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Abstract. Substrate material plays a vital role in defining the physical characteristics of vacuum deposited films and happens to be one of the important
deposition parameters, similar to that of film thickness. By the proper choice
of deposition parameter or selected combination of deposition parameters, it is
possible to grow films of specific characteristics for specific application. The
use of soda glass substrate has been the most common material for film deposition, and other substrates like, quartz, mica, Teflon are growing in importance.
An attempt is made to study their effect on the electrical resistivity of thin tin
films, in the thickness range 40–160 nm. We have made use of Fuchs size effect
and Mayadas–Shatzkes theories for analyzing the electrical resistivity data, for
tin films grown on glass and quartz substrates. The infinitely thick film resistivity, conduction electron mean free path and specularity parameter are found
to depend upon the nature of substrate and the binding force between substrates
and evaporated tin atoms. In order to confirm the material used under present
investigation is tin, the Electron Dispersive Spectroscopy (EDS) analysis of film
has been undertaken using Scanning Electron Microscope (SEM).
PACS codes: 73.61.At, 73.61.-r
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Introduction

Tin has a low resistivity, low melting point, high Temperature Coefficient of Resistance(TCR) and negative Thermo Electric Power (TEP), in the bulk form. It
develops a milky white surface because of its un-specular reflectivity. Therefore,
tin is rendered unsuitable for mirror coatings. However, it is used as one of the
components in solder material.
1310–0157 c 2018 Heron Press Ltd.
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In view of the above mentioned interesting properties of tin in the bulk form, a
systematic study of the Influence of substrates on the electrical properties of thin
tin films has been undertaken herewith as the electrical properties of thin films
are known to sensibly depend on the surface morphology of substrates and the
sticking coefficient.
We have first estimated the conduction electron mean free path in bulk tin [1] .
σ = ne2 τ /m ,

(1)

where n denotes the concentration of electrons/m3 ; e− the electronic charge;
m− the effective mass of the electron; and τ − the relaxation time (τ = l/VF ,
where l stands for the electron mean free path, and VF − the velocity of electrons
at the Fermi surface).
From the above equation, we obtained the electron mean free path in bulk tin
5.395 nm. But, however, we have selected the thickness range, 40–160 nm, as
there was no electrical continuity of tin films below the thickness 40 nm.
2

Experimental Section

The vacuum coating unit used in the present investigation is the “Hind High
Vacuum Coating Unit, Model 12A4D”, to grow thin films of Tin (Sn). Initially
the substrates were cleaned in chromic acid and then by ultrasonically. That is
the substrates were suspended in the ultrasonic wave generator tank which contains detergent water and is agitated with ultrasonic frequency. Thus cleaned
substrates were again cleaned in distilled water, acetone and dried. These are
mounted on the substrate holder plate and kept in the vacuum chamber. Before deposition of the tin films once again all the substrates were cleaned by
ionic bombardment technique in the vacuum chamber. Prior to deposition of the
film, the system was thoroughly degassed. Tin of purity 99.99% was evaporated
from a molybdenum boat by resistive heating (thermal evaporation in vacuum)
method at the rate of 0.2 nm/s under a vacuum of 2 × 10−6 Torr on to cleaned
glass and quartz substrates held at room temperature (23◦ C). The distance between the substrates and the evaporation source was around 0.20 m. The film
thickness was controlled and measured by means of an in-built Quartz Crystal
Digital Thickness Monitor (Model DTM-101), which could resolve thicknesses
up to 0.1%. The experimental methods of preparation are given in other communication [2].
Electrical resistivity measurements have been performed in-situ with the standard four probe technique [3]. We have used a constant current source to maintain a current of 0.01 mA through the film. In order to study the surface morphology of the films, the Atomic Force Microscope (AFM) images and for microstructural analysis Scanning Electron Microscope (SEM) images have also been
undertaken. Energy Dispersive Spectroscopy (EDS) study allows one to iden36
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tify what those particular elements are and their relative proportions (atomic%
for example).
3

Theoretical Section

The electrical resistivity of thin films, based on the Fuchs–Sondheimer (F-S)
theory[4,5] is given by
ρ = ρ0 [1 + 3(1 − p)/8λ] ,

λ > 0.1 ,

(2)

where ρ is the resistivity of the thin film; ρ0 − the resistivity of the infinitely
thick film; λ − − the ratio of the film thickness (t), to the conduction electron
mean free path (l); p− the specularity parameter.
Taking into account of the grain boundary scattering, Mayadas–Shatzkes (M-S)
(1970) modified the above equation as [6]
h
i
3
3
ρ = ρ0 1 +
(1 − p) + α0 + · · · ,
8λ
2

(3)

where α0 is the scattering power of grain boundaries which depends upon the
electron mean free path (l) and average grain size (d).
4
4.1

Results and Discussions
Electrical properties analysis

The physical properties of thin films are known to sensitively depend on deposition parameters. Figure 1 shows the graph of electrical resistivity (ρ) vs
film thickness (t) for tin films grown on glass and quartz substrates under the
identical deposition conditions. It is evident from the same figure that the electrical resistivity is quite larger for lower thickness films and decreases for higher
thicknesses.
In Figure 2, ρ × t vs. t, graphs have been plotted for tin films deposited on
both substrates. The slopes of these graphs, according to Eq. (2), give ρ0 – the
infinitely thick film resistivity, and the intercepts of these graphs on the ρ × t
axis gives 3ρ0 l(1 − p)/8. Using these values of ρ0 and l(1 − p) we tried to fit
our experimental data on the basis of FS theory by assigning different values to
p; the best fit is obtained for p = 0 and 0.1 for the tin films grown on glass and
quartz substrates, respectively. Making use of these values ρ0 and p, values of
l have been calculated, for the films grown on both substrates (glass & quartz)
and these values are given in Table 1.
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4. Results and Discussions :
4.1 Electrical properties analysis :The physical properties of thin films are known to sensitively
depend on deposition parameters. Fig.1 shows the graph of electrical resistivity ( ρ ) vs film
thickness ( t ) for tin films grown on glass and quartz substrates under the identical
deposition conditions. It is evident from the same figure that the electrical resistivity is
quite larger for lower thickness films and decreases for higher thicknesses.
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Figure 1. (Color online) Electrical resistivity (ρ ) against film thickness (t) for tin films
grown on: (a) glass and (b) quartz substrates due to Fuchs theory and experimental points.

Figure 2. (Color online) (ρ × t) ×1015 Ωm2 vs. thickness (t in nm) for tin films grown
15
on: (a)
Fig.glass
2 ( ρand
x t ) (b)
x 10quartz
Ωm2 substrates.
vs. thickness( t in nm) for tin films grown on (a) glass and (b) quartz
substrates.
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In Fig. 2, ρ x t vs t, graphs have been plotted for tin films deposited on both the
substrates. The slopes of these graphs, according to Eqn. (2), give ρ 0, the infinitely
thick film resistivity, and the intercepts of these graphs on the ρ x t axis gives 3 ρ0 l (1 –
p)/8. Using these values of ρ0 and l(1-p) we tried to fit our experimental data on the basis of
FS theory by assigning different values to p; the best fit is obtained for p= 0 & o.1 for the tin
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Table 1.
Physical parameter for tin
ρ0
l (1-p)
l
p

Substrate material
Glass

Quartz

11.8 × 10−8 Ωm
122.5 nm
122.5 nm
0

5.45 × 10−8 Ωm
291.15 nm
323.5 nm
0.1

Although there is perfect agreement between Fuchs theoretical and our experimental curves for higher thickness films (> 100 nm for tin coated on glass
and > 80 nm, for tin coated on quartz) there is, however, some deviation from
the theoretical curves for lower thickness films, as shown in Figure 1. This is
attributed to the fact that the FS theory takes into account the variation due to
size effect and disregards the grain boundary scattering, which is predominant in
lower thickness films [5]. Similar deviation at lower thicknesses between FS theory and experimental data has also been reported for Palladium [7], Samarium
[8], Manganese [9], Yttrium [10], Ytterbium [11] and Nickel [12] films.
The growth and structure of evaporated films are very much affected by the
nature of the substrates and the binding force between them and evaporated
atoms. An increase in the binding force between the substrate and evaporated
atoms, usually, decreases the surface mobility of evaporated atoms and hence
increases the population of critical nuclei. This in turn enhances the film adhesion. Therefore, the film resistivity may be reduced considerably. From the
Figure 1, it is quite clear that the resistivity of tin films grown on quartz, is
comparatively smaller than that grown on glass substrates, when deposited under identical growth conditions. This indicates the binding force between quartz
and tin is comparatively greater than that between glass and tin. That is, when
the adhesive force is more, naturally, thin film resistivity is reduced, and therefore leads to increase in the values of l and p, as shown in Table 1. Similar
effect of substrates on the electrical resistivity of gold films has been noticed by
Chopra et al. [13]. The electrical resistivity of bulk tin [14] is 10.9 × 10−8 Ωm
which is almost nearly same as that of the infinitely thick film resistivity for tin
(ρ0 = 11.8 × 10−8 Ωm) films grown on glass and double that grown on quartz
substrate as mentioned in Table 1. The conduction electron mean free path as
calculated for glass and quartz substrates are 122.5 nm and 323.5 nm, respectively. The specularity parameters are 0 & 0.1, respectively for the tin films
grown on glass and quartz substrates.
4.2

AFM study analysis

Atomic Force Microscope(AFM) study of thin tin reveals the topography, texture, surface smoothness and also the initial stages of growth of films. The
AFM images depict the surface roughness because of the existence of granular
39
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microstructure as shown in Figure 3. More over the images indicate columnar
grain morphology which is maintained during film growth.

(a)

(b)

(c)

(d)

Figure 3. (Color online) AFM images of tin films of different thicknesses: (a) Sn – 20 nm;
(b) Sn – 40 nm; (c) Sn – 60 nm; (d) Sn – 80 nm.
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(c)

4.3

Sn-60 nm

(d) Sn-80 nm
(d) Sn-80 nm
Fig. 3. (a), (b), (c) & (d) AFM images of tin films of different thicknesses
Fig. 3. (a), (b), (c) & (d) AFM images of tin films of different thicknesses
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Figure 5. (Color online)
EDS Spectrum of Tin. The Y -axis shows the counts (number of
Fig.5. EDS Spectrum of Tin
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Conclusion

It is observed that the electrical resistivity is found to strongly depend upon the
nature of substrates, evaporating material and the environment that persists during deposition. By the proper use of substrate materials, the electrical properties
can be tuned to a desired level for specific application. The F-S theory considers only the size effect neglecting the grain boundary scattering. The grain
boundary scattering mechanism is predominant in thin films below the thicknesses 100 & 80 nm, respectively for films grown on glass and quart substrates.
Our experimental curves fit with Mayadas–Shatzkes theoretical curves at lower
thicknesses. We have calculated the values of ρ0 , ρ and l for tin films grown on
glass and quartz substrates. The SEM & AFM, studies on the tin films reveal that
the initial stages of growth is through island and followed by columnar structure.
The EDS spectra identifies the material used in the current investigation is tin.
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Supplementary data
Figure 1: Electrical resistivity (ρ) vs. film thickness (t) for tin films grown on (a) glass and (b) quartz
substrates due to Fuchs theory and experimental points.

No.
1
2
3
4
5
6
7
8
9

Thickness
(t) in nm
40
50
60
70
80
100
120
140
160

Films grown on glass substrate
Resistivity
Resistivity
Fuchs (ρ)
experiment (ρ0 )
×108 Ωm
×108 Ωm
25.5
31
23.5
27.5
21.5
24
19.5
20
18.5
19
16.5
16.5
16
16
16
15.5
16
15.5

Films grown on quartz substrate
Resistivity
Resistivity
Fuchs (ρ)
experiment (ρ0 )
×108 Ωm
×108 Ωm
20
24
17.5
20
15.5
17.5
13.5
14
13.0
13
11
11
11
10.5
10
10
9
9

Figure 2: (ρ × t) [×1015 Ωm2 ] vs. t [nm]) graph for tin films grown on: a) glass and b) quartz
substrates.
No.
1
2
3
4
5
6

Thickness (t)
in nm
70
80
100
120
140
160

(ρ × t) [×1015 Ωm2
Films grown on glass substrate
Films grown on quartz substrate
13
10
14
11
16
10
18
11.5
20
13
23
14
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