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The regulation of superconductivity in thin films can provide important information on low-dimensional supercon-
ducting properties, and also has important reference values for the application in superconducting devices. Herein, we
report the successful regulation of both the superconductivity and normal-state properties of Nb films in a wide range by
the controllable introduction of interstitial oxygen atoms. The lattice parameter is enhanced for an extent as large as 4.4%,
and the normal-state resistivity py, is tuned for more than 15 times. The slope of upper critical field near 7. shows a close
correlation with p, in a wide range. Importantly, it is found that the suppression of 7 by disorder reveals a linear de-
pendence with p, in the region with an unchanged crystalline quality, which can be understood based on the picture of

three-dimensional ballistic motion.
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1. Introduction

Due to the enhancement of fluctuation effect and the
weakening of Coulomb shielding caused by dimensional ef-
fect, the response of superconductivity to external conditions
in superconducting (SC) thin film systems is an important
subject.l'=3] Disorder is one of the important factors to reg-
ulate superconductivity.[*°! Superconductivity can be sup-
pressed by disorder in terms of weakening the attractive inter-
action leading to Cooper pairing (the fermionic scenario)!>’!
or destroying long-range order of the macroscopic phase (the
bosonic scenario)./?8! Tt is the latter case that is notewor-
thy, since it implies the loss of superconductivity in the pres-
ence of electron pairs. In fact, in terms of physical na-
ture, it is closely related to the model of pre-formed Cooper
pairs that has been proposed in copper-based high-temperature
superconductors.m Even within the fermionic scenario, the
suppression of superconductivity by disorder at the three-
dimensional (3D) and two-dimensional (2D) limits also ex-
hibits significant differences. Meanwhile, the contribution of
electron diffusion and ballistic motion to the suppression of T,
also varies. 7!

Benefitting from the high critical transition temperature
T, stable chemical properties and excellent machinability, nio-
bium (Nb) film has become one of the basic materials for

the manufacture of advanced SC electronic devices.[!'=151 Ag
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the thickness of the film decreases, the dimensional effect on
the value of T; and the degree of disorder gradually becomes
prominent.['6!7] In addition, the method of ion implantation
was used to tune the disorder level, thus regulating the SC and
normal-state properties of Nb films. '8 Also, it was found that
the introduction of interstitial oxygen atoms can directly reg-
ulate the disorder of bulk Nb material.!'! Although the effect
of oxidation or the oxygen diffusion on Nb films has also been
noticed, ?*-2?! a systematic investigation on the performance
of Nb films under the effect of interstitial oxygen atoms is still
lacking.

In this work, we supply a route to tune the superconduc-
tivity by the controllable introduction of interstitial oxygen
atoms to the Nb films. Both the SC transition temperature
T. and the normal-state resistivity p, are regulated in a wide
range: T; is suppressed from 9.2 K to 0 K while p, is enhanced
by more than 15 times. Meanwhile, the slope of upper critical
field near T; is also regulated by the disorder, revealing a linear
dependence with p,. A further analysis shows that the evolu-
tion of 7; with disorder is in accord with the physical picture
of 3D ballistic motion. Since the diffusion of a small amount
of oxygen atoms is inevitable on the surface of Nb film or at
the interface between it and the oxide substrate, the result of
this study is also of great value for the application of Nb films
in SC devices.

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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2. Materials and methods

Direct current (DC) reactive magnetron sputtering was
utilized to deposit the Nb film onto a 2-inch (1 inch=2.54 cm)
high-resistance silicon (Si) substrate. The reaction chamber
is equipped with a high-purity Nb target (99.99%) and main-
tains a vacuum of approximately 10~® Pa. During the sput-
tering process, the flow rate of argon gas, the chamber pres-
sure, and the sputtering power were set to 20 sccm, 0.2 Pa,
and 150 W, respectively. These conditions facilitated the pro-
duction of high-quality Nb films. Furthermore, adjusting the
magnetron sputtering time allows for the precise controlling of
the film thickness to around 150 nm. Silicon wafers were cut
into small pieces with the size of 5 cmx5 cm after magnetron
sputtering, then divided into multiple groups to carry out the
following experiments.

The small samples were placed in a tube furnace for ther-
mal treatment under various conditions. Prior to the treatment,
the tube furnace was purged by high-pure Ar gas for 60 min-
utes to eliminate any residual air. The samples were annealed
in the inert gas under different temperatures. Very similar re-
sults were obtained between the treatments under pure Ar gas
and Ar/N, mixture (with the ratio Ar:N, = 9:1). Unless other-
wise indicated, the results reported herein are based on treat-
ments under the mixed atmosphere. The treating time was
fixed to 40 minutes for all the samples.

The crystal structure of films was measured by x-ray
diffraction (XRD, HaoYuan DX-2700). The element contents
were measured using the time-of-flight secondary ion mass
spectrometry (ION-TOF GmbH, TOF-SIMS 5-100). The sur-
face morphologies of films were measured by atomic force mi-
croscope (AFM, Bruker Dimension Icon) and scanning elec-
tron microscopy (SEM, Zeiss Gemini300). The electrical
transport measurements were performed using the standard
four-wire method in a physical property measurement system
(PPMS, Quantum Design) with the magnetic field of up to 9 T.
The magnetic field were applied vertical to the film surface.

3. Results
3.1. Characterization

The crystal structure of the Nb films with different treat-
ing temperature (7;;) was checked by XRD, see Fig. 1(a). For
the untreated pristine sample, the clear diffraction peak can
been seen at around 38.8°, which is assigned to the (110)
diffraction peak of Nb with a space group of Im-3m. The
peak position of the untreated Nb film is about 0.2° higher
than that of the bulk Nb (see the black symbols in Fig. 1(a)).
In addition, the full width at half maximum (FWHM) of the
Nb film (~ 0.50°) is several times larger than the bulk sam-
ple (~ 0.17°). With the increase of Ty, the position of this
peak shifts to the left side gradually, indicating the expan-
sion of the crystal lattice. In the situations with T;; below

260 °C, the intensity of the (110) peak is enhanced as com-
pared with the untreated sample. Meanwhile, the value of
FWHM is reduced to about 0.41°. These experimental facts
indicate that low-temperature treatment has an improving ef-
fect on the crystalline of quality Nb films. The values of lattice
parameter of the samples were calculated by using the Bragg’s
Law (2dsin & = nA), which are shown in Fig. 1(b). The lattice
parameter a increases from 3.284 A to 3.427 A as T, increases
to 350 °C, which is equivalent to a change of up to 4.4%. It
is worth pointing out that this is a large magnitude of expan-
sion, which is several times larger than that reported in bulk
Nb samples.['”] And the lattice parameter of some samples
has reached or even exceeded the value of Ta film (~ 3.32 A)
with the same structure. (23]

In order to obtain further information about the interior of
the sample, we examined the depth-resolved element content
of the pristine and treated samples by means of time-of-flight
secondary ion mass spectrometry (TOF-SIMS). The informa-
tion at different depth of the films was collected by etching
the samples controllably using cesium ions with the energy of
1 keV. As shown in Fig. 1(c), in the vicinity of the film surface,
oxygen element shows the high intensity. This is due to the
fact that the Nb film naturally oxidizes to form an oxide layer
when it is exposed to air. The increase of the intensity when
the depth is larger than 150 nm comes from the SiO, layer on
the substrate, which is formed by natural oxidation of Si sub-
strate upon exposure to air. A clear trend is that the intensity
of the oxygen element inside the film shows a significant in-
crease as the treating temperature increases. Considering the
fact that the crystal structure remains unchanged as evidenced
by the XRD data in Fig. 1(a), we argue that the heat treatment
allows oxygen atoms to diffuse into the Nb film and exist as
interstitial atoms.>*! The presence of interstitial oxygen atoms
leads to the increase in the lattice parameter of the Nb films,
see Fig. 1(d).

The surface morphology of the films was measured by
AFM. Here we show the AFM image of the sample with Tj,
=200 °C in Fig. 1(e) as an example. The root-mean-square
roughness is about 0.9 nm, indicating a high level of flatness.
In addition, we used a scanning electron microscope to ob-
serve the surface topography of the pristine and treated Nb
films at a magnification of 5 x 10%, see Figs. 1(f) and 1(g).
Both the AFM and SEM images reveal the smooth and dense
surface of the Nb film. The elongated grain shape can be ob-
served in the SEM image on both the pristine and treated sam-
ples, indicating that the treatment process does not change the
surface morphology of the films. In addition, no trace of ni-
trogen element was detected in the treated samples by both
the energy dispersive x-ray spectroscopy and TOF-SIMS mea-
surements. This indicates that despite the presence of N, in the
atmosphere of the heat treatment, the nitrogen element does
not enter the interior of the sample at mild temperatures below
350 °C.
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Fig. 1. (a) XRD patterns of the Nb films with different treating temperatures. The data of bulk sample is also shown for a comparison.
(b) Lattice parameter a as a function of the treating temperature T;.. (c) The intensity of oxygen element from the TOF-SIMS measurement
as a function of the depth for the three Nb samples with different 7;, treated under Ar atmosphere. (d) The intensity of oxygen element in the
TOF-SIMS at the depth of 100 nm as a function of the lattice parameter. (¢) AFM images of the Nb sample with 7i; = 200 °C. (f) SEM picture
of the pristine Nb sample. (g) SEM picture of the Nb sample with 7;; = 200 °C.

3.2. Superconducting and normal-state properties

The electrical transport measurements were carried out to
study the physical properties of the samples annealed at dif-
ferent temperatures in both the superconducting and normal
states. In Fig. 2(a), we show the temperature dependent re-
sistivity of Nb films treated at different temperature. Clear
SC transitions can be observed in the low-temperature region.
All the samples reveal a metallic behavior in the normal state
above the SC critical temperature 7.. Meanwhile, the magni-
tudes of resistivity p in the normal-state show a systematical
increase with Ti;.. In order to unveil the evolution tendency
of p with temperature, we display the normalized resistivity

p/p3oo k in Fig. 2(b). It is clear that the residual value of
P/P300 k at low temperature is enhanced systematically when
the the value of T is increased. Thus, the residual resistance
ratio, RRR = p300 k/pn (Pn is the normal-state resistivity at
temperature just above T;), will reveal an decreasing evolu-
tionary trend with T;. The SC transition can be seen more
clearly in Fig. 2(c). The pristine sample shows the 7; of 9.2 K
(50% p,), which is consistent with the bulk material.!'%! It is
found that the SC critical temperature 7; reveals a systemati-
cal decrease with the increase of 7i;. Superconductivity van-
ishes in the temperature range above 2 K when T;; is raised to
350 °C.
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Fig. 2. (a) Temperature dependence of resistivity p under zero field for Nb films with different 7i;. (b) The resistivity data normalized to the values at 300 K.
(c) An enlarged view of the p—7 data in the low temperature range below 10 K. (d)—(e) The residual resistance ratio and normal-state resistivity as a function
of the lattice parameter. The results of bulk Nb samples are also shown for a comparison.!'”] The red dashed line in (e) is the guide for eyes.

In order to unveil the correlation between the physical
properties and crystal structure, we plot RRR and p, as a func-
tion of lattice parameter a in Figs. 2(d) and 2(e). The data of
the bulk samples are also shown for a comparison.!'”l RRR

reveals a slight increase (corresponding to 7;; < 150 °C) and
then declines monotonically with the enhancement of a. p; ex-
hibits a roughly opposite evolutionary trend compared to RRR.
This result indicates that as a increases, which reflects an in-

047401-3



Chin. Phys. B 34, 047401 (2025)

crease in the amount of interstitial oxygen atoms in the Nb
film, the degree of disorder gradually increases. The slight in-
crease (decrease) in RRR (py) of the sample treated at 150 °C
is likely due to the improvement of the film crystalline quality
by annealing treatment, which can be reflected in the increase
(decrease) of the XRD intensity (FWHM) (see Fig. 1(a)). Fur-
thermore, we noticed that compared to bulk material, the evo-
lution trend of RRR and p, with a is relatively more gentle in
Nb thin films.

3.3. Upper critical field

The behaviors of electrical transport under external mag-
netic field were measured to study the field-induced pair-
breaking effect. In Figs. 3(a)-3(c), we show temperature-
dependent resistivity under various magnetic fields for the
samples under three typical values of 7i.. It is clear that, as

the magnetic field increases, the SC transition shifts to lower

temperatures for all the three samples. The temperature depen-
dence of upper critical field ugH., for all the eleven samples
is shown in Fig. 3(d). The criteria of 50%p, is adopted in
determining the values of toH,;.

All the samples show the roughly linear tendency in
the poH—T curves. The slope of the upper critical field
reveals a clear enhancement with the decrease of T.. To
have a quantitative comparison, we calculate and plot this
slope, —duoH(T)/dT|z,, as a function of p, in Fig. 3(e).
—duoHe(T)/dT|7, and py, exhibit a positive correlation and
a linear trend over a wide range, as shown by the red dashed
line. This evolution tendency is in accord with the empirical
law 2! that, in the dirty limit, the value of —duyHe(T)/dT|z,
is proportional to py, if the normal-state electronic specific heat
coefficient ¥, has no much change. Similar behavior has been
reported in other SC films like NbN2%! and TiN.[?7]
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Fig. 3. (a)—(c) Temperature-dependent resistivity in different vertical magnetic fields for the three films with Ti; =

150 °C (a), 250 °C (b), and

300 °C (c). (d) Upper critical field pigH,, versus temperature for Nb films with different T;;. (¢) The slope of upper critical field, —d uoH> /dT |z,
as a function of py. (f) The zero-temperature upper critical field tioH:»(0) as a function of p,. The red dashed lines are guide for eyes.

Using the Werthamer—Helfand—Hohenberg relation, ?®!

HoH:2(0) = —0.693 x dugHeo(T)/dT|r, x T, the zero-
temperature upper critical field poH,»(0) is determined, which
is shown in Fig. 3(f). It can be seen that, in a wide region, the
value of toHc(0) reveals an increasing tendency with the in-
crease of p,, which can be attributed to the enhancement of
—dpoHe(T)/dT |, with py.

4. Discussion

We first discuss the diffusion of oxygen atoms in Nb
films. In fact, this issue has been studied very early based on
bulk Nb material and important information such as diffusion
coefficient has been obtained.?! In addition, it was found that,
in the temperature range of 250 °C-380 °C, the decomposition
of niobium oxide on the surface supplies oxygen source, which

diffuses deeply into the depths of Nb material with a diffusion
coefficient that increases with baking temperature. %! It is no-
table that, in the previous study, the content of oxygen source
is limited due to the removal of the oxide layer on the sam-
ple surface by the electropolishing (EP) treatment. The small
amount of oxygen source comes from short-term exposure to
air after EP treatment. In this case, the concentration of oxy-
gen atoms in the depths was found to decrease with the in-
crease of treating temperature,'*°! which is different from the
present result (see Fig. 1(c)). In our work, the Nb films were
not polished, leaving relatively greater amount of oxide layer
on the surface. This provides a more sufficient oxygen source
for subsequent heat treatment. Thus, the samples treated at
higher temperatures reveal a higher level of oxygen concen-

tration. Roughly speaking, the amount of oxygen source de-
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pends on the thickness of the oxide layer on the surface of the
Nb film. The latter is mainly determined by the exposure time
to air, 3!l which is about half an hour in our experiment. More-
over, in agreement with previous report,*°! our result also in-
dicates that treating temperature is the main factor affecting
the diffusion of oxygen atoms inside the Nb material.

The evolution of superconductivity under the influence
of disorder is another important issue that has attracted
widespread attention. As we have mentioned, disorder mainly
destroys superconductivity by suppressing the pairing strength
of SC Cooper pairs.!”! At the same time, the localization ef-
fect caused by disorder may also lead to a decrease in the
density of states at the Fermi level, thereby weakening the
superconductivity. In SC thin films, due to the accentuation
of fluctuation effect, another mechanism for suppressing su-
perconductivity may become important. Disorder can disrupt
superconductivity by destroying the long-range coherence of
the phase of Cooper pairs.!®! In the phase-driven pathway,
typically the breakdown of superconductivity is accompanied
by an enhancement of the sheet resistance to resistance quan-
tum Rq = 6.5 kQ.B! An estimation shows that the maximum
sheet resistance of our samples is about 3.8 Q, which is much
smaller than Ry. This rules out the possibility for the phase-
driven scenario.

To catch more details concerning the disorder-induced
suppression of superconductivity, we display the data of 7; as a
function of p, in Fig. 4(a). Actually here p, serves as an eval-
uation of the disorder level since it contains the information
about the scattering relaxation time of electrons. It can be seen
that 7; reveals a linear evolution with p, in the low p, range
(pn < 25 puQ-cm), see the shadow area in Fig. 4. We note that
the departure from this linear tendency in the high p, region
is accompanied by the decreasing of the x-ray diffraction in-
tensity of the (110) peak which actually reflects the crystalline
quality of Nb film, see Fig. 4(b). This suggests that although
the introduction of interstitial oxygen atoms and the degrada-
tion in crystalline quality both cause an enhancement of py,
these two factors have different effects on superconductivity.
This is a point that requires extra attention in the analysis of
disorder induced suppresion of superconductivity. Thus, it is
clear that a simple relation

T. = CO(I*APH) (1)

is obeyed, provided that the crystalline quality of the film re-
mains unchanged. Here A and Ty are fitting parameters. The
data in the low p, region (p, < 25 uQ-cm) is fitted using
Eq. (1), see the red dashed lines in Fig. 4(a). The fitting curve
shows a rather fine description to the experimental data. The
resultant parameters are summarized in Table 1. The data of
the bulk samples also follow this linear relation. Surprisingly,
despite the obviously different values of p, with the same T,

the value of AT, of the bulk material is almost identical to
that of the thin film. This reflects the intrinsic behavior of Nb
materials in terms of the suppression rate of superconductivity
under the influence of disorder.
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Fig. 4. (a) T; as a function of p,. The data of bulk samples“"] is also
shown for a comparison. The red dashed lines are the fitting results
using Eq. (1). (b) XRD intensity of the (110) peak as a function of py.

Table 1. Fitting parameters of film and bulk Nb materials using Eq. (1).

Status Teo A ATy Ref.
K (uQem)! K/(uQ-cem)

Film 9.95 0.0163 0.162 this work

Bulk 8.96 0.0181 0.162 [19]

Actually, the evolutionary behavior of 7. with p, can
be explained within the framework of 3D ballistic electron
motion.!'%1 In general, the presence of disorder can cause the
scattering on Friedel oscillations and enhance the electron—
electron repulsion and the Coulomb pseudo-potential, which
leads to the suppression of the effective electron—phonon cou-

10321 in the 3D geom-

pling constant A. It was pointed out that, !
etry, the diffusive contributions can be extended to the ballistic
region in the system with weak localization. As a result, the
correction to A mainly comes from small scales with the order
of the Fermi wavelength and the suppression of superconduc-

tivity by disorder is controlled by the parameter kg/,'"’
T, =Too(l — a/kgl). 2)

Here kg and [ are the Fermi momentum and the mean free
path of electrons respectively. On the other hand, based on the
Drude model, the normal-state resistivity can be expressed as

P = (kg /ng”)(1/kel), 3)

assuming a spherical Fermi surface. Here #, n, and g are the
Planck constant, charge carrier density, and charge of an elec-
tron, respectively. It follows that the normal-state resistivity

047401-5



Chin. Phys. B 34, 047401 (2025)

Pn is proportional to 1/(kg!) in the case where the disorder in-
duced changes in / dominate. In this sense, equations (1) and
(2) are equivalent. This is rather different from the 3D diffu-
sive scenario, where a 1/(kgl)? dependence of the T, correc-
tion should be obeyed.!'” Thus, the behavior of the 7, evolu-
tion shown in Fig. 4(a) is in accordance with what is expected
from the mechanism of 3D ballistics. !

It is worth pointing out that the process of introducing dis-
order in the Nb film may not be as simple as interstitial oxygen
atoms acting as scattering centers. It has been known that in
Nb materials, interstitial oxygen atoms predominantly occupy
the octahedral sites of the body centered cubic lattice, which
leads to the lattice distortions in the local neighborhood. 33341
The distorted region, as a whole, may act as the scattering cen-

ters in practice.

5. Conclusions

In summary, we studied the regulation of superconductiv-
ity in Nb thin films by the introduction of interstitial oxygen
atoms. The expansion of lattice parameter induced by the in-
jection of oxygen atoms can be as high as 4.4%, clearly larger
than that reported in bulk samples. The residual resistance ra-
tio RRR, normal-state resistivity p,, and the slope of upper
critical field —duoHe(T)/dT |7, all reveal the systematical
evolution with the increase of annealing temperature. Notably,
the suppression of 7. by the disorder induced by interstitial
oxygen atoms displays a linear dependence with p,, which is
consistent with the expectation from the mechanism of 3D bal-
listics.
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