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Structural and transport properties of thin Nb layers in Si/Nb/Si trilayers with Nb layer thickness d from
1.1 nm to 50 nm have been studied. With decreasing thickness, the structure of the Nb layer changes
from polycrystalline to amorphous at d >~ 3.3 nm, while the superconducting temperature 7, monotonically
decreases. The Hall coefficient varies with d systematically but changes sign into negative in ultrathin films with
d < 1.6 nm. The influence of boundary scattering on the relaxation rate of carriers, and band broadening in the

amorphous films, may contribute to this effect.
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The properties of ultrathin superconducting films differ
from those of the bulk material. One of the best known
examples is the decrease of the superconducting transition
temperature 7, with decrease of film thickness, accompanied
by the increase of the normal-state film resistance [1-12].
Many factors may influence thin-film properties. The enhanced
density of defects or large boundary scattering may reduce
the mean-free path of the carriers, the electron-electron and
electron-phonon interactions may become different from those
in bulk materials, and the structural properties may be affected
by the strain or interdiffusion, thus modifying the electronic
band structure. The establishing of which of these factors
plays a major role is important both for the understanding of
superconductivity in the ultrathin limit and for the successful
application of these films in novel devices. Many studies
have been devoted to this subject. However, in most of
them the transport evaluation is limited to the resistance or
magnetoresistance measurements, while the Hall effect is
rarely investigated.

In this work we study ultrathin niobium (Nb) films, and we
show that the measurements of the Hall coefficient provide
unexpected insights into ultrathin film properties. Nb has the
highest 7. among elemental superconductors and is widely
used in many investigations and applications. The properties
of thin Nb films have been addressed by numerous studies,
with particular emphases on the dependence of the 7, on
the film thickness [2,6—12]. These studies already show that
the thin film fabrication process and the substrate strongly
influence the film properties. The Nb films grown on sapphire
at elevated temperatures often have superior superconducting
properties [8,9,12], but may suffer from interdiffusion between
the substrate and the film [9,12]. On the other hand, in Nb films
made by magnetron sputtering at room temperature [10,11]
interdiffusion should be absent, and such films are an excellent
choice for many applications [13]. Here we focus on the films
prepared by the second method.

In addition to superconducting properties, we show that
there are other subtle changes in Nb thin films as one
systematically decreases film thickness, including struc-
ture transformation and the evolution of the resistance per
square (Ry,). Most surprisingly, there is also a change of signin
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the Hall coefficient (R ) from positive to negative in ultrathin
Nb films, suggesting two types of carriers contributing to con-
duction. This raises the question of its role in the disappearance
of superconductivity in the thinnest films.

The Nb films of thickness d, from 1.1 nm to 50 nm,
sandwiched between two Si layers of 10 nm to prevent
oxidation, have been made by magnetron sputtering at room
temperature on glass substrates. We have verified by secondary
ion mass spectrometry that the Si buffer layer between the
substrate and Nb is necessary to avoid diffusion of oxygen
from glass into Nb. We have also determined that the Si
overlayer does not affect the 7, of Nb, indicating negligible
proximity effect between Nb and Si, as has been reported [14].
The Nb film thickness was controlled by deposition time
after the deposition rate has been established from low-angle
x-ray reflectivity measurements. In addition, a control set of
Si/Nb/Si trilayers with different d has been deposited on the
Si wafers, for imaging by the high-resolution transmission
electron microscopy (HRTEM). From these images, small
differences between the nominal and actual d values have
been found for ultrathin films. The actual d values are used
here.

In addition to the HRTEM imaging, we use x-ray diffraction
to evaluate the structural properties of the trilayers. The
resistance per square, R,,, as a function of temperature is
measured on a lithographically patterned resistance bridge
using a standard four-probe method. The Hall coefficient
Ry is measured on the patterned “Hall bar” structure, using
a physical property measurement system (PPMS; Quantum
Design). In addition, the measurements of Ry using the van
der Pauw method have been done for some of the (unpatterned)
samples. The results obtained by two methods are found to
agree within experimental accuracy.

Figure 1 shows the x-ray diffraction patterns of several
trialyers with different d, and of a reference sample with two
buffer Si layers but without the niobium layer in between
(d =0). A single broad maximum situated at low angle,
characteristic for an amorphous material, is visible in the
pattern of the reference sample. On the other hand, the pattern
for film with d = 11.3 nm reveals diffraction peaks consistent
with the bee crystal structure and space group Im3m of Nb
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FIG. 1. (Color online) X-ray diffraction spectra for the
Si/Nb(d)/Si trilayers with different thickness d indicated in the
figure. The consecutive curves are shifted vertically for clarity.

with the lattice parameter of 3.36 £ 0.01 A, slightly larger
than the value of 3.294 A for bulk Nb. With d decreasing to
5 nm the intensity of the diffraction peaks decreases, and the
peaks become substantially broadened. At d = 3.9 nm only
one peak is still faintly visible. This suggests that the film still
contain some polycrystalline grains, but a substantial portion
of the film is amorphous. Finally, at d = 3.3 nm there is no
evidence of any crystalline phase.

Figure 2 shows HRTEM images for trilayers with different
d. The Nb layer (dark) is sandwiched between amorphous
Si layers (light), and the growth direction is from top to
bottom. The Nb/Si boundaries are sharp, suggesting little or no
diffusion of Si into Nb. The images (b) and (c) show that thin
niobium layers are amorphous throughout the whole thickness.
In the thick sample [image (a)] we observe a layer of amor-
phous niobium, about 1.5 nm thick, situated at the top Si/Nb
boundary. Apparently, during the initial stage of deposition
niobium forms amorphous layer. However, after a sufficiently
thick film has been deposited, crystalline grains begin to form,
of the lateral size of about 3 nm, as indicated by the area

o

FIG. 2. HRTEM images for Si/Nb(d)/Si trilayers, with d equal
to 11.3 nm (a), 3.3 nm (b), and 1.2 nm (c). The layers in images are
(from the top) amorphous Si, niobium, and amorphous Si. The inset
at the bottom shows the enlarged Fourier-filtered part of image (a)
indicated by the white square.
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FIG. 3. (Color online) R, (a), T. (b), and Ry at T = 60 K (c)
vs film thickness d. In (a) the continuous line shows the fitted
dependence R,, ~ d~2, and the hatched area indicates the transition
region between the polycrystalline and amorphous films. In (b) and
(c) the dashed lines are guides to the eye.

enclosed by the white square. The Fourier filtered HRTEM
image of this grain, shown in the bottom inset, confirms the bcc
structure with (111) orientation. With further deposition of Nb,
the grains coalescence, forming continuous polycrystalline
film with good structural alignment [15]. Similar formation
of amorphous Nb layer at the Si/Nb interface, about 1-2 nm
thick, has been reported in case of Si/Nb superlattices [16].
The dependence of Ry, on d at T =10 K is shown in
Fig. 3(a). The data follow approximately the power law R, ~
d~2, as indicated by a straight line fitted to the data. Such
dependence has been predicted for the size effect, resulting
either from film-boundary scattering in single-crystalline thin
films [17,18] or from a combination of grain-boundary and
film-boundary scattering in polycrystalline films [19], and it
has been observed before in both types of Nb films [2,7,9].
Thus, it appears that in our polycrystalline films the boundary
scattering may be an important scattering mechanism. Interest-
ingly, same dependence seems to extend to amorphous films,
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in which grain boundaries are absent and the mean-free path
is short. It is possible that in this case some other factors,
dependent on the film thickness, affect the Ry,, such as the
enhanced defect density. We note also that the T dependence of
Ry, changes with d, so that we observe d Ry, /dT > 0 for thick
films, and dRy,/dT < O for ultrathin films. The transition
between these two limits, indicated in the figure by dashed
area at d >~ 4 nm, correlates approximately with the transition
region between the polycrystalline and the amorphous films.

The influence of d on the T, is shown in Fig. 3(b). Here
T, is the midpoint of the superconducting transition and the
vertical error bars reflect 90% to 10% transition width. The
T. decreases to zero for d ~ 1.3 nm when Ry, exceeds about
1800 €2, but in the film with d = 1.2 nm we still see the
evidence of superconducting fluctuations. The dependence of
T:(Ry,) is similar to the one reported for Nb films prepared by
other methods [7,11], as will be discussed later.

Figure 3(c) shows the Ry, measured at 7 = 60 K, versus d.
We observe that in the thickest films the Ry is close to the value
for the bulk, equal to 0.9 x 1071 m3/C [20]. With decreasing
d the Ry initially increases above the bulk value. According to
theories, the boundary scattering should result in the increase
of the Hall coefficient [18]. However, when d decreases below
6 nm, the Ry starts to decrease. Eventually, it changes sign
into negative for very thin films, when d decreases below
1.6 nm.

The change of sign in the thinnest samples is further
enhanced when temperature is decreased. To emphasize this
we show in Fig. 4 the evolution the Hall resistance R,, with
increasing B, measured at various temperatures for samples
with different d. We observe several features. First, the slope
of the R,,(B) dependence changes dramatically, from positive
in the thicker sample shown in (a) to negative in the thinnest
amorphous sample shown in (c). Second, with the decrease
of temperature the slope increases in both cases, but while in
(a) it becomes more positive, in (c) it becomes more negative;
this feature will be discussed in more detail below. Finally, in
the thinnest sample the R,,(B) dependence becomes slightly
nonlinear at the lowest temperatures. This nonlinearity is even
more visible in the case of the intermediate sample, d = 2 nm,
shown in (b). The R, (B) is linear with positive slope at high
T, but as T is lowered nonlinearity gradually develops, until
at T = 2 K a negative slope appears at small B.

To illustrate better the second feature described above, we
extract the Ry from the linear R,,(B) dependencies. The
results are shown in Fig. 5, where we plot the variation with T
of the quantity ARy /R, where ARy (T) = Ry(T) — R
is defined as a relative change of the Ry with respect to the
room-temperature value, Ri}’o. We observe that in all samples
the absolute value of ARy increases with the decreasing 7.
However, while ARy is positive in the thick samples, it is
negative in the ultrathin films. The change of sign from positive
into negative ARy occurs for d ~ 2.8 nm, indicating that
for all thinner samples the Hall coefficient is reduced with
decreasing T.

All the features listed above strongly suggest that the
conduction in the ultrathin Nb layers involves contribution
from two types of carriers, holes and electrons. While holes
dominate the transport in thicker, polycrystalline samples, sim-
ilar as it is in bulk niobium, the negative electron contribution
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FIG. 4. (Color online) Hall resistance R,, versus B at different
temperatures for samples with d = 3.9 nm (a), d = 2 nm (b), and
d = 1.3 nm (c).

becomes increasingly important as d decreases; it is also more
pronounced at low 7. Due to small electron effective mass
the negative contribution dominates at low magnetic fields,
while in the limit of large fields the positive hole contribution
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FIG. 5. (Color online) ARy/ Ri?o versus T for trilayers with
different d. The data for d = 1.3 nm are multiplied by 0.5.
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prevails. The exception is the thinnest film, with d = 1.3 nm,
for which the magnetic field used in our experiment may be
too small to observe hole contribution.

The electron contribution to the conduction in the thin-film
limit may have several origins. One possibility is that in
the thin amorphous films the Nb band structure is modified,
so that the character of the dominating carriers changes.
Howeyver, this effect alone cannot be the cause, because the
films become purely amorphous for d = 3.3 nm, while Ry is
still positive and comparable to the bulk value, so there is no
strict correlation between these two effects.

Another possible origin is the formation of silicide niobium
layer at the Nb/Si interface [21], which may exhibit negative
Ry [22]. Such a layer may be very thin and amorphous,
and therefore undetectable by our experimental methods. The
conduction could proceed via two parallel conduction channels
with carriers of different signs, with the effect becoming
stronger as d decreases.

Still another possibility is the effect described for poly-
crystalline films of indium, in which a change of sign of Ry,
from positive in thick films to a negative in the low-field limit
in thin films, has been reported [23-25]. It is explained by
the influence of boundary scattering on the relaxation times
of the two types of carriers which exist in In, i.e., the heavy
holes in the second Brilloiun zone and light electrons in the
third zone [20]. In the bulk the Ry is positive, because the
relaxation time for holes is larger than for electrons, which are
more strongly scattered by impurities. The boundary scattering
in thin films affects similarly both types of carriers, tending
to equalize the relaxation rates, and electron contribution
becomes evident at low magnetic fields.

Trying to assess whether such mechanism may exist in
Nb, we note that the Fermi surface in bcc niobium consists
of closed-hole surface in the second zone, while in the third
zone there are distorted hole ellipsoids and an open multiply
connected surface known as the “jungle gym,” which may
support both hole and electron orbits [26,27]. In the bulk
the electron orbits do not affect Ry, but when d decreases,
the boundary scattering may gradually uncover the electron
contribution. While this mechanism is likely to be present
in polycrystalline films, in amorphous films, without grain
boundaries and with short mean-free path, it is probably
less efficient. It is possible that some other, d-dependent
scattering mechanism [evident from R,(d) dependence]
may additionally affect the relaxation rates. Finally, the
band broadening in the amorphous films may play some
role.

Itis intriguing to ask to a what extent our finding of electron
contribution to transport may modify the understanding of
the suppression of superconductivity in ultrathin Nb films.
To comment on this we examine in Fig. 6 the dependence
of T,/ T, on the normal-state sheet resistance Ry, for the
whole set of trilayers with different d. Here T,9 = 9.22 K
is the T, of the bulk niobium, and the R,, is measured
at the onset of superconducting transition. We also plot by
continuous lines the predictions of theoretical model proposed
by Finkel’stein [28] for homogeneously disordered films,
which takes into account the fact that disorder diminishes
screening of the Coulomb interactions between carriers. The
model includes parameter y = ln(]w;f?), where kg is the
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FIG. 6. (Color online) The ratio 7,/ T, versus normal-state sheet
resistance Ry, for Si/Nb/Si trilayers with different 4 (full magenta
squares) and for several different sets of Nb films prepared by
other methods, Ref. [12] (open black squares), Ref. [11] (open
blue triangles), Ref. [7] (open green diamonds), and Ref. [8] (full
cyan triangle). The dashed magenta line is a guide to the eye. The
predictions of the Finkel’stein model are shown by continuous lines,
for y = 9 (black) and y = 15 (blue).

Boltzmann constant and 7t is the elastic diffusion time. The
plots of two curves, for y equal 15 and 9, indicate that the
theoretical predictions with a single value of y cannot describe
correctly the data in the full range of R,,. While reasonable
description is obtained for samples with Ry, < 200 2, for
thinner samples the decrease of the 7. with increasing of Ry,
slows down. The important observation is that the limiting
value of Ry, =200  occurs for d >~ 5 nm, below which
the electron contribution to the conductance begins to affect
the Hall coefficient. Thus, a possibility exists that in thinner
samples the scattering of electron carriers contributes strongly
to the increase of Ry, but it does not contribute (or contributes
weakly) to the pair breaking. Such situation may occur if the
electron carriers are not involved in superconductivity.

Finally, the question arises of whether our findings are
limited to the particular set of Nb layers studied here. We
cannot answer this definitely, because the Hall coefficient
has not been evaluated in previous studies of thin Nb films.
However, we may compare the 7.(R,,) dependence for our
samples and similar data for different sets of Nb films
deposited on various substrates using different technological
methods [7,8,11,12]. As seen in Fig. 6, most of the data follow
the trend similar to that found in present study, i.e., initial fast
decrease of the T, for small R,,, followed by long “tail” for
samples with large R;,. The only exception is the set studied
in Ref. [12], which appears to be distinctly different, and it is
well described by theory using y = 9. The smaller value of
y implies larger elastic diffusion time, which is reasonable,
because these are the single-crystalline films grown at much
higher temperature (660°C) than all the remaining film sets.
On the other hand, the similarity between the results for our
trilayers and the other previously studied Nb films may suggest
that the electron contribution is a general phenomenon which
appears in sufficiently disordered films.
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In conclusion, we have studied the properties of ultrathin
Nb films in the Si/Nb/Si trilayers. We show that Nb films
are amorphous for d < 3.3 nm. In the thinnest amorphous
films we observe a change of the sign of the Hall coefficient
into negative, possibly due to the influence of boundary
scattering and other d-dependent scattering mechanisms, on
the relaxation rate of carriers. The band structure modification
in the amorphous films may also be important.
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