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Abstract Metal oxides are useful for the detection and sensing of combustible and
toxic gases, and for use in lithium batteries and solar cells. The present study focuses
on the spectroscopic investigation of commercial and in-house laboratory synthesized
tetragonal tin dioxide (SnO,), aimed at studying its physical and chemical proper-
ties at nanoscale levels and in bulk. We have investigated the pure powder form and
thin films prepared on two different types of substrate, silicon and UV-Quartz, each
with five different thicknesses (i.e. 41, 78, 96.5, 373, and 908 nm). Raman spec-
troscopy with two different laser excitation wavelengths, namely 780 and 532 nm,
has been used to investigate the various SnO, vibrational modes. Thermal effects
on the primary vibrational features in the Raman spectra have been studied in the
range 30-170 °C. X-ray diffraction (XRD) spectra have been recorded to confirm the
rutile structure of tin dioxide and to obtain information on the spherical grain particle
size of SnO, with EDS analysis for the thin film samples. Scanning Electron Micro-
scope (SEM) images have been recorded in order to understand the morphology of
the particles of SnO; at the nanoscale level. In addition, FT-IR spectra have been
obtained to study the IR-active vibrational modes for the bulk and thin film samples
on the two substrates. Moreover, UV-VIS spectra have been employed to determine
the energy band gap for the SnO, film samples by an efficient process facilitated by
a Tauc plot technique utilizing an in-house developed python script.

Keywords Tin dioxide - Raman scattering + FI-IR spectroscopy * X-ray
diffraction + Scanning Electron Microscopy (SEM) - UV-VIS spectroscopy - Gas
sensor * Solar cells + Li-ion batteries - Molecular Dynamics (MD) simulation *
Tauc plot

H. Alghamdi - P. Misra (X))

Laser Spectroscopy Laboratory, Department of Physics & Astronomy, Howard University,
Washington, DC 20059, USA

e-mail: pmisra@howard.edu

B. Concepcion
Department of Physics, University of California, Berkeley, CA 94720, USA

S. Baliga
General Monitors, Lake Forest, CA 92630, USA

© Springer Nature Switzerland AG 2021 285
N. M. Mubarak et al. (eds.), Contemporary Nanomaterials in Material

Engineering Applications, Engineering Materials,

https://doi.org/10.1007/978-3-030-62761-4_11


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-62761-4_11&domain=pdf
mailto:pmisra@howard.edu
https://doi.org/10.1007/978-3-030-62761-4_11

286 H. Alghamdi et al.

1 Introduction

1.1 Metal Oxides

Metal oxides play a crucial role in applications in a variety of diverse fields, such as
material science, inorganic chemistry, condensed matter physics, geology, electrical
engineering and mechanical engineering [19]. They also have exceptional potential
as base materials in developing leading-edge technologies. In recent years, extensive
research effort has been directed towards metal oxides covering a range of appli-
cations in frontier areas in optoelectronics and device engineering. Depending on
the nature of the surface, size and shape of the active metal oxide material(s), the
response characteristics may differ. For example, the optical and electronic proper-
ties of such materials rely on the structure and spatial dimensions involved, whereas
the physical and chemical properties of low-dimensional oxide materials can be
remarkably altered by the Coulombic, Van der Waals, and interatomic coupling,
due to the large number of atoms present on the surface in comparison to its
bulk form. Therefore, significant interest exists in gaining a better understanding
of a variety of low-dimensional materials in different forms, such as nanoparti-
cles, nanowires, nanotubes, nanospheres, nanorods, nanoribbons, nanodisks and
nanosheets. Enhanced insight into the thermal, electrical, and optical properties of
such nanomaterials significantly contributes to improved fabrication of these mate-
rials with enhanced magnetic, electronic, and optoelectronic properties for a wide
range of device applications [12]. Metal oxides are considered flexible and have been
found useful for a host of applications relating to medical technology, water treat-
ment, air pollutant reduction, purification of industrial and military polluted soils,
and in personal care products [9].

1.2 Tin Dioxide

Mineral tin dioxide, often called stannic oxide or cassiterite (SnO;) has the tetragonal
crystalline structure, as do many other metal oxides. The rutile structure of SnO, has a
tetragonal unit cell with P4,/mnm space-group symmetry and lattice constants a=b
=4.7374 A andc = 3.1864 A [13]. This structure is the essential form among all other
phases that can [14] be produced under high mechanical pressure from the commonly
stable and available rutile phase. SnO, can have different phases of polymorphs, such
as CaCl,-type (Pnnm), «-PbO;-type (Pbcn), ZrO,-type orthorhombic phase I (Pbca),
fluorite-type (Fm3m), pyrite-type (Pa3), and a nine-fold coordination cotunnite-type
orthorhombic phase II (Pnam) [12]. The unit cell of rutile-type SnO, contains six
atoms; two of which are six-fold coordinated Sn and four are three-fold coordinated
O ions [13]. Tin (IV) oxide is an n-type semiconductor with the chemical structure
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0O=Sn=0. Figure 1 shows the rutile tetragonal structure of tin dioxide, with six-anion
oxygen surrounding a tin cation in the middle to form an imperfect octahedron of
rutile structured tin atoms. The ionic radius of O%~ is 1.40 A, while that for Sn*
is 0.71 A [14]. Each of the Sn atoms is located at the lattice vertices corresponding
to the neighboring six O’s of the distorted octahedral. The Sn atoms are located at
(0,0,0) and (Y2 a,%2 2,2 ¢), while O atoms are located at & (ua,-ua,0) and (*2a,%2 a,%2
¢) =+ (ua,ua,0), where u = 0.307 [3, 39]. SnO; is known for its unique properties,
such as chemical and electrochemical stability, high optical transparency, nontoxicity,
and efficient electron communication when doped [1]. It is a semiconductor with a
wide direct band gap between the conduction and valence bands of approximately
3.6 eV [4]. It can be used effectively as a transparent conducting oxide gas sensor,
a transparent electrode for lithium ion batteries, in solar cells, and finds potential
applications in electrochromic devices [11, 58].

1.3 Methodology (Raman, FT-IR, XRD, SEM)

Raman Spectroscopy

The principle of Raman spectroscopy is based upon inelastic scattering of light
incident on a sample. When a photon of frequency vy and energy hvy impinges
on molecules of a sample, the molecules are transported to a virtual energy state
for a short time interval, followed by the emission of a photon of frequency v; of
energy hv,. The electron cloud of the sample interacts with the electric field of the
monochromatic light and as a result the molecules get excited to a new rovibronic
state and undergo a variation in their electric dipole-electric dipole polarizability
that results in the Raman scattering effect. The intensities of the Raman lines are
proportional to the change in the polarizability that the sample molecules experience,
whereby the Raman spectrum (a plot of the scattering intensity versus frequency
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shift) is a function of the rovibronic states of the molecules. The Raman shift Av in
wavenumber units (cm™') is governed by the following equation:

Av = [(1/xo)—= (1/M)] (D

where g is the wavelength of the excitation laser and \; is the wavelength of the
Raman spectral line. If the laser excitation wavelength (\¢) and the Raman scattered
wavelength (1) are in nm, the Raman frequency shift (in cm™!) is given by the
equation:

Av = [{1/7o(@m)} — {1/ (nm)}] x (107 nm) / (cm) 2

The magnitudes of the Raman shifts are dictated by the polarizability of the
electrons in the molecules.

Most of the excited molecules in the sample emit scattered radiation with a
frequency that is equal to the incident radiation frequency and experience Rayleigh
scattering (i.e. elastic scattering). However, a small portion of the scattered light
also has a frequency different from the incident frequency and undergoes Raman
scattering (i.e. inelastic scattering). If the final state of the molecule is higher than
the initial energy state, the scattered photon will be shifted to a lower energy (lower
wavenumber); this downshift defines the Stokes-shift. Conversely, when the final
molecular state is lower in energy as compared to the initial state, the Raman scattered
photon is shifted to a higher energy (higher wavenumber); the corresponding upshift
is referred to as the anti-Stokes shift. The Raman spectra are therefore composed of
both Stokes lines and anti-Stokes lines [7, 13, 38].

To characterize our tin dioxide samples, we used a DXR™ SmartRaman spec-
trometer with an excitation wavelength of 780 nm and M? < 1.5 beam quality. We
used the 780 nm excitation to measure the Stokes Raman spectra of the SnO; in
bulk form at different temperatures with a high brightness single-mode diode laser.
Figure 2 shows the instrument’s internal optical layout with 780 nm excitation, where
the laser is focused on the sample by an objective lens resulting in scattered light
that is filtered (to remove the Rayleigh component) and subsequently imaged on to
the CCD detector, yielding the Raman spectrum of our sample [8].

A heated cell is accommodated within the Raman SmartDXR™ spectrometer
sample compartment, in order to study the thermal effects on the recorded Raman
spectra of the samples. We also used a Renishaw inVia Raman microscope with a
laser wavelength of 532 nm to record the spectra of the tin dioxide samples. The
powdered sample of SnO, (bulk) was compressed and transferred to the Ventacon™
model H4-200 cell (shown in Fig. 3) that can be heated up to 200 °C. We utilized
the heated cell to control the environment, while recording the Raman spectra of
the samples simultaneously. The H4 cell system comprises of an oven fitted with a
window at the front and a sealing system at the back. The sample is gently pressed
to the rear face of the window with a stainless-steel rod.
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Fig. 2 Schematic of the Raman SmartDXR™ Spectrometer (left) and the Raman SmartDXR™
instrument (right). (Adapted from Casimir et al. [8])
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Fig. 3 (Top) An overview of the Ventacon™ H4-200 heated cell; (middle) schematic cross-section

of the heating cell; and (bottom) schematic cross-section of the cylindrical container of powdered
samples. (Adapted from Casimir et al. [8])



290 H. Alghamdi et al.

Fourier Transform-Infrared Spectroscopy

When infrared radiation interacts with a molecule, some of the light gets absorbed.
The molecule then vibrates and gets excited to a higher energy level. When the
photon energy between the two permitted energy levels is coincident with the energy
difference between the pair of levels, an absorption spectrum is recorded [38]. As a
result, the resultant modes of vibration are infrared vibrations due to a change in the
dipole moment [5].

In the Fourier Transform (IR) technique, a broadband light source shines into
a Michelson interferometer. Different wavelengths are modulated at different rates
and the beam exiting the spectrometer is a snapshot in time called an interfero-
gram. Fourier transformation is used to convert the interferogram into an absorption
spectrum of the signal at a series of discrete wavelengths.

We have collected FT-IR spectra of the samples using a Thermo Scientific™
Nicolet™ iS50 FT-IR Spectrometer. The iS50 FT-IR has a tungsten-halogen white
light source with a Polaris™ long-life IR source. The Attenuated Total Reflection
(ATR) technique, which requires minimal sample preparation is used with a diamond
crystal as shown in Fig. 4a—c. As shown in Fig. 4c, the ATR accessory operates
by collecting the internally reflected infrared beam from an optically dense crystal
(diamond). When the crystal comes into contact with the sample, the sample absorbs
the light energy, and the evanescent wave is attenuated. Subsequently, the reflected
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down device Platform

with crystal

Diamond
crystal

Sample =

stage

Sample in contact with
evanescent wave

To Detector
—

ATR Diamond
Crystal

Infrared
c Beam

Fig.4 a ATR sample stage; b Scientific’” Nicolet" iS50 FT-IR Spectrometer; ¢ Schematic of ATR
top plate. Thermo Fisher Scientific™



Synthesis, Spectroscopic Characterization ... 291

energy goes to the IR spectrometer detector, which records the attenuated IR beam
and generates the FT-IR spectra.

X-ray Diffraction

X-rays incident on a sample interact with the electrons of the array of atoms making up
the material and experience elastic scattering. The resulting spherical waves undergo
constructive interference to produce a diffraction pattern governed by Bragg’s law:

2d sin6 =n\ 3)

where d is the interplanar spacing in the nanomaterial sample, 6 is the incident angle
(as shown in Fig. 5) and '\ is the wavelength of the incident X-ray radiation.

The X-Ray diffraction spectra of the SnO, samples were collected using a Thermo
Scientific™ ARL™ EQUINOX 100 X-Ray diffractometer (XRD) (shown in Fig. 5).
The size of the beam is approximately 5 mm x 300 wm, and a spinning stage for
powder samples is used as illustrated in Fig. 5 (top). The EQUINOX curved detector
can measure all diffraction peaks simultaneously across a wide angular range, which
means it measures the whole 26 range simultaneously and in real-time; no scanning
is required. A regular X-ray diffraction instrument includes the X-ray source or tube,

X-ray source X-ray Detector

+Divergence Receiv-
7 . sge . *
limiting ing sl

~

Bragg’s law

n\ =2d sinf N
oo
r/ 0-0-06¢e00o

Fig.5 (Top) Thermo Fisher Scientific™ ARL™ EQUINOX 100 X-Ray diffractometer; (bottom)
Schematic of X-ray diffraction
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Fig. 6 (Left) Phenom Pure Scanning Electron Microscope (left); (Middle) Schematic of SEM
adapted from Nanoscience Instruments, Inc.™; (Right) Phenom XL Desktop Scanning Electron
Microscope, Thermo Fisher Scientific™

a sample stage, an optics receiver, and an X-ray detector. The ARL™ EQUINOX
has the X-ray tube, and the X-ray detector is stationary. The only moving part in
the XRD is the sample stage. The foundational principle behind XRD analysis is
Bragg’s law, which relates X-ray diffraction to the crystalline structure, allowing it
to be determined experimentally. X-ray diffraction is a powerful technique used to
study solid matter materials. Solid materials can either be crystallized, with the
atoms organized in a regular or ordered manner, or amorphous, where the atoms
are organized randomly. As shown in the schematic diagram, the angle between the
X-ray source and the sample is 0, and the angle between the X-ray projection and
the detector is 26 [49].

Scanning Electron Microscope

A Scanning Electron Microscope (SEM) was utilized in order to investigate the
surface morphology and topography of the bulk and film samples. Both Phenom
Pure and Phenom XL desktop instruments have been utilized to study the samples.
Both SEMs are shown in Fig. 6.

An electron gun emits electrons from a cathode, with variation in electron energy
between hundreds of eV and few tens of keV. The electrons are subsequently accel-
erated by the gradient of an electric field and the beam passes through two condenser
lenses and through an electromagnetic scanning coil to be focused on the sample
that is placed in a vacuum chamber. The scanning coil directs the electron beam into
the plane of the sample (i.e., x and y directions). The accelerated electrons with high
energy create different types of emitted and scattered electrons from inelastic and
elastic collisions occurring near the surface of the sample. The inelastic scattering
of incident electrons produces secondary electrons that are detected by an electron
detector [36].
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2 Synthesis Methods and Characterization of SnO; Films

2.1 SnO; Powder and Thin Films on Si and UV-Quartz

Commercially purchased SnO, powder from SIGMA-ALDRICH with 325 mesh
and 99.9% purity was used as a standard and for spectroscopic characterization.
The powder sample was annealed at 1000 °C for 1 h. Thin films of SnO, on UV
quartz and silicon wafers were created by radio frequency (RF) sputter deposition
in an oxygen/argon mixed atmosphere. The sputtering target was a 6-inch diameter,
Y4 inch thick, ceramic target made from high purity tin dioxide. The deposited tin
dioxide film thickness was monitored by sputter deposition onto a polished silicon
substrate. A Filmetrics F20 instrument was used for curve fitting to calculate film
thickness. Film thickness was varied by changing the sputter deposition time. UV-
Quartz substrates were placed in the sputtering machine alongside the polished silicon
thickness monitor substrate. UV-Quartz was chosen because it permitted transmission
measurements in the UV at wavelengths as low as 190 nm with a UV spectropho-
tometer. The measurement of the SnO, band gap via UV transmission is described
in Sect. 3.5.

3 Properties of SnO; via Spectroscopic Characterization

3.1 Temperature-Dependent Raman Spectroscopy of SnO;

Raman spectroscopy is considered a versatile and sensitive technique to examine
modifications in vibrational phonon modes crystallinity, surface and bulk atoms,
disorder, and size effects in nanometric crystallites. The present research focuses on
the vibrational modes of the rutile-structure of SnO,, where the normal modes with
space-group symmetry of P4,/mnm (point group symmetry D,}}) at the Brillouin
zone are given by Eq. (4) [35]:

I'=1A1; + 1Ay + 1Bz + 1By + 1E, + 1Ay,
+ 2By, +3E, 4)

where A, Byg, By, and doubly degenerate E, vibrational modes are Raman active,
with the feature that the tin atoms remain at rest. A, and the triply degenerate E,
modes are active in IR (i.e. InfraRed light). The A,, and the B, modes are considered
silent (i.e., inactive optically) [13]. The vibrational modes are illustrated in Fig. 7

[4].
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Fig.7 Top view along the z-axis of rutile-structured SnO, optically active vibrational modes. The
Sn atoms are indicated by (blue) dots, and O atoms are indicated by (red) dots: Raman active modes
are shown with approximate wavenumber positions (top) and IR active modes (bottom), where the
arrows represent the direction of movement in plane and (+ or —) represents the movement along
the z-axis [13]

The Bj; Raman active mode, around 123 cm™!, is not visible in many Raman
spectrometers because its intensity is about three orders of magnitude less than that
of the Ay, peak [31, 30]. The Raman spectra were collected by choosing a laser
power of 10 mW and 25 m aperture slit at different increasing temperatures from
30 to 170 °C, in steps of 20 °C (as illustrated in Fig. 8). Temperature variations were
accomplished by use of the Ventacon H4-200 heated cell (shown in Fig. 3).

200 T 1 T
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Fig. 8 Raman spectra of SnO, powder with 780 nm wavelength excitation as temperature varied
between 30 and 170 °C
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We have observed three of the four Raman active modes (Eg, A and By,) in the
SnO, powder sample, where A, = 634 cm™! is the most intense peak and represents
the symmetric O-Sn-O stretching, By, = 775 cm™! represents the antisymmetric O—
Sn-O stretching, and E, = 475 cm™!, which is doubly degenerate, represents the
translational mode of SnO; [18, 47]. The B, mode cannot be observed with the
rest of the Raman active phonons. In contrast to the other Raman active modes, the
By band dramatically increases in wavenumber with increasing temperature [45].
Other weak abnormal Raman modes are noticed at approximately 501.7, 544.0, and
695.3 cm ™!, which are similar to the reported bands of SnO; nanoribbons [53].

A comparison is done below for the two Raman active bands A and By, with
temperature variation in the range 30-170 °C, as shown in Fig. 9. The A, and
B,, bands decrease in wavenumber with increasing temperature, while the E; mode
appears to have almost no change as the temperature increases from 30 to 170 °C,
as demonstrated in Fig. 10. Raman spectra of SnO, are modified based on the size,
shape, and temperature of the crystal.

Increasing crystal size leads to a dramatically decreased wave number for the A,
and By, bands, while the E; band slightly decreases [31, 30]. At smaller crystal sizes,
three bands are noticeable in the spectrum of SnO, powder, denoted as Sy, S,, and S;3
as shown in Fig. 11. S| and S slightly decrease in peak wave number with increasing
crystal size, while S3 has no reported shift. The amplitudes of these bands decrease as
particle size increases. Some values for these peaks, when examined using a 488 nm
Raman spectrometer, are shown in Table 1. Average crystal sizes are denoted by L
and were determined through TEM measurements [14].

640 780
639 | X Ay, band positions m X Byg band positions
:_E o Linear fit for A, band ; mwl Linear fit for By, band
S 7} £m
& &
= 636 E T6 | X
B 635t " g7 g
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E 634 % X-.. Ko E Ko X
g 63 | T R E m ey
B 632 y=-00121x+634.99 3 m y=-00198x + 77633
T OR=09489 Ri= 09435
631 | A,y 7 By
630 . . . 770 : . ,
20 70 120 170 20 70 120 170
Temperature (°C) Temperature (°C)

Fig. 9 Wavenumber shifts for the Aj, and Byg vibration bands versus temperature in the range
30-170 °C
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Fig. 10 Wavenumber
variation for E, vibration
band versus temperature in
the interval 30-170 °C

Fig. 11 Raman spectra of
SnO; powder comprised of
Ajg, Bag, and Eg bands,
along with Sy, S», and S3
bands. Reproduced from
Dieguez et al. [14], with
permission of AIP
Publishing
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Table 1 Shifts in band wavenumber for SnO; powder based on changing particle size. Reproduced
from Dieguez et al. [14], with permission of AIP Publishing

L (nm) Ajg Bag Eg S1 S2 S3(A)
109.8 637.9 779.2 479.2

56.6 637.9 778.9 479.5
15.8 635.2 774.2 479.7 568.9 493.2 696.3
9.6 634.3 774.1 479.6 568.0 501.2 706.9
6.7 633.9 776.2 479.6 568.1 485.9 705.8
5.0 633.1 772.9 572.0 503.7 691.7
45 631.6 767.7 573.3 518.0

3.5 631.5 575.8 541.7




Synthesis, Spectroscopic Characterization ... 297
30 120 T T T
PP 50 008 epon Do
w 25 |- 434.69 w 100 1
[=4 [=
3 o 3 80 -
[=] p
ﬁ = \1 @ ] ~ . A1 |
- e 794.98 ‘,' j -, B0 vA' ! f
5 15 T s Y - I i g 5 [
< 10 po = e oo
20 | Y

3500 3000 2500 2000 1500 1000 500
Raman Shift (cm™1)

5 ;
3500 3000 2500 2000 1500 1000 500
Raman Shift (cm™1)

Fig. 12 DXR Raman spectra with 532 nm wavelength: Raman data of bare Quartz (left). Raman
data of SnO; (908 nm) film thickness on Quartz compared with SnO,/SiO> (right). The compared
figure is retrieved from Ferreira et al. [18] with open access provided by SciELO Publishing

Thin films of SnO, will necessarily pick up spectroscopic characteristics from the
media they are deposited on. Examples of such media are silicon and UV-Quartz;
their pristine Raman spectra, along with their spectra with a 908 nm thick SnO, film,
are shown in Fig. 12. A different wavelength of 532 nm was used because the 780 nm
and the 514 nm wavelengths did not show any signs of the tin dioxide Raman bands.

The spectrum of the bare UV-Quartz has been collected with two pronounced features
of quartz at (434.69 cm™') and in the interval (794.98-823.15 cm™'), which approx-
imately match the Raman peaks of borosilicate glass around (450-480 cm™') and
(800 cm™1), respectively [28]. The SnO,/Quartz (908 nm) film exhibited evidence of
the Raman active modes around (627.07, 490.19, and 745.42 cm™!), which resemble
Ajg, B, and By, features, but are at somewhat different wavenenumbers, possibly
due to the presence of the quartz substrate, a similar effect to what has been observed
previously [18].

3.2 XRD Spectroscopy of SnO;

X-ray diffraction (XRD) spectra were measured by utilizing the Thermo Fisher Scien-
tific ARLTM EQUINOX 100 X-Ray diffractometer with a Cu—K o monochromatic
radiation source with wavelength X = 1.5406 A. The size of the beam is roughly
5 mm x 300 pwm, with a spinning stage for powder sample loading. The spectra were
collected in the range of 26 = 20-80°. The XRD patterns for tin dioxide in powder
form with 325 mesh, 99.9% trace metals, were recorded with 2 peak values and the
associated numbers of Miller Indices (hkl) as 26.78° (110), 34.04° (101), 38.25°
(200), 51.98° (211), 55.01° (220), 62.13° (310), 64.97° (112), and 66.15° (301),
respectively, as shown in Fig. 13, which agree with Patil et al. [43] and Ferreira et al.
[18].

The XRD spectra confirm the rutile tetragonal structure of SnO,. XRD patterns
for SnO, thin films were collected with thickness values of 41, 78, 96.5, 373, and
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Fig. 13 XRD pattern of SnO, powder

908 nm, along with a bare double polished silicon wafer to act as a control. Figure 14
shows the XRD spectra of tin dioxide thin films over the range of 26 = 0-80°. For
the bare silicon wafer substrate, we can see the broad peak in the range 20 = 5-20°
approximately. The peak looks shifted in comparison to Su et al. [51] where they
have the range to be 26 = 10-20°.

For the lowest ratio thickness of the film (i.e., 41 nm), we can observe properties
similar to the silicon substrate, except for a small hump around 26.2° that matches
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Fig. 14 XRD spectra of SnO; thin films on Si substrate: a bare double polished silicon wafer
substrate, b comparison of silicon substrate with film of 41 nm thickness of SnO», ¢ silicon substrate
with 78 nm SnO film thickness, d silicon substrate with 96.5 nm SnO, thickness, e silicon substrate
with 373 nm SnO; film thickness, f silicon substrate with 908 nm SnO; film thickness
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the (110) orientation. As the thickness increases to 78 nm, another feature appears
around 37.1°, which could be associated with the (200) index, along with the peak
51.36°, which corresponds to the (211) index. When the thickness of the tin dioxide
film is 96.5 nm, the three previously mentioned peaks become more pronounced.
With a thickness of 373 nm, the 33.64° with (101) index appears, along with other
features that were not visible with thinner films.

In addition to the silicon substrate, XRD spectra were also taken for the tin dioxide
films on quartz substrate, with the same thicknesses as on the Si substrate, starting
from 41 nm and ending with 908 nm. Figure 15 shows the X-ray diffraction spectra of
the SnO, films in the range of 26 = 0-80°. The data of bare quartz show a very broad
peak at around 21.62°, and the broadening starts from 26 = 10-35° approximately.
The lowest ratios of tin dioxide thickness, namely 41 nm, 78 nm, and 96.5 nm, show
no evidence of SnO; structural peaks. The features of tin dioxide start to appear
(i.e., 26.36° (110), 33.92° (101), 51.5° (211)) with the 373 nm thickness film, and
become stronger and more pronounced with the 908 nm ratio with values (26.19°,
33.74°, 51.5°). It shows more of the amorphous behaviour due to the smaller size
of the particles formed in the film in comparison with SnO; on the Si substrate
samples. From these data, we were able to calculate the crystallite size (D) using the
Deybe-Scherrer formula in Eq. (5), as used by Agrahari et al. [1] and Henry et al.
[23]:

K\
D=—— ®)
B cosb
1400 a Bare Quartz — 1400 b Bare Quartz — 1400 c Bare Quartz —
1200 J\. T 1200 Sn0 (41 nm) — 1200 500, (78 nm) —
- = =
= 1000 I\ 2 1000 | 2 1000
g & ) S
g 80 ] 7 80 >, 800
Z 60 i B 600 T 600
] L] g
2 40 £ a0 2 400
=
= 20 200 200
0 0
0 10 20 30 40 50 €0 70 80 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
20° 28" 20"
1400 d Bare Quartz —— 1400 e Bare Quartz — 1400 r Bare Quartz —
= 1200 580, (96.5 nm) — = 1200 A $00; (373 nm) — = 1200 A 500, (908 nm) —
5 1000 g 1000 il 5 1000 [
e -3 { c \
Y a0 < a0 Y a0 [\
z 2 i I z [
600 5 600 f B 600 |
] g s |
E 400 E 40 E 400 |
200 200 200 /_.__..—"‘u i S
0 0 0
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80

28° 28" 28"

Fig. 15 XRD spectra of SnO, thin films on UV-Quartz substrate: a bare UV-Quartz substrate,
b comparison of the Quartz substrate with film of 41 nm thickness of SnO», ¢ Quartz substrate with
78 nm SnO; film thickness, d Quartz substrate with 96.5 nm SnO, thickness, e Quartz substrate
with 373 nm SnO; film thickness, f Quartz substrate with 908 nm SnO, film thickness
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SnO: powder 7 SnO /Si (908 nm) SnOﬂ /Quartz (908 nm)
f : ) : A

Fig. 16 Lorantzian fit for the first peak (110) orientation for SnO, samples

Table 2 Crystallite size (D)

1 tallite size D Interpl dist d
and interplanar distance (d) Samples ((;315) allite size (HA )erp anar distance
for SnO; powder and the
most intense peak of SnO; SnO, powder 19.044 3.380
with 908 nm thickness Sn0,/Si 7.367 3.375

(908 nm)
SnO,/Quartz 6.341 3.382
(908 nm)

where K is a shape factor, typically K = 0.89 for crystalline spherical solids with
a cubic unit cell [18], X is the wavelength, g is the broadening at half maximum
(FWHM) in radians, 6 is the Bragg’s angle in radians. The most intense peak with a
value of 20 = 26.78° was fitted by using a Cauchy-Lorentz distribution. The FWHM
of the first peak was obtained using the Fityk software, as illustrated in Fig. 16.

The interplanar distance was calculated using Bragg’s Law given by Eq. (6),
obtained by rearranging Eq. (3):

A
d= -
2 sinf

(6)

The results of both calculations are summarized in Table 3. As shown in Table 2,
the crystallite size is smaller for the films than the powder. This is due to the amor-
phous behavior of the film with higher B values, whereas the interplanar distance
has remained almost the same due to the choice of the first peak (110) orientation.

3.3 Scanning Electron Microscopy (SEM) of SnQO;

Images of different tin oxide samples were collected at various locations of the
samples using the Phenom Pure Scanning Electron Microscope with magnification
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ranging between 80x to 65,000x. In addition, the Phenom XL Desktop Scanning Elec-
tron Microscope was used with electron-optical magnification that ranged between
80x to 100,000x. The SEM images of the powdered sample with the Phenome pure
SEM at 2 pm magnification is shown in Fig. 17a, which can be utilized to pick
one grain of the SnO, particle, and by using the Gwyddion software we can show a
3-dimensional view of the SEM image, as in Fig. 17b.

An average of 4 different spots of the powdered sample was obtained and has been
summarized in Table 3. The Zyerage can be interpreted as an approximate height of
an aggregate of nanoparticles beneath each spot of the SnO, sample studied. Also,
we obtained the cross-section of the SnO, films on Si at 8§ um magnification, which
validated the approximate thickness of each sample (as shown in Fig. 18).

0.84 pym

0.07 pm

Fig. 17 a SEM image of SnO; powder at 2 um magnification, b 3D view of SEM image of SnO;
powder of single grain

Table 3 Averaged
dimensions of 4gdiffe rent Element XAverage (nm) YAverage (nm) ZAverage (nm)
spots at 2 um magnification SnO; powder | 0.49 0.51 0.75

Sn(}}_
(78 nm)

Fig. 18 Cross-sectional images of SnO,/Si for various thicknesses
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Fig.19 SEM of SnO; on Si with 908 nm thickness at 3 um magnification (a). Corresponding EDS
spectrum and composition data with accompanying tabulation of precise concentrations (b)

An arbitrary spot on the SnO; (908 nm) film on Si was analyzed at 3 um resolution
with the Energy Dispersive X-Ray Spectroscopy (EDS) with the Phenom XL, which
allowed analysis of the chemical composition of the film samples, as illustrated in
Fig. 19.

The EDS analysis shows the atomic concentration and the weight concentration
of SnO; to be 16.54 and 59.56, respectively, in comparison to the other elements in
the Si sample. The EDS spectrum represents a plot of X-ray versus Energy in keV.
The peaks represent a variety of elements in the sample [48].

3.4 FTIR Spectroscopy of SnO>

We used the Thermo Scientific™ Nicolet™ iS50 FTIR Spectrometer, in order to
determine the IR -active vibration modes for all tin dioxide samples studied. The
ATR technique with diamond crystal was used to collect the Mid-IR spectra in the
wavenumber range (400-4500 cm™!). A Smart iTR™ Attenuated Total Reflection
(ATR) sampling accessory was used. The spectra were gained after collecting the
background spectra and subtracting it from our sample spectra. Figure 20 shows the
characterizing bands of pure SnO, powder in the range (400-800 cm~') [26] via peaks
467.36 cm™! (Sn-O stretching vibration) and 569.37 cm™! (Sn—O—-Sn asymmetric
vibration), in comparison to Sn—O around 530 cm~! [29, 32] and Sn—O-Sn around
600 cm~! [2].

The FT-IR spectra taken for all the silicon samples are shown in Fig. 21. At the
lowest thicknesses, there is similar behavior to the silicon substrate results, with
peaks at 1107.36 cm™! (the Si—O, vibration band), and the 610.72 cm™! feature due
to lattice phonon absorption in agreement with Hava et al. [21].

The spectra for the 78 and 96.5 nm tin dioxide films exhibit peaks in the range
(400-1150 cm™"). The higher thickness SnO, films (373 nm and 908 nm) show
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Fig. 21 FT-IR spectra of SnO; film on Si substrate: SnO, film thickness of 41 nm (a), 78 nm (b),
96.5 nm (¢), 373 nm (d), 908 nm (e)

features of Si that start to disappear in the range (400-700 cm~'). New features
begin to appear in the 373 nm film thickness, with peaks around 692.44 cm~! and
565.57 cm~! that relate to the Sn—O stretching and Sn—O—-Sn asymmetric vibrations,
respectively [18].

The IR spectra for the SnO, thin films on quartz were collected to compare the
results from different film thicknesses. Figure 22 shows all of the FT-IR data for bare
quartz, indicating features that appear at 782.44 and 989.96 cm™~!, which represent
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Fig. 22 FT-IR spectra of SnO; film on UV-Quartz substrate: Bare Quartz (a), SnO; film thickness
of 41 nm (b), 78 nm (c¢), 96.5 nm (d), 373 nm (e), 908 nm (f)

the symmetric stretching of Si—O-Si, and symmetric and asymmetric stretching of
Si—OH, similar to the spectra of silica-PLL [44]. There is no evidence of SnO, bands
in the thinner films up through 96.5 nm thickness, where the only difference is that the
baseline is higher in comparison to the two higher thickness films. When the thickness
increases to 373 nm, the peak at 782.44 cm™! shifts to 776.68 cm™', together with
an emergent peak at 589.64 cm~!. Another feature around 406.17 cm~! starts to
appear, which corresponds to the Sn—O vibration. Also, a peak due to the O—H bond
appears around 3348.26 cm™~!. The highest thickness of 908 nm shows that the peak
at 776.68 cm™! has vanished and instead we have peaks around 494.21 cm~! and
427.79 cm~!, which are characteristic of SnO,. Furthermore, the O—H bond becomes
broader at the center of 3348.55 cm™!, which may correspond to the presence of
moisture in the thicker films. According to Dieguez et al., [14], when the crystal
size is decreased, the IR spectra are modified due to the interaction between the
particles and the electromagnetic radiation depending on the size, shape, and state
of aggregation of the crystal.

3.5 Bandgap Energy Calculation for Sn0,

When UV-VIS light impinges on a crystalline solid, a portion (T) is transmitted
through the surface of the sample, while some (R) is reflected at the surface, and
the rest (A) is absorbed by the solid sample. The absorption pattern of the spectrum
demonstrates the band structure of the sample, the energy gap between the lowest
conduction band (CB) and the highest valence band (VB), and the nature of the
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Table 4 Bandgap calculation -

Thick Band \Y%
for different thicknesses of ickness (nm) andgap energy (V)
SnO; films on Quartz 78 3.458

96.5 3.383

373 3.562

908 3.519

transition, whether it is direct, indirect, forbidden, or allowed [11]. Using these
principles, the UV-VIS transmission data taken with a Shimadzu UV-2600 UV-VIS
Spectrophotometer allowed the calculation of the energy bandgap for the specified
thicknesses of the SnO, films on Quartz as shown in Table 4.

The theoretical formulation to determine the band gap for the semiconductor
material is given by Eq. (7):

«E, =k(E, — E,)"’ (7

where o is the absorption coefficient, the & is a constant, and E, is the band gap
energy, and E, is the discrete photon energy that was calculated using Eq. (8):

E,=hv (8)

where h is Planck’s constant and v is the frequency of the light. The absorption
coefficient « is calculated for the tin dioxide films as the absorbance divided by the
thickness of the film. Ultimately, we used a classical Tauc plot to approximate the
band gap energy E, by plotting o«’E 12, against E,,. The x-intercept of this line represents
the bandgap energy. A python script was written to optimize this process and has
been included in the Appendix. The outputs of this script are shown in Fig. 23a—d
and Table 5. As the film gets thicker the amount of noise in the absorbance spectra
increases as exhibited by the E, and azElz, relationship in the plots, with a noticeable
increase in the band gap value.

In an attempt to reduce the noise in the absorption spectra of SnO, on UV-Quartz,
an annealing process was applied to the two thicker films. The 373 and 908 nm films
were annealed up to 360 °C for 15 min. The results of annealing the tin dioxide
films in comparison with the unannealed films are illustrated in Fig. 24. The band
gap calculation for the annealed sample appeared to be enhanced over that of the as
deposited SnO, films. The band gap of 373 nm was at 3.562 eV as deposited and
after annealing it increased to 3.580 eV. For the 908 nm thickness the as deposited
band gap was 3.519 nm and after annealing it increased to 3.552 eV.
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Fig. 23 Bandgap calculation for different thicknesses of SnO, films on UV-Quartz: (a) 78 nm,
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Fig. 24 Bandgap calculation of SnO; on UV-Quartz as deposited (green) and annealed (blue) of
two thicker films: (a) 373 nm, (b) 908 nm
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4 Composites with Metal Oxides

4.1 Carbon-Based Composites

Among all tin dioxide composites, carbon-based materials stand out due to their supe-
rior electrochemical properties. A study done by Paek et al. [40] showed improve-
ments in both the reversible capacity and cyclic performance when combining
graphene nanosheets (GNS) with the SnO, anode material in Lithium-ion batteries.
The graphene nanosheet was prepared by the method of chemical reduction of exfo-
liated oxidized graphite materials. The SnO, was prepared by controlled SnCly
hydrolysis with NaOH. One-dimensional SnO, n-type semiconductor coated with a
single-wall carbon nanotube (SWCNT) was used to increase the gas sensitivity for
gas-sensing applications, in contrast to only p-type semiconducting SWCNT [25].
The hybrid of SnO, and SWCNT showed improved sensitivity, especially towards
the detection of nitrogen dioxide (NO), as reported by Wei et al. [54]. A gas sensor
based on hybrid SnO,/SWNTs has been designed to sense O3 and NH3 and has shown
enhancement in detecting O3 and NHj in comparison to pure SWCNTs layers at room
temperature [20]. Moreover, n-type multi-walled nanotube (MWNT) fiber compos-
ites with SnO, prepared by electrospinning and calcined in air at 500 °C have been
able to detect carbon monoxide (CO) at room temperature at 50 ppm concentration,
whereas pure SnO, nanofibers were found to be not sensitive under these conditions
up to 500 ppm [57].

4.2 Polymer Composites

Several composites have been produced by using Polyurethanes (PUs), which are
an important class of polymer materials, because of their chemical, mechanical, and
physical properties. There are many forms of PU: rigid and flexible foams, chemical
resistant coatings used as sealants, adhesives, and elastomers. The foam form of PU is
favored due to its desirable features, such as enhanced moisture resistance and good
sound damping. There are some limitations with the PU foams, such as low mechan-
ical properties and poor thermal stability. The thermal stability of Polyurethanes
was improved with the addition of tin dioxide nanoparticles at different densities
of PU foam [17]. Also, addition of ceramic powders of tin dioxide to a system of
Nafion-based polymer membranes was noted to enhance their chemical and physical
properties and led to increased water affinity, higher modulus storage of membrane
composites, and furthered polymer ionic channel organizations [46].



308 H. Alghamdi et al.

5 Engineering Applications of Metal Oxides

5.1 Gas Sensors

Gas sensors based on metal oxides have seen a resurgence in recent years [13]. Tin
dioxide in different forms and shapes has been used in a variety of safety, industrial
and health applications. It has been used in the production of cost-effective and
reliable gas sensors (SMOX) [13] that are relatively simple to fabricate and use [55].
The mechanism of operation of a gas sensor is based on the changes in conductivity
of these materials through adsorption and desorption of gases, such as oxygen, on
the metal oxide surface. The surface of the metal oxide reacts with the detected
gases. The absorbed oxygen gets captured at the grain limit trap sites, and thereby
the barrier of the grain boundary potential increases, which leads to an increase in
the material resistivity [33]. As a result of this process, the electrical resistivity of
a semiconductor metal oxide becomes responsive to any impurities that might be
present on its surface or within its volume [22]. The first generation of merchant
sensor devices was manufactured in 1968 in Japan by Taguchi Gas Sensor (TGS).
They used SnO, thick films as their sensing material to detect flammable gases [6].
Certain physical and chemical properties for the gas-sensing materials need to be
met in order to have an ideal gas sensor. For example, the sensing material should
have high long-term stability over a wide temperature range, with fast and high
response to the target gas and low response to ambient gases and humidity that
exist in the atmosphere, high selectivity, and cost-effective machinery. However,
existing sensors have their pros and cons. Metals, metal oxides, and polymers are
frequently employed materials in gas-sensing applications. Metal oxides have shown
better sensitivity performance as compared to metals and polymers and exhibit good
stability at high temperatures, while metals showed fair stability and polymers had
unsatisfactory stability as gas sensors. Metals on the other hand are the most cost-
effective sensing materials, in comparison to metal oxides (fair cost) and polymers
(intermediate cost). Although metal oxides perform efficiently with almost all the
properties mentioned earlier, their selectivity could be enhanced. Consequently, the
metal oxides have been tailored to detect diverse gases using functionalized and
composites of SnO,, as summarized in Table 6. Pure SnO, has been used by itself
in a chemoresistor-based gas sensor in order to detect a variety of reducing gases,
such as hydrogen (H;), carbon monoxide (CO) carbon dioxide (CO,), and methane
(CHy) [29]. The sensitivity of gas sensors based on metal oxide semiconductors is
affected by the film thickness. Reducing the size of SnO, particles to a scale of
nanometer dimensions and thin films, results in an enhancement in responsiveness,
down to the Debye length. The Debye length describes the space-charge size area
next to the free carrier concentration surface [16]. Specifically, it has been found that
by decreasing the crystallite size (D) of SnO; to a range of 5-32 nm the sensitivity
towards certain gases, such as (CO), (H), and (i-C4H¢), increases [56]. A separate
study conducted by Hijazi et al. [24] showed good sensitivity and selectivity of
pure SnO, and SnO; functionalized with 3-aminopropyltriethoxysilane (APTES)
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Table 5 Compendium of

; . . Material Detected gases
pure and functionalized tin -
dioxide materials for &b Pyre SnOy CO, Hy, CHy, i-C4Hjo
detecting gases dFunctionalized APTES SnO, with | NHj

alkyl: C¢H11Cl1O
ester: C7H;;CIO3
acid: C¢HgCl, 0,

aXu et al. [56]
bKorotcenkov et al. [29]
“Du and George [16]
dHijazi et al. [24]

labeled (SnO,-APTES) toward ammonia (NH3) gas in an aim to detect gases from
exhaled breath to diagnose diseases. SnO,-APTES was further functionalized with
alkyl (C¢H;;CIO), acid (C¢HgCl,0,), and ester (C7H;;CIO3) groups. Both (SnO,-
APTES-acid) and (SnO,-APTES-ester) have shown an increase in conductance (i.e.
sensitivity) as compared to (SnO,-APTES-alkyl) when exposed to 100 ppm of NHj3
gas; whereas pure SnO, and SnO,-APTES have shown no change in conductance in
the presence of ammonia gas. In addition, (SnO,-APTES-acid) exhibited superior
selectivity for NH3 as compared to (SnO,-APTES-ester), while pure SnO, works
well for detecting carbon monoxide, hydrogen, methane and isobutane (see Table 5).

5.2 Lithium-Ion Batteries

Owing to their superior electrochemical properties, SnO,-based materials exhibit
high specific capacity and cost-effective ingredients. The SnO, anode has shown
an increase in reversible discharge capacity of 782 mAh/g. However, the regular
SnO; anode suffers from low cycling ability and cracks due to volume changes with
cycling. By reducing the size of the SnO, particles, itis possible to increase the ratio of
surface-to-volume and lower the change in volume during insertion and extraction of
lithium [50]. For instance, nanoparticles of SnO; of size 3 nm have shown enhanced
electrochemical properties, but with low lithium storage, in comparison to those of
4 nm and 8 nm particle sizes [27]. Song et al. have studied three higher particles sizes
with (SnO,—1 = 15 nm), (SnO,~I1 = 30 nm), and (SnO,—III = 70 nm), where SnO,-1
has shown stable electrochemical performance during different cycles. SnO,-I also
showed an improvement in discharge capacity after 30 cycles (i.e. charging and
discharging 30 times) with capacity around 460 mAh/g, which means it holds 58.2%
of its electrical capacity in comparison to SnO,—II and SnO,-III that hold 40.7%
and 21.0%, respectively [50]. Also, SnO, nanowires were found to be a promising
anode material due to their unique structural and electronic properties. However, there
were limitations to the use of tin dioxide nanowire anodes in lithium-ion batteries,
which was related to the deteriorative effects of catalysts [41]. The electrochemical
properties of SnO, anode-based battery could be improved by performing appropriate
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nanostructure enhancements in chemical composition. Theoretically, the tin dioxide
anode in lithium-ion batteries was found to be distinctive due to its high capacity [10].
A study conducted by Wang et al. [52] showed that the use of N-doped graphene-SnO;
anodes in lithium-ion batteries resulted in higher capacity, as well as an increase in
rate capability, and improved cycling stability performance. Such enhancements were
directly related to the exceptional electronic conductivity and sandwich structure of
the doped graphene that facilitated short-length transportation of the electrons and
lithium ions.

5.3 Solar Cells

There has been an increasing amount of research relating to the enhancement of
optical sensors, such as photodiodes, regarding their sensitivity to light in the ultravi-
olet (UV) region. SnO, nanoforms have been applied in dye-sensitized and polymer-
based solar cells due to their large band gaps, thermal stabilization, low photocat-
alytic activity, elevation of electron mobility, and fine anti-reflection properties [37].
In addition, SnO; can be used as a coating that improves the sensitivity of tradi-
tional GaP and ZnSe based photodiodes in the UV spectral limit. The uncoated
photodiodes reach their limit in the range 200-380 nm. Anti-reflection (AR) coating
can be used to increase the absorbance of light and reduce the loss of photons. A
SnO;, nanosized layer acts as an optically transparent coating layer that allows the
photodiode to detect light at shorter wavelengths. SnO, can also be employed as a
transparent active electrode that functions in the wavelength range 350-1100 nm.
The high transparency of SnO, comes from the large magnitude of the band gap
energy (Eg ~ 3.6 eV). The structure of the SnO; layer leads to refraction that suits
the formation of AR coatings. Adding a coating layer of SnO, with 54.4 nm thick-
ness leads to a transmission coefficient of 9.6% at 435 nm. In one study, an SnO,
sheet was used with two different photodiodes, one with zinc selenide (ZnSe) and
the other with gallium phosphide (GaP). The AR coating of SnO, on ZnSe and
GaP based photodiode showed an increase in sensitivity of about 10-15% [15]. The
SnO; thin films prepared by a sol-gel method were also used in AR coating for solar
cells. The sol-gel method created high purity films based on the hydrolysis and the
polycondensation of metal-organic precursors. It also offered a nanoscale control of
the film structure. The use of tin oxide (SnO;)/silicon (Si) has been proposed for
low-cost photovoltaic devices. The doping in SnO, has been used to reduce the sheet
resistance and to increase the transparency of the thin film. The doped SnO, has
proven to provide high optical clarity of the obtained films. Also, due to this layer,
the device has excellent technical performance and high reliability, without large
fabrication costs [34]. SnO, has also been exploited as an electron transfer mate-
rial (ETM) (i.e. coating material) in perovskite solar cells. Organometallic halide
perovskite (ABX3) has been studied extensively in recent years due to its distinctive
properties, such as large absorption coefficient and optimal band gap, which qualify
it for absorbing light applications in photovoltaic cells. The SnO, nanomaterial is
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featured with its high electron mobility (0.8 & 0.14 cm?/V s), in comparison with
zinc oxide (ZnO) and titanium dioxide (TiO,) with mobilities (0.08 & 0.01 cm?/V
s) and (0.1 £ 0.03 cm?/V s), respectively. SnO, has been prepared as an ETM in
perovskite by a solution processing method in which the SnO, films were deposited
from SnCl, solution of 0.1 M concentration by using water and ethanol as solvents.
By using ethanol as a solvent, the coating material showed an enhancement in the
UV/VIS absorption spectra by 8.38%, with enhanced incident photon-to-electron
conversion efficiency (IPCE) and a circuit current density (Jsc) of 18.98 mA cm™2
[37].

6 Conclusions and Future Research

We have characterized SnO, powder, SnO,/Si and SnO,/UV-Quartz films by using
Raman, FT-IR, XRD, SEM, and UV-VIS spectroscopy techniques. We have demon-
strated a red shift in the Raman spectra as the temperature increases from 30 to
170 °C in both A, and Bs, vibrational modes, while E, exhibited little change. By
using a 532 nm laser Raman excitation we were able to record the three Raman
active modes for SnO, (908 nm thickness) film on quartz, which were difficult to
view at Raman excitation wavelengths of 780 and 514 nm. We performed a visual
characterization in three dimensions to obtain the morphology of SnO, powder (bulk
form) and SnO; film on silicon substrate utilizing high resolution scanning electron
microscopy. Additional trials for temperature-dependence are underway for SnO,
film samples to study the effects of both decreasing and increasing temperatures.
An approach utilizing the local-density approximation by using ab initio software
has shown an agreement of phonon frequency relation with IR and Raman spectra
[42]. Another approach followed by Lan et al. [31, 30] uses Molecular Dynamics
(MD) simulation for the rutile structured TiO; to calculate the shifts and broadenings
of anharmonic frequency phonon modes at different temperatures ranging between
(100-1150 K) by using GULP software. Their MD simulation showed agreement of
crystal structure (i.e. lattice parameters), Raman frequencies and thermal expansion
with the experimental data. We are studying rutile structured SnO; using MD simu-
lation at different temperatures integrated within the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) software. High-level computations are in
progress utilizing MD simulations to compare our experimental data with theoretical
results, in order to gain a deeper insight into the effects of temperature on the phonon
modes active in rutile tetragonal tin dioxide.
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Appendix

#Python code for calculating the energy bandgap for SnO2 from
UV-VIS Spectra

import csv

import numpy as np

import matplotlib.pyplot as plt
import easygui

import sys

x=l

y=1I

#Get Data from CSV file

string = easygui.fileopenbox(default = "D:\\D_Docu-
ments\REU Howard 19\\5 29 19") #this string should be changed
based on your directory

with open(string) as csvDataFile:
csvReader = csv.reader(csvDataFile)
for row in csvReader:
x.append(row[0])
y.append(row[1])

#this reads a CSV file where the first row is the Energy E, and the
second is E*2 * Alpha"2

#Alternatively, one can change the numbers on the rows above to
read different rows from the file

XX = np.array(x)

yy = np.array(y)
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xx = [float(xx) for xx in xx]

yy = [float(yy) for yy in yy]

#Python Housekeeping

size = np.size(Xx)

cut = -565

xX = xx[cut:]

yy = yylcut:]

#This is where the zooming occurs, you can change this by adjusting
the number "cut"

#It looks at the last "cut" numbers of the array
E =xx

Ealphsq = yy

plt.plot(E, Ealphsq,'k.")

#Changing the variable names to something more intuitive, and here
I plot the data so I'm

not in the dark
for 1 in range(0,1-4):
if abs(abs((Ealphsq[i] - Ealphsq[i+3])/(E[i]-E[i+3])) - sl) < tol*sl:
line[k] = Ealphsq[i]
k=k+1
else:
sl = np.Infinity

#This loop finds the data we want in the line at the end
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ifk<lI:
print('l died, graph does not terminate in line')

sys.exit #If you didn't zoom right you'll see this printed, or if you
pick bad data

v = np.zeros(k)

Evec = np.zeros(k)

for 1 in range(k):
v[k-1-1] = line[i]
Evecl[i] = E[k-i-1]
plt.plot(Evec,v,'r.")
#plot the points we have chosen to be a part of our line
A =np.column_stack((np.transpose(Evec), np.ones(k)))
AtA = np.matmul(np.transpose(A), A)
v.shape = (k,1)
Atv = np.matmul(np.transpose(A),v)
b = np.linalg.solve(AtA,Atv)
#Normal equations for line of best fit
incpt = -b[1]/b[0]
print('x intercept occurs at Eg =")
print(incpt)
x = np.linspace(E[0],incpt,150)
y = x*b[0] + b[1]
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plt.plot(x,y)
plt.plot(xx,np.zeros(np.size(xx)))
plt.title('E$_g$ ="'+ str(incpt))
plt.xlabel("E (eV)")

plt.ylabel("E$"2$$ \\alpha 28 (eV$"2$)")

#print x-intercept
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