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In this study, Magnesium Fluoride (MgF2) and Zinc Sulfide (ZnS) multi-layer antireflection coatings
were prepared using Glancing Angle Deposition (GLAD) technique. MgF2 and ZnS materials have been
coated in a Hind - Hivac coating unit (model 15F) on glass substrates. Antireflection coatings were
prepared at different oblique incident flux angles (a = 40°, 65°,70°, 80°) by the thermal evaporation
method. The Grazing incidence X-ray diffraction (GIXRD)analysis indicated that the thin films coated
at different incident angles were crystallized in a single phase with an orthorhombic structure. The
XRD results showed improvement of the film crystallinity upon grain size increment. Optical
properties were investigated throughout the measurement of transmission spectra and refractive
index and extinction in the visible region. The refractive index of films decreased from 2.8 to 1.66 as
the flux angle increases from 40° to 80°. The extinction coefficient of films increased from 0.03849 to

0.05997 as the flux angle increases from 40° to 80°.

1. Introduction

Anti-Reflection coatings (ARc) utilize interference to
control the reflection parameter. The interference at a
medium boundary occurs due to the change of the
refractive index. The vast usages of thin films are essential
in various systems [1]. One of their essential important
applications is in solar cells [2-4]. Reflectance loss is the
original, challenging phenomenon in solar cells or any
other optical system. When sunlight crossing crosses from
them, efficiency is reduced [2,3,5]. Currently, the surface
treatment techniques used to provide solar cells to
assemble light effectively contain surface texturing and
antireflection coating formation [6,7]. Handling an
antireflection coating on a solar cell decreases the
reflectance to less than three layers [8]. Newly, silicon
nitride coatings, which include hydrogen acting as surface
passivation, and antireflection coatings have been used [8].
MgF2 has achieved high consideration in research and has
become a standard material for optical systems. MgF: is a
material with a low absorption coefficient, high refractive
index, excellent transparency, and good chemical stabilities
[9,10]. The excellent transparency of MgF2 has led to its use
in optical systems. MgF2, when used as a coating on optical
windows lenses, is an excellent ideal antireflection
property. ZnS is a significant broad bandgap semiconductor
which extensively used in optical systems. It has a
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reflection loss of 24.7% and a refractive index of 2.2 [11].
ZnS is a practical suitable material for use in antireflection
films [3-5,12] due to its particular properties such as high
versatility, broad bandgap, high transmission, and low cost
[12-15]. One of the suitable methods to manufacture of the
ZnS films is physical vapor deposition (PVD) technique.
Because it has unique advantages such as; low cost of
operation, low material consumption, high deposition rate
[16], capability in controlling the substrate condition [17].
The thin films of MgF2 and ZnS are easily prepared with
high optical quality using thermal evaporation systems,
which makes making the materials suitable for applications
in optical devices [18-20]. The most outstanding feature of
ZnS is that ZnS is high refractive index material like TiO2,
but experiences a lower chemical decomposition process
during non-reactive deposition compared to that of TiOx.
Also, MgF is low refractive index material like SiO, but it
is easily prepared by non-reactive deposition at lower
deposition temperature with a higher deposition rate. For
GLAD, the deposition rate is a very important factor
because slanting deposition nature of the GLAD technique
severely reduces deposition rate. To achieve multilayer
growth, an in-depth investigation into the growth
properties was performed. Therefore, ZnS with a high
refractive index and MgF2 with a low refractive index are
commonly used for single, double-layer, and triple-layer AR
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coatings. Generally, refractive indices of ZnS and MgF2 are
known to be 2.354 and 1.377 at 630 nm, respectively [21].
At present, many potential applications of ZnS and MgF>,
such as LEDs, solar cells, photo-detectors, photovoltaic
cells, solar collectors, IR diodes [21], etc. are being
explored. The thin films of ZnS and MgF; have been
prepared by many deposition techniques such as thermal
evaporation [22], sputtering [23], chemical bath deposition
[24], SILAR [25], thermionic vacuum arc (TVA) [26], spray
pyrolysis [27], and others [28, 29].

The GLAD method has been developed since the
researchers found that they could manipulate column
structures with the active management of substrate
location within the address layer. Although GLAD has
significant advances over the last 20 years, its complex
research is still not well understood, and the results of
empirical studies are not very consistent with theoretical
studies. One of the most essential factors in this method is
the layer that has a significant effect on the formation of
motility. The impact of the shadow of this phenomenon
occurs more on the level of the impaction layer. Some
researchers have performed MgF: coatings using the GLAD
technique. Chun Guo etal. [30] deposited the MgF2 coatings
at different oblique incident flux angles and studied the
effect of increasing the flux angle on structural and optical
properties.

In this paper, MgF2 and ZnS multi-layer ARc (single-
layer, double, and triple layer) was studied. ZnS and MgF>
films were deposited by the PVD method. The optical
properties of films were systematically investigated as a
function of deposition angles. In addition, simulated results
of ARc were compared to experimental results. The film
thickness and film angles were found out using images
obtained by FESEM, and with the help of the Digimizer
software. The structural properties of films were studied
using XRD patterns.

2. Experimental

MgF2 and ZnS materials have been coated in a Hind -
Hivac coating unit (model 15F6) on glass substrates. The
deposition was carried out using the PVD method by using
thermally heated source in a vacuum chamber. For
manufacturing oblique films, the substrates were oriented
80° to the source around normal axis, with the help of the

system shown in Fig. 1. Also, to fabricate a normal common
and inclined combination layer, the process was performed
in a single run without opening the chamber. The pressure
of the chamber was 1x10-5 mbar and working at room
temperature. Before deposition processes, the substrates
in an ultrasonic bath were washed with soap and water
solution and then washed with acetone, and dried by
nitrogen gas. MgF: (purity: 99.99%) and ZnS (99.99%)
compounds supplied by Sigma Aldrich Company, were
placed in molybdenum source. The deposition thickness
and deposition rate of the coatings were controlled by a
piezoelectric crystal. The deposition rates were 4 A/s. The
distance between the evaporation source and the substrate
was 23cm. The distance between the piezoelectric crystal
and evaporation source was 25cm. During the process
using a circulating water system, the substrate
temperature was keptat 70 °C. Five samples were prepared
with different growth conditions and given in Table 1. As
exhibited, two types of ZnS and MgF: films, including single
and multi-layer coatings, were fabricated. For fabricating
the inclined combination layer, the process was performed
in a single run without opening the chamber. Optical
properties were studied using a UV-Vis spectrophotometer
(PerkinElmer model Lambda-25) in the wavelength range
of 300-1200 nm. Morphological properties were analyzed
using FESEM (Zeiss model). Structural properties were
analyzed using XRD (ADVANCE-D8 model, A=1.5406A4).
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Fig. 1. The schematic diagram of substrate translocation.

Table 1

specifications introducing the prepared coatings.
Sample S1 S2 S3 sS4
Numb.ell“ of the 1 2 2 5
deposition layers
Deposition angle 70 40 65 30
(degree)
film MgF2 MgF2/ZnS MgF2z/ZnS MgF2/ZnS

3. Results and discussion
3.1 FESEM analysis

The FESEM analysis was used to determine the
morphology and the thickness of the layers. Fig. 2
represents the cross-section images of the S1, Sz, S3, Ss, and
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Ss samples. Fig. 2 shows porous and obliquely column
structure. The relation between columnar angle () and the
incident vapor flow angle (a) is given by the following
formula [31-33]:

Fora < 60tanf =1/2 (tana) (D
and fora > 60 =a-Arcsin (1-cosa) /2 (2)

The thickness and angles of the layers, and the growth
columnar angle were obtained using Digimizer software.

214.4 nm

EHT = 15.00 kV
WD = 6.8 mm

200 nm

Signal A = InLens
Mag= 50.00KX

The thicknesses obtained are equal to: S1 (198 nm), Sz (216
nm/294.8 nm), S3 (294 nm/214 nm), S4 (266 nm/223 nm),
and Ss (244 nm/202 nm/143 nm). The angles obtained are
equal to: S1 (74.58°), Sz (24.60°/ 38.48°), S3 (0°/63.74°), S4
(17.28°/74.31°), and Ss (0°/19.42°/76.83°). The value of
growth columnar angle (8 )is calculated for all samples and
is presented in Table 2. A good agreement is found between
the predicted experimental and theoretical results.

User Level = Expert
User= GSI

Fig. 2. Cross-sectional FESEM image of MgF2 / ZnS thin films.

3.2. Structural properties

The structural properties and phase purity of the
samples were determined by the GIXRD pattern, as shown
in Fig. 3. This figure shows the GIXRD patterns of the S3, Sz,

S3, S, and Ss samples. The diffractometer system is XPERT-
PRO. Using Fig. 3, one can observe tetragonal MgF2 phase
with estimated lattice constants a=3.911+0.002 A,

b=4.516+0.009 A, ¢=3.014+0.028 A, comparable to
standard lattice parameters a=4.728 A, b=4.612 A, c=3.098



R. Zarei Moghadam et al. / Progress in Physics of Applied Materials 1 (2021) xx-xx 17

A (JCPDS:721150) [34]. No impurity phase was observed in
the patterns. Using Figure 3, one can observe the cubic
phase of ZnS with estimated lattice constants a = b = ¢ =
4,985 + 0.012 A as compared to the standard lattice

MgF2 (111)

—

—

S
S

MgF2 (110)

—

ZnS (220)
MgF2 (211)

Zns (311)

Intensity(arb.unit)
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20
Fig. 3. GIXRD pattern of the Si, Sz, S3, S4, and Ss samples.

parameters a = b = ¢ = 5.418 A (JCPDS: 800020) of ZnS [35,
36]. No additional or secondary phase peaks were observed
in the XRD pattern of ZnS/MgF2 coating except pristine
ZnS and MgF2 peaks, which confirms that during the
fabrication of alternate layers in the composite system, the
lattice diffusion does not occur. Comparing these data with
those of single layers, no additional peaks are found. Then
it can be understood that no other crystalline compound is
formed during the growth.

The size of the crystal of the samples was obtained with
the Debye-Sherrer formula.

D= kA
"~ B cosé (3)

Where k is constant (0.9), £ is full width at half maximum
in radians, A is the source of Cu Ka radiation wavelength
(1.54 &), and D is the size of nanoparticles in nm [37]. Table
2 displays clearly that with the increasing flux angle (from
40 to 80), the crystallinity of the grown films decreases
(from Sz to Ss4) which is characteristics of the GLAD
technique. But as the number of layers and the thickness of
the layers increase, the crystallinity increases (Ss).
Improvement of the intensity of peaks indicates the
crystallite size increment of the samples, which can be
attributed to the shadowing effect [38]. Any extra peaks, as
well as secondary phases, were not observed in the
combined phases of the ZnS/MgF: multilayer except for
prior ZnS and MgF; peaks, which confirm that the lattice
diffusion does not happen during the manufacturing of
alternate films in the multilayer system. Single layer and
two layers of MgF2 and ZnS exhibit only little crystallinity,
whereas the crystallinity improved with an increase of
ZnS/MgF2 composite.

3.3. Optical properties

One of the most exciting and accessible methods for
analyzing nanoparticles is the use of electromagnetic
waves in the ultraviolet region, with the optical
characteristics of the samples being obtained from the

transmittance measurement. Fig. 4 represents the optical
transmittance of samples versus wavelength. It is found
from Fig. 4 that all of the MgF2 and ZnS/MgF: layers were
highly transparent in the broad wavelength region. It can
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Fig. 4. The transmittance spectra of samples.

be seen that the transmission of the specimens is a function
of the angle of the deposition, so that the films with various
materials prepared at higher deposition angles
demonstrate higher transmission. This may be ascribed to
the enhancement in separation distance between the
columns, leading to reduced layer density upon applying
higher a values [39, 40].

The absorption coefficient (a) for the prepared films
was estimated using the following equation [41]:

a(®) = - 3Ln(T) @

Where d is the thickness of films, and T is the transmission
of the specimen. Absorption coefficient versus wavelength
of samples is shown in Fig. 5. Figure. 5 shows that with
increasing the incident flow angle, the absorption
coefficient increases. This may be ascribed to the reality
that by increasing this flow angle, the porosity of film
increases which in turn leads to an increase in roughness of
the surface and therefore, an increase in the absorption
coefficient. A film with a small absorption coefficient has a
flat surface [42]. The higher absorption coefficient of
sample S5 compared with the other four samples may be
ascribed to the increase in light trapping in this sample due
to its higher porosity. This is well known that the porosity
in a structure can cause photon scattering leading to a high
absorption coefficient [8, 42].
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Fig. 5. The absorption coefficient spectra of samples.

The refractive index (n) of the deposited samples was
calculated using the following equation [42].

n= [H + (HZ _ 52)0.5]0.5
(5)

s 41
2 (6)

b= 452
T (s2+1D)T?

Where H is the Swanepoel constant, T is the transmission
,and S is the refractive index of the substrate. Fig. 6 shows,
refractive index variations versus the wavelength for
MgF2/ZnS samples. It can be seen from the plots that the
refractive index was decreased with absorption coefficient
value increment. Similar works also reported the same
behavior for the samples produced by the GLAD method
[8, 42]. This can be ascribed to the formation of porous
structures in the films produced by the GLAD method. In
fact, with average surface porosity increment because of
using higher incident flow angles, the hollow areas present
on the surface facilitated the light passage, which resulted
in a refractive index reduction. These results showed that
the optical properties of the MgF2/ZnS layers, such as
refractive index, were strongly dependent on the deposition
angle. This parameter can pave the way for controlling the
optical properties of MgF2/ZnS films matching our
demands. The mean refractive index of the MgF2/ZnS layers
decreases as the deposition angle increases; meanwhile, the
extinction coefficient of the samples increases [39].

Table 2
Parameters of MgF2 / ZnS films obtained for samples from optical and microstructure characterization
sample S1 S2 S3 Sa Ss
Films MgF2 MgF2/ZnS MgF2/ZnS MgF2/ZnS MgF2/ZnS/MgF2
Thickness (nm) 198 294/216 294.8/214.4 266/223 244/202/143
Angle (°) 74.58 24.60-38.48 0-63.74 17.28-74.31 0-19.42-76.83
B() 0.42 0.48 0.52 0.57 0.61
D (nm) 3.4 3.01 2.77 2.52 2.38
Tmax 83.24 92.80 93.28 92.83 96.7
a (105 cm™) 2.36 2.58 2.79 3.56 5.08
n 2.8 2.13 2.05 1.73 1.66
k (x10-4) 0.029 0.038 0.039 0.045 0.059
5 Fig. 6. The refractive index versus wavelength of all the samples.
—s,
—_—, The extinction coefficient provides information about
4 =, the light absorption in the medium material due to inelastic
Sy scattering. The extinction coefficient is given by K =
Ss alA/(4m). Here a is the absorption coefficient of the material
c 3 / [40].

700 800 900 1000 1100
Wavelength(nm)
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Fig. 7. The extinction coefficient vs. wavelength of all the samples.

Figure 7 shows the extinction coefficient versus
wavelength. The extinction coefficient of samples increased
from 0.0042 to 0.0016 as the deposition angle increases
from 40° to 80°. The low values of k in the visible region are
a qualitative indication of the excellent surface smoothness
of thin films. Furthermore, the high k-value obtained for «
= 80° suggests the presence of significant inhomogeneity in
the films (defects, disordering, oxygen vacancies, surface
corrugation), especially a rougher film/air interface
favored for high glancing angles of deposition [41, 42]. The
obtained extinction coefficient results of all the samples are
provided in Table. 2.

4. Conclusion

We have studied the design, fabrication, and
characterization of the multilayer antireflection coating
consisting of ZnS and MgF: on the glass substrate. The thin
films of MgF2 and ZnS deposited on the glass substrate by
GLAD method. The average transmittance of the double-
side coated sample increases by about 26% and, its
maximum reaches nearly 94%. Using structural analysis of
XRD and FESEM, structural properties were studied. The
XRD spectra of the samples indicate a reduction in the
density and strain of crystalline samples in samples (S3 and
S4) compared to the S1and Sz. These results are consistent
with variation in the sample transmittance spectra. The
FESEM figures indicate that all the samples were uniform,
compact with good adhesion on the ZnS substrate. Also,
optical properties are analyzed using UV-Vis analysis. It has
been found that with an increase in the deposition angle,
the refractive index of the samples is reduced from 2.8 to
1.66. Interesting results were observed with the
precipitation of MgF2 samples at different angles. By
increasing the deposition angle, optical transmission
ranges (from 550 to 1100 nm) were increased to 96.7
percent. These results introduced these samples as
promising candidates for antireflection coatings.
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