

grain boundaries on the low-temperature electrical transport
properties [7]. Assuming that the b-NCD grains are electrically
connected with each other only in a few spots [7], the amount
of inter-grain contacts will be inversely proportional to the
grain size, i.e. the bigger the granules, the smaller the number
of contacts. At T < TC, the system can then be regarded
as consisting of superconducting b-NCD granules connected
with each other through weak links which carry supercurrents
between Josephson-coupled grains [31]. Within this scenario,
a state of zero resistance will be achieved once percolating
paths of Josephson-coupled granules are formed.

As is known, the critical current IC, which in this case is the
maximum amount of supercurrent that can pass through a weak
link, is a measure of how strongly two superconducting grains
are coupled [24]. In its turn, IC decreases with temperature,
magnetic field and inter-grain distance while it increases with
the cross-sectional area of the weak link [24]. By considering
a constant inter-grain distance for all samples, the broadening
in temperature of the superconducting transition will then
depend on the dispersion of the distribution function for the
weak link cross-sectional areas. The mechanism would be the
following: first, Josephson coupling between grains will occur
for weak links with larger cross-sectional areas and, as a result,
clusters along which the current can flow without dissipation
are formed. This is manifested by the lowering of the resistance
from its maximum value. As temperature goes further down,
Josephson coupling becomes possible through weak links with
smaller cross-sectional areas, and this will ultimately lead to
the opening of percolating superconducting paths.

The fact that the superconducting transition is broader in
temperature in thinner films can be interpreted by a lower
value for the average inter-grain IC. The latter is supported
by analysing the effect of the superconducting fluctuations
on the low-temperature electrical transport properties. These
fluctuations become stronger upon isolating small grains [24],
which in our case would be equivalent to making the Josephson
coupling between the NCD granules weaker. In table 2, the
strength of superconducting fluctuations, which is measured
by Q = Reff/RQ [32], is shown for three samples with
different thicknesses. Here, RQ = h̄/e2 ≈ 4.1 k� is the
quantum resistance and Reff = ρN/s, ρN denoting the normal
resistivity and s the relevant length scale for the fluctuation
[32]. Furthermore, for the estimation of the Q values, ρN has
been taken as the maximum value for ρ(T ) and s as ξ(0) [33].

It can be seen that Q decreases with the film thickness,
indicating a stronger coupling between superconducting grains
when the number of connecting spots is reduced.

On the other hand, an applied magnetic field will
result in a weakening of the inter-grain Josephson coupling.
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As a consequence, the broadening in temperature of the
superconducting transition is enhanced.

The samples show rather high values for their BC2(0)

despite the fact that they are low-TC BCS superconductors (see
table 1). This observation leads us to consider confinement
effects in the b-NCD granules. As is known, BC2 can have
values even orders of magnitude higher than those for the bulk
sample when superconducting grains are reduced below their
bulk magnetic penetration depth [34].

In order to estimate the size of the ‘effective’
superconducting grains, we consider these as spherical.
The magnetic field required for breaking a Cooper-pair by
diamagnetic effects can then be related to the grain radius r

by [35]

Borb ≈ �0

r2√gdim
T, (4)

where gdim = ETh/d the dimensionless conductance, ETh

and d the grain’s Thouless energy and the mean energy level
spacing, respectively.

In the free-electron approximation d is given by [35]

d = 1.5

kFVol
eV nm2, (5)

where kF is the Fermi vector and Vol ∼ r3 the grain volume.
On the other hand, the expression for ETh in the diffusive

regime reads [35]

ETh = 0.25kF�

r2
meV nm2, (6)

where � is the transport mean free path.
By taking the values for � = 1.3 nm [19] and kF =

4.3 nm−1 [7], a Borb ≈ 4 T corresponds to a grain radius
r ≈ 36 nm. This implies that the samples with thicknesses
above 200 nm show an intra-granularity with length scale of
the order of 30 nm, a value that is consistent with recent STM
experiments performed on b-NCD thin films [9]. On the other
hand, the expected radius for sample s2 is 43 nm, of the order
of its structural grain size.

In the case of the insulating samples, the observation of
a PMR1 regime in figure 4, together with the reduction in its
magnitude when decreasing nB, can be explained by a diluted
distribution of superconducting grains, some of which will start
to become Josephson-coupled upon lowering the temperature.
The latter leads to the opening of non-percolating zero-
resistance channels and, as a result, the sample conductivity
experiences a small but measurable increase below the TC of
the grains. Therefore, when switching on the field, R first
increases due to the decoupling between the grains (PMR1).
Because the nB of sample q2 is larger than that of q1, more
superconducting grains are expected in the former and hence
a more significant PMR1 signal. This is in agreement with the
experiment.

The negative-MR can be understood as follows: for
sufficiently high magnetic fields Cooper-pair transfer between
the superconducting grains is suppressed and single-
quasiparticle tunnelling settles in [36]. It is well known
that the presence of virtual Cooper-pairs (superconducting

fluctuations) will affect the density of states (DOS) of the
tunnelling quasiparticles since there are two quasiparticles less
everytime a Cooper-pair is formed [36]. Hence, intra-grain
superconducting fluctuations introduce an additional term in
the (inter-grain) conductivity

σ → σ + 
σDOS, (7)

where 
σDOS is negative. Therefore, suppression of the virtual
Cooper-pairs (
σDOS → 0) by further increasing the field
is translated into a decrease in the resistance [36] (NMR in
figure 5). The fact that the negative-MR is more significant
in q1 can be attributed to the smaller sizes of the regions
which are optimally doped, which is analogous to having
smaller superconducting grains. Since fluctuations become
more important upon reducing the superconductor size [24],
higher fields are required for destroying the virtual Cooper-
pairs inside these grains.

Finally, we would like to remark on the similarities
existing in the low-temperature electrical transport properties
of b-NCD and films consisting of superconducting granules
embedded in an insulating matrix [37–39]. The latter systems
undergo an IMT tuned by the inter-grain distance [37–39].
Since b-NCD exhibits an intrinsic granularity, which consists
of optimally doped regions with sizes of the order of <50 nm,
the sample nB will be directly proportional to the granule/total
volume ratio Vg/VT. The IMT observed in figure 2 can then be
explained as being driven by tuning the Vg/VT ratio, which is
equivalent to varying the average distance between the grains
with local nB > nC.

On the other hand, Cooper-pairs have been found to
be present on both insulating and superconducting sides of
the IMT of granular superconductors and appear at the TC

corresponding to the bulk value [40, 41]. The presence of
superconducting fluctuations is evidenced in R(T ) curves by
the on-set of the resistance decrease/increase at T = TC which
is in its turn strongly affected and/or suppressed by applying
an external magnetic field [23]. The analysis of the low-
temperature behaviour of the b-NCD films also show these
characteristics (see figure 2).

A R ∼ Ln(T ) dependence has been also found for
granular superconductors close to the IMT [29]. Furthermore,
as for the case of b-NCD, the reduction in R0 in equation (3)
is also accompanied by a weakening of the effect of
superconducting fluctuations [29].

6. Conclusions

In this paper, the electrical transport properties of b-NCD thin
films at low temperatures have been presented and discussed. It
has been found that these systems reveal an intrinsic granularity
with a length scale of the order of <50 nm, which explains the
high values of the critical magnetic fields exhibited. The low-
temperature behaviour of the b-NCD films strongly depends on
the grain boundaries as well as on the intrinsic granularity. On
the other hand, insulating b-NCD thin films have shown the
presence of superconducting effects by revealing a negative
magnetoresistance regime at low temperatures. Finally, the
similarities existing in the electrical transport properties of
granular superconductors and b-NCD films are discussed.
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Mater. 16 921

[9] Willems B L et al 2009 Phys. Rev. B 80 224518
[10] Willems B L, Zhang G, Vanacken J, Moshchalkov V V,

Janssens S D, Williams O A, Haenen K and Wagner P 2009
J. Appl. Phys. 106 033711
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