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NbTIN thin films are good candidates for applications including single-photon detector, kinetic inductance detec-
tor, hot electron bolometer, and superconducting quantum computing circuits because of their favorable characteristics,
such as good superconducting properties and easy fabrication. In this work, we systematically investigated the growth of
high-quality NbTiN films with different thicknesses on Si substrates by reactive DC-magnetron sputtering method. After
optimizing the growth conditions, such as the gas pressure, Ar/N; mixture ratio, and sputtering power, we obtained films
with excellent superconducting properties. A high superconducting transition temperature of 15.5 K with narrow transition
width of 0.03 K was obtained in a film of 300 nm thickness with surface roughness of less than 0.2 nm. In an ultra-thin film
of 5 nm thick, we still obtained a transition temperature of 7.6 K. In addition, rapid thermal annealing (RTA) in atmosphere
of nitrogen or nitrogen and hydrogen mixture was studied to improve the film quality. The results showed that 7 and crystal
size of the NbTiN films were remarkably increased by RTA. For ultrathin films, the annealing in N,/H, mixture had better
effect than that in pure Ny. The T;. of 10 nm films improved from 9.6 K to 10.3 K after RTA in N,/H; mixture at 450 °C.

Keywords: superconducting transition temperature, surface roughness, NbTiN film, rapid thermal annealing

PACS: 74.25.—q, 74.25.F—, 74.78.—w

1. Introduction

NbTIN thin films are widely investigated as candidates
for many superconducting devices, including nanowire super-
conducting single photon detectors (SNSPD),!!=#l hot elec-
tron bolometer (HEB) mixers,>~7! superconductor—insulator—
superconductor (SIS) devices in the THz band,®19 and
coplanar waveguide (CPW) superconducting resonators.!!!]
Unlike NbN films, the introduction of the third element can
locally modify the atomic binding energy, leading to elec-
tronic structure and crystal lattice modifications.!!>14] Such
modifications can improve the physical properties such as
the electrical resistivity and the superconducting transition
temperature.!'*! In particular, it has been shown that NbTiN
films surpass NbN films in many aspects for single-photon de-
tectors because of the better uniformity and the smaller kinetic
inductance.!"! In addition, NbTiN presents lower calculated
surface impedance and better surface properties than NbN.

Several methods have been investigated to obtain high
quality NbTiN thin films in the past few years. One of them is
to introduce a buffer layer with the lattice constant similar to
that of both the NbTiN film and the substrate. As a result, the
lattice matching is improved and consequently the film quality
is improved. For example, the AIN buffer layer can greatly
improve the quality of NbTiN films.!'!7! This technique, al-
though very effective, would introduce additional impurities,
which thus degrades the device performance. Another method
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for high quality films is to grow the films on lattice-matched
substrates. The NbTiN thin films fabricated on MgO or sap-
phire substrates usually have the high transition temperature
and the low resistivity compared to those fabricated on Si or
Si0,/Si substrates.[!®!1°1 In many applications, however, the
silicon based substrates are preferred or even necessary for
large-scale integrating due to the compatibility to semicon-
ducting industry.

In the present study, we focused on the optimization of
growth conditions for the NbTiN thin films on SiO,/Si or in-
trinsic Si substrates. In addition, to further improve the super-
conducting properties of the NbTiN films, a rapid thermal an-
nealing (RTA) method was also investigated at different tem-
peratures. Post-annealing can promote the grain growth and
decease the defects and disorders in the thin films, as discussed
in Ref. [20]. However, some other previous results of anneal-
ing of Nb or NbN films showed degraded superconducting
properties, possibly due to the oxygen atoms diffused into the
grains.?! Here, to clarify the annealing mechanism in nitride
thin films, post-annealing of the NbTiN films was studied sys-
tematically. Our study shows that the transition temperature
T. increases evidently after RTA, but the residual resistivity in-
creases too. As a comparison, we tried the thermal annealing
treatment in both N> and N,/H, mixture. The results show that

1. improvement is greater after annealing in N»/H, mixture.
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2. Experiment

Our NDTIN thin films were deposited by reactive DC
magnetron sputtering in a high vacuum chamber with base
pressure down to 2.0 x 1077 Pa. The target was an NbTi al-
loy with nominal compensation of 70% Nb and 30% Ti. The
substrates were SiO,/Si with 500 nm thick SiO; or Si(100)
with high resistivity (> 10 kQ-cm). Before sputtering, the
substrates were pre-cleaned sequentially in acetone, ethanol,
and distilled water by ultrasonic and then dried and degassed
in-situ to over 100 °C for about 12-16 h. After some pre-
sputtering to clean the target surface, the films were then de-
posited in an atmosphere of Ar/N, mixture of about 0.2-1 Pa
with various powers. In addition, for investigating the in-
fluence of annealing, some films were annealed in N atmo-
sphere at 200—1000 °C with a rapid annealing furnace of Accu
Thermo AW410, or in mixed atmosphere of 85% N, and 15%
H; at 100450 °C with a homemade annealing furnace.

The transport properties of the thin films were measured
by the standard four-probe method in a Quantum Design'TM
PPMS system. The lattice structural properties were deter-
mined by an x-ray diffractometer (XRD Ultima IV, Mac Sci-
ence Co., Japan) and surface morphologies were observed
by an atomic force microscope (American Asylum Research,
MFP-3d-SA standard atomic force microscopy).

3. Results and discussion

The deposition parameters, such as the atmosphere pres-
sure, Ar/N, mixture ratio, and sputtering power, can signifi-
cantly influence the quality of the final films. To improve the
superconducting transition temperature and surface smooth-
ness, we systematically varied all these parameters in appro-
priate ranges and did transport, structural, and surface mea-
surements for the corresponding films. Figures 1(a) and 1(b)
show the T;. and surface roughness versus different sputtering
pressures and powers, respectively. All these films were con-
trolled with the thicknesses of about 300 nm.

When the sputtering pressure is low, the mean free path of
the atoms increases and the averaged energy of the atoms en-
hances when hitting the substrates. As a result, the diffusion
rate of atoms on top of the films increases, leading to a smooth
surface morphology. However, if the pressure is lowered, the
stress in the films increases, leading to the increasing of de-
fects and thus the drop of T¢. If the pressure is increased, the
surface roughness increases too. This is because the deposited
atoms do not have enough energy to move to the proper po-
sitions, as a result, form a rough surface. A smooth surface
is particular important for some applications, for example, the
fabrication of superconducting microelectronic devices such
as SIS junction. Kohlstedt et al.!?*! showed that the roughness
of the film surface strongly influences the tunnel barrier forma-

tion and the electrical properties of the barrier. With the opti-
mal sputtering pressure, fairly smooth surfaces with 0.15 nm
roughness were obtained for our 300 nm films.
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Fig. 1. The dependence of superconducting transition temperature 7
and surface roughness on (a) the total Ar and N, gas pressure and (b) the
sputtering power during magnetron sputtering (film thickness 300 nm).

High sputtering power leads to high growth rate of the
films, which avoids the impurity gas contamination, especially
for active elements like Nb, Ti, and so on. As a result, in-
creasing the sputtering power to an appropriate level usually
improves the film quality. However, with the further increase
of the growth rate, atoms will not have enough time to move to
low energy positions before they are buried by newly arrived
atoms. This will generate more defects in the films, thus de-
crease 1. and increase the surface roughness. Our data show
this phenomenon (Fig. 1(b)).

Figure 2(a) shows some typical p—T curves for different
thickness NbTiN films fabricated with optimized sputtering
conditions (the sputtering power was decreased to 40 W for the
ultrathin films when the thicknesses were lower than 30 nm).
The superconducting transition temperature 7. and transition
width AT (the temperature interval of 90%p2q x to 10%p20 k)
as the function of thickness from 5 nm to 300 nm are shown in
Fig. 2(b). Consistent with the behavior of the Nb films,?*! T
increased with the film thickness and was 14.2 K for 100 nm
thickness films. A maximum 7; of 15.5 K was obtained for
300 nm thickness films. The 7. was 7.6 K for the thinnest
5 nm films and 9.6 K for the 10 nm films; to our knowledge
these are fairly good results for ultrathin NbTiN films grown
on Si substrates at room temperature without buffer layer to
decrease the lattice mismatch. The superconducting transition
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widths of our NbTiN films were quite narrow, about 0.07 K
for 100 nm films and 0.03 K for 300 nm films, which indicates
the exceeding uniform of our NbTiN films. Figure 3 shows
the AFM images for films with different thicknesses (under
the same deposition conditions). From the surface morphol-
ogy we could not identify clearly the grains until the thickness
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increased to 300 nm (with grain size about 14 nm). Such sur-
face topography indicates the amorphous growth characteris-
tics because of the ternary elements constitute of the NbTiN
films. The ultralow surface roughnesses, 0.1 nm for 10 nm
film and 0.18 nm for 300 nm films, also show the amorphous
growth mechanism of the NbTiN films.
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Fig. 2. (a) Some representative resistivity versus temperature for different thickness NbTiN films. (b) Superconductor transition temperature
T:. and superconductor transition width AT; (from 90%p» k to 10%p2g k) (inset) for different thickness films.
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Fig. 3. The AFM topographic images of NbTiN thin films with thicknesses of (a) 10 nm, (b) 30 nm, (c) 60 nm, and (d) 300 nm.

To study the effect of thermal treatment on NbTiN thin
films, the NbTiN films of different thickness (10-300 nm)
were annealed by rapid thermal annealing (RTA) method with
temperature ranging from 200 °C to 1000 °C. The annealing
atmosphere was chosen as N, or N»/H, mixture (85% of Ny
and 15% of Hy) for comparison. In pure Ny, the films were
rapidly heated to the settled temperature within 30 s, and held
at that temperature for 10 min, then decreased to 40 °C within
3 min. In Ny/H; mixture, the temperature increased to the
annealing temperature within 180 s, held for 10 min, and then
naturally cooled down to room temperature. Figure 4(a) shows
the x-ray diffraction (XRD) results for the 300 nm films before

and after RTA in N, atmosphere. The [111] and [200] diffrac-
tion peaks were both present for the as-deposited and annealed
films. Increasing the annealing temperature resulted in an in-
crease in the ratio of the [200] and [111] x-ray diffraction line
intensities (see Fig. 4(b)). These results indicate that as the an-
nealing temperature increased, a change in texture from [111]
to [100] took place, which supports Iosad et al. argument!>*]
that the thermalization of films during annealing causes the in-
crease of the atomic energy, resulting in the preferred growth
of [100] direction. The inset of Fig. 4(b) shows the propor-
tional growth of grain size in [200] direction with increasing

annealing temperature. The grain size increased from 14.5 nm
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for the as-deposited films to 22.7 nm after RTA at 1000 °C.
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the function of annealing temperature. The inset shows the grain size
increasing with the RTA temperature.
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Figure 5 shows the resistivity versus temperature curves
of 100 nm films and the change percentage of T. for different
thickness films before and after RTA in N, atmosphere. The
T. of the 100 nm films increased from 14.2 K to 14.8 K af-
ter 1000 °C thermal annealing . The improvement of 7. was
more obviously for the relative thinner films, such as 30 nm
and 60 nm films. After 1000 °C RTA, T. increased about 12%
for 30 nm, 60 nm thin films (11.3 K to 12.7 K for 30 nm films,
12.0 K to 13.5 K for 60 nm films), only 4.5% for 100 nm
films. Along with the increase of 7. after thermal annealing,
we found that the residual resistivity of the films increased
with the increase of the RTA temperature. Such behavior con-
tradicts with the thermal annealing effect of normal metals,
where post-annealing increases the grain size and decreases
the grain boundary scattering, as a result, leads to the decrease
of the resistivity. We believe that this phenomenon may con-
nect with the transport mechanism in nitride films. Chock-
alingam er al. proposed!?! that the T, of NbN films is gov-
erned primarily by the carrier density rather than the disor-
der scattering. The Hall effects were measured for both as-
deposited and 1000 °C RTA in N, atmosphere 300 nm NbTiN
films. The results showed that the carrier density decreased
after RTA, from 1.74 x 10?® ¢/m?> for the as-deposited film to
1.34 x 10?8 ¢/m? for the 1000 °C annealed one. These results
offered a reasonable explanation for the increase of the resis-
tivity after RTA. However, these results could not give hints

for T. enhancement of NbTiN films after RTA. The increase of
grain sizes after RTA may be the reason for the improvement
of superconductivity properties. The discussion in Refs. [23]
and [25] showed that the factor influencing the superconduc-
tivity transition temperature was complex for Nb or NbN films.
For three-element superconductivity material NbTiN films, the
intrinsic mechanism of superconductivity may be more com-
plex, which needs further investigation for more details.
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Fig. 5. (a) The resistivity versus temperature curves of 100 nm films
before and after RTA. (b) The variation percent of 7; before and after
RTA in N, atmosphere for different thickness films.

For the thinner films of 10 nm, the situation changed. We
found that T decreased after annealing at 450 °C in Nj at-
mosphere. When we changed the atmosphere to No/Hp mix-
ture, however, T; kept increasing. These results are shown in
Fig. 6(a). Furthermore, as a comparison, we annealed films of
different thicknesses in these two kinds of atmospheres, and
the results are shown in Fig. 6(b). It can be seen that 7. after
RTA in N»/H, mixture is generally higher than that in Np. As
we know, the main difference of pure N, and N»/H; mixture is
the introduction of deoxidizing hydrogen gas. Post-annealing
in N atmosphere avoids the further oxidation and decreases
the nitrogen defect in nitride films. However, there is usually
a natural oxidized layer on the film surface after it is taken
out from the sputtering chamber. Zhang et al.!?®! showed that
there is an about 1.3 nm thick oxidized layer of Nb,Os, TiO;,
and NbO on top of NbTiN films. We believe that the high tem-
perature thermal treatment induces the surface oxygen atoms
diffusion into the grain boundary, as a result leads to the de-
crease of T; even if the annealing is carried out in N, atmo-
sphere. While the films are treated in a reducing atmosphere,
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in our case, No/H, mixture, hydrogen atoms can take the oxy-
gen atoms from the surface and prevent them diffuse into the
films, resulting in 7. improvement. The ultrathin films were
more sensitive to the influence of the surface oxidized layer
because of the high ratio of the surface layer. The T; of 10 nm
ultrathin films increased from 9.6 K to 10.3 K after RTA in
N3/H; at 450 °C. These results can help us further understand
the surface properties of ultrathin NbTiN films for improving
the performance of NbTiN-based devices.
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Fig. 6. (a) The relationship between superconductor transition temper-
ature and annealing temperature for 10 nm NbTiN films in N, or N»/H,
mixture. (b) The rise of 7 after RTA at 450 °C in two kinds of atmo-
spheres.

4. Conclusion

High quality NbTiN films with high transition tempera-
ture, narrow transition width, and smooth surfaces were fab-
ricated by optimizing the sputtering conditions including the
pressure, No/Ar mixture ratio, and sputtering power. We ob-
tained T;. as high as 15.5 K and AT; as low as 0.03 K in a
300 nm NDbTiIN film on SiO,/Si substrate. We also obtained
T. of 7.6 K in a 5 nm film on intrinsic Si substrate without
extra treatment and the growth of a buffer layer. Rapid ther-
mal annealing after film deposition was carried out in N, or
Ny/H; mixture atmosphere. X-ray diffraction results showed
that the grain size increased with the increase of the anneal-
ing temperature, and the film texture generally changed from

[111] to [100] facet. The T increased evidently after RTA, but
the residual resistivity also increased. As a comparison, we
tried the thermal annealing treatment in both N, and N»/H;
mixed atmospheres. The results showed that 7; improvement
is higher after the treatment in N»/H, mixture.
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