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The effect of substrate temperature,
deposition rate and annealing on the
electrical resistivity of thin yttrium films

M. A. ANGADI

Department of Physics, The University of the West Indies, St. Augustine, Trinidad,

West Indies
P. V. ASHRIT*

Department of Physics, Karnatak University, Dharwad 580 003, India

The effect of substrate temperature, deposition rate and annealing on the electrical
resistivity of thin yttrium films in the thickness range 10 to 80 nm is reported. The
resistivity of films decreases at higher deposition rates and substrate temperatures. These
experimental results are analysed using the Fuchs—Sondheimer and Mayadas—Shatzkes
theories. The annealing behaviour of yttrium films is in agreement with the Vand theory.

1. Introduction

The majority of the physical properties of thin
films utilized in practical application depend to a
great extent on the structure of the film. It is,
therefore, important to know how the deposition
parameters influence the structure of the film dur-
ing its growth. It is reported [1-7] that the
deposition parameters such as substrate tempera-
ture, deposition rate, d.c. electric field and sub-
strates affect the structural and the electrical
properties of many rare earth metal films. In
addition to these deposition parameters, annealing
films in a very high vacuum for a sufficiently long
time also influences the structure of the films and
hence their electrical properties. It is well known
that a large number of point, linear and planar
defects are frozen in during the atomic conden-
sation process in the vapour deposition of a metal-
lic film [8]. The nature and the concentration of
the structural defects in each crystallite of a poly-
crystalline film depend on the deposition con-
ditions and the film thickness. Prolonged anneal-
ing, in vacuum, reduces the film resistance, due to
the elimination of the various defects incorporated
in the film structure during growth. The effect of
annealing on the electrical resistivity of rare earth
films is quite complicated since these films are

quite susceptible to oxidation. In this paper we
report on the effect of substrate temperature,
deposition rate and annealing on yttrium films in
the thickness range 10 to 80 nm. We have already
reported on the electrical resistivity [9] and tem-
perature coefficient of resistance [7] of thin
yttrium films.

2. Experimental details
Yttrium of purity 99.95% (obtained from Leico
Industries, New York, USA) was evaporated from
a tungsten basket at a pressure of 107torr onto
optically flat glass substrates. These substrates prior
to the film deposition, were subjected to uitra-
sonic, chemical and ionic bombardment cleaning.
The thickness measurements were done using a
quartz crystal thickness meter and later verified by
a gravimetric method for higher film thicknesses.
The electrical measurements were done in situ
using the standard four-probe technique. A
chromel—alumel thermocouple held close to the
substrate was used to monitor the substrate tem-
perature. The in situ annealing of the film was
carried out by heating the film to a required tem-
perature and then maintaining it at that tempera-
ture for several hours. Other experimental details
are given elsewhere [10].
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3. Theory
The electrical resistivity of thin films, according to
the Fuchs—Sondheimer (FS) theory can be expres-
sed as [11],

p = po [1 +g3>:(1—p)] A>01 (1)

where p is the resistivity of the film, po that of an
infinitely thick film, XA is the ratio of the film
thickness 7, to the mean free path [ of the bulk and
p is the specularity parameter. Our experimental
data can be interpreted using FS theory only at
higher film thicknesses but there is a considerable
discrepancy between theory and experimental data
at lower thicknesses.

This discrepancy can be accounted for if the
Mayadas—Shatzkes (MS) theory [12] is used to
analyse the experimental data at lower film thick-
nesses. Mayadas and Shatzkes [12] have shown
that the thickness dependence of the electrical
resistivity is not only due to the Fuchs size effect
but also due to the grain boundary scattering of
the conduction electrons. The simple expression
for the total resistivity of the film based on the
MS theory is,

P = po ()

3
1+38+.0 —P)J

where B=({/D}R/(1 —R)], ! is the mean free
path of the electrons in the bulk, D is the average
grain diameter and R is the grain boundary reflec-
tion coefficient.

Taking surface correction into account
Falkovsky [13], modified Equation 2, as follows:

p= po{[—%\ (3f_+R1) a —p)}

1/2 -1
1+2A 1
+ {3\ | s tan M ) — 1 3
e )] e
According to Matthiessen’s rule the resistance of

the film is given by,
R' = Rt + Ri

4)

where Ry and R; are resistances due to electron—
phonon interaction and defects in the lattice, res-
pectively. For analysing the resistance behaviour
with temperature, Vand [14] considered three
types of defects (i) lattice vacancies (ii) interstitial
atoms and (iii) combined vacancies and inter-
stitials. The first two types of defects need a high
activation energy since their elimination is by long
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range displacement to the surface. If the defects
are of the combined type they would annihilate by
short range diffusion, thus requiring a lower activa-
tion energy. The activation energy for such proces-
ses can be calculated by using relation,

R' = Roexp(E/2kT) ()

where R’ is the resistance of the sample at tem-
perature T and R, is a constant. Hence a plot of
logR' against 1/7 gives the value of the activation
energy F.

Thin films during their deposition, in general,
contain a host of structural defects. This repre-
sents a considerable departure from equilibrium
and hence some of these defects will anneal out of
the film on the application of a mild heat treat-
ment. In many cases this leads to a decrease in the
film resistivity. In certain instances, however,
annealing in vacuum leads to an increase in resist-
ivity becasue of the effects of oxidation and/or
agglomeration. The density of defectsin a film is a
function of the thermal history, i.e. the previous
highest temperature attained by the film above the
temperature of its deposition. The changes
brought about in the resistance of the film can be
represented by the curve shown in Fig. 1 due to
Vand [14]. Along the region AB, the resistance
shows a linear behaviour. The actual elimination of
defects starts at the temperature, at B, which is
roughly the temperature at which the film is
deposited. After point B, the change in resistance
is irreversible, i.e. if the temperature is reduced,
the resistance does not trace back through the pre-
vious path but reduces along the straight line CG,
parallel to AB. Hence at this point G, the resist-
ance is given by R;, the resistance due to the
defects. If the heating is carried on further, the
removal of defects takes place till point F, after
which the film starts melting. If the film is com-
pletely exhausted of defects at a point, say D
(annealing temperature), then the resistance is
only the R; part, arising due to the scattering of
electrons from the thermal oscillations of the
lattice. Hence at absolute zero, this part reduces to
Zero.

4. Experimental results

Fig. 2 shows the thickness dependence of the resis-
tivity curves of yttrium films in the thickness
range 10 to 80nm for three substrate tempera-
tures, 22, 100 and 160°C. All these films were
deposited at the same rate of 0.5 nmsec™ . It is



Figure 1 The temperature de-
pendence of resistance in metal-
B lic films.
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interesting to note from this figure that the resist-
ivity is independent of the substrate temperature
at higher film thicknesses (> 65 nm). However, at
lower thicknesses, the films deposited at higher
substrate temperatures show a lower resistivity
than those deposited at room temperature (22° C).
The resistivity of the films deposited at the sub-
strate temperatures 100 and 160°C are compar-
able in magnitude.

Fig. 3 shows resistivity against the inverse of
thickness. This plot according to Equation 1 yields
po as 175ufQem, and /(1 —p) as 95.2 nm. Using
these values, Equation 1 has been plotted for dif-
ferent values of p, assuming total diffuse scatter-

ing. The films deposited at higher substrate tem-
peratures show a resistivity behaviour in good
agreement with the FS theory (curve b, Fig. 2) for
a p value of 0.25. However, the films deposited at
room temperature, although they deviate from the
FS theory at lower thicknesses, show good agree-
ment with it at higher thicknesses (> 65nm).
Using the same values of /(1 —p) and the specu-
larity parameter p, Equation 3 was plotted for dif-
ferent values of the grain boundary reflection co-
efficient, R, to see whether the higher values of
the electrical resistivity of the films deposited at
room temperature (22°C) can be explained by the
grain boundary scattering of the conduction elec-

Figure 2 Thickness dependence
of resistivity curves of yttrium
films for different substrate
temperatures. The experimental
points are shown by @, @ and 4
for the substrate temperatures,
22, 100 and 160°C, respec-
tively. The continuous line b
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Figure 3 p against 1/t plot for yttrium films
deposited at higher substrate temperatures, 100
and 160° C. The experimental points are shown
by e and 4 for 100 and 160° C, respectively.
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trons. We find that the modified MS Equation 3, is
indeed in good agreement with our experimental
data for a R value of 0.28.

Fig. 4 shows the thickness dependence of resist-
ivity for yttrium films grown with deposition rates
of 0.5 and 1.5 nmsec™". The films deposited at a
lower rate (0.5 nmsec™') have much higher resist-
ivities compared to those deposited at 1.5nm
sec’’. The resistivity data of yttrium films
deposited at 1.5nmsec™® is in good agreement
with the FS theory (for p = 0.5) while the data for
the lower deposition rate is in agreement with the
MS theory (Equation 3) for an R value of 0.28 and
ap value of 0.5.

The annealing behaviour of yttrium films of
thickness 50 and 70 nm is shown in Fig. 5. In case
of the 50nm thickness film, the film resistance

initially increases along the curve A'B’. This
increase is a reversible one. At point B', the resist-
ance starts decreasing along the region B'C'D'.
However, after reaching the point D', this film
exhibits a peculiar behaviour. After reaching the
minimum resistance value at D', the resistance
starts increasing either with an increase or decrease
in temperature. This change is shown along the
dashed lines D'E; and D'F’. The change in resist-
ance after point D' is irreversible in the case of
yttrium film of thickness 50nm. Film of 70 nm
thickness shows a similar behaviour in the initial
stages. The film resistance increases along AB
which is again a reversible region. The resistance
then starts decreasing along BCD. With a further
increase in temperature, the resistance increases
along DE. However, with a decrease in tempera-
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Figure 4 Thickness dependence
of resistivity curves of yttrium
films for different deposition
rates. The experimental points
are shown by @ and e for the
deposition rates, 0.5 and 1.5

! respectively. Curve a,

0.5nm sec™

nm sec”,
shows MS theoretical curve and
curve b, shows FS theoretical

hd ~1
1.5 nm sec’
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curve for the deposition rates
0.5 and l.5nmsec™, respec-

tively.
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Figure 5 Variation of film
resistance (R") with tempera-
ture for yttrium films of thick-
| nesses, 50 and 70 nm.
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ture, the resistance decreases along DF. But this
decrease in resistance is extremely small compared
to other regions of this plot.

The activation energies involved in the elimina-
tion of defects have been calculated in two
yttrium films using Equation S. The activation
energies are 0.18 and 0.19eV for the films of
thickness 50 and 70 nru, respectively.

We have studied the effect of d.c. electric field
up to 150Vem™ applied during the film
deposition, on the electrical resistivity of yttrium
films. We have not noticed any change in resist-
ance for all film thicknesses.

5. Discussion of experimental results

The substrate temperature has considerable effect
on the electrical resistivity at lower thicknesses
(< 60 nm) while it has no effect at higher thick-
nesses. The effect of substrate temperature on the
electrical resistivity may be attributed to two com-
peting factors, (a) the decrease of the resistivity
due to the increase in mobility of atoms and (b)
the increase in the resistivity due to the persistance
of an island or grain-like structure for a suf-
ficiently long time before the formation of con-
tinuous film. Therefore, the net result of the
effect, depends on which of the two factors
dominate the process. The fact that the resistivity
of yttrium films greater than 60 nm is not affected
by the substrate temperature suggests that these
two competing factors cancel each other. The
decrease in resistivity at lower thicknesses for
higher substrate temperature = has also been
reported for manganese [15] and palladium [16].

The increase in resistivity at the higher substrate
temperature has also been reported for many
metallic films [17—21]. It has been reported that
the increase in resistivity at the higher substrate
temperature occurs in only those films which
exhibit a large formation of a grainike structure
at lower thicknesses. In view of this, most of these
films also exhibit a negative temperature coef-
ficient of resistance at lower thicknesses [22—24].
Yttrium films do not show a grain-like structure at
low thicknesses and hence its resistivity data can
be explained by the FS theory over the entire
thickness range [9]. Hence, in the case of yttrium
films the higher substrate temperature may not
promote the formation of islands but it only
affects the mobility of the adsorbed atoms. The
increased mobility of these atoms leads to the
decrease in the electrical resistivity at the higher
substrate temperature.

The films deposited at the rate of 1.5 nmsec™,
exhibit much lower resistivity compared to those
deposited at 0.5 nmsec™’. The experimental curve
for the deposition rate 1.5nmsec™ is in agree-
ment with the FS theory for all film thicknesses.
Increasing the deposition rate increases the rate of
the formation of smaller islands in the initial stage
of film growth, resulting in a continuous film.
Higher deposition rates also result in the incor-
poration of a small number of defects in the film
and hence give rise to smaller film resistivity. The
decrease in resistivity at higher deposition rates has
also been reported for many metallic films
[24,25].

The yttrium films show a good agreement with
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the Vand theory of defects. As seen in case of
other metallic films [26, 27], yttrium films show
an initial increase in resistivity with temperature
and then the elimination of defects starts. This is
marked by the decrease in the resistivity with
increase in annealing temperature. After a further
increase in temperature, the yttrium film of thick-
ness 50nm shows an increase in resistivity either
with an increase or decrease in temperature. This
is an indication of the fact that at higher tempera-
tures, the rare earth metallic films tend to become
oxidized and hence show irreversible increases in
resistivity. The yttrium film of thickness 70 nm
shows a perfect behaviour as expected from the
theory of defects. Initially it shows an increase,
similar to that for the 50 nm film. However, it dif-
fers in the fact that after reaching the minimum
value of the resistance, with a decrease in tempera-
ture the resistance decreases. This decrease in
resistance is very small compared to the intial de-
crease in resistance, occurring due to the elimina-
tion of defects.

According to Vand’s theory, after the elimina-
tion of defects, the reversible changes in resistance
with temperature, should be of high order.
Further, the theory predicts the resistance value to
become zero at absolute zero temperature. How-
ever, this is not the case in yttrium films, as the
resistance change along the reversible region is very
small. This may be due to the oxidation of the
film, after annealing is stopped. Hence, the
resulting resistance observed is the net effect of
the elimination of defects and the oxidation of the
film. In case of the yttrium film of 70 nm thick-
ness, the oxidation effect is comparatively less
than that of 50 nm one. The value of the activa-
tion energies calculated in both cases are of the
same order of magnitude and suggest that the
defects are of the combined type, since these
would require smaller activation energies to
migrate and annihilate each other. The defect
densities could not be calculated because of this
oxidation effect.

6. Conclusions

Although electrical resistivity of metallic films is
generally much higher than the bulk materials, it
is, however, possible to control the film resistivity
by proper choice of the deposition parameters
such as substrate temperature, deposition rate, d.c.
electric field and annealing temperature. It is also
clear from our experimental study on yttrium
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films that a higher substrate temperature leads to a
decrease in the resistivity for films which do not
exhibit a grain-like structure. It may be interesting
to confirm these experimental facts from struc-
tural studies of rare earth films grown under ultra-
high vacuum conditions.
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