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1. Introduction

Abstract

In this work, a spectral analysis of the effect of deposition angle on the optical constants
for optically selective windows was carried out. The coatings of ZnS/Ag nanostructures
were deposited on glass substrates from 0° to 60°. The measured transmittance increased
with an increase in the deposition angle of silver nanofilms in the visible region but de-
creased with an increase in the deposition of silver in the infrared region. The transmit-
tance decreased with an increase in the deposition angle of zinc sulfide in the visible
region. Still, it increased with an increase in the deposition angle of zinc sulfide in the
infrared region. The reflectance decreased with an increase in the deposition angle of
silver nanoparticles in the visible region but decreased with an increase in the deposition
angle of zinc sulfide. The effective refractive index increased from 3.25 in the visible
spectrum to 6.2 in the infrared spectrum. The low values of the effective refractive index
at visible wavelengths imply that the nanofilms were transparent to visible light. The
extinction coefficient increased from an average of 0.2 at a wavelength of 400nm toward
the infrared spectral band. The increase in deposition of ZnS did not significantly affect
the energy band gap. However, the increase in the deposition angle of silver increased
the energy band of the nanofilms from 3.52 to 3.99 eV.

Keywords

Deposition angle, transmittance, reflectance, refractive index, extinction coefficient, en-
ergy band gap

The performance of windows and other fenestrations on buildings [1] plays an important role in controlling the rate of heat
accumulation inside a building. Although several devices such as electronic air conditioners have been made to regulate indoor
temperature [2, 3], it is desirable to employ other less costly mechanisms to reduce the transmission of infrared thermal radiation
into the building. Therefore, the spectral and optical properties of glass used on windows and doors should be tailored to block
the thermally energetic infrared radiation but at the same time allow in enough visible light [3-7].

The microstructure of the thin films on the substrate during physical vapor deposition depends on the direction or inclination
of incident vapor flux onto the substrate. At the normal incidence of the vapor flux, a relatively homogeneous structure is formed
[8, 9]. At elevated angles of deposition, i.e., at oblique angles, the film homogeneity tends to be distorted. This is because, during
oblique deposition, particles arrive on the substrate surface at different times [10]. The initially attached molecules tend to shield
the preceding vapour molecules from direct adhesion onto the substrate surface.

This leads to the formation of inclined nano-columns oriented in the direction of vapour [11-13]. The nano-columns form a
porous microstructure different from the film formed at normal incidence. The inclination of columns affects the material’s
density, spectral and optical properties, and electrical properties [14-17].
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When an electromagnetic field interacts with a dielectric material [18], there is charge polarization whose degree of polariza-
tion depends on the strength of the field and the intrinsic complex electric susceptibility and refractive index. However, the
refractive index of the material directly affects the optical path length, phase, and reflectance properties of an optical interface.
The reflectance that occurs at an optical interface at normal incidence is defined by equation (1).

— (M~ "'m
R=(202) &
where R is the reflectance, npis the refractive indices of the substrate and ny is the refractive index of the incident medium. The
refractive index n is related to the extinction coefficient k by the expression:
n=n-—ik )
N represents the complex refractive index of the material. The refractive index N can be calculated from the measured re-
flectance data by equation 3 as follows [19-20];

_ (1+VR)
n=500 ©
During the transmission of an electromagnetic wave through a material, there is absorption which results in loss in intensity.
This absorption loss is quantified by the extinction coefficient of the material and is dependent on [20] the absorption coefficient
a, and the wavelength 4 , thus;

k=2 @)

41
where the absorption coefficient in equation (4) is given by;

a =23026% (5)

where A is the calculated absorbance, and d is the film thickness.

During the deposition of very thin metallic nanoparticles [20], such as silver (Ag), there is a tendency for the nanoparticles to
permeate into the dielectric material to form hybrid optical constants. The silver nanoparticles therefore fuse with zinc sulphide
(ZnS) to form the hybrid ZnS/Ag multilayer structures [21] with distinct optical properties.

When light energy is incident on matter, it is either reflected, transmitted, or absorbed. The quantum of light energy absorbed
triggers the excitation of valence electrons. The energetic valence electrons will move from the valence band to the conduction
band across an energy band gap. The size of the energy band gap helps in explaining the optical properties and chemical activity
of the semiconductors. However, the energy band gap is determined according to equation (6) developed by Tauc’s method [22,
23];

(ahv) = B(hv — Ep)™ (6)

The constants h, v, E; stand for the Planck’s constant, the photon’s frequency, and the band gap energy respectively. B is
also constant determined from the slope of the Tauc plot along the linear portion of the graph. The factor n depends on the nature
of the electronic transition and is equal to 1/2 or 2 for the direct and indirect transition band gaps, respectively. The absorption
coefficient o was calculated from the transmittance T, and reflectance R values [24] of the ZnS/Ag as follows:

1 1-R)?
=2 (2) W

T

where d is the film thickness.

When light energy is absorbed by an electron at the top of the valence band, the electron energy increases and it is propelled
to the conduction band [25]. During this transition across the energy gap, the density of electronic states in both the valence and
conduction bands tails into the energy gap. This phenomenon occurs as a result of the disorder generated by the presence of
localized tail states, which originate from the presence of defects in film microstructure [24, 26]. Additionally, when electrons
in the conduction band are subjected to an external electromagnetic field, they absorb energy, and the surface electrons are set
into electrical oscillations. These oscillations result in the formation of localized surface plasmons on the surface of the metal
[27].

The excitation of surface plasmons results in charge polarization on the metal surface, and at the resonance point, strong
absorption of incident light takes place [28, 29]. Surface plasmon effects are, however, affected by several factors, which include
the frequency of incident radiation, film thickness, and the formation of atomic islands on the surface of the dielectric substrate
[30]. Therefore, this paper presents a quantitative analysis of the effect of deposition angle on the spectral and optical constants
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of obliquely deposited ZnS/Ag nanofilms.
2. Materials and Methods

Glass slides were fixed on a rotary holder placed 11 cm away from the refractory boat inside the diffusion vacuum coater (Ed-
wards AUTO 306). The substrate holder and the glass slide were set to an angle 6 about the horizontal so that the vapour was
incident obliquely to the substrate normal [31]. Silver metal wire (99.99% purity) was heated on a refractory tantalum boat under
vacuum at a pressure of 2.5x10"°m Bars and deposited on glass slide substrates. Three sets of samples of silver films of thickness
10 nm were deposited at different angles, 8 = 0°, 30°and 60°.

The deposition of ZnS (99.99% purity) was done by heating ZnS crystals in a molybdenum boat with a source cover to reduce
the spreading of the ZnS vapour. The ZnS was heated and deposited to a film thickness of 10 nm at an angle of incidence 6 = 0,
30, and 60° on the glass slides previously coated with silver film to form the ZnS/Ag/glass multilayer system. The thickness
monitor was calibrated separately for each of the materials in the vacuum chamber. The thickness of the films was measured by
a thickness monitor connected to a quartz crystal monitoring system placed inside the diffusion chamber [32].

The spectral reflectance and transmittance of the samples were studied by the UV/Vis/NIR spectrometer (Perkin Elmer
Lambda 19) with UV-WinLab software [33]. This is a double-beam instrument covering the ultraviolet, visible, and near-infrared
spectral wavelengths. A baseline measurement using a clean piece of substrate was done. Reflectance was measured at an angle
of incidence of 15°to the optical system, while transmittance was measured at a normal angle of incidence to the multilayer in
the wavelength range of 250 to 2500 nm [15, 34]. The refractive index n was calculated from the measured reflectance data given
by equation (3). The energy band gap was determined by Tauc’s method [22], [35] according to equation (7).

3. Results and Discussion

3.1 Spectral Measurements

In the proceeding sections, the figures in parenthesis before the ZnS/Ag nanofilms indicate film thickness, while the figures in
parenthesis after ZnS and Ag represent the deposition angle of the respective nanomaterial.

3.1.1 Transmittance

The effect of deposition angle on the optical transmittance of ZnS/Ag nanostructures for normally deposited ZnS with Ag nan-
ofilms deposited at different angles is presented in this section as shown in Figure 1. The transmittance measured for
ZnS(0)/Ag(0), ZnS(0)/Ag(30) ZnS(0)/Ag(60) nanostructures Figure 1(a), had peaks of 54.9%, 61.3%, and 53.9% respectively,
in the visible spectrum. The transmittance values showed that the oblique deposition of Ag increased optical transmission in the
visible region [36]. The transmittance then decreased from the visible region towards the infrared spectral wavelengths.

When the deposition angle of ZnS was increased from 0° to 30° Figure 1(b), the transmittance in the visible region was slightly
decreased. The transmittance values in the visible region had peaks at 55.8%, 48.6%, and 58.4% for ZnS(30)/Ag(0),
ZnS(30)/Ag(30), and ZnS(30)/Ag(60), respectively. Whereas in the infrared region, the transmittance increased with the depo-
sition angle of Ag, there was a general increase in transmittance in the infrared region due to the 30 <oblique deposition angle of
ZnS.

The transmittance values in the infrared region were slightly higher and more dispersed than those obtained in the infrared
region of Figure 1(a). Therefore, ZnS reduced transmittance in the visible region but enhanced the transmittance of highly ener-
getic electromagnetic radiation in the infrared wavelength [37].

When the deposition angle of ZnS was further raised to 60° Figure 1(c), the transmittance in the visible region was further
reduced compared to ZnS(30°)/Ag nanostructures. The transmission peaks in the visible spectrum were 54.9%, 47.3%, and 50.1%
for ZnS(60)/Ag(0), ZnS (60)/Ag(60), and ZnS (60)/Ag(60), respectively. The high transmittance of ZnS/Ag nano-multilayers in
the visible wavelength was due to the high refractive index of ZnS which enhanced the antireflection of incident electromagnetic
radiation [36, 38]. In the infrared region, at about A = 800 nm, the transmittance was < 20% but further decreased rapidly with
an increase in wavelength.

Thus, increasing the deposition angle of ZnS decreased transmittance in the visible region but increased transmittance in the
infrared region due to the high deposition angle of ZnS. The physical significance of this observation was that oblique angle
deposition had a negative contribution to transmittance in the visible region and a positive contribution in the infrared region.
For purposes of solar thermal control and visibility in building envelopes, oblique depositions of ZnS should be done at near
normal or very small angles to the substrate normal [34, 39].

3.1.2 Reflectance
The spectrophotometric measurements on reflectance were analysed on specimens fabricated at different deposition angles. The
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reflectance of normally deposited ZnS(0)/Ag(0) nanofilms Figure 2(a), ranged between 5% and 35% in the visible range of the
electromagnetic spectrum (400-800 nm), followed by a rise in reflectance to 41.1% in the infrared region at about 4 = 810 nm.
Remarkable interference effects were observed in the infrared region in all the samples. These effects were observed in the
infrared region in the range of 800-2200 nm [40]. The interference effects disappeared or diminished as the wavelength ap-
proached the upper edge of the visible spectrum [6, 41].
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Figure 1. Variation of deposition angle with transmittance of ZnS/Ag nanofilms: (a) ZnS(0°) coated with Ag at different deposition
angles; (b) ZnS(30°) coated with Ag at different deposition angles; (c) ZnS(60°) coated with Ag at different deposition angles.

When the thin films were deposited at ZnS(0)/Ag(30) Figure 2(b), the reflectance of (10 nm)ZnS(0)/Ag(30) in the visible
region (400-800 nm of wavelength) was between 13% and 31%. The reflectance in the infrared region had a maximum value of
50.5%. The low value of reflectance was due to increased optical absorption in the ZnS/Ag nanostructures. Additionally, the
increase in deposition angle increased film discontinuities and roughness, which in turn increased optical absorption due to the
aggregation of silver islands in the nanostructures [42, 43]. Destructive interference enhanced optical absorption and transmit-
tance but suppressed the reflectance of the electromagnetic waves [44]. There were interference effects that alternated with the
deposition angle of silver nanofilms. This had pronounced effects on the reflectance of near-infrared radiation.

With the further increase in deposition angle of ZnS/Ag from ZnS(0)/Ag (30) to ZnS(0)/Ag (60) in Figure 2(c), the reflectance
values further decreased. However, the multilayer angular response to reflectance was not so sensitive to the small increase in
the deposition angle of silver metal films. The reduction in reflectance was attributed to atomic shadowing effects that created
areas with reduced grain sizes of silver atoms [44]. This resulted in imperfections in the Ag nanofilms, which generated grain
boundaries but in turn increased transmittance and decreased reflectance of the thin films. As the number of grain boundaries
increased with an increase in deposition angle, there was a reduction in specular reflection for very thin films due to the scattering
of incident light. The increase in reflectance at wavelengths A > 800 nm was related to the increase in Drude-like absorption, in
which the amount of voids in the metal phase increases [3, 44].

The interference effects in the infrared region in Figures 2(a), 2(b), and 2(c) were more intense in the ZnS(60)/Ag(60) nano-
films. These effects were a result of reflection from different optical interfaces of air-ZnS, ZnS-Ag, and Ag-glass interfaces [45-
47]. There was a further rise in reflectance to about 54% in the infrared region at a wavelength of about 1300 nm. For wavelengths
below 400 nm, there were interference minima in the reflectance of the samples. These effects were a result of an increase in
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absorption due to inter-band electronic transitions of the zinc and silver atoms [41, 48].
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Figure 2. Reflectance spectra of ZnS/Ag nanostructures (a) The deposition angle of ZnS was increased from 0°to 60° when the depo-
sition angle was fixed at 0°. (b) The deposition angle of ZnS was increased from 0° to 60° when the deposition angle was fixed at 30°.
(c) The deposition angle of ZnS was increased from 0° to 60° when the deposition angle was fixed at 60°.

3.2 Optical Constants

The refractive index of the nanostructured ZnS/Ag nanofilms was calculated from the measured reflectance data according to
equation (3) [18, 49]. The extinction coefficient (equation 4) of the material was determined from the absorption coefficient, « =

2.30263 which was calculated from the absorbance A of the electromagnetic waves during propagation through the material
[16].

3.2.1 Effect of Deposition angle on refractive index and extinction coefficient

The effective refractive index of the (10 nm) ZnS/Ag nanofilms was observed to increase with an increase in wavelength but
tends to remain constant in the wavelength range of 700-800 nm, as seen in Figures 3, 4, and 5. The values of refractive indices
were lower in the visible region than in the infrared region. The low values of refractive index in the visible region were due to
strong light absorption and the effect of quantum confinement [15, 50]. Beyond 4 = 800 nm, the effective refractive index in-
creased considerably, with maximum peaks observed in the near-infrared spectral regions.

When Ag was deposited at 0°to the substrate normal for different deposition angles of ZnS i.e., ZnS/Ag(0°), the refractive
indices measured at wavelength 4 = 1000 nm were n =2.3, 5.0, and 5.4 for 0°, 30°, and 60°, respectively. These values of refractive
index were very high for infrared radiation to pass through the nanofilms. Further increase in deposition angle of Ag to 30°, i.e.,
ZnS/Ag(30°) for the ZnS(30°)/Ag(0°) nanostructures, the refractive index measured at a wavelength of 2 = 1000 nm for different
deposition angles of ZnS were n = 3.7, 4.8, and 6.9 for 0°, 30°, and 60°, respectively. These values of refractive index are very
high for infrared radiation to pass through the nanofilms [51, 52].

When the deposition angle of Ag was raised to 60°, i.e., ZnS/Ag(60°) nanofilms, the refractive index values measured at
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wavelength A = 1000 nm for different deposition angles of ZnS were n =4.1, 4.7, and 5.0 for ZnS(0°)/Ag(0°), ZnS(30°)/Ag(0°)
and ZnS(60°)/Ag(0°) respectively. However, the effective refractive index of the 10nm ZnS/Ag increased with an increase in the
deposition angle of ZnS, both in the visible and infrared regions [39, 53]. The effective extinction coefficient was evaluated by
equations (4) and (5). The effective extinction coefficient was observed to decrease from wavelength A =250 nm to small values
at about A = 380 nm. This observation was also reported by Jones [32] during the spectroscopic ellipsometry measurements of
the refractive index of thin metal films. Beyond the wavelength of A = 400 nm, there was an exponential increase in the effective
extinction coefficient, with the Urbach tail hinged at 400 nm. This was due to the strong absorption of thermal radiation both in
the visible and infrared spectral regions [52, 54].

When the deposition angle of silver was increased from 0°to 30°, there was a general decrease in the values of the effective
refractive index and an increase in the values of the effective extinction coefficient Figure 4(b). This trend was observed in the
visible and infrared spectral ranges. The decrease in the effective extinction coefficient in the infrared region was due to an
increase in optical transmittance and low reflectance [55].
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Figure 3. (a) Effect of deposition angle of ZnS on the effective refractive index with Ag nanofilms deposited at 0°; (b) Effect of deposi-
tion angle of ZnS on the effective extinction coefficient of ZnS/Ag nanofilms when Ag was deposited at different deposition angles.

A further increase in the deposition angle of silver decreased the effective refractive index (Figure 5(a)) but increased the
effective extinction coefficient at the absorption edge Figure 5(b). This was due to a progressive increase in transmittance in the
infrared region. The low effective extinction coefficient values in the visible region revealed low absorption loss. However, high
values of the effective extinction coefficient in the infrared region imply a high loss of thermal energy contained in the infrared
spectral region [53].
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The low values of the effective refractive index in the visible wavelengths indicate that the nanofilms were transparent to
visible light. The increase in the value of the effective refractive index in the infrared region and the decrease in the effective
extinction coefficient at the absorption edge could be explained by high light absorption or scattering [56]. The increase in the
effective extinction coefficient with deposition angle indicates that the light traveling through ZnS/Ag nanofilms experienced
attenuation due to loss of energy. This may be accounted for by various loss mechanisms such as generation of phonons, scat-
tering, crystallite size, and a less dense layer structure whose density decreased with an increase in deposition [43], [57], [58].
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Figure 5. Effect of deposition angle of ZnS on (a) refractive index of ZnS/Ag films at constant angle of deposition of Ag. (b) extinction
coefficient of ZnS/Ag(60° ) nanofilms at constant angle of deposition of Ag.

3.3 The energy band gap

The energy gap of the nanofilms was determined from the absorption coefficient (), equation (5), which was calculated from
the transmittance (T) of the ZnS/Ag thin films [59].

3.3.1 Effect of deposition angle on the band gap energy of ZnS/Ag nanofilms

Using equation 7, a plot of (a/v)? against photon energy #v is shown in Figure 6. From the graph, the linear potions were tilted
toward the right along the 4v axis with a very steep slope. The increase in energy band gap in Figure 6(a), (b), and (c) was due
to an increase in confinement effects brought about by an increase in deposition angle [60]. The energy band gaps for
ZnS(0°)/Ag(0°), ZnS(30°)/Ag(0°), and ZnS(60°)/Ag(0°) Figure 6(a) were 3.62 eV, 3.68 eV, and 3.77 eV, respectively. In a sep-
arate study by Bartek et al., [22], it was observed that the absorption edge occurred in the range of 2.23 eV to 3.45 eV due to
defects in the band gap energy.

When the deposition angle of silver was increased to 30° Figure 6(b), the energy band gaps for ZnS(0°)/Ag(30°),
ZnS(30°)/Ag(30°), and ZnS(60°)/Ag(30°) were 3.79 eV, 3.87 eV, and 3.83 eV, respectively. A further increase in the deposition
angle of silver to 60° (Figure 6(c)) increased the energy band gap of the nanofilms.

The energy band gaps for ZnS(0°)/Ag(60°), ZnS(30°)/Ag(60°), and ZnS(60°)/Ag(60°) were 3.95 eV, 3.99 eV, and 3.87 eV,
respectively. The small film thickness and increase in deposition angle gave high values for the optical band gap. All the ZnS/Ag
nanofilms exhibited minima values in the range of 2.49 eV to 3.25 eV. The high band gap was due to nanocrystallite sizes and
crystal imperfections. Nevertheless, the high band gap energy can be explained in terms of quantum confinement effects that
were associated with the existence of nanocrystallites and the small film thickness [61]. This allowed the transmission of visible
wavelengths but prevented the transmission of low-energy infrared radiation [20, 62, 63].

The energy band gaps for ZnS(0°)/Ag(60°), ZnS(30°)/Ag(60°), and ZnS(60°)/Ag(60°) were 3.95 eV, 3.99 eV, and 3.87 eV,
respectively. The small film thickness and increase in deposition angle gave high values for the optical band gap. All the ZnS/Ag
nanofilms exhibited minima values in the range of 2.49 eV to 3.25 eV. The high band gap was due to nanocrystallite sizes and
crystal imperfections. Nevertheless, the high band gap energy can be explained in terms of quantum confinement effects that are
associated with the existence of nanocrystallites and the small film thickness. This allowed the transmission of light energy from
the visible band but prevented the transmission of low-energy infrared radiation [20, 37, 62].
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Figure 6. Effect of deposition angle on energy band gap: (a) deposition angle of ZnS was increased as the deposition angle of Ag was
kept at 0°; (b) the deposition angle of ZnS was increased as the deposition angle of Ag was maintained at 30°; (c) the deposition angle
of ZnS was increased as the deposition Ag was maintained at 60°.

However, the increase in the deposition angle of ZnS from 0° to 60° had minimal impact on the variation of the energy band
gap with the deposition angle. On the other hand, the increase in the deposition angle of silver increased the energy band. This
trend was observed in Figures 6(a), (b), and (c) after extra plotting along the Urbach region of each plot.

4. Conclusions

The optical transmittance of ZnS/Ag nanofilms in the visible region was enhanced by the deposition of silver nanoparticles at
higher deposition angles. However, the deposition of Ag nanoparticles at high deposition angles suppressed the optical transmit-
tance in the infrared region. The reflectance of evaporated ZnS/Ag nanofilms decreased with a decrease in the deposition angle
of ZnS. However, the reflectance decreased with an increase in the deposition angle of silver metal films. An increase in the
deposition angle of silver decreased the effective refractive index. The effective refractive index increased from 3.25 in the
visible spectrum to 6.2 in the infrared spectrum. The low values of the effective refractive index in the visible wavelengths
indicate that the nanofilms were transparent to visible light. The extinction coefficient increased from an average of 0.2 at about
400nm toward the infrared spectral range. The increase in deposition of ZnS did not significantly affect the energy band gap.
However, the increase in the deposition angle of silver increased the energy band of the nanofilms from 3.52 to 3.99 eV.
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