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From weak to strong-coupling superconductivity tuned by substrate in TiN films
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The interplay between substrates and superconducting thin films has attracted increasing
attention. Here, we report an in-depth investigation on superconducting properties of the epitaxial
TiN thin films grown on two different substrates by dc reactive magnetron sputtering. The
TiN films grown on (0001) sapphire exhibit (111) crystal orientation, while that grown on (100)
Si substrates exhibit (100) orientation. Moreover, the samples grown on Si reveal a relatively
lower level of disorder, accompanied by the higher critical transition temperature Tc and smaller
magnitude of upper critical field slope near Tc. Remarkably, we uncovered a rather high value of
superconducting gap (with ∆0/kBTc = 3.05) in TiN film on Si indicating a very strong coupling
superconductivity, in sharp contrast to the case using sapphires as the substrate which reveals a
weak-coupling feature. Further analysis shows that the weakened electronic screening effect due
to the high level of disorder and the suppressed electronic density of states may be the underlying
reasons for the occurrence of weak coupling superconductivity in the TiN films based on sapphire
substrate.
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INTRODUCTION

Nitride superconducting thin films have excellent ap-
plication performance in superconducting (SC) electronic
device [1–4]. Due to the low microwave loss [5] and
high kinetic inductance [6], TiN films attracted more and
more interests for the application in superconducting mi-
crowave resonators [7–10] in recent years. It is reported
that quality factor higher than 2 × 106 can be achieved
in microwave resonator made with TiN films [10, 11].
Typically TiN films can be grown by magnetron sput-
tering [12], pulsed laser deposition (PLD) [13, 14], and
molecular beam epitaxy [15]. It is found that physical
performance of TiN films can be tuned by the growth
conditions like the chamber pressure and gas-flow rate [9].
The Tc value of TiN films grown on (100) MgO could be
over 5 K, which is very close to bulk material [15].

The physical properties of TiN thin films have also
been widely studied. The magnetic field induced
superconductor-insulator transition has been observed in
TiN thin films [16, 17]. Vortex matching effect was stud-
ied in nanoperforated ultrathin TiN films [18]. The emer-
gence of ferromagnetism has been discovered in TiN with
an increase in nitrogen vacancies [19]. Superconduct-
ing energy gap is an important parameter for supercon-
ducting materials, which can supply valuable information
both for the physical understanding and the application
of the materials. This issue has been investigated through
scanning tunneling spectroscopy (STS) [20, 21] and tun-
neling junctions [22]. A strong spatial inhomogeneity
with the gap value varying by a factor of 2 was found in
TiN film [21]. The importance of interaction between the
SC films and substrates was noticed in recent years [23–

26]. Specific to the TiN thin film, it was found that type
of substrates has a clear impact on the lattice orienta-
tions, e.g., (111) TiN on c-cut sapphire [27–29], (110)
TiN on R-plane sapphire [9], and (100) TiN on (100)
magnesium oxide (MgO) [15] and (100) silicon [5, 13].
Meanwhile, disorder is another noteworthy factor, which
can have a pronounced effect on the superconductivity in
thin films [30]. At present, there is still a lack of compre-
hensive research on the superconducting behavior, espe-
cially in terms of superconducting gap, of TiN films with
the variation of disorder level and crystal orientation.
In this work, we carried out the investigations on

superconducting properties, especially superconducting
gap, of TiN films grown on different substrates. It is
found that the type of substrate has had a significant im-
pact on both the crystal orientation and superconducting
properties of TiN films. Importantly, the TiN film grown
on (100) silicon substrate displays a significantly large su-
perconducting gap which exceeds the prediction of weak-
coupling BCS theory, while that on (0001) sapphire re-
veals a weak-coupling behavior. The analysis combin-
ing the Hall resistivity data indicates that the weakened
electronic screening effect and the suppressed electronic
density of states are responsible for the weak coupling in
the sapphire-based TiN films.

EXPERIMENTAL

TiN films were grown using dc magnetron sputter-
ing equipped with a high vacuum pump. Two differ-
ent substrates, (0001) sapphire (abbreviate as sapphire
hereafter) and high resistivity (100) silicon (abbreviate
as Si hereafter), were used. The sputtering process was
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TABLE I: Summary of the information for the film growth
and orientation.

Name Substrate Growth
temperature

Film
orientation

Sapp-310 Sapphire 310 oC (111)
Sapp-500 Sapphire 500 oC (111)
Si-500 Si 500 oC (100)
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FIG. 1: XRD patterns of the three TiN films Sapp-310 (a),
Sapp-500 (b), and Si-500 (c).

carried out in a mixed atmosphere of Ar (99.999%) and
N2 (99.999%). For the case that sapphire was used, two
different growth temperatures, 310 oC and 500 oC, were
adopted. With the Si substrate, TiN films were grown at
500 oC. The film thickness is 35 nm for all the samples.
The detailed growth processes will be reported elsewhere.
The information for the samples studied in this work are
summarized in Table 1.

The crystal structures of films were measured by X-
Ray diffraction (XRD, Bruker D8 Dicover). The electri-
cal transport measurement were performed on a physi-
cal property measurement system (PPMS, Quantum De-
sign). The applied electric current is 10 µA. The su-
perconducting gap of TiN films were studied by point-
contact spectroscopy. The point contact is achieved
through the nano-Au array on the films. The nano-Au
array was synthesized on film by using thermal evapora-
tion through a nanoporous AAO mask attaching to the
surface of TiN film. The commercially purchased AAO
films were chosen to be the mask of the nano-Au array.
The pore diameter of AAO film is 30 nm with the inter-
pore distance of 60 nm and the thickness of 100 nm. The
detailed processes for the fabrication of nano-Au array
can be seen in our previous work [31].
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FIG. 2: (a) Normalized resistivity of the three samples as
a function of temperature under zero magnetic field. (b) An
enlarged view of the nomalized resistivity data in the low tem-
perature. (c) SC critical temperature Tc (left) and normal-
state resistivity ρn (right) as a function of the residual resis-
tivity ratio (RRR).

RESULTS

The crystal structure of the films were checked by
XRD. Figs. 1(a, b) show the XRD patterns of the two
films grown on sapphire at different temperatures. The
peaks at around 36.8 ◦ can be assigned to the (111)
diffraction peaks of TiN. No peaks from other orienta-
tions can be detected, indicating the oriented growth of
the films. For the film Si-500, only the (200) peak can be
seen, see Fig. 1(c). Such substrate dependent film ori-
entation is consistent with the previous report of other
groups [5, 13, 27–29]. To have a quantitative compari-
son, we calculate the lattice constant of three films using
the Bragg′s Law. The lattice parameters vary very little
among these three sample, ranging from 4.22 Å to 4.24
Å.

Normalized resistivity of the three samples is shown in
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FIG. 3: (a-c) Temperature dependence of resistivity of the
three samples under the magnetic field. (d) Upper critical
fields µ0Hc2 as a function of temperature for the three sam-
ples. (e) Upper critical field slope near Tc as a function of ρn.
The red dashed line is a guide for eyes.

Fig. 2(a). All the three samples reveal the SC transi-
tion in the low temperature region. The residual values
of ρ/ρ300K show a systematic evolution with the growth
temperature Tgr and the type of substrate. In general,
the residual resistivity ratio (RRR = ρ300K/ρ10K) re-
flects the level of disorder in the film, which contributes
a temperature-independent term to the electrical trans-
port. Thus the data indicates that a higher value of Tgr

can reduce the disorder level. Moreover, at the same
growth temperature of 500 oC, sample on Si substrate
shows a even low disorder level as represented by the
larger value of RRR. The SC transition can be seen more
clearly in the enlarged view in Fig. 2(b). The SC critical
temperature Tc displays a similar tendency to RRR with
the variation of Tgr and substrate. In the sample Si-500,
Tc can be as high as 5.14 K determined using the stan-
dard of 50%ρn. Here ρn is the normal-state resistivity
at the temperature just above the SC transition. In Fig.
2(c), we summarize the values of Tc and ρn as a function
of RRR. It is evident that Tc is positively correlated with
RRR, while ρn reveals a reverse evolution tendency. We
note that this is a common feature in SC films [32, 33],
which actually reflects the suppression effect on super-
conductivity in low dimension induced by disorder.

In Figs. 3(a-c), we show temperature-dependent re-
sistivity with various magnetic fields perpendicular to
the film surface for the three samples. As the field in-

creases, the SC transition shifts to lower temperatures.
It is notable that the suppression efficiency of magnetic
field on superconductivity shows significant differences
among these three samples. For the sample Sapp-310
with the lowest Tc, superconductivity can survive un-
der the field up to 3 T in the temperature range above
2 K. In contrast, superconductivity is suppressed com-
pletely by the field of 1.2 T for the sample Si-500 with a
higher Tc. Such a comparison can be seen more clearly
in Fig. 3(d), where the upper critical fields µ0Hc2 for
all the three samples as a function of temperature are
shown. In the temperature range above 2 K, µ0Hc2 dis-
play a linear decrease with the increase of temperature.
The slope of this tendency, dµ0Hc2/dTc|Tc

, is plotted in
Fig. 3(e) as a function of ρn. The roughly linear depen-
dence of dµ0Hc2/dTc|Tc

with ρn, as represented by the
red dashed line, actually accords with the expectations
for dirty-limit superconductors [34].

The point-contact tunneling spectra of samples Sapp-
500 and Si-500 at a wide temperatures range down to 0.1
K are shown in Figs. 4(a) and (c). The data are nor-
malized to the spectrum at high temperatures where the
superconductivity vanishes. Clear SC coherence peaks
can be observed at low temperature region in both sam-
ples. As the temperature increases, the broadening ef-
fect becomes apparent, and the differential conductivity
curves gradually become flat. The differential conduc-
tance spectra are analyzed using the Blonder-Tinkham-
Klapwijk (BTK) theory [35]. The fitting results for the
two samples at the lowest temperature T = 0.1 K are
shown in Figs. 4(b) and (d). For sample Si-500, in order
to fit the data well, a term that remains constant with
bias voltage is introduced. This may be due to the par-
alleling of other components in the point contacts. The
obtained SC gaps are ∆ = 0.71 meV and 1.35 meV for
samples Sapp-500 and Si-500 respectively. Meanwhile,
the broadening parameters for the two samples are Γ =
0.05 meV and 0.18 meV respectively. The temperature
dependence of gap values is summarized in Fig. 4(e),
which is consistent with the BCS relation (see the solid
lines). We note that although the Tc of sample Si-500 is
slightly higher than that of Sapp-500, its SC gap value is
significantly higher than the later.

To make a quantitative comparison, we plot the ra-
tio ∆0/kBTc of three samples as a function of Tc in Fig.
4(f). Here ∆0 is the extrapolated gap value in zero tem-
perature, and kB is the Boltzmann constant. It is found
that the ∆0/kBTc value of Sapp-310 is slightly lower that
the weak-coupling BCS prediction of 1.76, while that of
Sapp-500 is very close to this value. Impressively, sam-
ple Si-500 exhibits a ∆0/kBTc value as high as 3.05. Our
result reveals an evolution from weak- to strong-coupling
superconductivity in TiN films by changing the substrate
from sapphire to Si.
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FIG. 4: (a, c) Temperature dependence of tunneling spectra of samples Sapp-500 and Si-500 respectively. (b, d) The spectrum
data of the two samples at 0.1 K (black solid circles) with the best fitting result (red lines) using the BTK model. (e)
Temperature dependence of the superconducting energy gap for the two samples. (f) The ratio ∆0/kBTc as a function of Tc

for the three samples Sapp-310, Sapp-500, and Si-500. The red dashed line shows the value predicted by the BCS theory.

TABLE II: Experimental results about the SC gap in TiN
and NbN films.

Sample Substrate ∆0 (meV) ∆0/kBTc Ref.
TiN Sia 0.73 1.81 [20]
TiN SiN/MgOb 0.83 2.4 [22]
TiN Si 0.2-1.1 0.49-2.71 [21]
NbNc MgO 1.47-2.80 1.95-2.22 [36]
TiN Sapphire 0.60-0.71 1.60-1.75 This work
TiN Si 1.35 3.05 This work

a The Si substrate was thermally oxidized. b The specific type of

substrate is not explicitly stated in the paper. c
Tc of NbN films

covers a large range from 7.7 to 14.9 K.

DISCUSSION

The SC gap of TiN films have also been studied by
other groups. A gap value of 0.73 meV was reported
in the magnetron sputtering sample grown on thermally
oxidized Si substrates [20]. A slightly larger gap of 0.83
meV was detected in PLD-grown TiN film [22]. Notably,
the experiments using STS measurements revealed a clear
spatial inhomogeneity with the gap values ranging from
0.2 to 1.1 meV [21]. Meanwhile, another typical nitride
superconducting material, NbN, can also be used as a
valuable reference. A complicated evolution of the gap
ratio ∆0/kBTc (ranging from 1.95 to 2.22) with Tc and
disorder level was uncovered in NbN films [36]. We sum-

TABLE III: Physical quantities calculated from the Hall and
resistivity data.

Sample n N(0) τ l kF l
e/m3 states/m3eV fs nm −

Sapp-500 7.1×1028 1.70×1028 1.25 1.85 23.7
Si-500 10.3×1028 1.92×1028 1.95 3.28 47.6

marize these result in Table 2 to give a clear comparison
with the present results.
Despite the significant divergence in experimental re-

sults regarding the SC of TiN thin films, there is still a
lack of further investigation into the physical origin be-
hind it. Especially, the underlying reasons for this change
in coupling strength are worth exploring in depth. We
first examined the lattice parameter changes caused by
changes in substrate and growth temperature, which di-
rectly affect the electronic structure of the material. As
we have stated, the lattice parameter is very close among
the three samples with the relative variation below 0.5%.
Thus we argue that change in lattice structure is unlikely
to be the main factor causing differences in the coupling
strength.
We know that disorder has a significant impact on su-

perconductivity in low dimensional superconducting ma-
terials. On the one hand, strong disorder weakens the
electron screening effect in the system, thereby reducing
the value of SC gap [30]. On the other hand, disorder
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FIG. 5: Hall resistivity as a function of magnetic field of sam-
ples Sapp-500 (a) and Si-500 (b). Temperature dependence of
Hall coefficient (c) and charge carrier density (d) of the two
samples.

can lead to electron localization, which thereby reduces
the density of states at the Fermi level N(0). Actually,
the data of ρn and RRR in Fig. 2 have shown some
information concerning the disorder levels. To further
check these two factors, we carried out Hall effect mea-
surements on samples Sapp-500 and Si-500. As shown
in Figs. 5(a) and (b), both samples reveal the linear be-
havior of the Hall resistivity ρxy versus magnetic field.
Moreover, temperature has a rather weak effect on the
Hall data. The Hall coefficient RH and charge carrier
density n are calculated from the Hall resistivity data,
which are displayed in Figs. 5(c) and (d) respectively.
One can see that the charge carrier density of sample Si-
500 is about 50% higher than that of Sapp-50. Assuming
a spherical Fermi surface, the values of N(0) can be de-
rived to be 1.70×1028 and 1.92×1028 states/m3 eV from
the Hall data at 10 K for the two samples respectively.
Moreover, the relaxation time τ and mean free path l of
electron scattering have also been calculated combined
with the resistivity data. The physical quantities calcu-
lated from the Hall and resistivity data are summarized
in Table 3. The level of disorder is typically character-
ized by the Ioffe-Regel parameter kF l [36], where kF is
the Fermi wave vector. It can be seen that compared
to sample Si-500, sample Sapp-500 does indeed exhibit
a substantially higher level of disorder. Meanwhile, the
density of states at the Fermi level of sample Si-500 is
higher than that of Sapp-500.

Although the increase in density of states and the de-
crease in disorder can qualitatively explain the strong-
coupling feature exhibited in TiN films on Si substrates,
comparisons with other systems can provide more clues.
According to the previous report [36], the gap ratio
∆0/kBTc of NbN system reveals a mild increasing with
the disorder levels kF l ≥ 2.3. At the same time, the
values of N(0) and kF l display a greater increase [37]
compared to the that between Sapp-500 and Si-500 stud-
ied in this work. In other words, in the present TiN
system, small changes in density of states and disorder
are accompanied by a significant increase in energy gaps.
In addition, it is notable that, compared with the NbN
system with kF l < 10, the present TiN films locate in a
range with a lower level of disorder. Thus other factors,
such as substrate changes and accompanying differences
in crystal orientation, may also play important roles. Re-
garding this aspect, it is currently not entirely clear and
deserves further in-depth research.

CONCLUSIONS

Superconducting properties are investigated in TiN
films grown on two different substrates. The supercon-
ducting critical temperature, normal-state resistivity and
upper critical field all reveal a systematically evolution
with the disorder level. Strikingly, the system undergoes
a transition from weak coupling (∆0/kBTc = 1.60∼ 1.75)
to strong coupling (∆0/kBTc = 3.05), accompanied by a
change in film orientation from (111) to (100), as the
substrate changes from sapphire to Si. Further analysis
indicates that this change in superconducting coupling
strength is closely related to the difference in Coulomb
screening effect caused by disorder and the change in den-
sity of states at the Fermi level.
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