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Abstract: The optical and water repellant properties of single layer and bilayer films of Ag and SnO,
deposited on glass substrates by thermal evaporation have been reported. Ag/SnO, bilayers were
deposited in two sequences wherein the deposition of SnO; layer was followed by Ag deposition and
vice versa. X-ray diffraction studies show that the Ag films crystallize in the FCC structure and SnO,
is amorphous, while atomic force microscopy images indicate the formation of large clusters of the
order of 12 nm. The single layer Ag films exhibit localized surface plasmon resonance (LSPR) that
shifts from visible region to the infrared with increase in thickness from 5 to 12 nm. It is observed
that, only the Ag films of thickness < 8 nm exhibits LSPR peak whereas the critical thickness is 5 nm
for Ag/SnO; films. A blue shift is observed in the LSPR peak position when the SnO, layer caps the
Ag film. Whereas, the LSPR of Ag is suppressed significantly when the SnO, layer is introduced
between the glass and the Ag film and also when Ag and SnO, were co-evaporated. Water repellant
properties indicate that the pure Ag film has an average contact angle of 104° which decreases to
100° when SnO; caps the Ag layer and 97° when Ag is deposited on top of the SnO, buffer layer. Co-
evaporated Ag-SnO, films show a contact angle of 93°.
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1. Introduction

Tin oxide (SnO,) has attracted great attention in many applications such as solar cells, gas
sensors, liquid crystal displays, optoelectronic devices, transparent conducting electrodes, liquid
crystal displays, photocells, detectors, antireflection coatings, etc., because of its excellent electrical
and optical properties, high optical transparency (350-900 nm), high chemical durability, low cost as
a starting material, high exciton binding energy of 130 meV at room temperature and wide band gap
(3.6 eV) [1-7]. Reports showed that Ag deposition on the SnO, surface can increase the sensor
response in correlation with reducing gasses by more than 5-12 times [8]. Aguilar-Leyva et al. [7]
prepared Ag/SnO; bilayer films for the detection of LPG gas and showed that the Ag/SnO, structure
exhibit the highest sensitivity than SnO,/Ag structures. Yu et al. [9,10] prepared high quality
SnO,/Ag/SnO; tri-layer films for transparent conducting applications.

It is well known that wetting properties of materials depend on their chemical nature, roughness
and morphology. The role of the surface roughness has widely been studied and it has been found to
have opposite effects: increasing the roughness of a chemically hydrophobic surface will enhance its
hydrophobicity, while increasing the roughness of a hydrophilic surface will further enhance its
hydrophilicity. It was shown that the metal layer and doping concentration influences the wettability
properties significantly [11,12,13]. In addition, it was also reported that metal doped SnO, films had
tunable optical and wettability properties. Transparent hydrophobic surfaces are quite important for a
variety of applications [14—17], therefore in the present investigation the authors extended the study
to the Ag/SnO, system and investigated the possibility of fabricating transparent water repellant
Ag/SnO; thin films.

2. Materials and Method

Thin films of Ag and SnO, were deposited on glass substrates by resistive thermal evaporation
carried out in vacuum better than 5 x 10~ mbar and rate of deposition between 0.1-0.5 AJs without
intentionally heating the substrates. The glass substrates were first cleaned with acetone and ethanol
and then rinsed with ethanol in an ultrasonic cleaner for 20 min prior to each deposition. Ag wire
(99.9% Pure) and SnO; (99%) powder were placed in a tungsten spiral and molybdenum boats,
respectively. The substrates were placed in the holder at a distance of 10 cm from the source. The
substrates were retained in the same vacuum for 1 hour after completing the deposition process.
Thickness of the films was measured using a quartz crystal thickness monitor.

For the single and bilayer films, transmission spectra were measured using a UV-VIS-NIR
spectrophotometer (Elico model No. SL 159). Morphology of single and bilayer films was imaged
using atomic force microscopy (AFM) operating in the non-contact DFM mode (SPA 400 of Seiko
Instruments Inc., Japan). The crystal structure of the films was obtained from a powder X-ray
diffractometer (Philips PW 1830 with Cu K, radiation of wavelength 0.15406 nm). Contact angles
and surface energy of substrates were determined with Rame-Hart contact angle goniometer (model
250).
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3. Results and Discussion
3.1. Structure and Microstructure

The XRD patterns of the single layer Ag film of 10 nm thickness shown in Fig. 1(a) reveals that
the Ag has crystallized in to the FCC structure showing the (111), (200), (220) and (311) reflections
and there is no evidence for crystalline silver oxide formation (fitted to JCPDS data card No. 65-
2871). It has been shown earlier that bilayer geometry has a profound effect on the optical properties
of metal-Si systems [18]. Hence, two types of bilayers of Ag and SnO, were prepared: (1) by
depositing Ag first, to a desired thickness followed by the deposition of SnO, and (2) by depositing
SnO, first, to a desired thickness followed by the deposition of Ag to the required thickness. The
XRD patterns of the bilayer films in which both Ag and SnO, are 10 nm in thickness, are shown in
Fig. 1(b) and (c). It is evident that there is no significant variation in crystallographic texture of the
films, independent of the location of the metal layer (i.e. whether it is on top or bottom). It is noticed
in both cases that there is no evidence for the crystallization of SnO,.
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Figure 1. X-ray diffraction patterns of (a) Ag (10 nm), (b) Ag (10 nm)/SnO, (10 nm) and
(c) SnO; (10 nm)/Ag (10 nm) films.

The atomic force microscopic (AFM) images of (a) bare glass substrate and (b) typical SnO,
film are shown in Fig. 2. The bare glass substrate has a root mean square (r.m.s) roughness of 2.4 nm
and the SnO; film has a r.m.s roughness of 3 um. The AFM images of (a) Ag (10 nm), (b) Ag (10
nm)/SnO; (10 nm) and (¢) SnO, (10 nm)/Ag (10 nm) films, respectively, are shown in Fig.3. It is
evident that the films are rough and not very densely packed. The r.m.s roughness values are 0.84,
1.0 and 0.65 nm, respectively. It is observed that there is no correlation of roughness values with the
nature of the film, i.e. whether it is single layer or bilayer and whether metal or dielectric is at the top.
This is a consequence of the fact that thin film deposition at ambient temperature by thermal
evaporation leads to large agglomerates due to low surface mobility of the adatoms. During thermal
evaporation process, vapour (either metal or dielectric) atoms impinging onto the substrate have low
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kinetic energy (few eV) and therefore, only surface diffusion is allowed leading to the formation of
small stable clusters in the initial stages of growth (Volmer-Weber growth model). The number of
clusters per surface unit (also known as cluster density) depends mainly on the diffusion length of the
condensate atoms. Clusters then grow by capturing incoming atoms until a critical size or coverage is
reached. After this stage, the growth is dominated by coalescence events, which produce larger
clusters with lower density [19-23] as seen from the AFM images.

() (b)

Figure 2. Atomic force microscopic (AFM) images of (a) bare glass substrate and (b)
typical SnO, film.

(@) (b) (©)

Figure 3. Atomic force microscopy (AFM) images of (a) Ag (10 nm), (b) Ag (10
nm)/SnO; (10 nm) and (¢) SnO, (10 nm)/Ag (10 nm) films.

The typical SEM micrograph of a 10 nm Ag film deposited on top of the SnO, film is shown in
Fig. 4. It is evident from this figure that the Ag nanoparticles are lying on top of the SnO, layer,
rather than mixing with it.

The growth of the films follows the structure zone models that have been used to describe the
evolution of thin film microstructure as a function of surface adatom mobility [24,25]. At substrate
temperatures (Ts) much lower than the melting point (Ty,) of the elements the adatom mobility is
insufficient for impacting vapour atoms to move on the substrates. The adatoms freeze instantly on
impact on the substrate and subsequent atoms deposit on these initial layers leading to a columnar
microstructure as observed in the AFM images as shown in Fig. 2. The melting points of Ag is
962 °C and that of SnO, is 1630 °C yielding values of 0.03 and 0.02, respectively, for the ratio of
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Ty/Tp, for deposition at ambient temperature. Therefore, as predicted by the structure zone models,
the films exhibit the Zone 1 type of microstructure.

Figure 4. SEM image of an Ag+SnO; film showing the Ag nanoparticles on the SnO,
underlayer.

3.2. Optical properties

The measured optical spectra of the pure Ag films of thicknesses ranging from 5 to 12 nm are
shown in Fig. 5. It can be observed that, independent of thickness, there is a peak in transmission
spectra centered around 320 nm. This is followed by a minimum centered around 660 nm in the case
of the 5 nm film and 570 nm for the 8 nm thickness film. However, the 10 and 12 nm thickness films
exhibit a very broad minimum in the measured range of wavelengths. The minimum in transmission
spectra is attributed to the localized surface plasmon resonance (LSPR) of Ag. It is also observed that
there is increase in the LSPR peak width with increasing thickness. This can be attributed to the fact
that with increase in thickness there is an increase of particle size which is accompanied by change in
particle shapes resulting in suppression of the LSPR peak.

Transmission (%)

0 . . . . . .
300 400 500 600 700 800 900 1000 1100 1200
Wavelength (nm)

Figure 5. Measured spectral transmission curves of Ag films with different thickness.
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To investigate impact of the dielectric constant of the media in which the Ag films are
sandwiched, two experiments were carried out. In the first experiment, a buffer layer of SnO, of 10
nm thickness caps the Ag film. The Ag film is, thus, sandwiched between glass and SnO,. The
transmission spectrum of this sample is shown in Fig. 6 (Ag/SnO,). It can be observed that, when a
10 nm SnO; film is deposited on a 5 nm Ag film, there is a dip centered around 600 nm. There is,
thus, a blue shift in the LSPR peak in comparison to the 5 nm thickness Ag film deposited directly on
silica substrate (in which case the LSPR peak was located at 660 nm). However, when the same
SnO; film is deposited on the 10 nm Ag film, the LSPR peak is suppressed. The LSPR peak does not
appear even when the SnO, layer (whose refractive index is higher than the glass substrate) is
introduced between the glass and the 10 nm Ag film. In this case, the Ag film is sandwiched between
SnO, and air (Fig. 6; SnO,/Ag). In addition to this, both Ag and SnO, were co-evaporated
simultaneously and observed that, there is no LSPR peak even in this case. It is thus inferred that
only for Ag thickness < 8 nm is a LSPR peak observed for Ag films whereas the critical thickness is
5 nm for Ag/SnO, films. The fact that, a 10 nm SnO, cap layer on a 5 nm Ag film supports the LSPR
peak and is important for photovoltaic applications, since it can be used as a protective layer to
suppress oxidation of the Ag layer. Initial studies showed that 10 nm thickness layers of ZnO and
V,0s5 (both of which have a higher refractive index than SnQ) are able to support LSPR modes even
when they are on top of a 10 nm Ag film, as shown in Fig. 7. This is further confirmation that
appearance of LSPR peaks is sensitive to the dielectric environment around the Ag
nanoparticles [26—32].

100
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Figure 6. Measured spectral transmission curves of Ag/SnO; bilayer thin films.

The position and width of LSPR peaks are dependent on size, shape, fill factor and the
depolarization factor of the nanoparticles [33,34,35]. At the initial stages of growth, Ag particles are
separated but coalesce with the increment of thickness. Further increase in Ag thickness increases fill
factor resulting in decreased inter particle separation. At smaller inter particle separations, coupling
of charge oscillations between the particles becomes significant leading to shift of SPR peak [36,37].
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The SPR peaks will also shift with increasing average dielectric constant of the surroundings as
observed in the present study [38,39,40]. It has been shown earlier that there is a critical thickness
below which interference effects do not suppress the LSPR [26]. The thickness of films in the present
case is well below that limit and therefore, the possibility of the observed spectra arising due to
interference has been neglected.

80

A (a) Ag (10 nm)/ZnO (10 nm)
(b) Ag (10 nm)/V,0, (10 nm)
(c) Ag (10 nm)/Sn0O, (10 nm)

70 -
60 -
50

40 |-H

30

Transmission (%)

20 )X

300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000
Wavelength (nm)

Figure 7. Measured spectral transmission of Ag/ZnO, Ag/V,0s and Ag/SnO, films of
10 nm thickness each.

Briefly, the effective permittivity or dielectric constant of a composite medium given by the
Maxwell-Garnett Mixing Rule as [41,42,43],

+NU (gml _gh)

*Zf (& — 5/1)2
3 N.
1_3Zfi*(5mi_5h)z .

T &y T Ny(g,, —&,)

8ﬁf=8h+

¢

where ¢, = effective dielectric constant of the composite medium
&, = dielectric constant of host medium
&,,= dielectric constant of i” type of metal particles in the host medium

f;= filling fraction of the i" type of inclusion

n = number of different metal particles in the composite medium
j=1,2, 3 refers to the X, Y and Z Cartesian co-ordinates, and
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Nii, Niz and Nj3 refer to the depolarization factors of i" type of inclusion in the X, Y and Z
directions. Depolarization factors are independent of size of the particle and type of the particle i.e.
copper, silver and gold etc. Depolarization factors mainly depend on the shape of particles. If the

particle shape is spherical then the depolarization factors are 3’ in each direction i.e.

Independent of the shape of the particle, the sum of three depolarization factors should be one

re. N, + N, + N, =1. Based upon the shape of particles, two sets of depolarization factors exist, one

set is for oblate ellipsoids (where major axis > minor axis) and other set is prolate ellipsoids (where
major axis < minor axis),

Then the depolarization factor along j” direction can be calculated as [7,8,9]

(G =1, 2, 3 refers to the X, Y and Z directions)

N _m (D\D,D;du)
LS 2% @+ D)W+ DY) (u+ D)+ D2

ji=1,2,3
where, u = &n.,C are ellipsoidal co-ordinates, u is the scalar quantity which relates axial dimensions
(D1, Dy, D3) with the Cartesian co-ordinates X, Y and Z as

X? Y? 7Z?
Wi D + S+ - =1
u+D’) w+D;) (m+Dy)

D, =D*(1++1-8) andD, = D*(1-/1-5), (D, = Ds)

S is the shape factor which is equal to 1 for spherical shape and decreases as particle shape
deviates from spherical to more ellipsoidal shapes.

The simulated LSPR spectrum of an Ag film consisting of 50 nm diameter spherical particles
(i.e. S=1) and fill factor of 0.2 sandwiched between air and a medium of dielectric constant, g, = 4
(or refractive index = 2 as in the case for SnO;) is shown in Fig. 8(a). It is evident that LSPR peak is
broad with a width of about 100 nm. In the next simulation it was assumed that the Ag film consisted
of 50% particles which are spherical (S = 1) and 25% each of particles with S = 0.9 and 0.8. In
addition it was assumed that the individual filling fraction is 50%, 25% and 25% for S = 1, 0.9 and
0.8 respectively. Thus, for an overall filling fraction of 20%, 50% of the 20% consists of S =1
particles and the remaining 50% is occupied by the ellipsoids (S = 0.9, 0.8) in equal ratio. The effect
of such a distribution is quite remarkable as observed from Fig. 8(b). Apart from the main dipolar
resonance at short wavelengths there are two other higher order resonances that are spectrally
separated from each other which increases the effective peak width. With further increase in overall
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filling fraction from 20% to 50%, keeping all other parameters same, there is further increase in
width as seen from Fig. 8(c). Significantly, the extinction does not fall to zero on the long
wavelength side of the peak, indicating “smearing” of the peak as observed in experimental results,
in this study. Evidently, there is a match between simulation and trends of the experimental results in
the present work. It would appear that the spectra observed experimentally, in the present work, are
due to random distribution of shapes and fill fraction in the film.

1.2

Extinction (arb. units)

” (a)‘l.._ s
0.0 M 1 M 1 " | h
300 400 500 600 700 800 900
Wavelength(nm)

Figure 8. Simulated LSPR spectra for (a) Ag film with 50 nm diameter spherical
particles (i.e. S = 1) and fill factor of 0.2 sandwiched between air and a medium of
dielectric constant, g, = 4, (b) Ag film comprised of 50% particles which are spherical
(S = 1) and 25% each of particles with S = 0.9 and 0.8. In addition it was assumed that
the individual filling fraction is 50%, 25% and 25% for S = 1, 0.9 and 0.8, respectively,
and an overall filling fraction of 20%, (c) for the same system as in (b) but an overall
filling fraction of 50%.

Therefore, it can be inferred that the shifts in LSPR observed in the present are due to a
combination of variation in size, shape and interparticle distance as well as the medium in which they
are hosted (i.e. silica, SnO,, ZnO or V,0s). It is necessary to fabricate patterned nanostructures to
isolate the effect of each of these parameters.

3.3. Water repellant properties
In order to investigate the surface wettability of pure and metal doped film, the contact angle of

water over these surfaces are measured. Contact angle can be related to the three interfacial tensions
via Young’s equation [44],
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cos0 = Ysv Yo

YLV

where, Yg, = Solid-vapor interfacial tension, Yg; = Solid-liquid interfacial tension, Y;, = Liquid-

vapor interfacial tension.

Young’s equation is developed for the case of an ideal solid surface which is relatively smooth.
However, most thin film surfaces are not ideal and generally have finitely large surface roughness.
Wenzel [45] modified Young’s equation by taking into account the roughness of the surface. Then
the apprarent contact angle can be related to true contact angle by

Y., — Y.
%}zrw cosb,

cosOy, =1y, {

LV
where, Ow and 6y are the Wenzel and Young’s contact angles and rw is the Wenzel’s roughness
factor and may be defined as the ratio of the actual area of a rough surface to the geometric projected
area.

The pure Ag films of 5 and 10 nm thickness showed average water contact angle of 103° and
105°, respectively. This indicates the hydrophobic nature of the films and confirms an earlier
observation by some of the present authors that metallic films can indeed have hydrophobic surfaces
due to partial oxidation. When a 10 nm SnO, layer is introduced between the 10 nm Ag film and
substrate, the water contact angle decreases to 97° (i.e. SnO; is a buffer layer between Ag film and
substrate). In contrast, when a 10 nm SnO; is deposited as a cap layer over the 10 nm Ag film, the
decrease in water angle is only down to 104°. In earlier reports, it was shown that the water contact
angle of SnO; films is of the order of 54-79° [12,13]. It can be seen from Table 1 that there is no
change in the contact angle with the change in thickness of Ag.

Table 1. Contact angle data.

S.No. Thin Film Contact Angle (°) Thickness of film (nm)
1 Ag on Glass 103 5
105 10

2 SnO, on Glass 54-79 [ref] 20
3 Ag on SO; on Glass 97 Ag-10

SnO,-10
4 SnO, on Ag on Glass 104 Ag-10

SnO,-10

Evidently, compared to the single layer SnO, films there is increase in hydrophobicity in both
cases. Wettability is dependent on both surface roughness and surface energy. The r.m.s surface
roughness values are 10, 12 and 12 nm for the single layer Ag, 10 nm SnO; (or Ag) film on top of
10 nm Ag (or SnO,) film, respectively. There is no correlation between surface roughness and
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changes in the water contact angle. Interestingly, even when Ag and SnO, are co-evaporated the
average contact angle is 94.5°, which is higher than that of the pure SnO,, but lower than the pure Ag.
It has been shown earlier that metal ion doping of SnO, can cause increase in contact angle [13]. It
has been demonstrated previously that the increase in hydrophobicity of TiO, film with an Au metal
buffer layer between TiO, and substrate can be attributed to the change in surface energy of the
film [12]. This would appear to be the same cause for the observed increase in hydrophobicity when
Ag (or SnO,) is used as a buffer layer for SnO, (or Ag), in the present case. This is also the reason for
the observed increase in contact angle when compared to the pure SnO, film. Thus, it is proposed
that the films studied in the present work can be potentially used as anti-fogging transparent coatings
for photovoltaic cells [17].

4. Conclusion

In summary, transparent single and bilayers of Ag and SnO, and Ag-SnO, composites have
been deposited on glass substrates by thermal evaporation. The Ag films are crystalline and the
morphology shows the presence of large clusters. Detailed optical studies indicate that the localized
plasmon resonance peaks of Ag are thickness dependent. The location of the SnO, layer, i.e. whether
it is underneath the Ag or caps it is extremely important in tuning the LSPR peak position and water
contact angles. The wetting properties of Ag are independent of the thickness of the Ag film. The
addition of Ag buffer layer beneath SnO, makes the material more hydrophobic. The addition of
SnO, buffer layer lowers the contact angle. The change in wetting properties are due to change in
surface energy of the material, modulated by the buffer layer and not due to surface roughness. These
observations have potential for applications in self-cleaning surfaces.
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