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1 Introduction

Determination of the significance of atomic
concentration on surface properties of Ba,Mg,_,F>
alloy coatings via microscopic and spectroscopic
techniques

Ezgi Baris,® Bukem Tanoren, © *° Beste Di|ocin®C and Feyza Guzelcimen®

Both BaF, and MgF, compounds and Ba,Mg; ,F, alloy thin films were deposited on glass and silicon (Si)
substrates in nanometric sizes (100 £+ 10 nm) in a high vacuum environment by radio frequency (rf)
magnetron sputtering. Using BaF, (99% purity) and MgF, (99% purity) target materials and adjusting the
power levels applied to these targets, BayMg;_4F, alloy coatings at different atomic concentrations were
formed under the same vacuum conditions. The microstructure and surface characteristics of the
samples were analysed with the help of spectroscopic and microscopic methods. For the surface
characterization, with scanning acoustic microscopy (SAM), 2-dimensional surface acoustic images of
the samples were mapped, the surface acoustic impedance values were determined, and information
about the micro hardness of the materials was obtained. Surface roughness values and grain sizes were
obtained by taking 3-dimensional surface images of investigated materials using atomic force
microscopy (AFM). Average nanometric particle sizes were determined for each sample with scanning
electron microscopy (SEM), therefore, information about surface homogeneity was obtained. For the
microstructural characterization, quantitative elemental analysis was performed using scanning electron
microscopy/energy dispersive X-ray spectroscopy (SEM-EDS), and stoichiometric ratios of atomic
compositions were identified. By evaluating the data obtained from the microscopic and spectroscopic
measurements, the effect of the atomic concentration parameter on the morphological properties of the
material was determined. The usability of the produced binary fluoride alloy thin film coatings is
promising for emerging optoelectronic, ceramic industry, biomedical and surface acoustic wave
applications.

become enablers in new added-value applications, ie., anti-
reflective coating materials, optical discs, circuit elements,

The study of compound/alloy thin-film coatings has intensified
worldwide. Thanks to the developing technology each day,
research in the field of nano-science and nano-technology has
shed light on the development processes of various applica-
tions. Nano-materials produced by thin-film coating technology
considerably improve the surface, optical, electrical, mechan-
ical and acoustic properties of the tools and equipment ob-
tained using these materials. Thin-films are versatile and
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advanced glass products, biomedical materials, surface acoustic
wave devices and memory discs.'

In recent years, the requirement for suitable compound or al
loy thin-film coatings of the metal, ceramic, and polymer/
composite used as implant materials and their emerging
biomedical applications is increasing daily.*** The majority of
coated thin-film devices are made from semiconductor alloys or
compounds. Basic properties can be controlled by different
deposition conditions, leading to the production of materials
with distinctive features. The aforementioned information
suggests that atomic concentration may play a significant role
in determining the surface, optical, electrical, mechanical, and
acoustic properties of nanomaterials.”*™** BaF, and MgF, thin
films are essential semiconductors due to their valuable optical,
mechanical and microstructural properties.’>*® The informa-
tion available on Ba,Mg; ,F, binary fluoride is minimal."”*®
Kotlikov and Novikova reported that these binary fluoride films
have better optical characteristics, compared to pure fluoride
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films."” So far, physical and chemical deposition techniques
have been used to form Ba,Mg; ,F, alloy thin-film coatings.
Studying how atomic concentration affects the surface proper-
ties of Ba,Mg;_,F, alloys can improve binary fluoride coatings'’
efficacy. In this study, we obtained pure BaF, and MgF,
compounds as well as BaMg;, ,F, alloys coatings with
nanometer-sizes (~100 nm) and with different atomic concen-
trations on n-type, (100)-oriented silicon (Si) and quartz glass
substrates in a high vacuum chamber using the rf magnetron
sputtering technique. Using an atomic force microscope (AFM),
a trustworthy 2- and 3-dimensional topographic imaging
method, surface images of the materials under investigation
were used to calculate surface roughness values for the purpose
of surface characterization. Furthermore, the surface
morphology of thin films can be illuminated by using the
scanning electron microscopy (SEM) technique, which yields
reliable results in determining the particle sizes of individual
materials and providing information on surface homogeneity.
Using scanning acoustic microscopy (SAM), which is a 2-
dimensional advanced microscopic surface acoustic scanning
method, acoustic mapping of the materials and surface average
acoustic impedance values were calculated, and predictions
were made regarding the micro hardness of the materials. For
the first time, the impact of the atomic concentration parameter
on the morphological characteristics of the resulting materials
was disclosed. For the microstructural analysis of the materials,
scanning electron microscopy/energy dispersive X-ray spec-
troscopy (SEM-EDS) technique was used. The elemental analysis
and the stoichiometric atomic composition ratio of BaF, and
MgF, compounds and Ba,Mg; ,F, alloys were performed via
this technique. The current study intends to analyse the impact
of the atomic concentration variable parameter on the
morphological properties, explore the surface and microstruc-
tural characterization of the generated nanomaterials using
a variety of spectroscopic and microscopic techniques, and
contribute to the application areas related to the data obtained.
This study presents a preliminary research, showing the
potential of Ba,Mg; _,F, alloy nano-coating samples at different
atomic concentrations produced in high vacuum systems, it is
believed that these alloy nano-coatings have the potential to be
used in the ceramic industry, for the optoelectronic applica-
tions and the devices using surface acoustic waves." !

2 Results

This work included the surface and structural characterization
of barium-rich and magnesium-rich Ba,Mg, ,F, alloys, as well
as compounds of BaF, and MgF, with ~100 nm thickness
produced by the Nanovak NVTS 500 rf magnetron sputtering
technique. Fig. 1 displays 3-dimensional microscopic images
(as acquired in a 10 x 10 um” scanning area) of each material
surface using an AFM device for morphological analysis.

The root mean square values (rms) of surface roughness,
calculated from the surface images recorded with AFM, are
associated with the homogeneous distribution of the morpho-
logical structure of the samples, and these values are as shown
in Table 1.
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Fig.1 AFMimages of samples coated on quartz glasses in 10 x 10 pm?
scanning areas: (a) BaF,, (b) MgF,, (c) BayMg;_4F, (x > 0.5) and (d)
BayMg; 4F> (x < 0.5).

For each sample, the surface images monitored by SEM
(scale bars: 200 nm and 1 pm) are shown in Fig. 2-5.

Images obtained by SEM-EDS, for the microstructural anal-
ysis of materials, are given in Fig. 6-9.

Fig. 10 shows the 2-dimensional surface acoustic images
obtained by SAM, of the BaF, and MgF, compounds as well as
the Ba,Mg, ,F, alloys, coated on quartz glass.

Table 2 displays acoustic impedance results. Mean acoustic
impedance values are weighted averages, calculated from point
values on five different surface areas of 0.3 mm x 0.3 mm on
each sample.

Table 1 Root mean square (rms) values of surface roughness for BaF,
and MgF, compounds and Ba,Mg; ,F, alloys with different atomic
concentrations

Atomic concentration rms (nm)
BaF, 48.3
MgF, 4.5
Ba,Mg,; ,F, (barium-rich, x > 0.5) 9.7
Ba,Mg; _,F, (magnesium-rich, x < 0.5) 2.2

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Surface images of the BaF, compound obtained by SEM, scale
bars: (a) 200 nm, (b) 1 um.

Fig. 3 Surface images of the MgF, compound obtained by SEM, scale
bars: (@) 200 nm, (b) 1 um.

Fig. 4 Surface images of Ba,Mg;_,F, (barium-rich, x > 0.5) alloy ob-
tained by SEM, scale bars: (a) 200 nm, (b) 1 pm.

Fig. 5 Surface images of Ba,Mg;_,F, (magnesium-rich, x < 0.5) alloy
obtained by SEM, scale bars: (a) 200 nm, (b) 1 um.

3 Discussion

In order to perform morphological analysis, each sample
surface was mapped with AFM and then with SEM. As can be
seen in Fig. 1 samples have homogeneous morphological
surface structure. The root mean square values (rms) of surface
roughness, given in Table 1, are associated with the homoge-
neous distribution of the morphological structure of the
samples.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 SEM-EDS analysis results of 100 nm thick BaF, compound. (a)
SEM image of the surface topography, EDS mappings of (b) Ba, (c) F
elements in BaF, coating deposited on silicon substrate, (d) EDS
spectrum of the area shown in (a) (scale bar is 2 um). F element's and
Ba element's EDS peaks are represented by purple and green arrows
respectively.

Fnergy (keV)

Fig. 7 SEM-EDS analysis results of 100 nm thick MgF, compound. (a)
SEM image of the surface topography, EDS mappings of (b) Mg, (c) F
elements in MgF, coating deposited on silicon substrate, (d) EDS
spectrum of the area shown in (a) (scale bar is 2 um). F element’s and
Mg element'’s EDS peaks are represented by purple and orange arrows
respectively.
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Fig. 8 SEM-EDS analysis results of 100 nm thick Ba,Mg;_,F, (barium-
rich, x > 0.5) alloy. (@) SEM image of the surface topography, EDS
mappings of (b) Ba, (c) Mg, (d) F elements in BayMg;_«F» (barium rich, x
> 0.5) coating deposited on silicon substrate, (e) EDS spectrum of the
area shown in (a) (scale bar is 2 um). F element’s, Ba element's, and Mg
element's EDS peaks are represented by purple, green, and orange
arrows respectively.

Coating samples thinly with gold-palladium with Quorum-
SC7620 device prior to the SEM imaging and measurement,
reduced reflections on the sample surfaces, leading to the
production of clearer surface images. The surface morphology
images of the samples were obtained with the Zeiss EVO LS 10
device. All samples have highly homogeneous surfaces, as can
be seen by analysing the surface images in Fig. 2-5 acquired by
SEM, which determines surface homogeneity and average
particle size for each element on the surface.

The surfaces have some defects that are in nanometer-scale.
The Ba element's particle size is observed to be larger than that
of Mg and F. The average particle sizes for Ba, Mg, and F were
estimated from SEM surface images to be between 90 and
140 nm, 20 and 50 nm, and 40 and 80 nm, respectively.

SEM-EDS results demonstrated that B, Mg, and F were
present in the structure of the materials coated with varying
atomic concentrations (Fig. 6-9). In the EDS spectrum of the
BaF, compound (Fig. 6d), peaks were observed at 0.8 eV and
4.5 eV, confirming the presence of F and Ba, respectively. From
the EDS maps, BaF, has a stoichiometric ratio of Ba (2.98%) and
F (5.21%). The presence of F and Mg was confirmed by peaks
observed at 0.8 eV and 1.2 eV in the EDS spectrum of the MgF,
compound (Fig. 7d). EDS maps showed that MgF, has a stoi-
chiometric ratio of Mg (2.31%) and F (4.12%). The EDS spec-
trum of Ba,Mg; ,F, (Barium rich, x > 0.5) alloy (Fig. 8¢) showed
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Fig. 9 SEM-EDS analysis results of 100 nm thick BaMag; 4F»
(magnesium-rich, x < 0.5) alloy. (@) SEM image of the surface topog-
raphy, EDS mappings of (b) Ba, (c) Mg, (d) F elements in Ba,Mg;_,F»
(magnesium-rich, x < 0.5) coating deposited on silicon substrate, (e)
EDS spectrum of the area shown in (a) (scale bar is 2 um). F element’s,
Ba element’s, and Mg element’s EDS peaks are represented by purple,
green, and orange arrows respectively.
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Fig. 10 Two-dimensional acoustic impedance maps of (a) BaF,
compound, (b) MgF, compound, (c) Ba,Mg;_,F, alloy (x > 0.5) and (d)
Ba,Mg;_,F> alloy (x < 0.5), recorded by 80 MHz SAM. The scanning area
is 4.8 mm x 4.8 mm with 300 x 300 sampling points. The colour bar
represents the variation in acoustic impedance values.

peaks at 0.8 eV, 1.2 €V and 4.5 eV confirming the presence of F,
Mg, and Ba, respectively. From the EDS maps, it was observed
that Ba,Mg; ,F, (barium rich, x > 0.5) had stoichiometric ratios
of Ba (4.19%), Mg (1.22%) and F (7.84%). The presence of F, Mg,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Surface acoustic impedance and standard deviation values of
thin films, determined by SAM

Acoustic impedance Standard deviation

Sample (MRayl) (MRayl)
BaF, 1.655 0.016
MgF, 1.679 0.010
Ba,Mg;_,F, (x > 0.5) 2.910 0.028
Ba,Mg;_,F, (x < 0.5) 2.835 0.021

and Ba was confirmed by the EDS spectrum of the Ba,Mg; ,F,
(magnesium rich, x < 0.5) alloy (Fig. 9¢), which displayed peaks
at 0.8 eV, 1.2 eV, and 4.5 eV, respectively. From the EDS maps, it
was observed that Ba,Mg; ,F, (magnesium rich, x < 0.5) had
stoichiometric ratios of Ba (0.79%), Mg (2.49%) and F (4.26%).
In SAM, an 80 MHz frequency converter with a spot size of 17
pm and a focal length of 1.5 mm produces a 5 ns wide pulse
with a repetition rate of 10 kHz, and acoustic waves reflected
from the sample and reference are collected and analysed with
the help of an oscilloscope. In this way, impedance and acoustic
intensity maps of the region can be obtained with 300 x 300
sampling points in the 4.8 mm x 4.8 mm and 0.3 mm X
0.3 mm scanning areas with a lateral resolution of approxi-
mately 20 um (Fig. 10). Acoustic signal reflections from the
reference (distilled water) and sample surfaces were recorded
using SAM in acoustic impedance mode to create surface
acoustic images. In order to determine the weighted average
acoustic impedance values, BaF, and MgF, compound and
Ba,Mg; ,F, alloy surface areas of 0.3 mm x 0.3 mm and 4.8 mm
x 4.8 mm were analysed. Due to the different elasticity values of
nanomaterials, and since elasticity of the materials effect the
impedance values obtained by SAM, several defects are
observed in the acoustic impedance maps with different
acoustic impedance values as can be seen in Table 2.>* Reflec-
tions of acoustic waves from regions with many pores cause
strong signals, and therefore, they are easily detected on SAM
images (Fig. 10). These non-homogeneously distributed regions
can be defined as surface defects of various shapes and sizes on
thin-film coatings. The significant variations in the mean
acoustic impedance values (Table 2) among the generated
samples are worth mentioning. These changes also correspond
to the changes in the micro-hardness and elasticity properties
of the materials. Additionally, the low standard deviation values
(Table 2) suggest that the prepared coatings have a relatively low
surface defect rate.

4 Conclusions

Within the scope of this study, microstructure analysis of BaF,
and MgF, compounds and Ba,Mg; ,F, alloys (barium-rich and
magnesium-rich) were determined using SEM-EDS technique,
and surface morphology were determined using AFM, SEM and
SAM techniques. The SEM-EDS analysis results demonstrate
that pure compounds or alloys could be produced in a high
vacuum environment. The materials produced had atomic
concentrations that were found to be consistent with previous

© 2024 The Author(s). Published by the Royal Society of Chemistry
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research based on elemental analysis. For surfaces of fabricated
materials, EDS spectra display stoichiometric ratios. According
to the EDS analysis results, the Ba and F elements are uniformly
distributed on the material surface, and the atomic percentage
ratio of Ba/F for the BaF, compound is almost equal to 1/2. It is
noted that the Mg and F elements are uniformly distributed on
the material surface, and the atomic percentage ratio of Mg/F
for the MgF, compound is nearly equal to 1/2. In the Ba,-
Mg, ,F, (barium-rich, x > 0.5) alloy, a stoichiometry has
emerged that the ratio of the total atomic percentage value of Ba
and Mg elements to the atomic percentage value of F is far away
from 1/2. A stoichiometry has been identified for the Ba,-
Mg, ,F, (magnesium-rich, x < 0.5) alloy, which shows that the
ratio of the total atomic percentage value of the Ba and Mg
elements to the atomic percentage value of the F elements is not
very close to 1/2. The elements play a crucial role in the structure
formation of the alloy surfaces produced in the vacuum envi-
ronment. The surface morphology analysis of the materials
revealed that, based on the roughness rms values derived from
the three-dimensional AFM images with a scanning area of 10 x
10 pm?, BaF, had the roughest structure and Ba,Mg; _,F, (rich
in magnesium, x < 0.5) had the smoothest structure. These
findings suggest that MgF, compound and BaMg; ,F,
(magnesium rich) alloy structure can be used as buffer interface
in multilayer structures in various optoelectronic applications
such as thin film transistors, and light emitting diodes,* while
BaF, structure or Ba,Mg, ,F, (barium rich, x > 0.5) alloy can be
used as an anti-reflective coating layer. Upon examination of the
SEM analysis results, it was noted that every material surface
displayed a very uniform morphology. We have come across
tight structures with few intergranular spaces and few
agglomerations. SAM was used to scan the material surfaces
and observe how the atomic concentration affected the mate-
rial's surface. It is known that the acoustic impedance value
changes with material's elasticity. Because surface hardness
and elasticity are crucial for acoustic devices, Ba,Mg; ,F, thin
film alloy materials with high acoustic impedance values can be
employed in these devices, according to the results obtained in
this study using the SAM method.

5 Material and methods
5.1 Samples

BaF, and MgF, compounds' and Ba,Mg; ,F, alloys' coatings at
different atomic concentrations were deposited on (100)-
oriented, n-type silicon (n-Si) and quartz glass substrates using
99% pure BaF, and MgF, targets in rf magnetron sputtering
setup. At the forefront of surface coating technology are phys-
ical vapour deposition techniques, of which rf magnetron
sputtering is the most often used method. The frequency used
in this technique is mainly 13.56 MHz. In this study, the
compounds and alloys were coated on quartz glass and Si
substrates using the Nanovak NVTS - 500 rf magnetron sput-
tering system. Under the same vacuum environment and
conditions, the substrates to be coated were set up. Thus,
homogeneous coatings of 100 + 10 nm thickness were achieved
for all substrates under identical conditions by the rotating

RSC Adv, 2024, 14, 26043-26049 | 26047
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electrode. BaF, and MgF, compound nanomaterials were
deposited by placing high purity (99.9%) BaF, target and high
purity (99.9%) MgF, target in rf vacuum system, respectively.
BaF, and MgF, targets were employed in the same vacuum
system using a co-sputtering technique to produce Ba,Mg; ,F,
alloys. The coatings were carried out in an atmosphere of 2 Pa Ar
gas and at a rotational speed of 5 rpm. Substrates were kept at
room temperature. Among the deposition parameters in the
vacuum chamber, the base pressure is in the range of 10" Pa,
and the deposition rate is in the range of 0.03-0.06 A s™*.
Deposition times and powers were adjusted in the vacuum
chamber so that the thickness of the materials was ~100 nm.
With various spectroscopic and microscopic techniques, it was
possible to determine how the atomic concentration parameter
affected the material's morphological characteristics. For each
spectroscopic and microscopic techniques, two different Ba,-
Mg, ,F, alloys were used: Barium rich alloy, x > 0.5 and
magnesium rich alloy, x < 0.5.

5.2 Atomic force microscopy

In this study, surface characterization of Ba,Mg; ,F, thin film
materials with different atomic concentrations was performed
with a high-performance non-contact mode AFM (Nano-
Magnetics Instruments LTD, Oxford, UK) through a scanning
area of 10 x 10 um?. The characterization is performed at room
temperature conditions, the average radius of the tip was ~200
A, and the scan speed was taken as 5 um s '. The two-
dimensional surface images acquired from the measurements
were used to compute surface roughness values (rms).

5.3 Scanning electron microscopy and energy dispersive X-
ray spectroscopy

The surface images of BaF, and MgF, compounds and Ba,-
Mg, _,F, alloy samples were performed with SEM (Zeiss EVO LS
10), which provides high-resolution magnification for the
determination of the cracks/fractures and morphological
structure of the materials and allows analysis by taking images
in this way. For SEM imaging, the samples were thinly coated
with gold-palladium within 90 seconds at a voltage of 10 mV in
a vacuum environment of roughly 1 Pa. This procedure was
carried out in a vacuum setting using a Quorum-SC7620 device
prior to the measurement for obtaining clearer images. Addi-
tionally, the energy-dispersive X-ray spectroscopy (ESEM-EDS)
technique, which is crucial for material identification and
quantitative analysis, was utilized to characterize the samples’
structural properties.

5.4 Scanning acoustic microscopy

Utilizing SAM (Honda Electronics SAM AMS-50SI), which uses
ultrasound signals to create visual images of the variations in
the mechanical properties of the samples and allows non-
destructive acquisition of images of structures that are diffi-
cult to be observed with other techniques by using the ability of
acoustic waves to penetrate optically opaque materials, the
surface images of BaF, and MgF, compounds and Ba,Mg; ,F,
alloys coated on quartz glass substrates were determined within
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about two minutes for each sample.* Our earlier research
provides comprehensive details on this method and the exper-
imental setup.?>**>”
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