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Preparation and Properties of Niobium Thin Films
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ABSTRACT. Niobium thin films have been prepared by thermal evapora-
tion techniques in a UHV system using an electrostatically focussed elec-
tron beam evaporator. The starting material was MARZ grade niobium,
with 99.999% purity, and in discs 12 mm diameter by 3 mm. Deposition
was, in general, on to thermally oxidised silicon slices with deposition rates
of the order of 2 AS™".

Film properties were examined as a function of film thickness, deposition
rate and substrate temperature during deposition. The critical temperature
(T,) was assessed by four-probe assessment of the sheet resistivity ratio at
room temperature and in liquid nitrogen. These indicated a critical temper-
ature close to the bulk value of 9.2 K appropriate to niobium and, in all
cases, the films were superconducting in liquid helium (4.2 X).

Films of thicknesses < 500 A° revealed T, values < 9.2 K and the film re-
sistivity was significantly greater than should have been expected. This was
thought to be due to incomplete coalescence of the nucleation processes
and a contribution to surface scattering in electron transport.

Introduction

Niobium is not an easy material from which good quality films can be prepared. In
particular, it is a refractory metal with a very high melting point and low vapour pres-
sure requiring an evaporation source temperature of more than 300 K. Much effort
has been invested in order to produce clean niobium films with 7, = 9 K. It is well
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knownl!! that oxygen is the main source for depression of the superconducting prop-
erties of niobium and techniques must be chosen to restrict the oxygen concentra-
tion, < 0.1%, since the depression of T, will then'be < 0.1 K.

It is well known that, if unit sticking probability is assumed, a monolayer of adsor-
bate will be formed approximately per second? if the partial pressure of the adsorb-
ing species is 107® mbar. Since the film growth rate of the niobium is only expected to
be of the order of a monolayer every 10 seconds it is clear that the oxygen partial
pressure must be less than 10~° mbar. Such a pressure requires the most stringent
vacuum environment which is the reason that UHV techniques were chosen.

Experimental

Niobium is a metal that getters gaseous species when it is freshly deposited on to a
surface with the result that its superconducting properties may be adversely affected
and render it useless for any superconducting application®). This imposes the need
for a clean deposition environment so that a UHV system has been purposely de-
signed for the task.

Figure 1 shows, schematically, the arrangement of the UHV system that was de-
veloped. It is essentially comprised of two chambers interconnected by a gate valve
so that they can be individually pumped to prevent cross contamination. One of the
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FiG. 1. Schematic diagram for UHV system.
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chambers is continuously maintained at UHV by pumping with a combination of a
250 Is~! diode ion pump which is supported, during metal layer deposition, with a
liquid nitrogen baffled titanium sublimation pump. The sublimation pump has an ef-
fective speed of 1000 /s~! which makes it ideal to keep the pressure low during any
high gas load phase, such as evaporation.

The evaporation sources are maintained above the baffle for the sublimation
pump and below a further liquid nitrogen cooled baffle which has holes to allow the
evaporant to reach the substrate. In this way the substrate is always maintained in a
clean environment with minimal chance of contamination.

Substrates are entered into the system using a diffusion pumped preparation
chamber. This pump has a combination liquid nitrogen trap and bakeable valve
which allows rapid, clean pump down from atmosphere and the facility for handling
high gas loads. It is also capable of coping with inert gases which makes it com-
plementary to the ion pump used in the deposition chamber.

Bakeout of both chambers is achieved using internally mounted quartz halogen
lamps which offer a rapid and convenient way of cleaning the system. Figure 2 shows
a typical mass spectrum of the residual gases, taken with a VSW Scientific Instru-
ments Ltd. Micromass quadrupole mass spectrometer, within the preparation
chamber where the background requirements are less stringent. It indicates that the
system is essentially free from contaminants except hydrogen, water and some hyd-
rocarbons.

Except for hydrogen, no species has a partial pressure of more than 107" mbar,
and there is no indication of the presence of oxygen which is the species most con-
cern. The spectrum was taken with the sample heated to an elevated temperature of
310°C when the gas load would be expected to be at its worst. Indeed, this explains
the presence of hydrocarbons which are most probably release from the coating of
the leads used to carry the electrical current to the sample heater.

Resuits and Discussion

The effect of substrate heating during deposition has indicated that the quality of
the film is substantially improved over the cases of substrates at room temperature.
An established quality factor is the critical temperature of the film which was found
tobe 9.2 K.

Measurement of this for a number of films is tedious, so advantage has been taken
of the finding that the film sheet resistance ratio of measurement at room tempera-
ture and 77 K can be correlated with critical temperature 1 It hasbeen reported that
a ratio in excess of 2 can be correlated to a critical temperature of pure niobium.

Experiments were carried out for two dlfferent substrate temperatures, 50°C and
300°C, with total pressure of the order of 10” ® mbar. The thickness of the deposited
film is monitored with a quartz crystal, water cooled, placed inside the vacuum
chamber. Films of about 500, 1000 and 2000 A° were deposited on SiO, substrates.
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FIG. 2. Typicél residual gas spectrum with V.S.W. quadruplé mass ahalyser. Tc;tal pressure 5 X 107"
m.bar, S.EM. 107 m - bar.

Figures 3 and 4 show SEM micrographs of two films with thicknesses of 500 and
2000 A°, respectively. As indicated in Figure 4 the film shows some residual structure
from the substrate indicating that the grain size is of the order of the film thickness.
There are also indications of discontinuity in the film thickness and that the films are
not very smooth.

X-ray examination shows that both films have a polycrystalline structure. It is ob-
served that the thinner films are more heavily influenced by the substrate surface
but, as film thickness increases (> 2000 A°) continuous films (with no substrate influ-
ence) were obtained.

Electrical measurements of the thinnest films showed very poor resistance ratios of
less than unity even when the film was prepared at very high substrate temperatures.
Figure 5 shows the current-voltage characteristics, measured at various tempera-
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FIG. 4. S.E.M. micrograph of NB films with thickness of 500 A°.
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F1G6. 5. The current-voltage characteristics, measured at (0) 4.2, (&) 77, (A) 300°K, of the Nb film with
300°C substrate temperature.

tures using the four terminal method, for fitms of 2000 A° thicknes and prepared at a
substrate temperature of 300°C. The results indicate an excellent ratio of 2.251).

Similar measurements have been done to films prepared with the same thickness
but for various substrate temperatures during growth. As an example for niobium
film of 50°C substrate temperature, the corresponding (current-voltage) values mea-
sured at 4.2, 77 and 300°K are (105,0.1), (105,1.85) and (105p.A; 2.4 mV), respec-
tively. A disappointing resistivity ratio of 1.3 was obtained. This is consistent with
the depression of the critical temperature of niobium thin films due to use of low sub-
strate temperature!®7). Thus the higher substrate temperature of 300°C is favourable.

Conclusion

In order to grow high quality niobium films, at least three parameters must be con-
sidered which are substrate temperature, residual gas pressure and film thickness. It
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has been found that these parameters are crucial in determining the film quality. The
present study has shown that the best quality films have been obtained at a substrate
temperature of 300°C and a thickness of 2000A°.
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