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Abstract
Electron beam lithography has been used for the fabrication of superconducting magnesium
diboride nanofilms (thickness lower than 100 nm), which were then characterized by atomic
force microscopy. The analysis reported in this paper demonstrates that these nanofilms have
self-affine surfaces with a fractal dimension of ∼2.25. A size-effect on the critical temperature
for activating the superconductive state is discussed and fractal scaling laws are consequently
proposed. Only a moderate reduction of the critical temperature is imposed by the shrinking of
the investigated nanofilms with respect to their bulk counterpart, suggesting that MgB2
nanostructures could play a fundamental role in superconductive nanocircuits.

1. Introduction

In the last few years, great efforts have been devoted to
the fabrication of MgB2 nanobridges, which could play
a crucial role in the field of applied superconductivity.
In fact they can act as weak-links in superconducting
devices, e.g. SQUIDs [1–4] or superconducting nanotransistors
(SNTs) [5]. Possible applications of MgB2 nanostructures
in superconducting single-photon detectors (SNTDs) could
also be investigated. There are several reasons for the
great interest in possible applications of magnesium diboride
nanostructures. First, the discovery of superconductivity at
39 K in MgB2 (January 2001 [6]) opened new perspectives in
the superconductivity field thanks to the interesting properties
of this material (relatively high Tc, energy gap similar to
that of NbN, moderate anisotropy, transparency of the grain
boundaries). Moreover, replacing the traditional Josephson
junction (JJ)-based devices with superconducting weak-links
could have some advantages, considering that current JJ
devices have limited applications (partially due to their
difficult fabrication). Superconducting single-photon detectors
(SSPDs) in recent years have been the subject of growing
technological interest: they are already used as diagnostic tools
for integrated circuits on a large scale, but their most promising

applications are in space optical communications and quantum
cryptography. The interest in fabricating this type of device
on MgB2 film resides in the following considerations. First,
an MgB2-based detector would work at temperatures of 15–
20 K (instead of 4.2 K required for NbN detectors), without
any significant drawback in terms of detecting rate, detectable
spectrum range and other properties. This is due to the fact
that MgB2 has a critical temperature of 39 K, but two energy
gaps (�σ and �π ), the smallest of which (�π , dominant in
all isotropic processes) is about 3 meV wide (for NbN, � =
2 meV). Additionally, the high operating temperature of MgB2
detectors would allow for using compact and cheap cooling
systems (e.g. single-stage cryocoolers), with great advantage
for satellite applications. Moreover, at higher temperature the
thermal impedance at the film/substrate interface is expected
to be lower, leading to a faster response time for the
detector.

In the literature, different methods for fabrication of
MgB2 nanobridges have been exploited. Beside the well-
known focused ion beam (FIB) technology, electron beam
lithography (EBL) methods have been experimented too, with
encouraging results [5, 7]. In our previous work [5], it has been
demonstrated that the EBL nanostructuring process does not
affect the electrical properties of the starting material, so that
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superconducting MgB2 nanowires can be obtained with widths
down to 180 nm.

In this paper, part of the work has been devoted to the
study of the film surface by atomic force microscopy (AFM)
and the AFM data have been analysed by a dimensional
method, based on the scaling of a surface property with
the measurement area size. As commonly used for fractal
analysis, the surface line profiles have been studied. This
type of surface analysis has been carried out since, as is well
known, for the fabrication of superconducting devices based
on superconducting nanostructures where the quality of the
starting surface is often of crucial importance to the optimal
operation of the device. For example, the transport properties
of superconducting nanobridges are strongly affected by the
geometry and the edge definition of the nanostructures itself.

Then, we refer to the fabrication and the characterization
of MgB2 nanostructures fabricated by an EBL-based approach
and our attention is mainly devoted to samples with thickness
lower than 100 nm. Electrical and superconducting properties
of nano-and microstructured samples have been compared to
those of the unstructured film.

This work demonstrates the possibility of fabricating
superconducting MgB2 nanostructures based on magnesium
diboride films fabricated by an all-in situ method and thinner
than 100 nm. The main advantages of our method are the
following. First, by the all-in situ method, no poisoning
gases are involved and relatively low temperature are reached.
Moreover, if compared to other nanostructuring techniques,
(e.g. FIB), EBL is more flexible and excludes any risk of ion
implantation.

These results constitute a step toward the fabrication of
MgB2-based devices such as SSPDs.

2. Experimental details

MgB2 films were deposited on Si/SiN(500 nm) and sapphire
substrates by the all-in situ method [8], based on the co-
evaporation of B and Mg by means of an e-gun and a resistive
heater, respectively. During the deposition, the substrate
temperature was held at a constant value of 295 ◦C and the
evaporation rate was fixed at a nominal value of 1 Å s−1 for
B and twice as high for Mg. The MgB2 precursor was then
annealed in the deposition chamber at 500 ◦C for 5 min.

2.1. AFM equipment

Quantitative measurements of topography parameters and
critical dimensions of these structures have been carried out by
means of a metrological scanning probe microscope (SPM) [9].
Precise surface topography reconstruction by SPM, optical and
stylus profilometry needs instruments with accurate, stable and
traceable devices able to minimize and/or control nonlinear
motions, pitch, roll and yaw, hysteresis and drifts of the
relative tip/sample movements when scanning the surface to
be imaged. Moreover, small mechanical measurement loops
between tip and sample and a good matching of the used
materials are needed to minimize drifts. Other significant
errors in the surface profile reconstruction are due to the probe–
sample interactions and finite size/geometry of the tip, namely

when imaging small and high-aspect ratio surface structures.
These errors can be partly corrected afterwards by image
analysis, on the assumption of a good repeatability of scanners.
Metrological SPM instruments make use of active controls
of tip/sample displacements measured by traceable position
monitors, e.g. laser interferometers or capacitive sensors, to be
used with the position monitors at negligible Abbé offsets [10].
The use of laser interferometers provides direct traceability
to the wavelength of light, at the cost of a more complex
setup of the compact scanning systems. Our SPM makes
use of a sample-moving scanning device working up to tens
of micrometres and driven by interferometers for the xy axis
and capacitive sensors integrated in a tripod-type assembly for
the z-axes. The home-made SPM system uses the software
and electronic control of a commercial AFM platform from
APE Research Srl. The imaging of these structures has been
performed by contact AFM with ultra sharp AFM tips.

2.2. Fabrication of nanostructured samples

The structuring process for fabricating samples with nanomet-
ric features consisted of the following steps. First, a Ti film
about 50 nm thick was deposited on magnesium diboride films
by e-beam evaporation. Then, the e-beam resist (PMMA) was
spin coated on the samples at 4000 rpm for 45 s and baked at
165 ◦C for 5 min. The desired nanopatterns were e-beam writ-
ten and developed selectively in PMMA developer (MIBK:IPA
1:3 in volume). Then, the uncovered Ti was removed by reac-
tive ion etching (RIE) in CF4, and the PMMA was dissolved
in acetone. Hence, the removal of magnesium diboride was
carried out by physical milling (Ar milling), using the Ti film
as a mask layer and taking advantage of its lower etching rate
compared to that of MgB2 under Ar ion bombardment. The
last steps consisted of optical lithography and physical etching
of a MgB2/Ti bilayer for defining the microcircuit and hence
measuring the electrical properties of the nanostructures.

The EBL process was carried out in a Jeol840 scanning
electron microscope (SEM) equipped with a NanoPattern
Generator System (NPGS) by JC Nabity, employing an
accelerating voltage of 35 kV and a beam current of 30 pA. The
electron dose was fixed at 340 μC cm−2. In these conditions,
we were able to control the fabrication of nanostructures.
The single-layer PMMA electron resist, used as a mask for
the RIE process for forming the nanowires on Ti films, was
about 200 nm thick and it ensured a reliable protection of the
superconducting film.

The physical etching of Ti was carried out in a RIE system,
using a CF4 pressure of 0.5 mbar, flux of 180 sccm and input
power of 100 W, which leads to an etching rate of about
4 nm s−1.

The physical removal of MgB2 was performed by an ECR
plasma system operating at 2.45 GHz. It was carried out at Ar
pressure of 1.0 × 10−3 mbar and, using an extraction voltage
of 400 V and an anode current density of 1.5 mA cm−2, an
etching rate of 2 Å s−1 has been obtained.

During the Ar milling the resist layer was thinned and it
was then completely removed in acetone.

The nanostructures have been imaged by SEM and
AFM and their electrical and transport properties have
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Figure 1. AFM image with area of 5 μm × 5 μm of an MgB2 film.
The film is grown by the all-in situ method.

been evaluated by four-wire measurement in a single-stage
cryocooler with a base temperature of 9 K and stability of
±0.01 K.

3. Results and discussion

The AFM image with area 5 μm × 5 μm of an MgB2 film
is reported in figure 1. The sample has a mounded surface
constituted of rounded grains grown on columnar pillars.

Among many approaches to measuring the fractal
dimension, we used a dimensional method based on the
analysis of surface line profiles: it is commonly employed for
fractal analysis, since the intersection of a self-affine fractal
surface by a vertical plane yields a profile or trace that is also
self-affine with fractal dimension smaller by about one than
that corresponding to the surface [11, 12]. The most used
method consists in obtaining the so-called ‘interface width’
defined for a sample of lateral dimension L [13] or the scale
dependent surface roughness, w(L), defined as the variance of
the height, h, over a profile of length L, i.e.

w(L) =
√
√
√
√

1

NL

NL∑

J=1

[h j − h(L)]2 (1)

where NL is the number of points in the profile of length L,
h j is the height at point j and h(L) is the average height in
the profile of length L. In the case of film growth, because of
the dependence of h on time, the interface width is sometimes
written as w(L, t) and h j as h j (t). For a self-affine surface,
w(L) scales as Lα for L � ξ where ξ is the lateral correlation
length and w(L, t)∼tβ for L � ξ where β is the dynamic
exponent. In the case of roughness, the Lα dependence yields
to α, the roughness exponent. This parameter is related to the
fractal dimension by D = d + 1 − α, with d the dimension of
the interface (2 for surfaces). The saturation value of w yields

Figure 2. w(L) as a function of L calculated on the AFM image
(with area of 5 μm × 5 μm) reported in figure 1. At low w the
typical Lα dependence is observed, with a value of α of 0.75
(fractal dimension D = 2.25).

to the total width of the interface, that is Rq = w(L f ), L f

being the linear size of the measured frame. Rq is related to
the root mean square (rms) roughness.

In figure 2 the results of the analysis are shown. The
curve reported here refers to an AFM image with area of
5 μm × 5 μm. For low L the typical Lα dependence is
observed. On the other hand, at high L the saturation of w
takes place, yielding the total width of the interface. In this
case, α has a value of 0.75. α can range between 0 and 1, for
self-affine fractal surfaces: usually, a large value of α(>0.5)
corresponds to a smooth textured surface structure in a short
range while a smaller value of α(<0.5) corresponds to a more
jagged local surface morphology [14].

A roughness exponent between 0.65 and 1 is typically
observed on metal thin films where surface diffusion plays a
dominant role. An important class of growth models with the
previous characteristics is accounted for in the Villain, Lai and
Das Sarma (VLDS) theory [15] where α = 0.66 and β = 0.2
for growth in two-dimensional substrates.

As estimate of β is not easily feasible, thus an alternative
method using the analysis of roughness distribution is
introduced [16]. The roughness distributions is given by,

P(w) = 1

σ
ψ

(
w − 〈w〉

σ

)

(2)

where PL(w) dw is the probability that width w of a given
configuration lies in the range [w,w + dw] and σ ≡ (〈w2〉 −
〈w〉2)1/2 is the rms deviation of w.

The roughness distributions P(w)σ of the film surface in
figure 1 is shown in figure 3.

Previous studies [17] suggest for the two-dimensional
VLDS class a simple exponential decay of the P(w) tail. By
fitting the data in figure 3 with exp(−bxγ ) between 0 and
4 we find γ = 1.2 ± 0.07 that is slightly higher than the
expected value for the VLDS class. Thus, we expect that the
film roughness increases with the thickness t according to a
power law tβ with β = 0.2.
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Figure 3. The normalized roughness distributions σ P(w) of the film
surface in figure 1.

3.1. Characterization of MgB2 nanostructures

At first, for fabrication of nanostructures we used MgB2 films
with thickness ranging from 100 to 150 nm. The choice
of working on film with this thickness was a compromise
between two aspects: on one hand, the higher the thickness of
the film, the better are the electrical and transport properties.
On the other hand, working on samples thicker than 150 nm
could prevent the fabrication of good quality and narrow
nanostructures.

The correlation between the electrical properties and the
film thickness is confirmed by data plotted in figures 4(a)
and (b), where the critical temperature Tc and the 1/RRR
(RRR = residual resistivity ratio) are reported as a function of
the thickness and of 1/thickness respectively, for a set of films
either on silicon nitride (open circles) or sapphire (squares)
substrates. In figure 4(b), we plotted the inverse of the residual
resistivity ratio (1/R = R(40 K)/R(300 K)) instead of the
resistivity itself in order to obtain any possible error due to the
geometry of the sample.

The results obtained in the fabrication of the first MgB2
nanostructures 100–150 nm thick have been reported and
discussed elsewhere [5, 18, 19]. Summarizing, the critical
temperature and the transition width of nanobridges were not
dramatically changed because of the structuring process. Their
critical current density was calculated to be of the order of

1 × 106 A cm−2 at 10 K, which is a considerable value, taking
into account that the nanobridges fabricated by FIB on the best
MgB2 thin films [20] showed a Jc of 5 × 107 A cm−2 at 4.2 K
and an increase of Jc by a factor of 2 is expected for our films
going from 10 K down to 4.2 K.

Next, we investigated the properties of nanostructures
(bridges and meanders) based on magnesium diboride films
with thicknesses lower than 100 nm. This has been done
since the final purpose of our work is the fabrication of
superconducting devices, such as SSPDs, which usually
requires very low thickness for obtaining good performances.

As a preliminary investigation, we studied the electrical
properties (resistivity, transition temperature and width etc)
of a microstrip, a nanobridge 600 nm wide and a meander
line 370 nm wide (the three of them all based on the same
MgB2 sample 80 nm thick) and we compared the results to
those of the unstructured film. For the fabrication of samples
with comparable characteristics, we proceeded as follows:
the film was deposited by the all-in situ method described
above, then the electrical properties of the unstructured sample
were characterized by four-wire measurement. Before the
structuring of the film, the substrate was cut in two pieces,
one for the nanobridge and one for the meander. Then, the
two samples were structured by an EBL-based process and
optical lithography (see section 2) for obtaining the measurable
micrometric circuit containing the nanostructure.

In figure 5, the SEM images of the nanostructures are
reported. The nanobridge (figure 5(a)) is 1 μm long and
650 nm wide; the seven nanofeatures of the meander line are
360 nm wide and 3 μm long each. In the inset of figure 5(b)
the image of the whole structure is reported. The micrometric
strips including the nanostructures had a width of 10 μm.

The electrical and superconducting properties of both
the nanobridge and the meander have been evaluated and
compared to those of the microstrip 10 μm wide.

From the electrical characterization at low temperature,
the calculation of the resistivities for strip, nanobridge and
meander has been performed, taking into account the geometry
of the sample. The values that have been obtained are
172 μ
 cm, 371 μ
 cm and 572 μ
 cm respectively. These
resistivity values are in agreement with values reported in our
previous works [18, 19] and referred to MgB2 microstrip and

Figure 4. Critical temperature and RRR are plotted as a function of thickness (a) and 1/thickness (b), respectively. Open circles refer to film
deposited on silicon nitride substrates and cross-squares refer to film on sapphire.
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(a) (b)

Figure 5. SEM images of the nanobridge (a) and of the meander (b) based on an MgB2 film 80 nm thick. The bridge is 1 μm long and
650 nm wide. The nanostrips constituting the meander are 360 nm wide and 3 μm long. In both case, the two nanostructures are included in a
microstrip 10 μm wide.

Figure 6. R(T ) measurements from room temperature down to 10 K
for the unstructured MgB2 film and the strip featuring the meander
line 360 nm wide.

nanobridges. According to Rowell [21], our MgB2 films can
be classified as magnesium diboride samples with intermediate
resistivity and it has been pointed out that the resistivity values
in this intermediate regime can be explained by arguments
involving both high residual resistivities and reduced effective
areas [21].

By comparing the R(T ) curves of the unstructured
film and of the meander from room temperature down to
10 K (figure 6), it is clear that the structured sample
has a non-metallic behaviour that may be indicative of
intergrain quasiparticle tunnelling, which becomes evident in
the presence of nanoconstrictions limiting the percolation path
for the electrical current [22].

On the other hand, in the case of the meander, even at
10 K we have a residual resistance of 500 
 in the R(T )
curve, probably due to a damaged nanostrip of the meander
line. Even if it is noteworthy that the Tconset (where Tconset

is the temperature at which the resistance starts to drop) is
28.6 K both for meander and unstructured film, nevertheless
any further consideration can still be done. Therefore, in the

Figure 7. R(T ) curves of the unstructured sample (	), of the
micrometric strip (◦) and the nanobridge (�). In the inset the details
of the last part of the transition (where a bumped profile is observed)
are reported.

following discussion we will not consider anymore the R(T )
measurement of the meander.

In figure 7 the R(T ) curves of the unstructured film, of the
micrometric strip and of the nanobridge are reported.

According to results reported in our previous work, the
nanostructuring process does not affect the superconducting
properties of magnesium diboride. All three curves show
a splitting of the resistive transition on two features,
which become more evident as a consequence of the
nanostructuration (as emphasized in the inset of figure 7).
We observed the splitting of the resistive transition in several
MgB2 films grown by all-in situ methods. We have not
yet performed a systematic study of this behaviour in the
R(T ) curves, nevertheless, we observe that a splitting of the
resistive transition in magnesium diboride has been measured
and studied by others [23] as well. In [23], the authors
assume that the conductivity of a multiphase superconductor
near the transition behaves as a parallel association of

5
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Figure 8. Critical current of the MgB2 nanobridge plotted as a
function of temperature. Experimental data are fitted by
Ic = Ic0 · (1 − T/Tc)

γ · (1 − T/Tc)
1/2, where γ = 3 − T/Tc.

(This figure is in colour only in the electronic version)

contributions and consider that the split of resistive transition
in MgB2 may be due to nonpercolating regions of the
sample submitted to tensile strains that locally change Tc.
Analogous splittings of the resistive transition have also been
observed in several samples of high Tc cuprate superconductors
(systems structurally and electronically much more complex
than MgB2) [24, 25]. The observed split resistive transition in
this case might have similar origin to that observed in MgB2.
Of course, further investigations are needed to understand this
phenomenon.

Furthermore, the nanobridge shows a critical temperature
slightly higher than the microstrip, but this is probably due to
small inhomogeneities of the starting unstructured film. In the
R(T ) curve of the nanobridge, the splitting of the resistive
transition is clearly revealed by the knee at about 192 ohm.
Therefore, we identify two characteristic temperatures T 1

c
(at 28.3 K) and T 2

c (at 24.7 K), which are interpreted
as representative of critical superconducting temperatures.
Hence, we are led to assume that two different superconducting
phases are still present in our structured samples (at zero
magnetic field). Moreover, the nanobridge transition width is
comparable to that of the microstrip and the unstructured film,
while for uniform superconducting nanostructures a narrower
transition would be expected. In this case the form of the R(T )
dependency is mainly determined by particular distribution of
imperfections within the sample.

The critical current of the nanobridge has also been
measured at different temperatures ranging from 8.5 K (lowest
temperature reachable by the cryocooler employed) to 18.5 K.
The results are shown in figure 8. According to [1], the critical
current is expected to be proportional to λ−2 and ξ−1. Given
the temperature dependencies of λ and ξ , λ = λ0/((1 −
T/Tc)

γ )1/2 [26] and ξ = ξ0(1 − T/Tc)
−1/2, the critical current

is expected to behave as Ic = Ic0 · (1− T/Tc)
γ · (1− T/Tc)

1/2,
where γ = 3 − T/Tc.

The calculated critical current density Jc0 is about 5 ×
105 A cm−2. This value, even if still consistent with values
in the literature for MgB2 thin film [27, 28], is lower than

that calculated for our thicker films [5, 18, 19]. On the other
hand, the higher sensitivity of thinner films to deterioration
during patterning has also been observed in the literature for
different superconducting materials [29, 30]. Actually, during
patterning any damage at the surface affecting the topmost
layers of the film will have a much larger effect on the
properties of a thinner film than of a thicker one. This issue
could probably be overcome by depositing an Au protecting
layer on the as-grown films.

The analysis of the electrical characterization of the
structured samples and as-grown films with thickness lower
than 100 nm confirms that the EBL-based technique is
suitable for fabrication of MgB2 nanostructures without
detrimental effect on the superconducting properties of the
film. Since the main purpose of our work in this field is
the fabrication of superconducting devices (e.g. SSPDs), our
efforts have been devoted to the fabrication of magnesium
diboride nanostructures on sapphire. In fact, for fabricating
SSPDs, sapphire is a more suitable substrate, thanks
to its characteristics, such as good thermal conductance,
optical transparency combined with good structural and
morphological properties for growing MgB2 films. The
preliminary results in this direction have been presented
elsewhere [31]. In summary, MgB2 bridges from 600 nm to
800 nm wide and 40 nm thick have been obtained. The Tc in
this case was rather low (about 25 K) due to the film thickness,
and the calculated resistivity was about 250 μ
 cm.

4. Scaling law of the critical temperature

The critical temperature reduction could be in part due to
small grain dimensions. Making an analogy between the
electrical and mechanical resistances, the critical temperature
in superconductivity plays the role of the energy release rate
in brittle fracture. We thus expect a scaling of the critical
temperature as a function of the fractal exponent in the form
of [32]:

Tc ∝ L
3−D

2 . (3a)

In addition, including the moderate variability of the fractal
exponent by increasing the size-scale (from 2 to 3) one would
expect the following scaling [27]:

Tc = T (macro)
c

(

1 + �

L

)−1/2

(3b)

where � is a characteristic internal material length (e.g. grain
size) and L the film thickness. Moreover, considering a cut-off
for nanoscale applications would imply:

Tc = T (macro)
c

(

1 + �

L + ε

)−1/2

(3c)

where the length ε defines the critical temperature at the
nanoscale via T (nano)

c ≡ T (macro)
c (1 + �

ε
)−1/2. We thus propose

the use of the phenomenological equation (3c) in order to
design superconductive nanofilms. For example for MgB2

structures we have measured T (nano)
c ≈ 25–28 K, T (macro)

c ≈
32–38 K and � ≈ w ≈ 1–10 nm.

6



J. Phys.: Condens. Matter 20 (2008) 474210 C Portesi et al

5. Conclusion

The AFM study of magnesium diboride thin film surfaces
demonstrates that these films have self-affine surface structure
with smooth textured structure in a short range. We calculated
a value for α of 0.75. This parameter can range between 0 and
1, for a self-affine fractal surface: usually, a large value of α
(>0.5) corresponds to a smooth textured surface structure in a
short range while a smaller value of α (<0.5) corresponds to a
more jagged local surface morphology [14].

The results of the electrical characterization of the
nanostructures show that the EBL-based method for structuring
magnesium diboride films is suitable for fabricating MgB2

nanobridges and meanders. Since the studied samples have a
thickness lower than 100 nm, their Tc is not as high as for the
best samples fabricated by the in situ method (32–38 K). On the
other hand, in perspective of electronic applications, the critical
temperature of the nanostructures can be considered not as
crucial as their thickness, which must be small enough in order
to guarantee fast and homogeneous thermalization. Therefore,
these preliminary results can be considered as a successful step
towards the fabrication of new superconducting single-photon
detectors. In the near future, our efforts will be devoted to
the fabrication of MgB2 nanostructures, on silicon nitride and
sapphire substrate, with a width of the order of 100–200 nm.
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