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Superconducting properties of NbTiN thin films deposited by high-temperature
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We report on the superconducting properties of Nb;_,Ti, N thin films of thickness ~10 nm, with different
Ti fraction x in the range 0 < x < 0.5, deposited by high-temperature chemical vapor deposition. In this
parameter range, we observe that the superconducting critical temperature (7,) increases with x. We analyze
the possible role played by various parameters—Debye temperature, electron-phonon coupling constant, and
Coulomb pseudopotential—in determining the observed variation of 7, with x.
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I. INTRODUCTION

Because of its high superconducting critical temperature,
high-quality NbTiN has been one of the most preferred mate-
rials for many superconducting applications, such as super-
conducting coating for radio frequency cavities [1-3]. The
high superconducting energy gap (A) makes NbTiN very suit-
able for THz applications, such as superconductor-insulator-
superconductor mixtures and bolometers [4—7]. NbTiN is also
a preferred material for optical single photon detection [8—11]
and has been used as high characteristic-impedance microwave
resonator [12], thanks to its very high kinetic inductance. Low-
loss resonators can be fabricated from NbTiN [13,14]; this in
combination with high A, T;, and the upper critical magnetic
field B, make NbTiN a potential alternative to aluminum for
circuit quantum electrodynamics in high magnetic fields [12].

The effect of disorder on conventional s-wave
superconductivity has been extensively studied in Nb;_, Ti,N
and its parent compounds, NbN and TiN [15-27]. Already vast
and rich physics has been unearthed in these systems, including
superconductor-insulator transition [15,17], observation of a
pseudogap regime above 7, [20,21], disorder-induced phase
fluctuation [21], spatially inhomogeneous superconductivity
[19,26,27], and enhancement of the pair breaking
parameter [23].

Despite numerous applications and fundamental investiga-
tions, the following points are clearly missing: (1) a controlled
growth technique to deposit high quality thin films, (2) a clear
understanding of the variation of superconducting parameters
with Ti fraction (x), and (3) a systematic way to control
electronic disorder and to study its effect on superconducting
properties. Here, we report on the superconducting properties
of high-quality Nb;_,Ti,N films where electronic disorder
can be tuned by controlling x. We study the variation of 7,
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with x and analyze the role that can be played by Debye
temperature, electron-phonon coupling constant, and Coulomb
pseudopotential.

Variations of superconducting parameters, especially T,
with Ti fraction x have been previously reported [28]. The
authors observed that 7, remains almost constantuptox ~ 0.5
and decreases for higher values. In contrast, Myoren et al. [29]
observed a monotonic decrease of T, with x for three of their
films with x = 0, 0.34, and 0.62, respectively. In both cases, the
films constituted three-dimensional systems with thicknesses
above 300 nm and were prepared by dc magnetron sputtering.
Prior to these experiments, Pressal et al. [30] and Yen et al.
[31] observed that T, varies nonmonotonically with x; below
x ~ 0.4, T, increases with x and decreases above. In either of
these cases, no systematic analysis for the observed variation
of T, with Ti fraction was done.

To study the effect of disorder on superconducting proper-
ties, the majority of experiments have been focused on series
of films with different thicknesses, making it difficult to dis-
entangle bulk disorder from surface scattering contributions.
Moreover, to grow Nb;_,Ti, N thin films, dc magnetron sput-
tering is the most common technique [12,14,32-36] and the
high sputtering rate makes thickness control very challenging
below 10 nm. Atomic layer deposition (ALD) has also been
explored [37], but in this case the control of both composition
and crystalline quality remains difficult.

Here, to overcome these issues, we report on the super-
conducting properties of five Nb;_, Ti, N thin films of thickness
10 nm grown by high-temperature chemical vapor deposition
(HTCVD). The detailed structural analysis by x-ray diffrac-
tion and cross-sectional high-resolution transmission electron
microscopy reveal that the deposited films are of very high
crystalline quality. Apart from different gas flow rates, chamber
conditions are kept identical between depositions. In this way,
the only parameter changing from sample to sample is the Ti
fraction (x), which we control in the range 0 < x < 0.5 for
the present study. Our goal is to explore how x, in this range,
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FIG. 1. (a) py, for all five samples at 50 K as a function of
magnetic field. (b) The variation of loffe-Regel parameter (kyf),
determined at 50 K, as a function of Ti fraction (x).

impacts disorder and 7,. Disorder will be estimated with the
Ioffe-Regel parameter kg ¢; here, kp is the Fermi wave vector
and ¢ is the mean free path.

II. EXPERIMENTS AND RESULTS

Five Nb;_,TiyN thin films were produced by HTCVD
at 1100 °C on Epiready (0001) oriented Al,O3 substrates.
Descriptions of the deposition apparatus and thermodynamics
calculation have been reported elsewhere [38]. Deposition
conditions are the same for each sample except for the ratio of
chlorine species NbCl, /TiCl, in the gas phase. The control of
the Nb/Ti ratio in the gas phase allows controlling the titanium
concentration in the layer. All the films are d = 10 &= 1 nm
thick, as determined from x-ray reflectometry.

The films are purly cubic NbTiN (ICDD: 01-088-2404); no
hexagonal phases were detected. Also, no peaks corresponding
to pure NbN and TiN are detected, indicating the absence of
demixing for all the Ti compositions investigated. The XRD
(111)-w scan rocking curve values, referring to the tilt angle
along the 111 direction between grains, are low and between
190 and 350 arcsec with no clear dependence on Ti fraction.
Thus, the crystalline quality of NbTiN is not affected by the
presence of Ti. However, two NbTiN in-plane variants with an
in-plane twist relationship of 60° are detected in all samples.
These in-plane variants result from the stacking of material
with a cubic structure (NbTiN) on a hexagonal substrate
[surface of (0001) Al,O3]. We found that the domains with
a single variant were distributed randomly and have a lateral
size of the order of 150 nm [38,39].

Electrical transport measurements were performed in a
Quantum Design physical property measurement system down
to 2.5 K and up to magnetic field (B) 8 T. The free elec-
tron parameters of our samples were determined from the
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FIG. 2. (a) Temperature dependence of p,, for all five samples
down to the superconducting transition temperature. (b) The variation
of T, as a function of Ti fraction showing a monotonic dependence.

combination of longitudinal and Hall resistivity measurements
at 50 K; lower temperatures are avoided in order not to
be influenced by superconducting fluctuation related effects
[40-42]. Figure 1(a) shows the variation of Hall resistivity
(pxy) for all five samples as a function of magnetic field.
For all five samples, p,, varies linearly with magnetic field.
The free electron density (n) is determined from the slope of
the pyy(B) curve, i.e., from the Hall coefficient Ry = 1/ne,
where e is the charge of the electron. Knowing n, kr and vg
(the Fermi velocity) are determined from kp = (372n)!/? and
vp = hkp/m, where m is the mass of the electron. The elastic
scattering time () is estimated from Drude’s formula: p,, =
m/ne*t;here py, = dRyisthe longitudinal resistivity at 50 K.
The other important free electron parameters, like ¢, diffusion
constant (D), and density of states at the Fermi level (Ny) are
determined from ¢ = vpt, D = vpl/3,and Ny = mkp/hzrcz.
kp?thentakesthe formkpf = :’—zp;xl(%neRH)l/B.We note that
krp? depends only on experimentally measured quantities Ry
and p,,, not on the effective electron mass m. The important
free electron parameters are summarized for each sample in
Table I. In Fig. 1(b), we plot kr¥ as a function of x, showing
that k¢ increases monotonically with x. Thus, the disorder
can be tuned systematically by controlling Ti fraction, making
these films ideal candidates to study the effect of atomic level
disorder on superconducting properties.

In Fig. 2(a), we plot the temperature dependence of p,, at
zero magnetic field. Upon cooling down from room tempera-
ture, py, increases and reaches a maximum at some intermedi-
ate temperature Tax. Below Thax, oy Starts to decrease with
decreasing temperature due to the onset of superconductivity.
The left panel of Fig. 2(a) shows a magnified version near
the superconducting transition. Clearly, 7, is systematically
increasing with Ti fraction from sample S1 (x =0) to S5

TABLE I. An overview of some of the important parameters of our Nb;_,Ti, N thin films. The free electron parameters are determined at
50 K. The directly measured parameters and those extracted from the free electron theory are separated by the vertical line.

a T, Ry Rs(50K) [Z2| | n T l D Ny £(0)
Sample (A) x RRR (K) (107"'%) () & ] Ay 1077 (A) ke (0ot (07 ()
S1 4.340 0.00 0.27 7.4 5.6 607 3.23 11.1 5.2 09 13 5.1 1.24 6.1
S2 4339 0.07 0.37 8.6 8.4 502 2.60 7.4 9.6 14 19 7.1 1.10 5.8
S3 4336 0.14 055 104 79 362 2.41 7.8 12.5 19 25 9.7 1.10 5.5
S4 4312 034 063 114 13.8 349 2.30 4.5 224 2.8 3.1 12.0 0.92 5.3
S5 4303 046 088 13.1 6.8 167 1.60 9.2 23.0 37 52 19.8 1.17 5.8
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FIG. 3. (a) Temperature dependence of p,, for S1 at different

magnetic fields as indicated in the figure. (b) The variation of B,

as a function of temperature for all five samples. The solid lines are
straight-line fits.

(x = 0.5). This is shown in Fig. 2(b), where T, is plotted as
a function of x. T, is defined at the temperature where p,, is
half of normal resistivity defined by p,, measured at 15 K. In
Table I, we summarize T, of our samples.

Next, we report the zero temperature Ginzburg-Landau
coherence length [£(0)], which is estimated from the formula

§0) = \[®o/27 T.1 021, _,
tance data is collected for all the samples up to a magnetic
field of 8 T. In Fig. 3(a), we show the magnetoresistance
data for S1, where temperature variation of p,, is recorded
at five different fields. B.(T) is determined as the point
where p,, is half of the normal resistivity. In Fig. 3(b),
we plot B, as a function of temperature. The solid lines

are straight-line fits. The slopes and the £(0) are listed in
Table I.

[43]. For that, magnetoresis-

III. ANALYSIS AND DISCUSSION

We will first focus on Fig. 1(b) which indicates that the
disorder of our system decreases, i.e., k£ increases, with x.
We note that » and hence kr decreases with x, except for
a sudden anomalous increase for S5. This tells us that the
increase of krf with x is dominated by the increase of £ that
completely overwhelms the effect of n. This observation is
clearly in contradiction with the expected behavior, as it is
quite natural that with increasing random doping the disorder
scattering should increase, that in turn should reduce £. One
possible reason behind this unexpected behavior is that our
NbN film, (i.e., S1) contains Nb vacancies and the density of
vacancies decreases with increasing Ti concentration. This also
appears to be true as we note that S1 (x = 0) has a much lower
T, compared to epitaxial NbN films reported in the literature
[22,27] with thicknesses 10 nm or less. Here, we would also
like to point out that in our structural analysis [38] we observed
that surface morphology improves with increasing Ti fraction.
This might also facilitate reducing scattering with increasing
x. However, a final conclusion on this question requires a
detailed compositional analysis, which is beyond the scope
of the present work.

Now, we turn our attention to 7. The T, of a strongly cou-
pled superconductor like NbTiN is governed by McMillan’s
equation [44],

1.04(1 + 1) ) o

Op
T. = exp | —
1.14 A — pu*(1+0.624)
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FIG. 4. (a) py, for all five samples at 300 K as a function of
magnetic field. (b) The variation of the loffe-Regel parameter (kz¥¢),
determined at 300 K, as a function of Ti fraction (x).

Here, ®p is the Debye temperature, X is the effective electron-
phonon coupling constant, and p* is the Coulomb pseudopo-
tential representing electronic Coulomb repulsion. X is given
by A = NyU, where U is the attractive potential. ®p and U
depend on the phonon structure and hence lattice parameter
(a) and mass of the unit cell (M,). u*, on the other hand,
depends on disorder: with increasing disorder, p* increases
[45]. Our five samples have different a, M,,, Ny, and kgf. In
other words, ®p, A, and p* are different for all five samples.
Thus, it is difficult to analyze the variation of 7, as a function of
any single variable ® p, A, or u*. In the following, we therefore
discuss the possible role that can be played by each parameter.

Let us first focus on ®p that, for a monatomic crystal, is

given by
h (3D, \'"? (Y \'?
Op = — ‘ -] . )
=ule) ()

Here, D, is atomic density, Y is Young’s modulus, and p
is the mass density. Since the difference in lattice parameter
from sample to sample is small in our case, D, does not vary
significantly. However, since Nb and Ti have very different
atomic masses, 92.9 and 47.9 in atomic units, respectively, p
would decrease with x. Similarly, Y also depends on x [46].
Thus, it is expected that ®p varies with x. In fact, it was
observed that ® p increases linearly with x, for the entire range
of x, with ®p(x =0) =634 Kand Op(x = 1) = 924 K (see
Ref. [46] and references therein); accordingly, the variation of
®p is about 20% in our studied range, 0 < x < 0.5.

From the above discussion, we see that although ®p, varies
quite significantly, it is not sufficient to explain alone the
observed increase of 7, with x. Since ®p represents the
characteristic phonon frequency and moreover it is expected
that the disorder scattering will smooth finer structures in the
phonon spectrum, U and hence A will also vary from sample
to sample. Moreover, unlike ®p, A appears in the exponent in
McMillan’s equation. Thus, a small change in A can drastically
change T,.

Finally, we comment on the possible role of u* for the
observed variation of 7. with x. It is well known that with
increasing disorder scattering, Coulomb interaction increases
[45]. Since with increasing x, £ is increasing for our samples, it
is likely that p* will decrease with x. Like X, ;* also appears in
the exponent of McMillan’s equation. Thus, ©* can also play
a significant role in determining the variation of 7, with x.
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TABLE II. Free electron parameters as determined at 300 K. The directly measured parameters and those extracted from the free electron

theory are separated by the vertical line.

Ry Rs (300 K) n T ¢ D Ny
Samples x (101 ') (@) (o) (10"75) (A) kit (lm?) (10 states
st 0.00 5.6 203 19.8 8.7 1.8 3.3 12.6 L5
s2 0.07 8.4 212 12.5 13.26 24 3.7 714.0 1.3
S3 0.14 7.9 208 11.1 15.3 2.6 3.9 14.9 1.2
s4 0.34 13.8 227 5.9 263 3.6 4.4 16.9 1.0
S5 0.46 6.8 146 10.4 233 3.9 5.6 21.7 112

IV. SUMMARY AND CONCLUSION

In summary, we have studied the superconducting proper-
ties of Nby_, Ti,N thin films of thickness ~10 nm, with differ-
ent x in the range 0 < x < 0.5, deposited by high-temperature
chemical vapor deposition. In this parameter range, we observe
that both krf and T, increase with x, suggesting reduced
disorder as the source of increasing 7.. However, analysis of
the role that can be played by ®p, A, and * in McMillan’s
framework shows that further investigations are required to
uniquely determine the origin of the observed behavior.
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APPENDIX

In the main text, we have reported free electron parameters
at 50 K where electron-phonon interaction is weaker than
at room temperature but electron-electron interaction can be
significant [47]. Here, we report free electron parameters deter-
mined at 300 K, where electron-electron interaction is weaker
than at 50 K [47]. Figure 4(a) shows the variation of p,, for all
five samples as a function of magnetic field measured at 300 K.
The corresponding free electron parameters are summarized
for each sample in Table II. In Fig. 4(b), we plot krl as a
function of x, showing that k¢ increases monotonically with
x as in Fig. 1(b), although the increase is weaker.
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