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Using scanning tunneling spectroscopy, we address the problem of the superconductor-insulator phase
transition in homogeneously disordered ultrathin (2—15 nm) films of NbN. Samples thicker than 8 nm, for which
the Ioffe-Regel parameter kx/ > 5.6, manifest a conventional superconductivity: a spatially homogeneous BCS-
like gap, vanishing at the critical temperature, and a disordered vortex lattice in magnetic field. Upon thickness
reduction, however, while kr/ lowers, the STS reveals striking deviations from the BCS scenario, among which a
progressive decrease of the coherence peak height and small spatial inhomogeneities. In addition, the gap below T¢
develops on a spectral background, which becomes more and more “V-shaped” approaching the localization. The
thinnest film (2.16 nm), while not being exactly at the superconductor-insulator transition (SIT) (7¢ & O.4Tg“"‘),
showed unconventional signatures such as the vanishing of the coherence peaks and the absence of vortices. This
behavior suggests a weakening of long-range phase coherence, when approaching the SIT in this quasi-2D limit.
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I. INTRODUCTION

Despite numerous theoretical and experimental works,'
the understanding of the phase transition from a supercon-
ducting (SC) to an insulating state in ultrathin films remains
a very challenging problem. The structural properties of
the films are known to play a key-role in determining the
low-temperature electronic properties. Disordered SC thin
films undergoing a superconductor-insulator transition (SIT)
can be divided into two groups:” granular systems, described
as an array of Josephson junctions,? and systems qualified as
“homogeneous” where both amplitude and phase variations of
the order parameter play an important role.* These two groups
present significant differences in the electronic properties at
low temperature. For example, in granular systems, the SC
gap (A) and critical temperature (7¢) remain close to the bulk
values on approaching the SIT.> On the contrary, in disor-
dered “homogeneous” systems, T¢ gradually diminishes* and
eventually tends to vanish at the SIT.> Nevertheless, different
behaviors were reported, first in the so-called “fermionic”
scenario,®® both T¢ and A decrease when approaching SIT.
While, on the contrary, in the “bosonic” scenario,’~!® the gap A
tends to a finite value with a pseudo-gap-like spectral signature
while T¢ decreases toward zero close to the SIT.!*13

It is worth noting that the SIT problem has important
application issues, specifically in the field of single photon
detectors'® in which ultrathin SC films (usually NbN or
NbTiN) are used. It has recently been discovered that the
maximum detection efficiency occurs for film thicknesses
close to the SIT.!” A detailed study at a nanometer scale of
the ultrathin superconducting films close to the SIT will help
to understand the underlying microscopic processes that drive
the transition as well as the photon absorption process by the
SC condensate.

A way to get a new insight in the microscopic processes
occurring at the SIT is to study the local properties of the SC
condensate. Recently, two scanning tunneling microscopy and
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spectroscopy (STM/STS) experiments addressed this question,
leading to different interpretations.'*!3

In this work, we address the SIT problem locally in a direct
STS experiment by varying the thickness of ultrathin NbN
films from 15 down to 2.16 nm, the corresponding 7¢ varying
from 15.0 to 6.7 K, and the Ioffe-Regel parameter k! from
5.7 to below 2.6. Our data reveal profound changes in the local
STS d1/dV spectra as the SIT is approached, which cannot be
explained in the framework of the standard BCS theory. The
amplitude of the coherence peaks diminishes and almost van-
ishes when Tc ~ 0.4T2%. This feature is accompanied by a
significant broadening of the tunneling density of states (DOS)
and by the development of a characteristic V-shaped electronic
background, extending to voltages 5-10 mV, significantly
larger than A /e. In addition, a shallow pseudogap regime is
observed in a very narrow temperature window just above T¢.

These features are similar to those reported for 3D-NbN
films of comparable T¢ and k['® but are in striking contrast
with the recently reported large pseudogap regimes observed
in TiN and InO.'*!> Finally, while the vortices are observed
in thicker films subject to magnetic field, their contrast in STS
data diminishes with reducing thickness. In the 2.16 nm film,
the vortices are not observed anymore, suggesting a weakening
of the long-range phase coherence. Our results show evidence
of unconventional signatures in the tunneling spectra of
ultrathin films. It suggests that phase fluctuations may drive
the insulating transition and have already measurable effects
before the SIT.

II. FILM GROWTH AND ELECTRICAL PROPERTIES
OF THE FILMS

In order to achieve as realistic conditions as possible, we
studied ultrathin NbN films used in real photon detectors;!” all
films were grown ex sifu on crystalline sapphire using identical
growth conditions by DC reactive magnetron sputtering of a
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Nb target in a Ar+ N, gas mixture. Their optical, electronic,
and SC properties were extensively studied;'® the structural
characterization showed that the amorphous NbN films consist
of nanocrystallites,>” with a passivation layer 0.5-1 nm at the
film surface. '

It has been shown in previous works'® that the physical
properties of the film evolve as its thickness is reduced. The
12-nm-thick films have a T about 15 K and kr/ ~ 5.7; these
parameters hardly change down to 6-nm films for which
Tc ~ 14 K and kpl = 5.6. When the thickness is further
reduced by two, i.e., for 3.2 nm, T¢ drops to 10.7 K and
kpl =~ 2.6. Simultaneously, from 8 to 3.2 nm, the density
of states (DOS) at the Fermi level is reduced by a factor
greater than two. The carrier concentration, which is estimated
assuming free-electrons expressions, is reduced typically by a
factor 2 between thicker films and thinner films.

Since the films are prepared ex situ, there is a natural
passivation layer 0.5-1 nm, presumably an oxidized layer,
covering the top surface of the films.!” We point out that our
intention in this study is not to probe pure NbN films, which
would require the growth in a UHV chamber coupled to a low
temperature UHV STM. On the contrary, we aimed to probe
the electronic properties of “real SC films”from which “real”
single photon detectors are being fabricated. The estimation of
the Ginzburg-Landau SC coherence lengths & for thicknesses
between 15 and 3.2 nm yields values between 4 and 6 nm.'”
Thus we can assume that the films with a thickness smaller
than 4 nm are in the two-dimensional limit with respect to
superconductivity, since the order parameter is expected to be
homogeneous in the direction perpendicular to the surface.
Consequently, for the thinnest films, the oxide layer should be
treated as belonging to the whole SC system. Furthermore, it is
noticeable that for thicker films, where T¢ is close to the bulk
value T¢ = 15.5 K, the passivation layer induces a negligible
inverse proximity effect on SC. In addition, we have checked
that a proximity effect cannot explain the features observed in
the experiment. This point will be discussed in Sec. V.

In Fig. 1(a), the sheet resistance versus temperature
dependence Ry (T') of the studied films, shows a typical SIT
behavior of nongranular films: 7 lowers as the film thickness
decreases. Being weak for thicker films (8 nm and more), the
T¢ reduction becomes significant for thinner films, reflecting
the rapid suppression of T¢ on approaching the SIT. Among
the studied samples, the 2.16 nm one is the closest to the SIT,
“sitting” on its SC side, and having T¢ &~ 0.4T('5’“1k. Thinner
films (2.0 nm) show an insulating behavior at low temperature.

III. TUNNELING SPECTROSCOPY RESULTS
A. Evolution of the STS spectra with thickness

Constant current STM images revealed a very smooth
film surface with ~0.1 nm roughness [see Fig. 1(b)]. The
measurements were performed at variable temperatures (2.3—
20 K) using Pt/Ir tips. The local tunneling conductance spectra
dl/dV(V,x,y) were obtained by numerical derivative of
raw [(V) data. They are directly linked to the local quasi-
particle excitation spectrum, Ny (E,x,y), through the rela-
tiondI(V)/dV « — [dENs(E +eV,x,y)df (E)/dE, where
f(E) is the Fermi-Dirac function.
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FIG. 1. (Color online) (a) Square resistivity vs temperature
dependence of the studied samples; the dashed line indicates //4¢?
as the quantum resistance for pairs; 7¢ decreases with film thickness
[T2™ =15.0 K (not shown), T"™ = 14.5 K, TA"™ =13.3 K,
723 = 9 4K, 721" = 6.7 K]. We defined T¢ by the temperature
reached when the resistivity equals 10% of its 40 K value. (b) Typical
topographic STM image of the surface (15-nm-thick film, 7 =
4.2 K, image size; 1 um x 1 um). (c) Evolution of the tunneling
conductance spectra (thin black lines) with temperature; bottom thick
blue line: BCS fit at 2.3 K. (d) d1/dV conductance map at V = 0 in
magnetic field (B = 1 T), revealing a disordered vortex lattice.

The thicker 15-nm film shows conventional and spatially
homogeneous SC conductance spectra with a nonbroadened
BCS shape, characterized by a gap A(0) = 2.85 meV [see
Fig. 1(c)]; the gap vanishes as expected for a conventional
superconductor at the film T¢ [extracted from R (7) mea-
surement]. Upon application of a magnetic field, a disordered
vortex lattice was revealed, attesting for local disorder existing
in this extreme type II SC [see Fig. 1(d)]. These observations
are in good agreement with previous reports.'$2!1-23

The evolution of the parameters as a function of the
thickness, the critical temperature T¢, kpl, A, as well as
the spectral broadening I'pyges (the two last parameters are
determined by a BCS fit of a typical local spectrum), are shown
in Table I for each film thickness.

TABLE 1. Critical temperature 7 (extracted from transport
measurements), energy gap value Apcs, and spectral broadening
parameter I'pynes (both extracted from BCS fits of the tunnel
conductance spectra), the typical spatial variation of the gap § Apcs
and the ratio 2Agcs/kpTc as a function of film thickness d.

d (nm) 15 8 4 2.33 2.16
Te(K) 15.0 145 133 9.4 6.7
Agcs 2.85 2.7 24 1.7 1.3
8 Ancs <0.03 0.03 0.08 0.2 .
T bynes <0.01 0.01 0.01 0.05 0.1
2Apes ks Te 4.4 43 4.2 4.2 4.0

014503-2



UNCONVENTIONAL SUPERCONDUCTIVITY IN ULTRATHIN . ..

PHYSICAL REVIEW B 88, 014503 (2013)

8nm 4nm 2.33nm

Conductance (a.u.)

0.0

8 6 -4 2 0 2 4 6 8 8 6 -4 2 0

226 8 8 6 4 2 0 2 4 6 8

Bias Voltage (mV) Bias Voltage (mV) Bias Voltage (mV)

Conductance (a.u.)

8-6-4-20 2 4 6 8

8-6-4-20 2 4 6 8

8-6-4-20 2 4 6 8

Bias voltage (mV) Bias voltage (mV) Bias voltage (mV)

FIG. 2. (Color online) From left to right column: tunneling characteristics of 8-, 4-, and 2.33-nm-thick films. From top to bottom: the first
row shows normalized STS conductance maps representing the color-coded spatial variations of the d1/dV signal measured at 2.3 K at the gap
onset (for V = 1.7, 1.7, and 1.1 mV); second row: normalized individual tunneling conductance spectra representative of the spatial variations

observed among the local conductance spectra (red and blue curves) at

2.3 K; the black curves show typical spectra measured at 4.0 K in

magnetic field (B = 1, 1, and 2 T) at the vortex centers and outside the vortex (gray curves); third row: d1/dV conductance maps at V =0

showing images of the vortex lattices at 4.0 K (for B =1, B =1, and 2

T); fourth row: temperature evolution of the normalized d1/dV (V)

tunneling spectra (vertically shifted for clarity); the temperature is indicated below the corresponding spectra. Red (black) curves correspond

to the SC (normal) state. The bottom thick blue lines are BCS d1/dV
parameter was needed to fit the data (see text).

Figure 2 summarizes STS data obtained on thinner films
(8, 4, and 2.33 nm). The data are organized in three columns
by thickness. From top to bottom, each column shows (i) a
normalized conductance map chosen to picture out possible
gap inhomogeneities, (ii) selected representative spectra,

calculations at the indicated temperature; an additional broadening

(ii1) an image of the vortex lattice, and (iv) the temperature
evolution of local spectra.

The 8-nm d1/dV map reveals only tiny spatial inhomo-
geneities of the SC gap, except in regions where structural de-
fects occur, such as the red patch in the image. The disordered
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vortex lattice is routinely observed. The temperature evolution
of the tunneling spectra remains conventional, although a
slight spectral broadening was detected and accounted for
with a tiny Dynes pair-breaking parameter (see Ref. 24)
I'Dynes A 0.01 meV, with a modified BCS DOS:

|E_iFDynes| i| (1)
\/(E - iFDynes)2 - A(E)z

The situation changes in the 4-nm sample. Specifically,
weak spatial inhomogeneities are revealed in the tunneling
conductance map, which affect the gap width and the height
of the coherence peaks (see the red and blue curves below the
conductance map). These inhomogeneities are characterized
by two spatial length scales. The smaller one is of the order
of a few nanometers, thus close to the coherence length. The
larger one is of several tens of nanometers; further analysis
showed that the latter originates from slight variations of
the film thickness due to underlying atomic steps of the
substrate. Nevertheless, the d1/dV spectraat T < T¢ remain
reasonably BCS-like requiring a small spectral broadening
I'Dynes &~ 0.01 meV.

In the 2.33-nm sample, the tunneling spectra undergo more
pronounced changes. The conductance maps reveal inhomo-
geneities comparable to the 4-nm case and characterized by
two length scales. While a well-defined gap in dI/dV exists
everywhere, the amplitude of the coherence peaks is much
reduced. The d1/dV spectra at T < T¢ are approximately
described by BCS requiring a quite large spectral broadening
I'bynes &~ 0.05 meV. The peak height varies spatially at the
nanometer scale (see the blue and red curves), similarly to
the effects discovered in cuprates.?> The vortex lattice is
hardly observable. Note that the same qualitative behavior
was observed for B = 1 and 3 T. Inside the cores, the spectra
present a large dip with no coherence peaks. Moreover, the
normal state spectra reveal a “V-shaped” background with a
clear minimum at zero bias, extended over a larger energy
scale than the SC gap. A shallow pseudogap (determined
with respect to the superconducting critical temperature, as
measured by means of transport measurement) is also observed
within a 1 Krange above T, whose energy scale is comparable
to the SC gap. The spectra are poorly described by a BCS
expression at 7 < T¢ and require I'pypes 2~ 0.05 meV.

Ns(E) = Re|:

B. Unconventional superconductivity
in the thinnest 2.16-nm film

Striking changes are revealed in the tunneling characteris-
tics of the 2.16-nm sample (see Fig. 3). The SC gap develops
on a deeper V-shaped background, existing also above T¢ [see
Fig. 3(e)], thus characteristic of the normal state. In addition, a
very shallow pseudogap seem to be present. It is important to
note that it is determined with respect to the superconducting
critical temperature as measured by transport measurement.
Furthermore, it is difficult to distinguish it clearly from
the V-shaped background. It also appears in Figs. 3(f) and
3(g) where Ry(T) and d1/dV(V =0,T) are presented for
2.16-8-nm films. The opening of the SC gap occurs at T¢, as it
is unambiguously detected as a kink in the d1/dV(V = 0,T)
curves (pointed by the arrows), in contrast to the smoother
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FIG. 3. (Color online) Tunneling characteristics of the 2.16-nm-
thick film at 2.3 K. Zero-bias STS conductance maps at (a) B =0
and (b) 3 T. Typical variations among the corresponding local spectra
for (¢) B =0 and (d) 3 T. (e) Evolution of the dI/dV (V) spectra
with temperature. The bottom thick blue line is a BCS calculation at
2.3 K with an additional broadening parameter (see text). (f) Zoom
on R(T) of the 2.16-8-nm films compared to their (g) temperature
dependence of the zero-bias tunneling conductance d1(V = 0)/d V.

evolution in high-7¢ cuprates (see Ref. 26 and references
therein). The zero bias conductance then increases linearly
with temperature, a characteristic of the V-shaped background.

It is clear that the spectra in Figs. 3(c) and 3(e) are not
BCS-like anymore; a rough estimation yields A = 1.3 meV
and I'pypes &~ 0.10 meV. The amplitude of the quasiparticle
peaks is further damped with respect to the 2.33-nm case,
so that in some areas the peaks disappear completely. The
conductance map in Fig. 3(a) allows again visualizing two-
scale spatial variations, as observed in the 4- and 2.33-nm
samples, with spectral inhomogeneities quite comparable to
these latter cases. (i) The zero-bias conductance and the height
of quasiparticle peaks vary slightly at the nanometer scale.
(i1) The large scale variations appear strikingly to be spatially
ordered in parallel bands in some areas of the sample.

Figure 4 illustrates our interpretation of the parallel bands
observed in the STS conductance maps [see Fig. 3(a)], when
the bias voltage is in the range of the superconducting gap,
while a flat surface is seen in the topography. We correlate these
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FIG. 4. (Color online) Schematic view of the NbN thin films
grown on sapphire substrate measured by STM. The figure empha-
sizes the fact that from one sapphire atomic terrace to another, the local
thickness of the NbN film might slightly vary, leading to sensitive
changes of the electronic properties observed in STS conductance

maps [see Fig. 3(a)].

parallel bands with 100-nm wide single atomic step variations
in the underlying sapphire substrate,?’ resulting in slight
thickness fluctuations of the NbN film. This experimental fact
should be taken into account in any realistic model describing
the SIT but also when designing quantum devices based on SC
condensates close to the SIT.

Another astonishing feature is observed: the spectra are
dramatically unsensitive to the magnetic field [see Figs. 3(b)—
3(d)]; up to B =3 T, no vortices could be observed [see
Fig. 3(b)]. However, while bulk H¢; is estimated to be ~20 T,
H¢, decreases with film thickness, but remains larger than 10 T
for all studied films and is thus much higher than the fields used
here. Vortices are a mesoscopic manifestation of the quantum
coherence of the SC condensate, where the phase of the order
parameter is spatially well defined and makes 27 turns around
each vortex core. Thus it is tempting to interpret this striking
result as a break-up of the phase coherence, at least in some
regions, in this fragile SC condensate, suggesting a lowered
phase stiffness already at T = 0.4Tg“1k, quite before the SIT.

A closer look at Figs. 3(a)-3(d) shows that in magnetic
field, the zero-bias conductance homogeneously increases.
However, Figs. 3(a) and 3(c) show that in darker (blue)
bands small coherence peaks exist, while these are absent
in the lighter (green-red) bands. We expect the SC phase
coherence to be broken in these latter regions, where the
spectral signature is similar to the pseudo-gap-like structure
observed in vortex cores. Therefore these “pseudogap” stripes
presumably preclude vortices to be observed. We note that the
STS spectra in these latter regions resemble the ones calculated
on the insulating side of the magnetic field induced SIT,?
supporting the idea that both systems have in common the loss
of SC phase coherence.

C. Effect of magnetic field studied by transport measurement

An important issue concerns the effect of magnetic field
on the resistance of the NbN films. In this idea, the square
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FIG. 5. (Color online) (a) Square resistance vs temperature
dependence of a thick 17.5-nm film with T}73™ =15 K, for
different magnetic fields in the range 0-9 T. (b) Square resistivity vs
temperature dependence of a thin 2.16-nm film with 726" = 6.5 K
for different magnetic fields in the range 0-9 T.

resistance Ryq(7T') was measured for a 17.5-nm thick film [see
Fig. 5(a)] as well as for a thin 2.16-nm film [see Fig. 5(b)].
It is important to note that the measurement has not been
done on the same samples as the one used for tunneling
spectroscopic measurement. The thinnest film has a similar
thickness and a very close T¢ =~ 6.5 K, as the one used for
tunneling spectroscopic measurement.

At the measurement temperature (7 =2 or 4 K), the
17.5-nm-thick film behave very differently than the 2.16-nm
film. While the thick 17.5-nm film is fully superconducting at
2 K for all magnetic field in the range 0-9 T, the thinnest film,
2.16 nm, becomes slightly resistive with magnetic field. The
value of the square resistance at 2 K (i.e., the measurement
temperature) is ~0.03 ©/sq.

This effect could possibly be attributed to a vortex motion.
Indeed, if vortices are moving much faster than the acquisition
timescale of a conductance map (several hours), then the
conductance would be the result of an average value over
the different positions of the moving vortices. In this case,
the observed pseudogap inside the vortex core would not
reflect the real properties of the vortex core. Note that this
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is in agreement with two striking experimental facts. First,
as mentioned previously, the presence of a pseudogap at the
vortex core. Secondly, the size of the vortex core as observed by
STS (~20 nm) is much larger than the value of the coherence
length (<5 nm). Both effects can be accounted for by the
existence of a vortex motion.

In this scenario, the vortex lattice would become less and
less rigid as the film thickness decreases (due to the reduction
of vortex-vortex interaction with decreasing thickness), which
would give rise to an increase of the vortex motion. This
effect would then manifest itself in the resistive behavior
of the thinnest films in presence of a magnetic field. In
addition, with the reasonable assumption that the timescale
of the measurement is much lower that the vortex motion, the
STS data would then reflect a time average of the local DOS,
explaining both the large vortex size as well as the apparent
pseudogap at the vortex core.

IV. DISCUSSION

Let us now discuss our results in view of previous reported
works. A hallmark of our tunneling data on approaching the
SIT is the development of a more and more pronounced
V-shaped background with reducing film thickness. This sug-
gests (see the previous section) enhanced Coulomb effects’!
and is consistent with the fact that T¢ versus Ry follows
the Finkel’stein law.” The observed A and T progressive
reduction (see Table I), with smoothly decreasing 2Agcs/kT¢
ratio, is consistent with previous reports.2 Indeed, the reduction
follows closely the T¢ reduction. This result is also in line with
the findings of Chockalingam et al.'® in disordered NbN films,
at least for a weak disorder. This effect is in agreement with a
scenario where the amplitude of the order parameter is reduced
as the SIT transition is approached.?

On the other hand, it is in contrast with the results of Sacépé
et al.,’ where the ratio 2A / kT¢ takes higher values and where
a clear pseudogap is observed well above T¢. It is probable
that increasing further the disorder in our films would also lead
to the appearance of a pseudogap well above T, and to higher
values for 2A /kT¢.

The evolution of our tunneling spectra with thickness
presents as well many surprising similarities with recent
studies on thicker NbN films, where the thickness was fixed
and the SIT was approached by tuning the disorder (from
krl ~ 10.1 to 1.2)." In particular, thicker NbN films present
a T¢ versus kpl dependence quite comparable to ours, and
lead to tunneling characteristics similar to what is reported
here. In particular, the features reported for 7¢c = 6 K (kpl =
1.6) and T¢ = 4.1 K (kpl = 2.2) are comparable with those
presented for our 2.16 nm film (7¢ = 6.7 K, kpl < 2.6)
in terms of (i) a large broadening of the spectra leading
to gap filling, (i) almost vanishing coherence peaks, and
(iii) shallow pseudogap above T¢. Regarding (iii), the pseu-
dogap regime might be related to a Berezinskii-Kosterlitz-
Thouless transition evidenced recently.*

On the other hand, our results are at variance with reports on
TiN (3.6-5 nm) and InO films (15 and 30 nm), both suggesting
a huge increase of 2A/kT. with increasing disorder.'®!
The most important difference with respect to TiN and InO
samples, is that a very deep pseudogap above T¢ was reported,
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where at T¢, almost all the DOS is depressed at E PRAEE [
is important to note that these systems were closer to the
SIT (T¢ < 0.4T2"%). In our case, all Tc > 0.4T 2, and the
largest depressed DOS at Ef (films closest to the SIT) is of
35-50%, mostly due to the V-shaped background and not to the
pseudogap effect. On the other hand, there are also similarities;
observation of small gap inhomogeneities and suppression of
the coherence peaks with increasing disorder, while the con-
ductance spectra deviate more and more from BCS behavior.

V. ANALYSIS OF THE RESULTS

Let us now discuss in more details our tunneling data. As
mentionned in Sec. II, it is very probable that an oxide layer
exists at the surface of the film and it is important to determine
in which proportion it could affect the superconducting
properties of the film. Our analysis shows that the hypothesis
of a proximity layer cannot account for the main features of
our tunneling data: the suppression of the quasiparticle peaks
at the gap edge and the loss of the superconducting coherence
associated with the disappearance of the vortices. This can
be shown by calculating the effect of a proximity layer, as
described in the following section.

A. Does the passivation layer induce a proximity effect?

The proximity effect in the DOS can be taken into account
by the McMillan model*® (or equivalently, by the Usadel-
bilayer model in the limit where d < &, d being the typical
thickness of the proximity layer, since these two formalisms
are mathematically equivalent®”). Applying this model to the
thick samples (15 and 8 nm) leads to the conclusion that
the hypothetical proximity layer is very strongly coupled to
the superconducting layer (high quasiparticle scattering I'y
from the proximity layer to the SC layer in the McMillan
formalism?® or, equivalently, high boundary transparency in
Usadel formalism).

Indeed, let us consider the case of a non-SC proximity layer
(i.e., with zero SC gap) coupled to a superconductor with an
intrinsic gap of Anpn = 2.9 meV. We first consider the case
of a NbN film much thicker than the oxide layer. We assume a
ratio of 20 between the integrated density of states % ~ 20,
where dg, dy, Ng, and Ny are respectively the thickness and
the density of states by unit volume in the SC layer and in the
normal layer.

The first simulation [see Fig. 5(a)] is obtained with a
coupling parameter I'y = 1 meV. The blue curves in Fig. 6
correspond to the density of states in the proximity layer
and the black curves correspond to the density of states in
the superconducting layer. The red curves are the simulated
differential tunneling conductance measured by STM on-top
of the proximity layer at low temperature (7 = 2.3 K). The
quasiparticle coupling between the SC and the normal layer
gives rise to a very small induced gap in the proximity layer. It
is clearly different from what is observed in the experiment [see
Fig. 1(c) for the 15-nm film], and thus rules out the hypothesis
of a weak coupling.

Next, we consider a larger coupling, I'y = 10 meV. As can
be seen in Fig. 5(b), the resulting excitation spectrum exhibits
a strong departure from BCS. For a very strong coupling,
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FIG. 6. (Color online) Superconducting layer coupled to a normal
layer in the framework of the McMillan model? for different values
of the coupling parameter I'y = 1, 10, and 50 meV, and assuming a
ratio of 20 (a)—(c) and 0.82 (d)—(f) between the integrated density of
states % ~ 20, where Ny and Ny are the density of states by unit
volume in the superconducting and normal layers, respectively. Black:
partial DOS in the superconducting layer. Blue: partial DOS in the
proximity layer. Red: simulated tunneling conductance at 7 = 2.3 K.

'y =50 meV > Anpn [see Fig. 5(c)], we recover a BCS-like
density of state in the proximity layer. This form of the tunnel-
ing DOS is compatible with our observations [see Fig. 1(c)].
Let us now consider the situation in the thinnest supercon-
ducting sample with a thickness d = 2.16 nm. We assume a
strong coupling between the superconductor and the proximity
layer. In this sample, T¢ is divided by 2.2 as compared to the
thickest samples. Such a T¢ reduction means, in the strong
coupling approximation, that the ratio ]{,V[jjil should be of the
order or less than unity (~0.82). The three simulations in
Figs. 6(d)-6(f) are done for the following I'y values: 1 [see
Fig. 5(d)], 10 [see Fig. 5(e)], and 50 meV [see Fig. 5(f)] as
previously, and assuming a ratio of 0.82 between the integrated
density of states of both layers. It is remarkable that the
quasiparticle peaks in the tunneling spectra remain extremely
robust, in complete contradiction with our experimental data.
Moreover, a T¢ reduction of a factor of 2.2 would imply
a contribution of 55% from the DOS of the proximity layer
which is ~0.5 to 1 nm thick. This is not very likely since, as the
samples were exposed to air, the top-layer should share some
common properties with the ones of the maximally oxidized
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form of Nb (Nb,Os), which is nominally an insulator and not a
metal. Even if we assume that the passivation layer is metallic,
we do not expect its DOS at the Fermi Level to be of the order of
the one of the underlying NbN layer. Indeed, consider the case
of an integrated DOS ratio of 0.82, a 1-nm-thick oxide layer
and 1.16-nm-thick layer of NbN. It would then lead toa Ny =
1.4Ng, and for a 0.5-nm oxide layer, we find Ny = 4Ng. This
would imply that a strongly disordered oxide has a much higher
density of states at the Fermi level than a good metal, which is
clearly not reasonable. Thus, it is improbable that the T¢ reduc-
tion can be imputed solely to a hypothetical proximity layer.

Concerning more specifically the V-shaped background
observed in the experiment, it follows from the simulations
that it cannot be explained in terms of a proximity scenario.
In summary, our analysis shows that a proximity effect cannot
account for the shape of the measured tunneling spectra in our
NbN films.

B. Dependence of the critical temperature with film thickness:
Effect of Coulomb interactions

The analysis of the Tc dependence as a function of
film thickness can give a precious information about the
physical mechanisms involved as the film reaches the 2D
limit. We analyzed the dependence of the critical temperature
Tc of the films as a function of their sheet resistance
Ry (T). Figure 7 shows that the dependence is quite linear
in this range of resistances and follows almost perfectly the
Finkel’stein’s law.” This suggests that the joint action of
Coulomb interactions and scattering by the disorder (grain
boundaries, impurities, surface and interface boundaries) are
quite efficient mechanisms to reduce the critical temperature
on the metallic side of the SIT, and thus to reduce also the gap
amplitude. The fact that the Finkel’stein’s model describes
well the T¢ reduction is consistent with the appearence of
a large V-shaped background that develops in the tunneling
conductance d1/dV, and superposes to the SC gap. Indeed,

Tc/Tc-bqu

" 1 " 1 "
0 500 1000 1500

2500

1
2000
square (Q)

FIG. 7. (Color online) Dependence of T¢/Tc ik, the supercon-
ducting critical temperature normalized by the bulk one, as a function
of their square resistance Ry, in the normal state at 40 K, for ultrathin
NDN films. Squares: experimental data extracted from resistivity mea-
surements; continuous line: fit by the Finkel’stein model (see text).
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enhanced Coulomb interactions with increasing disorder are
known to reduce the tunneling DOS at E 72! and from
our spectra we clearly see the V-shaped background to
become deeper as T¢ is reduced for the thinnest films.
Furthermore, keeping the original notation of Finkel’stein,
1/T =1In(tT¢o) = —5.65 in our case, which attests that
strong disorder/Coulomb interactions exist in our films, as
[In(tT¢co)] > 1. The comparison with the values obtained
for TiN (—6.2; —6.8)!* or MoGe (—7)* shows that NbN
films undergo comparably strong disorder-enhanced Coulomb
interactions, the exact In(t 7¢¢) = —5.65 value indicating that
these effects are a bit smaller in NbN than in TiN or MoGe.

C. Zero-bias tunneling conductance

It is noticeable that, as the film thickness is reduced, the
zero bias conductance increases at low temperature (2.3 K).
It is important to note that this is a real effect that cannot be
attributed to a thermal smearing. The simulated BCS spectrum
shown in Fig. 3(e) suggests an energy gap value of 1.3 meV. At
the temperature of 2.3 K with a T¢ of 6.7 K (which is almost
~Tc /3), the expected BCS spectrum would lead to almost zero
conductance at V = 0. This clearly does not correspond to the
measured spectra. Thus, in a BCS scenario, there should exist
an additional intrinsic pair-breaking mechanism that would
populate electronic states inside the gap region, leading to a
nonzero DOS. In the spirit of the Finkel’stein’s model, this
could be accounted for by following Ebisawa et al.,® who cal-
culated the pair breaking parameter in a two-dimensional dirty
superconductor. In the shown simulated spectrum [blue one in
Fig. 3(e)], we estimated this effect using the spectral broad-
ening parameter24 I'bynes leading to a value of ~0.10 meV.
On the other hand for the 2.33-, 4-, and 8-nm films the 'pypes
values of the simulated BCS spectra are, respectively, 0.05,
0.01, and 0.01 meV, while the 15 nm could be simulated at
about 2.3 K without any I'pynes parameter. The values we have
used for 'pypes are quite in agreement with the tunneling data
of Chockalingam et al.'® where at 2.2 K for (a) T¢ = 7.7 K,
kpl ~ 1.4, Ipypes = 0.08 meV; (b) Te =9.5 K, kpl ~ 2.3,
I'p =0.07 meV; and (¢) Tc =149 K, kgl ~ 6, I'pynes =
0.006 meV. This reinforces similarities between our results
on ultrathin NbN films and the previous results obtained on
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50-nm-thick film where the SIT was approached by tuning
disorder.

VI. CONCLUSION

In conclusion, the tunneling conductance of NbN thin
films exhibits unconventional signatures as the film thickness
approaches the 2D limit. Clear deviations from the prediction
of the BCS theory are observed as the film thickness is reduced
and krl lowers, such as the decrease of the coherence peaks,
spatial inhomogeneities, and a V-shaped spectral background,
which becomes more and more pronounced when approaching
the SIT.

Analysis of the results shows that in NbN ultrathin films
approaching SIT, Coulomb interactions are an efficient mech-
anism to reduce the SC gap and T, and are well-described
by the Finkel’stein model.” In addition, the ratio of 2A /kT¢
remains roughly constant as a function of the film thickness,
which is also in agreement with a scenario where the amplitude
of the order parameter is reduced as the SIT transition is
approached.®

However, the thinnest SC films exhibits some deviations
from this scenario. The shape of the spectrum cannot be
described by the BCS DOS. Already at T¢ ~ 0.4T2"K, the
coherence peaks almost vanish and the vortex lattice disappear.
Both effects suggest a weakening of the phase coherence in
the thinnest films. This in qualitative agreement, at least for a
low disorder, with several numerical works where the interplay
between superconductivity and localization with disorder was
studied.'®!3 It might indicate a crossover from a fermionic
scenario toward a bosonic scenario with pair localization as
observed by Sacépé et al.'> Further investigations very close
to the SIT are necessary to clarify the role and the nature the
V-shaped background.
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