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Investigations of multilayer structures based on superconducting and semiconductor films have recently
gained particular interest due to the search for topological superconductors. The nature of the unexpected
increase in the critical temperature in such superlattices is still a matter of debate. Possible sources include
the unusual mechanism of Cooper pairing in such superstructures, the appearance of superconductivity in
semiconductor layers, or amorphization of the interface region between two dissimilar films. In this work,
we have studied Mo/Si nanolayer superlattices with the superconducting transition temperature between 7
and 8 K which were prepared by RF magnetron sputtering. Mesoscopic point contacts on them have been
realized by bringing a sharp metallic tip of silver in touch with the sample surface. Using Andreev reflection
spectroscopy for extracting the value of the superconducting order parameter, we have performed point-
contact measurements of the Mo/Si superlattices spectra well fitted with the Blonder-Tinkham-Klapwijk
theory that assumes conventional s-wave ordering in the superconducting state. Our results show that the
surprisingly high temperature of the normal-to-superconducting state transition in the Mo/Si superlattice is
not related to any exotic mechanism but is rather connected with the formation of an amorphous alloy at the
interfaces between Mo and Si layers. We believe that the main factor leading to the enhancement of super-
conducting characteristics is the emergence of soft vibrational modes in disordered Mo/Si interlayers and, as
a result, the appearance of the so-called bosonic peak in the phonon spectra of the superlattices. The results
obtained are expected to stimulate efforts for realizing silicon-based superconductive devices with far-
reaching application potential, in particular, in superconducting electronics.
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1. INTRODUCTION

One or two-dimensional realization of topological
superconductivity is nowadays a very topical problem.
Most of proposed implementation schemes comprises
superconductor/semiconductor heterostructures [1, 2],
including corresponding superlattices [3]. For this rea-
son, it seems appropriate to return to the question of
the nature of superconductivity in multilayer periodic
structures formed by conventional superconductors and
semiconductors. Such investigations, which were very
active in the last decades of the 20t century, did not
lead to a generally accepted conclusion about the origin
of the increase in critical superconducting parameters
in the superlattices compared to single layers of the
same superconducting material. Undoubtedly, the first
superlattices that require careful study are those that
are based on the most popular semiconductors, silicon
and germanium. At the same time, it should be taken
into account that the remarkable properties of multi-
layers are ascribed to atomistic and electronic struc-
tures of the interfaces, the crystallinity of the sub-
strate, the formation of alloying phases due to interdif-
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fusion as well as the two-dimensional nature of the
layers themselves.

In this paper, we focus our attention on the molyb-
denum-silicon system, which has the highest critical
temperature 7. among Mo-based superlattices. Since a
bulk sample of bece Mo is a poor superconductor with
Te. =915 mK [4], and the cubic phase of Si manifests
superconductivity only under extreme conditions (very
low temperatures, extremely high pressures and heavy
doping beyond the solubility limit [5]), the rise in 7.
should be attributed to the multilayer nature. At the
same time, theoretical investigations suggest emer-
gence of superconductivity in doped elemental semi-
conductors like silicon and germanium under certain
conditions [6, 7] and recently, a superconducting phase
with a high critical temperature above 10 K and an
average superconducting energy gap of 2 meV was
indeed found in moderately doped crystalline silicon
samples under non-superconducting metallic point
contacts [8]. Since silicon is nowadays the most ubiqui-
tously used material in electronics, the latter finding
stimulated us to perform point-contact study of Mo/Si
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superlattices using conventional Andreev reflection
spectroscopy for extracting the values of superconduct-
ing order parameters in Mo layers forming the Mo/Si
superlattices.

2. EXPERIMENT

The samples with 30 Mo/Si bilayers were prepared
by RF magnetron sputtering. The Mo and Si films of
the thicknesses of 5.0 nm and 2.5 nm respectively were
alternately deposited onto Al-oxide substrates previ-
ously cleaned by sputter etching. Mesoscopic point
contacts on the Mo/Si superlattices studied were made
by bringing a sharp metallic tip of silver in touch with
the sample surface. The superconducting transition
temperatures 7T between 7 and 8 K were found using
the conventional four-terminal approach. In Fig. 1 we
demonstrate a temperature behavior of the Mo/Si su-
perlattice resistance in the region of a normal-to-
superconducting state transition. At temperatures
above Tc, the resistance is sufficiently high, due to
which it was possible to realize the transport regime
without significant tip pressure on the studied Mo/Si
superlattice samples.
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Fig. 1 — Resistance versus temperature dependence of the
Mo/Si superlattice exhibiting the normal-to-superconducting
state transition

Differential conductance dI(V)/dV versus V spectra
of two representative point contacts measured at the
liquid-helium temperature 7'= 4.2 K is shown in Fig. 2.
The current in such devices is controlled by transport
channels with the highest transmission probability
(that is why the point-contact transparency reaches
values of the order of unity). If so, then an electron
(hole) incident on the point-contact interface from the
normal tip at energies less than the superconducting
energy gap A of the superlattice forms a Cooper pair in
the superconducting Mo/Si multilayer and reflects back
as a hole (electron) with opposite spin and group veloci-
ty to the incident one. This quantum process is called
Andreev reflection. It is clear that such an effect results
in the enhancement of the in-gap differential conduct-
ance G(V)=dI(V)/dV, the derivative of the current I
across the point contact with respect to the voltage bias
V applied to it, approaching for V >> A/e the normal-
state value Gn=1/RN where RN is the normal-state
resistance of the junction. To calculate the normalized
G(V)Rx spectrum for an arbitrary interface transpar-
ency we apply the Blonder-Tinkham-Klapwijk (BTK)

JJ. NANO- ELECTRON. PHYS. 14, 06025 (2022)

model that assumes ballistic and one-dimensional
character of the electron transport through a contact of
N and S metals. Within the model, possible elastic
scattering at the contact interface is described by the

parameter Z=U,/ (hUF), where Uod(x) is the localized

effective potential and vr is the Fermi velocity, while
effective inelastic scattering inside the superconductor
is characterized by the Dynes parameter I'. With in-
creasing Z, the shape of the G(V) curve for the junction
formed a normal tip and a superconductor studied
changes from a flat section at |V| <Ale to peaks at
V= Ale. Fig. 2 demonstrates good agreement between
conductance spectra measured for the Mo/Si superlat-
tice with that calculated using the BTK model. Note
that the energy gap A values, which varied from 1.0 to
1.3 meV, well agree with the literature data, see, for
example, related publications [9, 10].
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Fig. 2 — Comparison of the measured normalized conductance
spectra G(V)Rn versus normalized voltage bias eV/A for two
representative point contacts formed by a silver tip and a
Mo/Si superlattice and the expected theoretical curves for the
following fitting parameters: (a) A =1.05 meV, Z=0.02 meV,
I'=0.28 meV, Rn="7.1 Ohm; (b) A=1.18 meV, Z=0.11 meV,
I'=0.28 meV, Rx=17.2 Ohm, the measurement temperature
T=42K

3. RESULTS AND DISCUSSION

Let us transfer to the discussion. Several scenarios
have been proposed for explaining the origin of the
strong superconductivity enhancement in Mo/S1 multi-
layers: (1) lattice distortion caused by the mismatch
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between lattice parameters of the layers, (i1) intermix-
ing or interdiffusion within their interfaces and for-
mation of an amorphous region, (iii) novel supercon-
ductivity mechanisms as, for example, excitonic one
[11]. Detailed experiments [11] brought some argu-
ments in support of the idea that the superconductivity
of Mo/Si multilayers results from an amorphous MoSi
layer formed in the interfacial region with a thickness
of about 3 nm. It was argued [11] that the supercon-
ducting properties of the superlattices are controlled by
the interplay of three components: amorphous MoSi
alloy, crystalline Mo, and amorphous Si.

Our experiments indeed support the latter state-
ment since they demonstrate good agreement with the
BTK theory based on the conventional concept of su-
perconductivity in metals, thus rejecting the hypothesis
of exotic superconductivity in superconductor/semi-
conductor superlattices. Secondly, the energy gaps, the
ratios of which to the critical temperature slightly ex-
ceed the value of 3.52 predicted by the conventional
theory. Most likely, this means that a superconducting
state with an increased 7Tt takes place at the interfaces
between molybdenum and silicon, and the energy gap
observed by us is the corresponding gap in the molyb-
denum film, increased compared to its free state due to
proximity to the nearby interface.

Concluding, the point-contact spectra of Mo/Si su-
perlattices can be fitted well with the BTK theory that
assumes conventional s-wave ordering in the supercon-
ducting state. In contrast to the observation of a sur-
prisingly high temperature superconducting phase in
semiconducting silicon [8], our results show that the
growth of T¢ in the Mo/Si superlattice is not related
with any exotic mechanism but rather is connected
with the formation of an amorphous alloy at the inter-
faces between Mo and Si layers. At a certain frequency
range, amorphous materials exhibit excess of soft vi-
brational modes comparing to crystals, known as a
‘boson peak’ [12, 13]. Typically, superconductivity in
amorphous materials is strongly coupled, with the
electron-phonon coupling parameter A> 1. The pres-
ence of the boson peak means the need to transit from
the oversimplified model of weak-coupling pairing to
the Eliashberg theory of strong-coupling phonon-
mediated superconductivity [14, 15].

The authors of the paper [16] used a Lorentzian
form to model the phonon spectral density

B(w,k) = ol (k) .
ﬂ{[a)Z -~k | +a)2F2(k)}
following from the Green function form
1
G,(o,k) = , 2
A(@:k) * - Q2 (k) +ial (k) @
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conducting characteristics of a particular metal is con-
trolled by its position on the A-vs-D curve in the origi-
nal crystalline state. If the initial superconductor has a
relatively small value A, then the disordering could
enhance the electron-phonon coupling strength and we
may observe the growth of T¢, as it happens, for exam-
ple, in aluminum [16]. We believe that the same state-
ment is true for molybdenum. In addition to being im-
portant for further understanding of nanoscale super-
conductivity in superconductor/semiconductor superlat-
tices, the above results are expected to stimulate efforts
for realizing silicon-based superconductive devices with
far-reaching application potential, in particular, in
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OcraHHiM 4acoM y 3B'sI3Ky 3 IIOIILYKOM TOIIOJIOTIYHHMX HAAIIPOBITHUKIB 0COOJIMBUI 1HTEpEC BUKJIUKAIOTH
IOCTIIPKeHHsT 0araTomapoBUX CTPYKTYP Ha OCHOBI HAAIIPOBLIHUX 1 HAMIBIPOBIAHWKOBUX ILITIBOK. IIpmpona
HEOYIKYBaHOI'O IIIJBUNIEHHS KPUTUYHOI TeMIIepaTypy B TAKUX HaAIPATKAaX J0Cl € IpeaMeToM auckycii. Mo-
SKJIMBI JIKepesia — Ile He3BUYANHUIM MeXaHi3M KyIepiBCbKOrO CIIAPOBYBAHHS B HAJICTPYKTYpPaX, IOSIBA HAM-
IPOBITHOCTI B HAIMIBIIPOBIAHUKOBUX Iapax abo amopdisaliia o6racTi posaiay Misk IBOMAa PISHUMH ILIIBKA-
Mu. ¥ pobori Mu mocaimpkyBaan HaHomrapoBi Mo/Si HaArpaTKu 3 TeMIepaTypol HAIIPOBIIHOTO MEpPexomy
mizk 7 1 8 K, axi Oysi0 BUTOTOBJIEHO METOIOM PAaTiOYacTOTHOIO MATHETPOHHOIO PO3IMJIeHHA. Me3ockomuni
TOYKOBI KOHTAKTH HA HUX OyJIM peasIidoBaHi IIJISXOM JOTHUKY TOCTPOr0 METAJIEBOTO BicTps 31 cpibiia 10 moBe-
PXHIi 3pa3ka. BUKOPHCTOBYOUM CIIEKTPOCKOIIII0 METOZOM AHAPEEBCHKOTO BIAOUTTS J1JIsi BU3HAUYEHHS BeJINYU-
HU ITapaMeTpa HAAIPOBIAHOINO MOPAAKY, MU BHMIPSJIA TOYKOBO-KOHTAKTHI CIeKTpH Haarpatox Mo/Si, saxi
nobpe Bimmosimasm Teopii Biaonnepa-Tinkxama-Kiamsifika, mo mepenbavae 3Buyaiiie S-XBUJIBOBE BITOPS]I-
KyBaHHS B HAANpoBinHOMY craHi. Hamr pesysbraTtu mokasyoTs, 0 HaA3BHYAWHO BUCOKA TEMIIepaTypa Iie-
pexoy 3 HOPMAaJIBHOTO B HAApoBLIHME cran y Mo/Si Haarpariil He IOB'si3aHa 3 AKUMOCH €K30THYHUM Me-
XaHI3MOM, a CKOpIIle € HACJIKOM yTBOPEHHS aMOP(HOro CILUIABY Ha Meykl po3miay mixk mapamu Mo ta Si.
Mu BBaKaemo, 1m0 OCHOBHUM (hAKTOPOM, SIKHIi IIPU3BOAUTH JI0 IIOCUJICHHS HAIIPOBIIHUX XaPAKTEPUCTHK, €
OsIBA M'SIKMIX KOJIMBAJIBHUX MOJT Y HEBIIOPSIKOBAaHHUX mpormapkax Mo/Si 1, Ik HACIII0OK, BUHUKHEHHS TaK
3BaHOr0 0O30HHOTO IMKY y (POHOHHUX CIIEKTPax Hanrpatok. OUiKkyeTnes, 10 OTPUMAH]L Pe3yJIbTATA CTHMYJIIO-
BATUMYTb 3YCHUJLJIS IIOJI0 PeasIiaifii HaJIIPOBIIHUX IIPUCTPOIB HA OCHOBI KPEMHII0 3 JAJIEKOCSIKHUM IOTeH-
1iaJI0M 3aCTOCYBAaHHsA, 30KPEeMa, Y HAAIPOBIIHIN eJIeKTPOHILT.

KmiouoBi cmosa: Mo/Si maarpatkn, TOYKOBO-KOHTAKTHA CIIEKTPOCKOINA, HaampoBimHa eHepreTHYHA
mianHa, AMOpdHI IpoIIapKy.
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