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Abstract

Niobium films with constant thickness have been deposited on sapphire (1120) by electron-beam evaporation at
different substrate temperatures (150 °C < T < 750 °C). The samples were characterized by X-ray diffraction and
resistivity measurements. X-ray reflectivity shows that all films are covered with an oxide layer of about 20 A in
ambient atmosphere. The (110) texture at high 7 decreases towards lower Ty, accompanied by an increasing
surface roughness. Below T = 350 °C the grain size in the growth direction becomes smaller than the film thickness
and a relaxation of intrinsic stress is observed. A transition from a columnar growth structure to a fine grained
microstructure is inferred. The change of the microstructure with T is probably due to the temperature dependent

grain boundary mobility during the deposition process.

1. Introduction

The preparation of thin niobium films on sapphire is
a subject of continuing interest for the study of super-
conductivity and epitaxial growth [1-7]. The electrical
transport porperties and the superconducting transition
temperature 7, depend strongly on substrate orienta-
tion and film thickness D. An influence of 75 on the
resistivity of Nb films has been reported for T =450-
750 °C [6]. For thin Nb films (D <40 A) on sapphire
(1702), strained-layer epitaxy was observed when the
substrate was cleaned by ion bombardment prior to the
deposition [7].

The crucial influence of T on the microstructure of
thin metallic films has been observed for many film/sub-
strate combinations [8-10]. An empirical scheme was
proposed, in which the type of grain growth and mi-
crostructure in vapour-deposited films is classified in
different zones depending on the reduced temperature
Ts/Ty (T, melting temperature) [8-10]. This struc-
ture-zone model has been supported by computer simu-
lations [11, 12] and has become a general classification
scheme for the study of many film properties including
hardness, corrosion and electrical conductivity.

In order to elucidate the influence of Tg on the
growth morphology of Nb, we investigated in detail the
structure of vapour-deposited films on sapphire pre-
pared at different T values and constant film thickness.
Our results are complemented by measurements of the
electrical resistivity and superconducting transition tem-
perature as functions of 7.
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2. Experimental details

Films of thickness 250 A were grown on sapphire
(1120) in an ultra-high vacuum system by electron-
beam evaporation of high purity niobium (99.99%,
Metallwerk Plansee, Reutte, Austria). The details of the
system have been described elsewhere [13]. Prior to the
deposition process the substrate was heated, sputter
etched and annealed to obtain a clean single-crystalline
surface as checked by Auger analysis. The molybdenum
sample holder could be heated to substrate tempera-
tures up to 750 °C controlled by a W/Re thermocouple.
Thickness and deposition rate (typically 1 As™') were
controlled with a quartz crystal monitor.

The epitaxial relationship between sapphire and nio-
bium has been reported by several authors [3-6]. On
sapphire (1120), Nb grows parallel to the (110) lattice
planes with an in-plane orientation of the two orthogo-
nal axes Nb [T11]||A1,O, [0001] and Nb [112]]|AL, O,
[1T00]. The misfit strain between sapphire and Nb, i.e.
1% and 2% tensile strain in the growth plane along the
sapphire [0001] and [1100] directions, is relaxed in films
with D larger than the critical thickness (about 100 A)
for pseudomorphic growth by the formation of misfit
dislocations [14].

Structural characterization was done ex situ by
means of X-ray diffraction in a conventional powder
diffractometer (Siemens D 500). CuKax radiation
(A = 1.54 A) was collimated with slits of 0.1° and 0.018°
width in the incident and diffracted beams respectively.
The graphite secondary monochromator reduced only
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the background and K, radiation, not the contribution
of the Ka, line. The resolution of the diffractometer was
A20 =0.03° at 20 =37.8° as obtained from the re-
solved Ku, line width of the sapphire (1120) reflection.

Longitudinal scans (Bragg scans) of the Nb (110)
reflection with the scattering vector parallel to the
growth direction where performed in ©/2@ mode. For
measuring the rocking curves (transverse scans, where
the scattering vector of constant absolute value runs
almost parallel to the surface) the scintillation counter
was set fixed at the Bragg position @5 and the sample
was rotated in © with the rocking angle w =20 — 20,.

The electrical resistivity and superconducting transi-
tion temperature were measured with an a.c. bridge and
four-point probe method. The temperature was con-
trolled with a calibrated carbon-glass thermometer with
an accuracy of 10 mK at 10 K.

3. Results

3.1. Bragg scattering

Figure 1 shows a selection of representative scans for
the (110) reflection with a logarithmic intensity scale for
different substrate temperatures T,. The low-® side of
the Bragg peak is not shown because of the vicinity of
the strong substrate reflection. The high-® side exhibits
the so-called Laue oscillations, which are most pro-
nounced for the highest 75 (750 °C). These oscillations
arise from the finite number of coherently scattering
planes and have also been found in other epitaxial films
[15, 16). For thin single-crystalline films where the
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Fig. 1. X-ray diffraction scans of 250 A Nb films prepared at different
substrate temperatures Tg. The intensity is plotted on a log scale. The
solid line is a calculation of the line profile after eqn. (1).

coherent scattering distance (i.e. grain size) in the
growth direction is equal to the film thickness, the
period of the Laue oscillations allows a direct determi-
nation of the film thickness. A fluctuation of the coher-
ent scattering distance due to surface and/or interface
roughness leads to a damping of the oscillation ampli-
tude with increasing distance from the fundamental
Bragg reflection. Figure 1 clearly shows that the rough-
ness increases with decreasing T, as expected from the
fact that epitaxial films of high quality are usually
deposited at enhanced temperatures to promote surface
diffusion and thus smooth film growth.

For a more quantitative analysis, the scattered inten-
sity was calculated. Roughness was taken into account
by a Gaussian distribution of the number of coherently
scattering lattice planes and an incoherent superposi-
tion of each Laue function [16].

Ik) ~ ; (1/a)expl —(N — Ny)?/o?]

x sin®(kNd|[2)/ sin®(kd[2) N

where k = 4n sin @// is the absolute value of the scat-
tering vector, N, is the average number of scattering
planes with a distance d, and ¢ is the width of the
distribution. Peak broadening due to the Ka doublet
was introduced by convoluting eqn. (1) with the instru-
mental function (resolved Ka doublet of the substrate
reflection). The solid lines in Fig. 1 represent the calcu-
lated intensity with appropriate parameters d, ¢ and N,.
These parameters can be obtained with some reliability
because each one has a distinctive influence on the
diffraction pattern: d corresponds to the angular posi-
tion of the Bragg reflection and N, and ¢ determine the
period and damping respectively of the oscillations. The
calculations describe the maxima of the Bragg peak and
Laue oscillations quite well, although the sharp minima
are not fully reproduced experimentally, possibly be-
cause of the presence of inhomogeneous strains. This
should be checked with high-resolution X-ray diffrac-
tion. Very good agreement with the theoretical pattern
has been obtained for Co films on sapphire using
high-resolution X-ray diffraction [16]. The observed
behaviour is not altered when the diffuse background
scattering is subtracted. A sudden wash-out of the
oscillations is clearly seen on going from 350 °C to
300 °C.

The lattice parameter d, the average size of coherent
scattering grains in the growth direction N,d, and the
roughness parameter ¢ are plotted vs. T in Fig. 2. At
750 °C, d is nearly equal to the bulk value (2.3325 A).
For lower Ty, d decreases towards a minimum at
Ts = 300 °C, corresponding to a maximum compression
of ¢ & — 1.5% in the growth direction. A steep increase
of d to the bulk value occurs with further decreasing
Ts. The effect of different thermal expansion coefficients
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Fig. 2. (a) Lattice constant d,,,, (b) grain size Nyd, (c) width of the
grain size distribution ¢ as obtained from the profile calculation (eqn.
1) vs. substrate temperature 7.

between substrate and film [17] yields a very small
tensile strain which cannot explain this behaviour. The
variation must be attributed to a different generation
and relaxation of growth stress (intrinsic stress) at low
and high Ts. Epitaxial strains can be neglected for
D > 100 A [14] as mentioned above.

At high Tg, Nyd is almost equal to the film thickness
(Fig. 2(b)), representing the growth of epitaxial grains
connecting the film boundaries with an average rough-
ness of the substrate—film and film-air interfaces of
about 10 A, which increases with decreasing T (Fig.
2(c)). When the grain size falls below the film thickness
(T5 < 450 °C), there is more than one grain connecting
the two film boundaries and o is a measure of the
variation of grain sizes in the film rather than a measure
of surface roughness. This is suggested by the steep
increase of ¢ towards the lowest Ty.

Figure 3 shows the rocking curve of the Nb (110)
reflection for T = 750 °C, which exhibits a two-compo-
nent line shape. The narrow component with a full
width at half maximum (FWHM) Aw, =0.03° is reso-
lution limited. The broad background has an FWHM
of Aw =~ 0.5°. This kind of profile has been observed for
all films with, however, a change of the intensity ratio P
between the integrated intensities of the narrow and
broad components. Neglecting a contribution from the
orientational distribution of epitaxial crystallites (mosa-
icity), the width of the rocking curve gives the lower
limit for the lateral domain size L = 1/2Aw sin @ [17].
We obtain L, >4500A from the narrow and
L, >270 A from the broad component.

The occurrence of a two-component rocking curve
has also been reported by Reimer e al. for Nb films
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Fig. 3. Rocking curve of a 250 A Nb film deposited at T = 750 °C.
The intensity is plotted on a log scale.
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Fig. 4. (a) Widths (FWHM) of the narrow and broad component of
the rocking curves: O, Aw, x5, @, Aw,; (b) intensity ratio P
between the integrated intensities of the narrow and broad compo-
nent.

950-3000 A and T = 850 °C, using high resolution X-
ray diffraction [18]. They suggested that the narrow
component is due to grains with their lattice planes
strongly coupled to the substrate, whereas the broad
component represents the “bulklike” portion of the
film, i.e. independent grains not coupled to the sub-
strate. Both contributions seemed to originate from the
same depth region with the same vertical coherence
length.

The effect of T5 on P and the line widths Aw, and
Aw, is shown in Fig. 4. Aw, is independent of the film
thickness for all 7g. The increase in Aw, and the
accompanying decrease in P when the film is deposited
at lower Tg can be interpreted as a variation of grain
size and texture, with the tendency to prevent the
growth of epitaxial grains strongly coupled to the sub-
strate at the expense of the bulklike portion. The strong
variation of all parameters at about Tg = 300 °C, corre-
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Fig. 5. Small angle X-ray reflectivity for two Nb films prepared at
high and low Tg. The intensity is plotted on a log scale. The broken
lines show the calculated refiectivity.

sponding to T5/Ty =022 (melting temperature
Ty =2741 K) seems to be due to a change in the
microstructure of the films.

3.2. Small angle scattering

X-ray reflectivity measurements at small angles
provide information about the electron density profile
normal to the film independent of the crystalline struc-
ture. Figure 5 shows the reflected intensity in a logarith-
mic scale for scattering angles larger than the critical
angle of total external reflection (®(Nb) = 0.39°). The
diagram was obtained by joining several patterns with
different beam power to ensure that the error introduced
by the dead time of the scintillation counter (1 ps) is
small. The data do not change much when the diffuse
background is substracted. Several interference maxima
are visible. An oxide layer, which unavoidably builds up
on the film surface in ambient atmosphere, yields a kind
of “beating” which is best observed for Ty =750 °C.
Again, film roughness causes a damping of the oscilla-
tions with increasing angle as compared with the ideal
case of a perfectly flat surface.

In order to estimate the thickness of the oxide layer
and the amplitude of roughness, the data were compared
to a theoretical fit. The reflectivity of a smooth film
covered with an oxide layer on a substrate of infinite
thickness was calculated with a recursion formula of
Parratt [19]. The oxidation of Nb at room temperature
has been studied in detail by Halbritter {20, 21]. In
general Nb is coated with about one monolayer NbO
and up to 20 A Nb,Os. The nucleation of Nb,O;
crystallites introduces large strains into the interface
because of a volume increase by more than a factor of
3. This strain is relaxed by NbOg precipitations at the
interface and by a serration of the Nb surface.

Therefore we assumed the formation of Nb,O;s for the
calculation of the reflectivity. Roughness was taken into
account after the model of Névot and Croce [22],
yielding a modified Fresnel reflectivity for each interface.
The calculation can be extended for the case of metallic
multilayers {23]. Figure 5 shows a comparison between
the measurement and the model. From the calculated
intensity we obtain an oxide layer thickness of 19-24 A
for all samples. This is in good agreement with the
superconducting and XPS measurements [20, 21].

For Tg = 750 °C the Nb layer thickness agrees within
3% with the crystallite size as estimated from the Laue
oscillations. The surprising result is that the roughness
parameters do not depend crucially on T. Best fits were
obtained with o, =1A, o, =9A and oy, =9A
(Ts =750 °C) or 13 A (250 °C). For Tg=750"°C the
overall roughness is nearly equal to ¢ obtained from the
Bragg scattering. The small roughness at lower T
(250 °C) seems contradictory to what is expected from
the limited adatom mobility at low T. A simple expla-
nation is that the two methods, i.e. reflectivity and Bragg
scattering, measure different properties. The Laue oscil-
lations give an estimate of the variation of grain sizes in
the growth direction, whereas the reflectivity is sensitive
only to the roughness amplitude of the two film
boundaries. In addition it should be mentioned that the
model of Névot and Croce is applicable only to Gaus-
sian height—height correlations. This simple assumption
seems not to be valid for the oxidized Nb surface since
the serration yields a more complicated surface profile.

3.3. Electrical resistivity
Figure 6 shows the residual electrical resistivity p, at
T =10 K vs. substrate temperature 7. Our data extrap-

15 T T T
T T T 3 -
- | 4
— —_ [~ @ 1 4
= ¥g [ . 1 -
~ 10 o | e 4 -
ETF o F [ ¢ . o] -
c - - ‘~_. -
3 o 1 | 1 -
s |} ) 104
¢ 5 Q10 (HQem) -
0 i 1 1
0 500 1000
Tg (°C)

Fig. 6. Residual resistivity p,q at T=10K vs. Tg: (@) this work;
(W) D=2600A [24]; ([Z) d=6000A [4]. The inset shows the
dependence of the superconducting transition temperature 7, on p,q.
The broken line shows the universal behaviour for 1500 A Nb films
after ref. 27.
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trapolate well to the data of Nb films with higher
Ts =850 °C and D = 100-6000 A [4, 5].

In general, the residual resitivity of thin films is
influenced by scattering of conduction electrons from
several kinds of defect such as point defects, disloca-
tions, grain boundaries, and the film surfaces [25].
Scattering at the film surfaces is usually interpreted in
terms of the Fuchs-Sondheimer theory, leading to a
thickness dependent contribution p(D). In addition,
grain-boundary scattering has to be taken into account
in most cases [26]. Although there may be other contri-
butions to the resistivity that depend on Ty, such as the
shape and orientation of the crystallites, the overall
behavior of p,, with T can easily be explained by a
decreasing grain size with decreasing temperature in
agreement with the X-ray diffraction analysis.

The dependence of the resistivity on T could also be
due to different amounts of Nb oxides when the sam-
ples are exposed in air. It has been shown that the
serration by oxidation is enhanced when defects in the
upper Nb,Os layer come into play. These defects are
nucleated by defects of the initially unexposed Nb
surface [20, 21]. Therefore, in any case the origin of the
dependence of p,o(7Ts) is an increasing defect density of
the original Nb film with decreasing T.

The superconducting transition temperature 7 is di-
rectly related to p,o (see inset of Fig. 6). Our data are
close to the “universal plot” T (p,,) reported by Park
et al. [27] (broken line), which was obtained for 1500 A
Nb films, each prepared in a different manner under
various evaporation conditions in order to vary the
structural quality. This line describes also the data of
N--ion implanted Nb films [28]. For p,, < 100 pQ cm
the depression of 7, has been attributed to the broaden-
ing of the single-particle density of states at the Fermi
level with increasing disorder. The good agreement
between the data shows nicely the influence of disorder
introduced by the growth process. Concerning the oxide
layer, it has been shown that 7, was lowered only for
D < 100 A. Localization effects are found to be impor-
tant for much larger residual resistivities above
100 uQ cm [28).

4. Discussion

The strong variation of the structural data with T
implies a change in the microstructure of the Nb films
depending on substrate temperature. There has been a
lot of experimental work on the grain structure of
vapour-deposited metallic films. For thick deposits and
high deposition rates (R > 100 A s~'), three tempera-
ture zones have been found, each of which is character-
ized by a different type of microstructure [9, 10]. For
Ts <0.3T, (zone I), film growth proceeds by ballistic

aggregation and the internal structure is porous and
contains a high dislocation density. For 0.3 < T3 < 0.5
(zone II), columnar grains which extend vertically
through the film thickness are formed. The lateral grain
size increases with increasing T and the microstructure
is mainly controlled by a large surface diffusion. This
columnar structure is most clearly seen for oblique
incidence of the vapour beam, but has also been found
for normal incidence [29]. For higher Tg > 0.5T, (zone
III), the film consists of large grains with a diameter
exceeding the film thickness.

Although this classification scheme has been applied
for high deposition rates, a computer simulation shows
that the transition temperature 7, between zones I and
II depends on the deposition rate [11]. The slower
surface diffusion at lower 75 can be compensated by a
larger time for the migration of adatoms to build up a
monolayer. From the experimentally established
boundary temperature T, ~0.3Ty for R ~ 1000 A s~',
a smaller T, ~ 0.217,, is obtained for R =1As~'[11].
The almost perfect agreement with the transition at
Ts = 0.22T,, for the Nb films should not be taken too
seriously, but shows that the zone model should also be
applicable for lower deposition rates.

A further study on the grain structure of several
evaporated films proposes a refinement of the zone
model and takes into account a gradual transition
between I and II with a bimodal grain size distribution
of large grains surrounded by grains of the same size
found at lower T [8]. The variation of grain structure
with Ty was explained by a dual process of grain
growth and granular epitaxy during the deposition
process. The important variable is the mobility of
the individual grain boundaries, which is influenced
by the substrate temperature. This model is able to
explain the observed grain structures in many metallic
films [8].

In comparison with the results of the Nb films, we
conclude that a columnar grain structure with a smooth
surface builds up for high temperatures with a grain
size in the growth direction equal to the film thickness.
From the resistivity data we suppose that the lateral
grain size in this regime is larger than D. By lowering
Ts one enters the transition zone around 7g = 300 °C,
in which the grain structure contains a bimodal distri-
bution of columns and fine equiaxed grains and the
average grain size Nyd decreases steeply. The aligned
growth in the (110) direction persists at low tempera-
tures because the texture is determined by the early
stages of growth on the substrate and only the angular
distribution changes.

The observed compression of the lattice parameter
for 300 °C < T4 < 750 °C corresponds to a tensile strain
in the film plane due to the Poisson’s ratio. Intrinsic
stresses have been also observed for other metallic films
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[30]. In Nb films a specific relaxation process seems to
occur around 300 °C. Such a relaxation mechanism
could be associated with the change of the grain struc-
ture. In the columnar regime only the film boundaries
serve as sinks and sources for vacancies [31]. The
generated stress increases with decreasing temperature
due to the decreasing atom mobility. For T < 300 °C
the presence of grain boundaries parallel to the film sur-
face and the refinement of the grain structure probably
allows a stress relaxation via grain boundary diffusion
[31]. However, a detailed investigation of the stress be-
haviour must be conducted to confirm this suggestion.

In conclusion, we found a correlated variation of
several structural parameters with substrate tempera-
ture T5. This is explained by a change of the micro-
structure due to the effect of 75 on the grain growth
and grain boundary mobility. The behaviour seems to
be universal for many metallic films when compared
with the reduced temperature Tg/Ty [8]. The disorder
introduced by the growth process at low T also influ-
ences the resistivity and superconducting transition
temperature 7.
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