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Ultrathin superconducting Nb films of about 8 nm thick have been deposited on heavily doped Si substrates through
DC magnetron sputtering and then the high-quality Nb/Si superconductor–semiconductor heterojunctions have been fab-
ricated by electron beam lithography and reactive ion etching. An abnormal magnetoresistance effect, which manifests
itself as a zero field resistance peak under a magnetic field applied perpendicular to the interface, has been distinctly ob-
served when the Nb film is in the superconductiing state. By considering the heterojunction interface being equivalent to
the structure of superconductor–barrier layer–superconductor configuration, we could generally understand this unusual
effect based on the Andreev reflection mechanism. Our results can be of help for the future development on compatibility
and scalability of the silicon-based nanoscale superconducting devices for integrated circuits and superconducting quantum
electronics.
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1. Introduction
In conventional computers based on semiconductor p–

n junctions, the resistance of interconnecting components is
the main cause of power consumption.[1] Quantum computers
made of superconducting quantum bit with zero dissipation
and near-quantum limit sensitivity are the most promising can-
didate to overcome the shortcoming.[2–8] As a result, the ar-
tificial superconductor–semiconductor (SSm) heterojunction
at nanometer level as a basic structure for superconducting
computing element has turned into the widespread interna-
tional research frontier and hotspot.[11–15] Remarkable results
have emerged in the studies of SSm junctions from many
aspects.[16–18]

Previously, unconventional magnetoresistance has been
reported in SSm junction such as Ni/Nb heterojunction.[22]

In the hetero-structure of superconductor NbN and two-
dimensional electron gas (2DEG) Al0.7Ga0.3Sb/InAs, it has
been found that proximity-induced pseudo-superconductivity
can influence the critical current Ic.[23] More recently, non-
trivial topological phases and Majorana bound states in low-
dimensional SSm systems at the interface[26] have been ob-
served. The above results suggest that integrated supercon-
ductor and semiconductor thin films at nano-level will play an
important role both for fundamental research as well as prac-
tical applications.

In this paper, we report our work on ultrathin Nb films
(estimated 8 nm thick) on heavily doped Si substrates. A NbSi
SSm heterojunction has been fabricated by electron beam

lithograph and reactive ion etching. Transport measurements
have been done at different temperatures and magnetic fields.
We have observed an abnormal magnetoresistence effect sim-
ilar to the giant magnetoresistance effect (GMR) when the ul-
trathin Nb film of the junction is superconducting. The resis-
tance peak is maximal at zero magnetic field, and it rapidly
decreases upon increasing magnetic field until reaching a sat-
uration value. A simple model based on the superconductor–
barrier layer–superconductor construction formed at the NbSi
interface is proposed to understand the origin of this effect.

2. Experimental setup
To obtain the SSm heterojunction, we used heavily

doped 1×1 µm2 n+ Si (100) as the substrate and an ultra-
thin polycrystalline-structure superconducting Nb film with a
thickness of approximately 8 nm was deposited in a high vac-
uum (up to 0.6×10−7 Pa) DC magnetron sputtering apparatus
at 300 K. The substrate was cooled with deionized water dur-
ing the whole growth process to prevent inter-diffusion and
ensure the high quality of the Nb film. Four-probe configura-
tion electrodes with a central area of 60×60 µm2 were then
fabricated on the Nb film using standard ultra-violet exposure
technique and reactive ion beam etching (RIE). The final de-
sired heterojunction pattern was achieved in the central region
of the electrodes by electron beam lithography and RIE. Trans-
port measurements were carried out in a physical property
measurement system (PPMS-9) by Quantum Design equipped
with a LS370 AC bridge, a model 6221 current source and
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a model 2182A nanovoltmeter. The superconducting critical
temperature (Tc) is defined as the temperature corresponding
to 90% of the normal state resistance RN.

The morphology of the superconductor–semiconductor
heterojunction (hereinafter abbreviated briefly as NbSi junc-
tion) has been observed using scanning electon microscopy
(SEM), the result is presented in Fig. 1(a). The wide gap
etched in the middle separates the film forming a heterojunc-
tion structure, the surfaces of the ultrathin Nb films on both
sides of the NbSi junction are smooth and uniform. It can be
clearly seen that the sidewall of the 1 µm wide gap etched by
RIE is very sharp, together with the pronounced boundary be-
tween the Nb film and the Si substrate both indicating the high
quality of the NbSi junction. Nevertheless, there are some im-
purities or defects inside the gap shown as bright spots, which
are most probably caused by contamination adsorbed in ambi-

ent atmosphere.
The resistance–temperature (R–T ) curve of the Nb/Si

junction is presented in Fig. 1(c). The low junction resistance
indicates good electron transparency. After the film enters the
superconducting state, the Nb/Si junction resistance decreases
slightly at first, then it increases dramatically upon cooling
down. The corresponding Tc (4.98 K) of the Nb/Si junction
is a little bit lower than that of the ultrathin Nb film and the su-
perconducting broadening is much larger than that of the film,
which is mainly due to the degeneration of superconductivity
caused by the formation of the heterojunction, surface oxida-
tion or damage induced during the etching and measuring pro-
cedure. We also notice that there exists a small resistance rise
near Tc in the R–T curve of the ultrathin Nb film and an in-
flection point in the Nb/Si junction, which will be discussed
later.
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Fig. 1. (a) A representative scanning electron microscope (SEM) image of the ultrathin Nb film with a etched gap of about 1 µm in width, i.e., a typical
SEM morphology of the Nb/Si heterojunction. (b) The resistance versus temperature (R–T ) curve of the ultrathin Nb film that has not been experienced
microfabrication process reveals a Tc of 5.67 K. (c) The R–T curve of our Nb/Si superconductor–semiconductor heterojunction has a slightly smaller
Tc at 4.98 K. The inner illustration shows a schematic view of the heterojunction structure of the red circle area in (d). (d) Configuration of the Nb/Si
heterojunction, where the red circle is the region where the Nb/Si heterojunction is located, and the yellow line indicates the location of the etched gap.

3. Results and discussion

Figure 2(a) shows the variation curves of the resistance
(R) of the Nb/Si junction as a function of temperature (T ) and
external magnetic field (H) applying perpendicular to the in-
terface. The curves are all symmetric for forward and reverse
magnetic fields with a maximum value at zero field, forming
a remarkable resistance peak. It is clear that the curves at
different temperatures follow the same trends: the resistance
decreases rapidly with increasing magnetic field, after reach-
ing the lowest point, there emerges a small resistance-rise sec-
tion, finally the resistance reaches a plateau after the Nb/Si

junction enters the normal state. Following the GMR of the
multilayer magnetic thin film system, we define the magnetic
field at which the resistance reaches a plateau to be the sat-
uration magnetic field (Hs) at that temperature. It is obvious
that the zero-field resistance peak and the Hs are approaching
zero upon increasing temperature until both disappear in the
normal state of T > Tc. Besides the zero-field resistance peak,
when coming close to Hs, two weak resistance minimum val-
leys on both sides of the peak are present. They gradually
move to zero but become more pronounced with increasing
temperature, eventually vanish at 5 K when the junction is still
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superconducting. The resistance change factor from zero to Hs

is remarkably large, e.g., at T = 2 K the corresponding one is
up to 8 times of RN (here with H > Hs).

Figure 2(b) is normalized by the resistance at zero mag-
netic field for a better view of the MR in Fig. 2(a). Also,
the resistance change ratio from zero field to Hs declines with
increasing temperature and disappears in the normal state of
T > Tc. It is surprising that the Nb/Si junction resistance
descends by about 85% maximally, while the corresponding
maximum value is 50% in the traditional GMR of the Fe/Cr
superlattice,[25] and it is well consistent with the result in
Fig. 1(c). The Hs of our heterojunction is basically the same
as that of Fe/Cr superlattice in value, but it is more sensitive
to magnetic field. Finally, from Figs. 2(a) and 2(b) one could
find that the line shape of the falling part in the R–H curves
changes significantly with the increasing magnetic field. The
inflection point shifts to lower field with temperature going up
and only exists at low temperature when the Nb/Si junction
is in the superconducting state, and fades away at 4 K before
the film enters the normal state. Furthermore, there are some
discrepancies between the R–H platforms at 5 K and 6 K in
Fig. 2(b), roughly 2%. The reason is as follows: the Nb/Si
junction has not fully reached the normal state at 5 K (our crit-
ical temperature criterion is 90% RN (6 K)) which can be ob-
viously verified from Fig. 1(c), as a result some Cooper pairs
remain in the Nb/Si junction. Due to the residual weak super-
conducting electron pairs, the resistance variation at 5 K is a

bit higher than that induced by system noise at 6 K when the
junction is in a completely normal state. It means that the dif-
ference between 5 K and 6 K can be treated as environment
noise, and thus can be neglected. The above-discussed AMR
effect together with its evolution characteristics was confirmed
on several SSm heterojunction samples.

In order to exclude influence from other unrelated fac-
tors, the temperature dependent R–H results of the ultrathin
Nb film before microfabrication are shown in Fig. 2(c). The
sharp superconducting transition and small broadening indi-
cate the high quality of the unprocessed ultrathin Nb film. The
Tc (0 K) of the film is 5.67 K, consistent with the value ob-
tained in Fig. 1(b). For comparison with the definition of Tc,
we define the magnetic field corresponding to 90% of the RN

(high-filed normal-state value here refers to 2.75 T) as the up-
per critical magnetic field (Hc2) of the Nb film. The Hc2 de-
creases with increasing temperature and ultimately becomes
zero in the normal state, which is a typical behavior of tra-
ditional BCS[26] superconductors. Similar to the R–T shown
in Fig. 1(b), the R–H curves of the ultrathin film also exist a
small resistance rise interval near Tc. Moreover, it is quite ob-
vious that the films in the superconducting state exhibit zero
resistance and fully diamagnetic, without any sign of AMR
emerging in the Nb/Si junctions. After entering the normal
state, the curves become a constant straight line that does not
vary with the magnetic field.
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Fig. 2. The applying direction of the magnetic field is perpendicular to the Nb/Si junction interface or the unprocessed ultrathin Nb film and the
vertical scale is normalized for clarity. (a) Magnetoresistance of the Nb/Si junction at different temperatures with vertical axis relative to the
normal-state resistance value in high-field condition. (b) Close-up views of the magnetoresistance curves in (a) normalized using the zero-field
resistance. No abnormal magnetoresistance signature shows up when the film is in the normal state. (c) The temperature-dependent R–H curves
of the ultrathin Nb film normalized by RN (2.75 T) that has not been undergone any treatment. (d) The zoomed-in results of the R–H curves of
the Nb/Si junction near Tc for better understanding.
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Figure 2(d) depicts more details of the R–H curves of
the Nb/Si junction around Tc with the vertical axis normalized
with RN (H > Hs). It can be immediately seen that as the tem-
perature increases, the peak-shaped zero-field resistance max-
imum gradually goes down until it fades away above 4.95 K,
the two symmetrical resistance minimums on both sides of the
peak approach to zero and merge together at last. As a result,
the zero-field resistance peak evolves into a minimum valley
lower than the normal state plateau at 4.95 K. When T > 5.0 K,
the unusual behavior of the Nb/Si junction vanishes with the
R–H curve becoming a basically unchanged straight line. The
data here clearly implies that the Nb/Si junction resistance
near Tc is rather sensitive to temperature, a small change in
temperature (0.1 K) will induce several times change in resis-
tance. It is also noticed that when scanning the magnetic field
at 4.9 K, the position of resistance peak is accidentally offset
by about 20 Oe to zero point. It can be attributed to the mag-
netic vortices trapped in the ultrathin Nb film of the hetero-
junction. Consequently, there exists a rather small hysteresis
in the R–H curve near Tc with different scan directions which
could barely been distinguishable and it contributes nothing to
the AMR. The characteristic that the resistance reaches a tiny
rising stage after the minimum value and ultimately reaches
saturation has a certain application in the field of functional
sensor detection.[27,28] According to the above discussion, we
can definitely conclude that the reported AMR comes from the
Nb/Si junction rather than the ultrathin Nb film.

To further investigate the role of low-dimensional nano-
superconductivity in the abnormal magnetoresistance effect,
we also carried out differential resistance (dV/dI) measure-
ments, and the data obtained are presented in Fig. 3(a). Due
to the relatively small junction resistance, the measurement
noise in dV/dI curves is relatively large. The basic line shape
is analogous to the tunneling spectrum of superconductor tun-
nel junction described by BCS theory.[26] At 5.0 K, the super-
conducting coherence peak still exists, this is consistent with
our previous interpretation for the MR difference between 5 K
and 6 K in Fig. 2(b). It is quite surprising that Fig. 3(b) clearly
shows that the Hc2 of the ultrathin Nb film is slightly higher
than the Hs of the Nb/Si junction at the same temperature, in
agreement with the results of Tc in Figs. 1(b) and 1(c). It means
that when the magnetic field is between Hc2 and Hs, although
the Nb film is in the superconducting state, the abnormal mag-
netoresistance of the Nb/Si junction has already disappeared.
Furthermore, we found that the difference between Hc2 and Hs

is about 8% of Hc2 at 2 K, but shows a little upward trend with
increasing temperature, which is clearly illustrated by the right
axis in Fig. 3(b).

Moreover, we analyzed the data of Hc2 and Hs using the

classical experimental formula

H(T ) = H(0 K)

[
1−
(

T
Tc

)2]
, (1)

where Tc is the superconducting critical temperature, the re-
sults are shown in Fig. 3(c). It can be clearly seen that the
experimental data and theoretical fitting are in good agree-
ment, the Hc2 and Hs both follow the conventional law of su-
perconductivity. Through fitting we got Hc2(0 K) = 2.56 T
and Hs(0 K) = 2.49 T. The degeneration in critical field and
Tc of the Nb/Si junction is mainly due to the defects or dam-
age induced in the preparation process. Figure 3(d) shows the
change ratio and percent of the Nb/Si junction resistance from
zero field to Hs. Obviously, there is an inverse proportional re-
lationship between them, so here we only need to focus on the
former. The normal state resistance is basically unchanged, yet
the resistance change factor in the superconducting state has a
large variation. The change rate at T < 4.5 K is lower than that
above 4.5 K, which matches the inflection point of the R(T,H)

curves in Figs. 2(a) and 2(b). In the range of T < 4.5 K, the
change rate is highly sensitive to the temperature, once again
verifying the results in Fig. 2(d).

We briefly discuss the inflection point in R(T,H) curves
of the Nb/Si junction and the small resistance rise near Tc in
R(T,H) curves of the ultrathin Nb film. As shown in Fig. 1(c),
we define the inflection point temperature Tgd at which the
slope changes dramatically in resistance drop section when the
Nb/Si junction is superconducting. The R–T curve can be di-
vided into four regions by temperature: (1) 2 K (lowest tem-
perature measured)–Tgd, (2) Tgd–Tup (at which the resistance
begins to rise), (3) Tup–Tc and (4) Tc–7 K (the latter metallicity
curve is not of interest). Regions (2) and (3) are mostly linear,
similarly the R–H curves in Figs. 2(a) and 2(b) can also be di-
vided into four but almost all nonlinear ones. The Tgd moves
to lower temperature with increasing magnetic field and disap-
pears at 4 K while the heterojunction is still in the supercon-
ducting state. Accordingly, it is speculated that the inflection
point may be ascribed to the defects or damage at the junction
interface, further studies on the inflection point are needed.

Besides, there is also a small increase near Tc in R(T,H)

curves of the ultrathin Nb film shown in Figs. 1(b) and 2(c).
The maximum resistance rise is approximately 2.0 times of
RN(6 K), and its existence temperature range is quite narrow,
for example that is only 0.15 K at T = 2 K. That resistance
rise may be caused by non-uniform current distribution and
this distribution will lead to the appearance of this resistance
rise. Also it may be because of the two-dimensional super-
conductivity: the magnetic fluxs trapped by defects inside the
film are released from the bound state at Tc and that quantity
change of magnetic fluxs leads to the resistance rise. Unfor-
tunately, there is no convincing conclusion about the micro-
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physical mechanism behind this resistance rise part and simi-
lar phenomenon has been found in thin films.[29,30] That small
rise which happens right before Tc does not contribute to the
abnormal magnetoresistance which occurs when the ultrathin
Nb film is in the superconducting state. The inflection point
is the refinement structure of the R(T,H) curves and always
emerges when the Nb/Si junction is superconductive, so does
the small resistance rise near Tc for the ultrathin Nb films. Sat-
isfactory interpretation for the above two strange features still
remains unestablished, more extensive experimental and theo-
retical works are needed.

The abnormal magnetoresistance effect (AMR) of the
Nb/Si junction survives when the ultrathin Nb film is super-
conductive, whereas the Nb film alone is perfectly zero resis-
tance and fully diamagnetic without any sign of AMR. The
small resistance increase around Tc in the ultrathin Nb film is
much smaller than that of AMR. Through the previous anal-
ysis, we ruled out the influence of the Nb film on this effect.
It is clear that AMR comes from the interface superconduc-

tivity. Here, we propose a possible qualitative explanation for
AMR on the basis of previous work and the electronic struc-
ture of heterojunction. The structural configuration we used
is shown in Fig. 4(a): there exists semiconductor Schottky
barrier,[31,32] Fermi velocity mismatch or damage at the inter-
face, which acts as a barrier layer (the red thin layer between
Nb and Si layers), thereby forming the SIN junction struc-
ture of superconductor–insulator layer (barrier)–normal metal.
Figure 4(a) also is a simplified schematic of the Nb/Si junc-
tion equivalent of two SIN junctions, where excitation current
If flows through both of them. However, the Nb/Si junction
is not simply an ideal SIN junction. The transport results in-
clude the contribution of two SIN junctions from both sides,
i.e., the properties we got reflect the average outcome of these
two junctions indeed. We simply consider that the physical pa-
rameters of the two junctions are totally identical, so that they
can be briefly equivalent as one SIN junction to simplify our
description.
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Fig. 3. (a) Partial experimental results of differential resistance dV/dI of the heterojunction normalized using the normal state value at indicated
temperatures, i.e., the reciprocal of differential conductance dI/dV . (b) The temperature dependence of the upper critical magnetic field Hc2
of the ultrathin Nb film and the saturation magnetic field Hs of the Nb/Si junction referring to the left axis. The right side is the discrepancy
between them relative to Hc2 at particular temperatures. The connection between the data points is only for better observation of the changing
law. (c) Data points and lines of fitting Hc2 and Hs through the empirical formula are markedly displayed in the graph. (d) Variation on change
ratio and percentage of the Nb/Si junction resistance from zero field to Hc2 as a function of temperature with the solid line being merely for the
convenience of observing.

First, we think about the earlier analysis process of the
Hc2, Hs and dV/dI. It can be witnessed from Fig. 3(c) that the
superconductivity of Nb/Si junctions is well described by clas-
sic empirical formula. The line form of dV/dI curve is con-
sistent with the tunneling spectrum of superconductors under
BCS theory. Therefore, it is speculated that the AMR might

be induced by the electron tunneling at the Nb/Si junction in-
terface according to the phenomenal semiconductor model, as
shown in Fig. 4(b) which is the micro-physical mechanism
used by Giaever to describe the microscopic process of sin-
gle electron tunneling.[33,34] The density of states (DOS) of
superconductor Ns(E) and normal metal Nn(0) is determined
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by the following formula:

Ns(E) =

{
Nn(0) E√

E2−∆ 2
, (E > ∆),

0, (E < ∆),
(2)

where E is the energy of electron using Fermi energy as a base-

line, Nn(0) = 1
4π2 (

2m
h̄ )

3
2 ε

1
2 . It can be seen that the Fermi ener-

gies on both sides are identical, and there is no single electron
state inside the gap on the right, and only Cooper pairs could
exist. Namely, electronic tunneling in the SIN junction forms
the current in the heterojunction (tunneling between Nb film
and Si substrate), and an increase of the external magnetic field
suppresses superconductivity, leading to the decrease of ∆ . It
can be concluded that both DOS and probability of electron
tunneling are enhanced, which is manifested as an increase in
the current macroscopically. The stronger the magnetic field,
the more significant this effect, so the Nb/Si junction resis-
tance decreases with increasing magnetic field. But this phys-
ical picture is too simplistic to interpret the fine structures of
the MR curve such as the small resistance rise near Hs, the dif-
ference between Hc2 and Hs or the inflection point in the R–H
curves.
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Fig. 4. (a) Sectional view of the Nb/Si junction with the middle red part rep-
resenting the barrier layer (enlarged for clarity). The equivalent double SIN
junctions formed on both sides of the etched gap in the Nb/Si junction where
If represents the current flow direction. N, I and S stand for normal metal
(heavily doped Si substrate), insulator (barrier layer) and superconductor
(ultrathin Nb film), respectively. (b) Energy band distribution diagram of
the phenomenal semiconductor model used by Giaever to understand the
junction tunneling process under thermal equilibrium at 0 K. (c) Normal re-
flection, Andreev reflection, and single electron tunneling process happen
when the electrons carrying different energy incident at the SIN junction
interface from left. Fermi levels on both sides are at the same level in (b)
and (c). (d) The variation of Andreev reflection probability with electron
incident energy under BTK theory. The horizontal axis is normalized by the
superconducting energy gap ∆ .

The most suitable explanation is acquired by consider-
ing the Andreev reflection[35,36] at the interface, as shown in
Fig. 4(c). In order to simplify the discussion, only the An-
dreev reflection process that takes place at the interface when
the incident electron with energy below ∆ is considered, the

rest of normal reflection and tunneling processes are ignored.
As mentioned previously, we still concentrate on the SIN junc-
tion formed at the interface. The heterojunction resistance is
very small, so it is believed that the strength of the subsistent
barrier layer in the middle of SIN junction is in an intermedi-
ate state (right between zero and a strong barrier). With the
help of BTK[37] and point contact[38] theory, a dimensionless
parameter (Z) is introduced to characterize the strength of the
barrier layer at the interface. The SIN junction degenerates
into an SN junction with condition that Z is zero. The trans-
port characteristics of the SN junction in this case is the novel
conductance doubling owing to the Andreev reflection in the
superconducting state. On the other hand, when the Z is high
enough (usually greater than 10), the classic Giaever tunnel-
ing dominates the transport process of the SIN junction. The
more realistic situation is somewhere in between the two states
above, i.e., 0 < Z < 10. According to the BTK theory, the An-
dreev reflection probability A(E) depending on the electron
energy E is written as

A(E) = µ2
0 ν2

0
γ2 ,

µ2
0 = 1−ν2

0 = 1
2

(
1+
√

E2−∆ 2

E2

)
,

γ = µ2
0 +(µ2

0 −ν2
0 ),

(3)

where ∆ is the superconducting energy gap, µ2
0 , ν2

0 , γ are pa-
rameters in the derivation of the BTK theory, and the results
are shown in Fig. 4(d). When the electron energy changes
from zero to ∆ , A(E) grows quickly. After the energy gap is
exceeded, A(E) decreases rapidly as the electron energy in-
creases further. Applying magnetic field suppresses supercon-
ductivity of the Nb/Si junction, the energy gap decays conse-
quently. So the electron energy is much more accessible to
∆ relatively. Still using the phenomenological semiconductor
model in Fig. 4(b), we know that as the electron energy be-
comes close to ∆ , the DOS in superconductor Ns(E) and nor-
mal metal Nn(0) near Fermi surface both increase gradually.
According to the definition of current, I ∝ Ns(E)Nn(0)A(E),
thereby with magnetic field increasing, the increase in both the
A(E) and DOS leads to decrease in the resistance of the Nb/Si
junction effectively. Exactly at the energy gap, the A(E) has a
maximum value, which corresponds to the minimum valley of
the magnetoresistance curves. In this way, the evolution of the
Nb/Si junction resistance in the process of increasing magnetic
field from zero to Hs is qualitatively understood. However, this
model also has some disadvantages of its own, it cannot be ap-
plied to explain the inflection point in the R(T,H) curves at
this stage. That may potentially be the result of some weak
superconductivity due to the superconducting proximity effect
in the barrier layer which is in a competitive relationship with
the Andreev reflection. We need more detailed quantitative
calculation results extensively, which is our next target in the
following days.
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Besides the above proposals, according to the inflection
point in the resistance decline interval of the R(T,H) curves,
inspired by the possible theoretical model of the pseudogap of
high-Tc superconductors, we think that the abnormal behav-
ior in the Nb/Si junction seems to be a result of competition
between two different microcosmic interactions. The slope of
the R(T,H) curves changes significantly on both sides of the
inflection point, which can be considered as one different in-
teraction playing a dominant role on each side. As for these
two mechanisms, they are most likely associated with semi-
conductor carrier properties and superconductivity at the in-
terface.

4. Conclusion
To summarize, an abnormal magnetoresistance effect

has been observed in superconductor–semiconductor hetero-
junctions composed of nanosized superconducting Nb films
and heavily doped Si substrates. A simple model based on
the superconductor–barrier layer–superconductor construction
formed at the NbSi interface is proposed to understand the ori-
gin of this effect. The columnar-crystal structure of nanoscale
ultrathin-superconductive films that suppresses superconduc-
tivity and greatly modulates the electronic structure around
the Fermi surface could be highly possible to play an impor-
tant role. The abnormal MR in SSm heterojunctions is quite
similar to the GMR effect of magnetic thin films that can be
exploited in the development of magnetic storage, magnetic
field switching,[39,40] and sensors with high sensitivity. This
effect obtained comes from the electron transport across the
interface between superconductor Nb film and semiconductor
Si substrate, so it can be well compatible with the modern mi-
croelectronic semiconductor manufacture technology, and it is
of great interest to further explore this effect.[41–44]
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