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We report multi-channel electron transport in nano-contacts fabricated using focused electron
beam induced deposited (FEBID) cobalt and focused ion beam induced deposited (FIBID) tung-
sten. Anomalous Andreev reflection (AR) effect is observed to which the conventional Blonder-
Tinkham-Klapwijk (BTK) fit cannot be applied. In specific, we have observed multiple number
of shoulders near the Andreev reflection peak, whose origin is unknown in literature. We explain
this effect based on a simple model that takes into account the material properties of the FIBID
grown W superconductor, as well as the specific interface properties that are an outcome of using
FEBID/FIBID as a fabrication technique. We show that numerical calculations using the BTK
approximation based on the consideration of multiple channels generates similar shoulders as we
observed in the AR experiments. Electrical measurements and X-ray photoemission spectroscopy
carried out on FIBID W deposits put additional evidence towards multi-channel current transport
occuring at the interface of the nanocontacts.

INTRODUCTION

When a point contact is formed between a normal
metal (N) and superconductor (SC), under certain condi-
tions it reveals enhanced conductance at low bias voltage
due to the Andreev reflection (AR) effect1. To observe
this effect, usually the N-SC contact area needs to be
limited to several nanometers. Due to the apparent sim-
plicity of the experimental technique, the AR effect has
found applications in the characterization of supercon-
ducting properties as well as the determination of the
spin polarization P of normal metals in the ferromagnetic
state2–8.

In practice, however, the use and interpretation of the
results of AR experiments is generally not straightfor-
ward in spite of the fact that they can be well explained
by the Blonder-Tinkham-Klapwijk (BTK) theory9. One
of the reasons for this is the ill-defined properties of the
superconductor at the position of the point contact. If
the properties of a point contact deviate only slightly
from the bulk properties, introducing effective parame-
ters such as superconducting gap (∆), scattering param-
eter (Z), and the effective temperature (Teff ) may still
lead to a reasonable consistence with theory– yet with a
shape of the conductance curve that can deviate strongly
from the ideal case. An example of the pronounced ef-
fect of scattering on the AR curve as described by BTK
is shown in Figure 1(a). However, in other cases, de-
viations can be so significant that it becomes difficult
to extract any useful information from the AR data. In
such a case, not only each point contact made of the same
material combination may give rise to different effective
(scattering) parameters, but also additional processes can
become of relevance. The latter give rise to anomalous
features in the AR curves. These can be superimposed
on or completely can even mask the pure AR results.

Usually, such anomalies appear as extra peaks or min-
ima in the AR spectrum which can influence its magni-

FIG. 1. (Color online) (a) Calculated AR curves according
to the BTK theory for three N-SC point contacts having dif-
ferent Z and P parameters. The red and black curve shows
AR characteristics for ideal point contacts without scatter-
ing for spin polarization P = 1 and P = 0, respctively. The
blue curve shows AR behavior of a point contact with finite
interface scattering (Z = 0.2). The inset shows a schematic
of a N-SC point contact in the AR measurement configura-
tion. (b) Experimental I-V and G-V curves showing anoma-
lous AR behavior that goes beyond the standard BTK theory.
Data are typical for the Co-W point contacts as used in this
manuscript.

tude or even the entire shape. An experimental example
of such a strong distortion is shown in Figure 1(b). Some
of these additional features can be easily identified10–12,
whereas the explanation of others remain unclear. For
example, double gap superconductivity can induce the
appearance of extra shoulders around the maximum of
the AR spectra13,14. Minima, symmetrically situated at
both sides of the AR maximum, can be explained by a
transition from the superconducting to the normal state
near the point contact12,15. In both cases, the complica-
tions in the AR spectra are determined by the properties
of the superconductor, as well as its structure at the in-
terface or close to it. Therefore, the unusual shape of
the AR spectra can depend on both, the technology used
for fabricating the superconductor as well as the point
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contact itself.
The use of focused electron beam induced deposi-

tion (FEBID) and focused ion beam induced deposition
(FIBID) techniques for depositing materials is highly at-
tractive, since a unique possibility to fabricate three-
dimensional structures in a single step is provided16–19.
Structures deposited by FEBID and FIBID show inter-
esting properties, which usually cannot be obtained with
conventional deposition techniques. As an example re-
lated to our case, it has been shown that FIBID-grown
tungsten material is superconducting with a critical tem-
perature (Tc) up to 6 K20–24, whereas bulk W is a super-
conductor with extremely low Tc, i.e. 10 mK25. Combin-
ing this material property with the ease of simply ‘writ-
ing’ a point contact by means of FEBID/FIBID has been
reported to be a feasible route towards AR point contact
devices26,27.

In this article we report on the successful fabrication of
AR point contacts formed between FEBID cobalt (Co)
and FIBID tungsten (W), showing specific features in the
AR spectra not resolved before. In particular, the AR
spectra reveal multiple shoulders around their maxima
similar to already reported results13,14. However, a more
detailed analysis shows that in our study the shoulders
have a different origin, viz. a ‘multi-channel’ AR effect.
We conjecture that this interesting regime is achieved
due to the specific properties of the FEBID grown su-
perconductor, as confirmed by electrical measurements
and X-ray photoemission spectroscopy (XPS) resolving
different superconducting phases in our deposits.

We note that the choice of Co is guided by the fact that
FEBID Co deposits show the highest metallic content in
our dual beam system and not because of its ferromag-
netic nature. We verified that the anomalous features
in the AR spectra were due to the multi-phase proper-
ties of the tungsten superconductor and not due to the
ferromagnetism by fabricating additional point contacts
between nonmagnetic FIBID platinum (Pt) and FIBID
tungsten. Finally, it would have been interesting deduc-
ing information on the Co spin polarization from the AR
studies, but the anomalous features were found to be too
strong to allow a reliable extraction P for our FEBID Co
.

EXPERIMENTAL METHOD

The samples for the AR experiments were fabri-
cated using a FEI nova nanolab 600i dual beam system
equipped with a Schottky emitter gun. The base pres-
sure of the chamber was always maintained in the 10−7

mbar range before deposition. Co2(CO)8 and W(CO)6
precursors were used to deposit Cobalt (Co) and Tung-
sten (W) respectively. The precursors were pre-heated
to 26◦C and 55◦C respectively before their insertion to
the chamber, while the depositions were carried out at
room temperature. The electron beam was used for the
deposition of Co and W was deposited using the Ga+ ion

FIG. 2. (Color online) SEM image of a Co-W nanocontact
fabricated on Au/Ti contact pads to study the AR effect.

beam. Oxidized Si wafers, having pre-patterned Au/Ti
contacts (fabricated using conventional lithography tech-
niques), were used as a substrate for making AR point
contacts (See Figure 2). On each sample, eight Co-W
nanocontacts were fabricated. The fabrication of each
Co-W point contact was carried out in three steps. First,
a tungsten (W) nanowire with dimensions of length l =
4 µm, width w = 500 nm and height h= 200 nm was
deposited on the outer two Au/Ti contacts. Second, a
Co nanowire with same dimensions as W was deposited
on the other two Au/Ti contacts. In the final step, a
nanocontact was created by making a Co triangle be-
tween the Co, and the W nanowires (see Figure 2). It
was ensured that after the Co deposition, no imaging was
done with the ion source to exclude any modification or
damage caused due to irradiation by Ga+ ions.

The fabricated nanocontacts were analysed in-situ
with an integrated Energy Dispersive X-ray analysis
(EDAX) detector to determine their elemental compo-
sition before their exposure to air. For electrical and
AR measurements, the sample was taken out of the dual
beam system and wire-bonded to Au pads on a chip
carrier via Au/Ti contact pads. The chip carrier was
then inserted in a He flow cryostat by means of a sam-
ple stick. Using He gas flow pumping, a temperature
down to 2.5 K was achieved in the cryostat. All electri-
cal measurements were done in a 4-probe configuration,
as also sketched in the inset of Figure 1(a). The samples
were first cooled down from room temperature to 4K and
then the AR measurements were carried out using stan-
dard lock-in technique at various temperatures down to
2.5K. Atomic force microscopy (AFM) measurements of
Co-W nanocontacts were carried out to determine the ac-
tual point contact size using a NT-MDT Solver scanning
probe microscope. For X-ray photoelectron spectroscopy
(XPS) measurements, additional FIBID-W samples hav-
ing length l=50 µm, width w = 60 µm and height h =
100 nm were fabricated. XPS measurements were car-
ried out using a Thermo Scientific K-Alpha XPS system.
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FIG. 3. (Color online) (a) An experimental conductance-
voltage (G-V) curve showing (i) Andreev reflection peak
at zero bias (ii) Minima structures (iii) Multiple shoulders
around the central conductance maximum and (iv) Zero bias
conductance enhancement above a value of 2 (b) G-V curves
corresponding to different Co-W point contacts (A,B,C and
D) indicating that each point contact shows different number
of shoulders. (c) G-V curves measured at various temper-
atures showing the evolution of existing shoulders and the
emergence of new ones at different bias voltages with the low-
ering of temperature. (d) Position (dots) and Fit (solid lines)
of different minima (M#1 and M#2) and shoulders (S#1-
S#5) as function of temperature. The fitting curves for the
position of the minima are based on the dependence of the
critical current on temperature, whereas for shoulders posi-
tion, the dependence of superconducting gap on the temper-
ature is used.

The deposition parameters for all the samples used for
additional studies (such as transport measurements and
XPS) were kept identical to those used for the AR ex-
periments.

RESULTS AND DISCUSSION

AFM measurements on fabricated Co-W point con-
tacts revealed that the physical size of contacts varied
between 150 and 300 nm. Electrical measurements re-
vealed room temperature resistances of the nanocontacts
varying between 90 and 200 Ω. The variation can be
explained by the possible difference in size as well as ef-
fective deposition parameters for each nanocontact.

In the AR measurements, Co-W nano-contacts re-
vealed a complicated conductance-voltage (G-V ) depen-
dence as shown in Figure 3(a). The observation of
the central conduction maximum within a few millivolts
around the zero bias voltage clearly confirms the pres-
ence of the AR effect in our samples. However, sev-
eral anomalous features deviating the AR curve can be
clearly recognized. In brief, these anomalies are : (a)
Minima structures on both sides of the AR peak, (b) a

zero bias conductance enhancement value slightly above
2 (the highest value according to the BTK theory (P = 0
and Z = 0)), and (c) the presence of multiple shoulders.
It is important to note here that none of the above listed
anomalies can be explained using the conventional BTK
theory.

Let us start with the first anomaly i.e. the appear-
ance of minima structures around -10 and +10 mV. This
anomaly has already been observed and analyzed by
other authors12,15. The minima structures arise at the
bias voltage corresponding to the current when it reaches
its critical value. The superconductivity near the point
contact area is destroyed by this current, leading to the
appearance of minima structures in the AR spectra. This
interpretation is further confirmed by our analysis where
we plotted minima as a function of the temperature, as
shown in Figure 3(d). The experimental data for the po-
sition of the minima matches very well with the fitting
curves based on the dependence of the critical current on
temperature28. Here, we assume that the position of the
minima is proportional to the critical current.

The notion that at bias voltages beyond the minima
in the AR spectra the superconductor is in the normal
state has an important consequence on the apparent am-
plitude of the AR peak at zero bias. According to the
BTK theory, the conductance ratio G(0)/G(eV > ∆))
has a maximum value of two, but assuming that the su-
perconductor remains in the pure superconducting state
throughout the whole bias voltage range. In our case, the
transition to the normal state masks the proper value of
G(eV > ∆). We verified that in our devices the resis-
tance of tungsten in the normal state is not negligible
with respect to the point contact resistance. Thereby
we underestimate G(eV > ∆), and consequently overes-
timate the ratio G(0)/G(eV > ∆)), possibly leading to
values larger than two.

After having explained the minima at both side
of the AR peak and the zero bias conductance en-
hancement, we address the third and most important
anomaly, i.e. the observation of multiple shoulders
around the AR maximum. The presence of shoulders
in AR spectra has already been reported in supercon-
ductors such as MgB2

29–31, recently discovered Fe-based
superconductors10,13,14, or others11,32,33. Although the
possible origins of different kind of the shoulders remain
under debate, the appearance of the shoulders for these
materials has been attributed to the anisotropic super-
conducting gap, specific band structure, or to the multi-
ple AR effect. At a first glance, the shoulders observed
in our experiments look similar to what has been already
reported, but they are not the same.

First, we observe that in some point contacts, more
than one shoulder is present while in most of the other
studies only one shoulder has been reported. Also, in
our case, the number of shoulders appearing for different
point contacts shows variation (See Figure 3(b)) while
in other studies, no such observation has been reported.
This implies that, in our case, the number of shoulders
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FIG. 4. (Color online) (a) Proposed multi-channel electron
transport occuring at the interface of the point contact. It can
be seen how different phases/grains are present at the point
contact contributing individually to the final conductance (b)
Numerical calculations based on BTK approximation showing
three individual G-V curves, each chosen with proper super-
conducting parameters (represented by different colors) (c)
Superposition plot of the three AR curves mentioned in (b)
generating similar shoulders as observed experimentally.

present in a point contact is a specific property of that
point contact itself, rather than the two constituent ma-
terials. Furthermore, we find that within the same point
contact, new shoulders evolve at different bias voltages
as the temperature is lowered as can be seen in Fig-
ure 3(c). The position of the shoulders is found to de-
pend on the temperature, as shown in Figure 3(d). In-
terestingly, the experimental data shows perfect agree-
ment with the dependence of the superconducting gap on
temperature35,36, as provided by the BCS theory. This
analysis reveals that the shoulders reflect superconduct-
ing behavior. Moreover, the fit lines corresponding to
the different shoulders end up at different temperatures.
It indicates that the shoulders originate from different
grains/phases with different critical temperature within
the point contact as sketched in Figure 4(a).

Having found a possible explanation for all the anoma-
lous features, we next want to verify that they are due to
the tungsten properties and not inherently depending on
the ferromagnetic nature of cobalt. For this purpose, sim-
ilar AR experiments were carried out with nanocontacts
fabricated between FIBID Pt and FIBID W. A typical
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FIG. 5. (Color online) Presence of shoulders in point contacts
of FIBID platinum with FIBID tungsten, measured at 3.0 K.
Inset shows a SEM image of the Pt-W point contact

result is shown in Figure 5. We found that also with
FIBID Pt shoulders were present, and like for point con-
tacts with Co, a different number of shoulders was ob-
served in different point contacts. From this we conclude
that the ferromagnetic nature of Co is not playing any
role in displaying the anomalies.

We conjecture that the underlying mechanism for the
appearance of multiple shoulders can be explained by
a simple model of our point contacts as shown in Fig-
ure 4(a). We assume that at the interface, various phases
are present and the electron transport is occuring via
multiple conduction channels, represented as G1, G2 and
G3 in Figure 4(a). These channels are probed simul-
taneously in one AR measurement. The observation of
distinguishable contributions from individual channels is
possible only if the coherence length ξ in the supercon-
ductor is less than the contact diameter d of the PC.
In such a case, the total conductance of a point contact
G(V ) can be written as a sum of AR signals coming from
individual participating channels as :

G(V ) = W1G1 +W2G2 +W3G3 (1)

with W1+W2+W3 =1,
where W1,W2, W3 are the respective weights and G1,

G2 and G3 are the respective normalized conductances
for each participant channel.

Separate channels can have different superconducting
parameters (such as Z, ∆). When choosing three differ-
ent channels with proper parameters (see Figure 4(b), an
AR spectrum can be constructed similar to the experi-
mental observation as shown in Figure 4(c). It should
be emphasized that any channel contributes to the final
conductance, only if its critical temperature is achieved.

Now we explain our observation of multiple shoulders
by taking into account the above proposed model. It has
been reported that the coherence length in FIBID-W:C
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FIG. 6. (Color online) XPS Etch profile indicating the pres-
ence of various phases at different thicknesses of a 100 nm
thick FIBID tungsten deposit. The data for pink and green
curve have been multiplied by a factor of 5 for better read-
ability and to show that tungsten oxides are also present at
the interface of W deposit with the substrate.

superconductors is about 6 nm22, which is much less than
the size of the point contacts. In-situ energy dispersive
X-ray spectroscopy (EDAX) analysis showed that the de-
posited tungsten material consisted of 57 % W, 22 % C, 3
% O and 18 % Ga in atomic percentage units. The ratio
of W and C, and high amount of carbon detected by both
EDAX as well as XPS indicates that metallic tungsten
and tungsten carbide phases are present. The XPS etch
profile, represented in Figure 6 also confirms that FIBID
tungsten is deposited as a multiphase material. Various
phases such as metallic W, tungsten carbides, as well as
tungsten oxides are resolved. Such a deposition of several
phases in the same material with their critical tempera-
tures lying in our measurement range has already been
reported earlier by other authors27,34.

The electrical measurements on FIBID tungsten mate-
rial also indicated the possible presence of several phases.
The room-temperature resistivity values for FIBID tung-
sten nanowires using standard four probe method were
found to be about 1600 µΩcm. This value is about
an order higher than what has been reported by other
authors22, but can be associated with the difference in the
dual beam system and deposition parameters. The resis-
tance R versus temperature T measurements displayed
in Figure 7 shows a drop of resistance to zero value for
FIBID-W nanowires and indicates the onset of super-
conductivity below 5 K. On a closer look at the same
measurement, we see that the drop of resistance to zero
value occurs in multiple steps. This can be associated
with several phases of the material with different criti-
cal superconducting temperatures. In literature, this has
not been reported earlier in FIBID grown W material
deposited using the same precursor material.The pres-
ence of different critical temperatures agrees well with

0 1 2 3 4 5 6 7 8 9 10
0

20

40

60

80

100

 

 R
(

)

T (K)

 10 
  30 
  50 
  75
 100 

FIG. 7. (Color online) Resistance versus temperature mea-
surements carried out at different applied currents showing a
drop of resistance to zero value at the onset of superconduc-
tivity. This graph also shows that the drop of resistance to
zero value takes place in multiple steps.

our XPS analysis, which resolved a multi-phase material.
The foregoing conclusion of having different phases

with different critical temperatures, explains the obser-
vation of different number of shoulders in different point
contacts as shown in Figure 3(b). As the tempera-
ture is decreased, a larger number of phases reach their
critical temperature and participate in the AR process
which looks like the appearance of new shoulders (see
Figure 3(c)) with the decrease of temperature. The su-
perconducting behaviour shown by the shoulders reveals
different critical temperature for each fitting curve, as
shown in Figure 3(d), thereby, indicating towards the
presence of multiple superconducting phases in the point
contact. The agreement of the proposed model together
with numerical calculations and experiments clearly in-
dicate towards the multi-channel electron transport oc-
curring at the interface, giving rise to the anomalous AR
behavior in our Co-W point contacts.

CONCLUSIONS

Superconducting tungsten material with novel prop-
erties is grown using the FIBID technique. Due to the
specific conditions provided by the deposition process, a
multiphase material is deposited, as also revealed by X-
ray photo-emission spectroscopy. The multi-phase mate-
rial shows several steps in the resistance versus tempera-
ture measurements, indicative for multiple superconduct-
ing transition temperatures. Anomalous Andreev reflec-
tion with multiple shoulders around the AR peak is ob-
served in point contacts of FIBID W both with FEBID
Co and FIBID Pt. The presence of multiple shoulders
together with other deviating features points towards
multi-channel electron transport. The individual con-
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tribution from each channel is observed distinguishably
due to the low coherence length of FIBID tungsten as
compared to the size of nanocontacts. By depositing ma-
terials showing interesting properties using FEBID and
FIBID technique, research possibilities can be explored to
study unknown processes occuring at nano length scales,
giving rise to completely novel phenomena. Our results
present a new case of the interesting functionality at the
nanoscale that can be achieved by FEBID and FIBID,
but the technology is capable of opening new perspec-
tives by tuning the material properties together with the

remarkable possibility of nanostructuring.
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