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ABSTRACT

PREPARATION OF Ge NANOSTRUCTURES USING PULSED LASER
ABLATION FOR TOXICITY GAS SENSOR DETECTION

Jamal Abid Yousif YOUSIF
Master of Science in Physics
Advisor: Prof. Dr. Sebahaddin ALPTEKIN
Co-Advisor: Prof. Dr. Asmiet RAMIZY
July 2023

Toxic gas sensors are instruments used to detect and quantify hazardous gas levels in the
atmosphere. These sensors are commonly used in industrial and commercial settings
where there is a risk of exposure to harmful gases. The sensor works by detecting the
presence of the gas and providing an alert when the concentration reaches a dangerous
level. In this work, nanostructures of germanium dioxide GeO> films were fabricated
using pulsed laser ablation technology with laser wavelength 1064nm and laser energy
2000 mJ at different pulses (500, 1000, 1500, 2000, 2500). The structural and the optical
properties were studied, and the sensitivity property was studied after deposition on
quartz and silicon bases at 50 and 100°C. X-Ray diffraction (XRD) study showed that all
(XRD) patterns have crystallized well, with three diffraction peaks related to GeOo,
hexagonal structure, and orthorhombic structure. The field emission scanning electron
microscopy (FESEM) showed that the particle sizes ranged between 15-274 nm and the
average particle sizes were 106, 140.9, 87.6, 81.68, and 117 nm. Absorbance and
transmittance Ultraviolet-visible (UV-Vis) spectroscopy was used to investigate the

optical characteristics of germanium dioxide films.

2023, 74 pages

Keywords: Electronic and optical properties, Germanium, Gas sensor, Nanostructures,
Thin films



OZET

TOKSISITE GAZ SENSORU TESPITI ICIN DARBELI LAZER
ABLASYONU KULLANARAK Ge NANOYAPILARININ
HAZIRLANMASI

Jamal Abid Yousif YOUSIF
Fizik, Yiiksek Lisans
Tez Danismani: Prof. Dr. Sebahaddin ALPTEKIN
Es Danigsman: Prof. Dr. Asmiet RAMIZY
Temmuz 2023

Zehirli gaz sensorii, ortamdaki zehirli gazlarin varligini tespit etmek ve dlgmek igin
tasarlanmis bir cihazdir. Bu sensorler, zararli gazlara maruz kalma riskinin oldugu
endiistriyel ve ticari ortamlarda yaygin olarak kullanilir. Sensdr, gazin varligini
algilayarak ve konsantrasyon tehlikeli bir seviyeye ulastiginda bir uyari saglayarak
calisir. Bu ¢aligmada, germanyum dioksit GeO> filmlerinin nanoyapilari, lazer dalga boyu
1064 nm ve lazer enerjisi 2000 mJ ile darbeli lazer ablasyon teknolojisi kullanilarak farkli
darbelerde (500, 1000, 1500, 2000, 2500) iiretilmistir. Yapisal ve optik Ozellikler
incelendi ve duyarlilik 6zelligi 50 ve 100°C'de kuvars ve silikon bazlar iizerinde
biriktikten sonra incelendi. X-ism1 kiriim (XRD) galismasi, tim XRD modellerinin
GeOg, altigen yap1 ve ortorombik yap ile ilgili ti¢ kirmnim zirvesi ile iyi kristallestigini
gostermistir. Alan emisyon taramali elektron mikroskobu (FESEM), pargacik
boyutlarinin 15-274 nm arasinda degistigini ve ortalama parcacik boyutlarinin 106, 140,9,
87,6, 81,68, ve 117 nm oldugunu gostermistir. Germanyum dioksit filmlerinin optik

ozellikleri, absorbans ve gegirgenlik (UV-vis) spektrumu olgiilerek incelenmistir.
2023, 74 sayfa

Anahtar Kelimeler: Elektronik ve optik 0Ozellikler, Germanyum, Gaz sensori,

Nanoyapilar, Ince filmler
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1. INTRODUCTION

There may be chances to develop better goods and materials thanks to nanotechnology.
Both directly employing nanomaterial to detect, prevent, and remove pollutants as well
as indirectly using nanotechnology to develop more environmentally friendly industrial
processes and produce environmentally friendly goods are two ways that nanotechnology
may help the environment. About 100.000 times smaller than the diameter of a human
hair and 1,000 times smaller than a red blood cell, a nanometer is equivalent to 10° meters
(Morris and Willis 2007). The classical laws of physics and chemistry do not readily apply
at this very small scale for two reasons. Firstly, the electronic properties of very small
particles can be very different from their larger cousins. Secondly, the ratio of surface
area to volume becomes much higher and since the surface atoms are generally most
reactive, the properties of a material change in unexpected ways (Al-Maher et al. 2021).
Size, shape, and composition are the main factors that affect the physical and chemical
characteristics of metallic nanoparticles. Thus, it is crucial to manage these variables in
order to modify the nanoparticles' characteristics. Controlling the form has received a lot
of attention recently since it makes it possible to fine-tune optical qualities more
versatilely than is possible otherwise. The ability to manipulate the form of metal
nanoparticles created in solution very lately has allowed for the creation of several

synthetic techniques (Naskar et al. 2017).

Soon after the creation of the pulsed ruby laser in the 1960s, pulsed laser ablation was
first created. The production of nanomaterials and the creation of nanostructures have
both benefited greatly in recent decades through the widespread usage of laser ablation
of a solid target in a liquid environment. Pulsed laser ablation has received a lot of
attention lately since it can be used to create thin films (Franklin and Thareja 2005). The
manufacture of pure nanoparticle colloids free from contaminants brought on by chemical
precursors or preservatives is possible thanks to pulsed laser ablation in liquids (PLAL)
(Dahl et al. 2007). Semiconducting nanoparticles are highly suited for devices that
produce energy as well as biological and environmental sensors. Most of the research to

date has been on 11-VVI semiconductor systems with systematically varying bandgaps and



luminous characteristics. Nonetheless, Ge nanoparticles have a wide range of uses,
including as precursors for the creation of thin films. Chiu et al. (2006), for porous
germanium (Ge) (Shieh et al. 2004), and for probes, independent of the source of light
output. Due to their distinct size-dependent properties that differ greatly from those of
bulk materials, nanoparticles, and nanocrystals are of tremendous interest in the study of
materials physics (Yoon et al. 2005). In comparison to the bulk material, the electrical
characteristics of the semiconductor nanoparticles alter. For instance, the band gap
increases as the particle size decreases. By adjusting the particle size, we can alter the
material's electrical characteristics (Trindade et al. 2001). One of the most interesting
fields of semiconductor research and technology is the study of semiconductor
nanoparticles, often known as quantum dots. Given its straightforward methodology, the
laser ablation method was used in this research to create Ge nanoparticles (Huang et al.
2002).

Gas sensors fabricated from thin films of semiconductors, such as metal oxides, are used
in many different industrial and life fields. These sensors are relatively inexpensive
compared to other sensor technologies, with high stability, small size, and fast
responsivity. It is used in many fields to detect and monitor harmful gases even if they
are in small quantities, especially harmful gases such as carbon oxide and nitrogen
dioxide. Sensors made using nano-clusters are promising due to the large surface area of
cluster films as well as potential control over the surface morphology of devices by
selecting the cluster size. Previous work in our group has demonstrated that films of
percolating tin oxide nano-clusters can be used as ammonia sensors and hydrogen sensors
(Fine et al. 2010, Lassesson et al. 2007).

The aim of this study.

The following experimental effort is done to achieve the aims of the creation of efficient

devices:

e Preparation of Ge nanoparticles by Pulsed Laser Ablation Liquids (PLAL) technique

from Ge Plate with constant energies



Preparation of thin films from germanium nanoparticles by a cost-projection method
on a layer of silicon n-type (111) and study of the effect of the Change PLAL on the
structural optical, and sensitivity properties of Ge thin films and Research the impact
of response time on other qualities, including structural, optical, and sensitivity

properties, as well as sensing behaviour.



2. LITERATURE REVIEW

In 2005, Davydov (2005) investigated the atomic hydrogen adsorption on Ge (100) and
Ge (111) surfaces, and found that the work function grows at Q 0.1, while the value of
(Q) is negative at Q 0.15 and positive at Q > 0.15(Davydov, 2005).

In 2012, Mackenzie and Brown (2012), fabricated films of germanium nanoclusters of 30
nm diameter in a high-vacuum deposition apparatus. The resistance increase was
accelerated when exposed to dry air but decreased when exposed to ambient air. The films
were sensitive to hydrogen concentrations above 1% in dry air, but only observed at
temperatures below 100°C. Surface moisture is necessary for films to show sensitivity to
hydrogen.

Thin sheets of germanium-zinc silicate (Ge/Zn,SiO4) were fabricated in an extremely hot
oven, investigated by scanning electron microscopy, energy-dispersive X-ray
spectroscopy, and X-ray diffraction. Nickel MSM contacts were deposited on the film,
demonstrating photosensitivity and potential for gas sensor devices (Jumidali et al. 2013).

Al-Dahan and Abduljabbar (2013), their studied found that n-type germanium samples
were doped with boron and subjected to laser irradiation with an Nd: YAG laser with a

wavelength of 1064 nm at various intensities. The rise time ranged from 83 to 75 ns.

Vadavalli et al. (2014) found that when the energy of the laser pulse increases, the mean
size of the Ge nanoparticles changes from a few nm to 40 nm. The crystalline nature of
the created nanoparticles is confirmed by high-resolution TEM and micro-Raman
spectroscopy, and there is good agreement between the observed NP sizes from the micro-

Raman phonon quantum confinement model and TEM observations.

Hadi (2015) The work presents the fabrication and liquid technique for the
characterization of germanium (Ge) nanoparticles using pulsed laser ablation (PLAL) at

different laser fluences. Atomic Force Microscopy, Energy Dispersive Analysis of X-



rays, and Spectrophotometers were used to study the surface and sizes of the
nanoparticles. UV-visible measurements showed a variation in the energy gap in the
absorption spectra with increasing laser fluence. Controlling the irradiation conditions
allows for particles of different diameters and changes the electronic properties of the

material.

Sama et al. (2016) fabricated Ge nanowires with Au catalyzed Vapor Liquid Solid (VLS)
mechanism and tested them with water vapor in synthetic air. Results showed
reproducible responses towards H>O, with resistance increasing with increasing relative

humidity. Response time was 10 minutes.

Wang et al. (2017) the GeS monolayer is sensitive to NO2 molecules with moderate
adsorption energy and charge transfer, with a sorption quantity of 708.707 mg/g under

101.33 kPa. This suggests it is a potential sensing material for NO2 gas.

Dong et al. (2018) report a NO2 gas sensor based on germanium quantum dots
(GeQDs)/graphene hybrids with improved sensitivity to NO2, fast response and recovery

rates, and excellent stability. This work may provide a new route to mass production.

Pasanen et al. (2020) the nanostructured Ge wafers can increase the sensitivity of Ge
sensors by up to 99% in the UV-vis—NIR spectrum. This process is applicable to CMOS

sensor manufacturing and could revolutionize the sensitivity of Ge-based sensors.

Hirose et al. (2021) a nanostructured Si-Ge thermoelectric material is used to create a

high-performance sensor that detects infrared rays and methane.

2.1 Semiconductor

Materials are classified in nature in terms of their electrical conductivity at room
temperature into conductive materials, which have the high electrical conductivity in the

range of (10%-10") Q. cm, and insulators with low conductivity very within (10-3-10%)



Q. cm, and semiconductor materials have a conductivity in the range of (103-10%) Q. cm,
as their conductivity lies between the conductive and insulating materials These
semiconductor materials are insulators at low temperatures, but when their temperature
is raised, they will have the ability to conduct electricity, as the density of electrons
available for conduction increases with increasing temperature and the electrons are
stimulated, leading to the energy of the forbidden gap, and the conduction of
semiconductors can be controlled by heat (Khoudro and Najeeb 2020). The advantages

of semiconductors can be summarized in the following points (Tribble 2002).

¢ A semiconductor of extremely high purity exhibits self-conductivity and has a Fermi
level in the center of the energy gap.

e Semiconductors have a resistance with a negative thermal coefficient, meaning that
the dependence of their electrical conductivity on temperature is opposite to that of
metals, as the resistance of a semiconductor decreases with increasing temperature.

* It has a specific resistance between (103-108) (Q.cm,)*

e Semiconductor materials are sensitive to light, meaning that the resistance of the
semiconductor changes upon exposure to light of an effective wavelength.

¢ Its conductivity is affected when a magnetic and electric field is applied to it.

e The thermoelectric capacity generated by these materials is high compared to that
generated by metals.

e Semiconductors have either positive electrical conductivity (P) or negative electrical
conductivity (n).

e Impurities may change the conductivity of a semiconductor from donor to acceptor

and vice versa.

2.2 Doping Semiconductor

Doping refers to the practice of introducing impurities into an otherwise unaltered
intrinsic semiconductor in order to modify its behavior. Due to an equilibrium between

electrons and holes in the conduction and valence bands at room temperature, the



conductivity of these materials is low. The extinction of competing carrier types
(Willardson et al. 1991).

The doping process is the best way to control the conductivity of semiconductors
compared to the thermal effect coefficient because the increase in temperature is
undesirable in electronic applications (Bowen and Tanner 2005). Two types of
semiconductor materials can be distinguished, after doping them by certain elements of

the periodic table (three and five valences) and the following is a description of these two

types.

2.2.1 Passive type semiconductor (n-Type)

Semiconductor materials doped with the elements of the fifth group in the periodic table
are called semiconductors (P) such as silicon when doped with the element phosphorous
(n-type) conductors of the negative type when adding a known amount (Donors). These
elements are called donor elements (As) arsenic from one of these elements which have
five valence electrons, will enter into the composition of the semiconductor material and
form covalent bonds with the surrounding atoms, for example, when each impurity atom
generates an additional electron when (Si) as an impurity to silicon (P) added by
phosphorous, four electrons from the impurity atom combine with four electrons from the
silicon atom to create a covalent bond, leaving one electron attached to the parent atom.
as shown in Figure 2.1 (Siu 2022).



n-doped silicon

Figure 2.1 Doping semiconductor silicon with (n-type) impurities (Siu 2022)

Therefore, separating this electron from the atom does not require much energy, while it
requires much less energy to transfer it from the valence bundle to the conduction bundle.
Due to the presence of impurities, the appearance of excess electrons in the conduction
band does not coincide with the appearance of holes in the valence band, and these
electrons do not move out of the valence band as in a pure substance. But it moves from
the states located below the edge of the conduction beam, these states are local levels,
called donor levels, and at a very small depth represent the energy required to liberate
electrons from the impurity atoms (Siu 2022). The density of states located below the
edge of the beam represents the density of impurity atoms, while the density of the gaps
depends on the electrons leaving from the valence bundle to the conduction bundle so that
it is few, so the current flowing here is transferred by electrons in a basic degree, as shown
in the Figure 2.2. Electrons are called majority carriers, and gaps are called minority
carriers so that their effect on electrical conduction is negligible (Bott 1998).
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Figure 2.2 The energy bands in a semiconductor are of the negative type (n-type) (Siu
2022)

2.2.2 Positive-type semiconductor (p-type)

A semiconductor doped with a known amount of the third group of elements of the
periodic table, such as aluminum (Al) or boron (B), is called a p-type semiconductor, in
which the holes are replaced instead of electrons. (Si), the aluminum atoms will occupy
the places of the silicon atoms and bond to the four atoms. A covalent bond surrounding
each of them, since the impurity contains three electrons in its shell, there will remain one
covalent bond containing one electron, and as shown in the Figure 2.3 (Siu 2022).

p-doped silicon

Figure 2.3 Doping semiconductor silicon with positive-type impurities (Siu 2022)



In this case, the impurity atom can easily take an electron from its neighboring bonds and
thus complete its bonds, but this will leave a positive gap in those bonds. From one of the
bonds of the semiconductor material and placing it in one of the bonds formed between
the atoms of the impurity semiconductor which are very small, and the gaps here are

called the majority carriers, as shown in Figure 2.4 (Bott 1998).
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Figure 2.4 The energy bands in a semiconductor are of the (p-type) (Bott 1998)

2.3 The Pulsed Laser Ablation in the Liquids

Synthesis of nanomaterials may be accomplished quickly, easily, and environmentally
friendly using pulsed laser ablation in liquid solutions (PLAL). Little equipment is needed
for the PLAL approach. The fact that PLAL's products are chemically pure is their biggest
benefit. Many products, including Ag, Au, Ge, and Cu nanoparticles, alloy nanoparticles,
heterostructures, nanocubes, nano-spindles, noble metal core/shell nanostructures, and
metal/metal oxide semiconductor core/shell nanostructures, have reportedly been
produced using PLAL. While PLAL is of great value in the synthesis of nanostructures,
it must be integrated with chemical processes for the synthesis of metal and oxide
core/shell nanostructures containing two different elements (Zhao et al. 2015). In PLAL,
a focused laser beam is used to irradiate a solid target that is submerged in a liquid
medium inside the reactor. The ablation plume, which is composed of atoms, ions,
molecules, clusters, and particles, is created when the beam strikes the surface of the solid

target and vaporises it. Nanostructures including atoms from both the initial target and
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the liquid are created when the intermediate reactive products in the plume interact with
the molecules of the surrounding liquid. A favorable environment for the creation of
metastable phases and the promotion of the synthesis of diverse nanostructures is
provided by confinement created by the liquid layer in conjunction with the high
temperature and high pressure caused by the focussed pulsed beam (Ali 2010). Both laser
ablation in a hoover and laser ablation at the solid-liquid interface follows a similar
process of laser interaction with the target. Both generate plasmas and strong emission
species confinement, which facilitates effective electron-ion recombination. When the
plasma starts to expand, it does so freely in a vacuum but is constrained by any liquid
layer. Here is where the difference arises. The liquid slows down the plasma's growth,
creating a high plasma pressure and temperature that promotes the synthesis of new
materials. Another benefit is that because both the liquid and the solid targets are
vaporised, the final product may contain atoms from both the liquid and the target material
(Wang et al. 2002). Pulsed laser ablation in a liquid media (PLAL) has recently been used
for nanoparticle and nanocomposites preparation. This can be accomplished by fine-
tuning the laser fluence and ablation time (Vinod and Gopchandran 2015). The interaction
of high-energy laser radiation with a solid surface can produce many physical processes.
These processes include absorption of laser radiation by a solid target, thermal conduction
into the target, vaporization, and diffusion of target material, the rapid heating of the
target, and subsequent plasma formation leading to vaporization of the fluid and the
formation of a cavitation bubble. Nanomaterial (nm) nucleation and growth occur in the

later stages as shown in Figure 2.5 (Amendola and Meneghetti 2013).
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Figure 2.5 Steps to synthesis nanomaterials through the laser ablation process
(Amendola and Meneghetti 2013)

2.3.1 Laser ablation and particle formation

A laser pulse's energy is partially reflected when it hits a sample. Keep in mind that
reflectivity is influenced by both the material and the laser wavelength. The sample
absorbs energy after it has been transferred from optical photons to electrons and then to
the lattice, where it is diffused into the material. Photochemical processes triggered by
exceptionally high-energy pulses have the potential to strip the surface of its atoms and
molecules. When the surface temperature of a heat source approaches the critical point,
rapid evaporation may occur. Vaporization results in plasma, which is composed of
ionized vaporized atoms and electrons. The plasma cloud may absorb some of the incident
laser energy, preventing it from reaching the surface (plasma shielding). The plasma
expands and heats up as a result of absorbing photons. Later, as the vapour cools, aerosol
particles begin to form. The leftover energy is absorbed by the material as heat. If enough
laser energy is applied, the surface of a moving solid-liquid contact can melt into the
liquid below. It's possible that the ablation rate might be increased byremoving tiny

droplets of the liquid from the molten pool.
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2.3.2 Laser-induced heating and melting

Absorption of laser light by metal nanoparticles triggers a chain reaction of energy
transformation activities. These include electron-phonon relaxation and phonon-phonon
thermalization, respectively, as well as the following excitation and relaxation of metal
electrons and their interaction with the lattice. After that, other kinds of melting and
evaporation might occur, among other heat reactions. As was indicated before, in the case
of nanosecond-pulsed laser light, the time scale during which heat diffusion happens from
the metal particle to the support is substantially shorter than the pulse width. As a result,
the increase in temperature caused by the laser can be countered using only the principles
of thermodynamics. The laser energy does not cause the material to vaporize, but rather
heats it to a higher temperature and causes it to radiate heat throughout (Liu 2005, Zimmer
2009).

2.3.3 Explosive boiling

When a laser pulse with a very high energy fluence is applied to a surface, the crater's
volume and shape are dramatically altered. The ablation rate, measured by the depth of
the crater, changes dramatically as the energy power density exceeds a particular
threshold. Thermodynamic principles from the past have been used to analyze this
procedure. When the surface region is heated above the limit of its thermodynamic
stability during short-pulse laser irradiation, the transition from a superheated liquid to a
combination of vapour and liquid droplets is predicted to occur swiftly. Experimental
results showing a threshold fluence for the onset of droplet ejection and a dramatic
increase in the ablation rate at the threshold have been published and interpreted by
researchers as evidence of the transition from conventional vaporization to phase

explosion.
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2.3.4 Evaporation

Evaporating mass from a target at high temperatures and pressure results in a plume of
vapour that rises and moves away from the surface. The rate of evaporation is controlled

mostly by the temperature of the surface (Liu 2005).

2.3.5 Plasma formation

The portion of the target surface that came into contact with the laser quickly heated up
to extremely high temperatures. Much of the absorbed laser energy is used to vaporize
the atoms of the target material, reducing the quantity of energy carried into the interior
of the target material. When the front of the vapor-formed plasma collides with the
surrounding material at a speed greater than the speed of sound, a shockwave is produced.
The vapour plasma has a density of 16 ions, which is in the range of 10*°-10'® jons/cm?,
indicating a severe nonequilibrium situation. The typical time for cloud formation is
around 107 seconds. Internal plasma temperatures can soar into the tens of thousands of
Kelvin when all atoms and molecules have been ionized (Li et al. 2003, Zhigilei et al.
2009).

2.3.6 Solid exfoliation

Photomechanical processes caused by strong thermal expansion and tension induced by
lasers lead to exfoliation, the removal of fragmented material from a solid state. This kind
of removal is critical for materials like silicon, graphite, and glasses, which are brittle and
refractory but can be broken if they are not removed. Under stress confinement
conditions, the amplitude of the laser-induced stresses becomes significant when the
duration of the laser pulse is shorter than the time required for the absorbing volume to
mechanically rebalance. Particles tend to break along the crystallographic planes. The
particles are large and uneven. The crater's shape makes it easy to identify the sample's

surface after the exfoliation process (Liu 2005).
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2.3.7 Hydrodynamic sputtering

Transient melting and motion of a liquid due to strong temperature gradients and laser-
induced pressure relaxation results in the ejection of large droplets. Hydrodynamic
sputtering is a common phenomenon that occurs in a wide variety of processes. Although
it is easy to recognize particles that are evacuated while they are still liquid, the liquid
could depart the surface by a number of different ways. Hydrodynamic sputtering is a
common phenomenon in laser ablation due to the cyclic heating and cooling of the
surface. After the surface has been sufficiently burned by the laser, surface patterns
resembling fingers or ridges appear as a result of repetitive heating and cooling of the
surface, which causes perturbations to rise. Droplets of liquid can break off of a molten
layer if an asperity, or protrusion, induced by thermal expansion moves at a pace greater

than the force keeping it anchored (Povarnitsyn et al. 2009).

2.3.8 Particle ejection (spallation)

The particles' spherical form proves that they originated in a liquid condition. The liquid-
solid interface is where the big particles are created. The laser-induced strains may be
greater than the target material's dynamic tensile strength in the domain of stress
confinement, disrupting the liquid-solid interface. When a target material is rapidly
heated and vaporised by a high-energy laser pulse, a thermomechanical strained condition
is created. The frontal cavitation of the subsurface layer might result from its unloading.
When the rarefaction wave created by the compression wave reaches the back of the
target, it destroys it. The latter has the potential to cause spallation and cracking in the
back. But the evaporating substance released a cloud of vapor that drifted out into the
distance. The plume's pressure and temperature are highest during the beginning of the
vapourization process. Extreme pressure might force liquid melt out of the center of the
laser-heated zone, creating a volcano-like crater when the melt cools (Figure 2.6). When
the pressure is high enough, the droplets are expelled because their momentum is greater
than the surface tension holding the liquid in place (Fishburn et al. 2006, Liu 2005,
Zhakhovskii et al. 2009, Zhigilei et al. 2009).
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Figure 2.6 Material removal via vaporization (left), pressure-induced melt displacement
(middle), and explosive melt ejection (right)

2.3.9 Nucleation and condensation

As the vapor plume extends and starts to cool, the colder front of the plume cloud allows
aerosol particles to develop. The typical characteristic time for particle generation is on
the order of nanoseconds (107 sec), which is orders of magnitude shorter than the lifetime
of the cloud. Due to the significantly shorter time scale for particle creation, the vapor
will be transformed into particles. Condensation of evaporated atoms is the process that
results in Nano-sized particles. The ambient pressure, gas properties, and temperature all
play crucial roles in condensation processes. Most numerical studies of this process have
involved calculating the location of the shock and the properties of the gasoline.
Condensation processes were predicted to begin once the plasma temperature fell to a
value below the vapour number density. Because of the need for extremely high collision
frequencies and atom number densities, the formation of micron-sized particles is
extremely improbable (Liu 2005, Noél et al. 2009).

2.3.10 Coagulation and agglomeration (Growth)

There are several secondary actions that, while not directly creating particles, may alter
the particle size distribution or the overall particle concentrations. Coagulation, for
example, can begin anywhere from a few nanoseconds to a few milliseconds after the
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laser pulse. The two most important processes were coagulation and agglomeration, both
of which contributed to the ultimate particle size increasing. Particles develop via laser
ablation and then collide with one another in a gaseous medium. Particles can merge to
form new, larger particles if they are in a liquid state or have enough momentum. The
latter phases of development are characterized by an activity known as coagulation.
Condensation triggers the formation of agglomerates of nanoscale aerosols, which are
highly charged with electrons from plasma. Once that happens, the charged particles are

connected electrically (Tsuji et al. 2008).

2.4 Mechanism of PLAL

PLAL has many desirable advantages. It is a simple one-step process and an effective
technique to prepare nanoparticles in large amounts suspended in liquid (Kazakevich et
al. 2006). The ablation process is conducted in an ambient environment that does not
require high pressure or temperature. The PLAL production system is low cost and has
simple starting materials, chemically simple, and no catalyst is needed. These factors
ensure the production of ultra-pure, clean surface nanoparticles that may have high
surface activity (Xiao et al. 2017). A broad variety of nanoparticle formations is produced
by PLAL, which is difficult to do using conventional procedures. Last but not least, it
offers a practical method for altering the physical characteristics of the laser, such as its
power, wavelength, repetition rate, focusing situation, pulse duration, and a number of
pulses, or the characteristics of the liquid, such as its kind, PH level, and surfactant
(Darwish et al. 2016).

The solid target continues to absorb laser radiation, creating more vaporized species,
which expands the plasma plume, creating a shockwave with high temperature and
pressure. This pressure is called plasma-induced pressure and helps to further raise the
temperature, density, and pressure of laser-induced plasma (Amendola and Meneghetti
2013).

A thin layer of vapor with high temperature is created due to energy transfer from plasma

to the surrounding liquid during the plume expansion and condensation, creating
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cavitational bubbles. The vapor expands and transforms into bubbles with a radius larger
than the vapor layer. The pressure inside the bubbles is increased by liquid confinement
(Darwish et al. 2016). The plasma plume cools down after transferring its energy to the
vapor layer. This leads to bubbles expanding in every direction moving against the liquid
and the compressed plasma. Then, the bubbles' internal pressure balances with the
surrounding liquid gradually and reaches the maximum radius. The bubbles maintain this
state for some time. Finally, it collapses and nanoparticles are released into the liquid.
Nanoparticles are produced during plasma shrinking. They originate from reacting liquid
medium and target molecules. Afterward, they diffuse in the cavitational bubbles and then
finally released into the solution (Xiao et al. 2017). Figure 2.7 shows the steps involved
in the PLAL procedure.

odbboeoe

Laser ablation of Plikis, Syt Vapor layerexpands ~ Plasmacollapseand ~ Bubble collapse and

target in liquid and - - into cavitationbubble release nanoparticles  release nanoparticles

formation of plasma and plasma shrink into bubble into liquid
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Figure 2.7 Timeline and mechanism of the PLAL (Xiao et al. 2017)

At the liquid and plasma induced by laser interface, four chemical reactions are happening
during plasma transformation (Amendola and Meneghetti 2013, Xiao et al. 2017, Zhang
et al. 2017).

e Within the laser-induced plasma, the ablated target species react with metastable
phases created by the plasma's extreme conditions of high temperature, pressure, and
density.

e The laser-induced plasma undergoes a chemical reaction as well, but this time it's

between the target's ablated species and the excited liquid molecules.
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e There is a good probability for high-temperature chemical interactions between the
liquid molecules and the ablated target species at the liquid and laser-induced plasma
interface due to the high temperature, density, and pressure of the laser-induced
plasma.

e Molecules of the liquid undergo a chemical interaction with the ablated target species.
Nanoparticles composed of atoms from both the target and the liquid medium are
created and suspended in the liquid.

e Therefore, ablating the solid target immersed in the liquid by pulsed laser ablation has
gained the researcher's attention due to the possibility of producing extreme
conditions easily, which in turn leads to forming of new nanoparticles by easily
changing the liquid medium and solid target (Zhang et al. 2017).

2.5 Nanoparticles-Liquid Reaction

Strong chemical reactions and physical processes will occur among the laser-ablated
metal species in the aqueous solution, such as the reaction between water molecules and
the ablated species (as charge-transfer interaction and electrostatic forces), because the
ablated active species are electronically excited and thus highly reactive, inducing the
formation of nanoparticles in solution. Nanoparticles, depending on their size and form,
will exhibit different properties in different mediums (Bajaj and Soni 2009). Therefore,
solution composition can be utilized to govern nanoparticle properties, while surface
modification via surfactant coverage and laser parameter manipulation ought to be able
to manage the impact of such aqueous oxidation. Thus, metal oxide metal composite
nanoparticles (NPs) can be made through rapid reactive quenching with a surfactant

aqueous solution (He et al. 2008, Zeng et al. 2005).

2.6 Nanotechnology

The The word "nano" originates from the Greek word for "dwarf," and it is used to
describe objects that are on the order of a billion (10%) nm in size. The term
"nanotechnology" refers to the development and application of tools, machinery, and

equipment that operate on the nanoscale (atomic/molecular) scale, exploiting the
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peculiarities of materials and devices at this size. Nanoscale materials exhibit physical,
chemical, and biological characteristics that are absent in the bulk form of the same
materials (Khanna 2016). The electronic and optical industries, as well as the healthcare
and agricultural sectors, can all benefit from using nanomaterials. The development of
new methods and instruments for the synthesis, characterization, and manipulation of
nanomaterials has led to explosive growth in the field of nanotechnology over the past
two decades. Nanoscale materials can be produced through a wide range of traditional
physical, chemical, biological, and other hybrid processes (Filipponi and Sutherland
2013).

2.7 Nanostructures

Nanostructure is defined as an object having at least one dimension within 1-100 nm. To
describe the structures of nanoparticles, it is necessary to distinguish between the number

of Nano-dimensions.

According to the dimensionality, the following categories are known:

e Quantization occurs in all three spatial dimensions (1D) in a quantum dot (also dubbed
a "quantum box™) (Wei et al. 2009).

e Ina2D structure, such as a quantum wire, free motion is possible in only one direction
because quantization occurs in both directions.

e Particle motion is quantized in one dimension of a two-dimensional (2D) structure or
quantum well, yet the particle is free to travel in the other two dimensions.

e The particle's motion is not quantized in a 3D structure or a bulk structure, therefore

the particle is at liberty to move in either.

The type of nanostructure and density of states are shown in Figure 2.8 (Narayanan
Pradeep 2021).
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2.8 Germanium (Ge)

2.8.1 Germanium metal

Germanium (Ge), a chemical element, is represented by the symbol Ge and atomic
number 32. Germanium is a glossy, hard-brittle, grayish-white metalloid that is part of
the carbon family. Silicon and tin are chemical neighbors in the same group. Pure
germanium is an indirect semiconductor that resembles elemental silicon in appearance.
In nature, germanium also naturally interacts and forms compound with oxygen (Melcher
and Buchholz 2014).

Due to its rarity, germanium wasn't discovered by chemists until fairly recently.
Germanium is around the fifty-first most abundant element in the Earth's crust. Dmitry
Mendeleev placed Eka silicon on his periodic table in 1869 because he expected the
element to exist. Over two decades later, in 1886, Clemens Winkler found the new
element, together with sulphur and silver, in the peculiar mineral argyrodite. Mendeleev's
expectations for a silicon relative were validated by combining ratios in compounds,
despite the new element's resemblance to antimony and arsenic. Winkler named the

element after his home country of Germany. In addition to sphalerite, the principal ore of

21



zinc, commercial extraction of germanium currently also occurs in silver, lead, and copper
ores (Froelich and Andreae 1981, Melcher and Buchholz 2014).

Germanium is used as a semiconductor in transistors and other electronic devices. The
first decade of semiconductor devices were made entirely of germanium. These days,
LEDs are mostly used in light bulbs, solar cell applications, infrared optics, and fiber-
optic systems. More recently, germanium compounds have been used to make nanowires
and as polymerization catalysts. In organometallic chemistry, tetraethylgermanium is one
of several useful organ germanium compounds that can be produced using this element.
Germanium is widely recognized as an essential part of modern technology (Avarmaa et
al. 2019).

Germanium is not thought to be essential for any known kind of life. There are a few
complex organic germanium compounds being studied as possible medications, but so
yet, no results have been encouraging. Because natural germanium compounds are often
insoluble in water, similar to silicon and aluminum, they have low oral toxicity. Synthetic
soluble germanium salts are nephrotoxic, while synthetic germanium compounds that
react chemically with halogens and hydrogen are irritants and poisons (Kroening et al.
2011).

2.8.2 Germanium nanoparticles

The synthesis, characterization, and development of these fascinating materials have all
taken significant steps forward in recent years, opening up new possibilities for their
potential practical uses. The effect of quantum confinement in semiconductor NPs on the
optical properties of semiconductors is a primary driver of the growing excitement
surrounding this area of research. Because of their superior luminescence properties at
the nanoscale compared to their bulk forms, fundamental semiconductor NPs like as
silicon and germanium are of tremendous interest (Barcikowski et al. 2009, Boucherif et
al. 2013). Si and Ge NPs require additional research due to their size-dependent optical
properties. Optical light-emitting devices, integrated flash memory, solar cell technology,

and biomedicine are just a few of the many technologically relevant uses for these
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materials. formed large crystals The semiconducting properties of Si and Ge make them
highly desirable for use in microelectronics (Vadavalli et al. 2014). The fastest-
developing area of nanoscience and nanotechnology requires the integration of
optoelectronic devices with microelectronics that demonstrate effective optical
properties. Nanocrystals (NCs) made from silicon (Si) and germanium (Ge) are favored
for use in optoelectronics because of their bright visible emission (Desnica et al. 2006).
Optoelectronics research for optical lighting and display applications can benefit from the
use of Si and Ge because they are non-toxic and environmentally friendly green materials
that can replace dangerous semiconducting elements. The powerful quantum confinement
effects at the nanoscale are responsible for their efficient luminescence at room
temperature. In terms of technology, Ge NCs are superior to Si NCs because their Bohr
exciton radius is larger (24 nm vs. 6 nm) and their effective masses and energy disparities
across the indirect gaps are smaller (Ghosh et al. 2013). Synthesizing germanium
nanoparticles (NPs) with sizes suited to the required optical and electrical characteristics
could prove difficult. Therefore, optimizing new processes for the creation of
nanostructures using a wide range of approachable techniques is a vital area of materials
research. One relatively fast, affordable, and environmentally acceptable method for
creating nanoparticles of the required sizes at room temperature is pulsed laser ablation
in liquids (PLAL) from bulk materials (Maeda 1984). Lasers are used for material
processing due to their high energy output. Laser ablation is the selective removal of
material from a source or bulk target using short laser pulses. When high-intensity pulses
are delivered to a material at a controlled pressure and temperature, nanoparticles of the
material can be formed in the solution. Laser ablation in liquids has the advantage of
being performed at room temperature, and it is possible to manipulate the properties of
the nanoparticles by changing the parameters of the liquid and the laser's ablation settings.
As a result, this strategy is thought to be effective for developing colloidal nanoparticle
solutions. In general, this method of creating nanoparticles is efficient, low-cost, and
gentle to the natural world (Maeda 1995, Prabakar et al. 2010).
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2.8.3 Applications of Ge

In 2007, it was projected that 35% of the world's germanium supply went toward fiber-
optics, 30% to infrared optics, 15% to polymerization catalysts, and 15% to electronics
and solar electric applications. Phosphors, metalworking, and chemotherapy accounted

for the remaining 5% (Geological 2008).

2.8.3.1 Optics

The exceptional index of refraction and low optical dispersion of Germania (GeO2) have
made it a popular material. This allows it to be useful in a variety of imaging applications,
including wide-angle camera lenses, microscope objectives, and the core of optical fibers.
By replacing titania as the silica fiber's dopant, the brittleness caused by subsequent heat
treatment has been eliminated. The United States accounted for less than 10% of the
world's yearly germanium consumption in 2002, with most of that going to the fiber optics
industry. GeSbTe, a phase change material with excellent optical properties, is used in
rewritable DVDs (Rieke 2007).

Since it is transparent at infrared wavelengths, germanium is an important infrared optical
material that can be easily shaped into lenses and windows. It is used as the primary optic
in thermal imaging cameras for passive thermal imaging and hot-spot identification in
military, mobile night vision, and firefighting applications. Infrared spectroscopes and
other optical instruments that rely on highly sensitive infrared detectors make use of this
technology. Its extraordinarily high refractive index (4.0) need chemical treatment to
reduce reflection. In particular, a unique antireflection coating of diamond-like carbon
(DLC) with a refractive index of 2.0 creates a diamond-hard surface that can withstand

significant environmental stress (Lettington 1998).
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2.8.3.2 Electronics

Silicon-germanium alloys can be made by fusing germanium and silicon, which are
quickly emerging as key semiconductor components for high-speed integrated circuits.
Si-SiGe heterojunctions' advantages allow for substantially quicker circuits than silicon-
only designs. In wireless communication devices, silicon-germanium is beginning to take
the role of gallium arsenide (GaAs). High-speed SiGe chips may be produced using the
silicon chip industry's low-cost, tried-and-true production methods (Geological 2008,
Washio 2003).

High-efficiency solar panels are one of the most important uses for germanium. The
nearly identical lattice constants of germanium and gallium-arsenide make the latter a
viable substrate material for gallium-arsenide solar cells. Germanium is used as a
substrate for wafers of high-efficiency multijunction solar cells in space applications like
the Mars Exploration Rovers' triple-junction gallium arsenide on germanium cells. High-
intensity LEDs have numerous uses, including backlighting LCD displays and lighting
automobile headlights (Crisp et al. 2004, Geological 2008).

Germanium-on-insulator (GeOl) substrates are being considered as a possible alternative
to silicon in miniaturized circuits. Recent research has revealed a CMOS circuit that
operates on a GeOl substrate. There are other electronic applications for the phosphors
used in compact fluorescent lamps and solid-state light-emitting diodes (LEDs). Several
effects pedals, including the Dallas Arbiter Fuzz Face, still use germanium transistors,
allowing musicians to replicate the distinctive "fuzz"-tone of the early rock and roll era
(Szweda 2005).

2.8.3.3 Other applications

In addition, polyethylene terephthalate (PET) production uses germanium dioxide in
polymerization catalysts. The high luminosity of this polyester makes it a popular choice

for PET bottles in the Japanese market. In the United States, germanium is not used in
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polymerization catalysts. Germanium dioxide (GeO>) is chemically similar to Silicon
dioxide (SiO2) and can replace silica as the stationary phase in some types of gas
chromatography columns (Fang et al. 2007, Geological 2008).

Germanium's application in alloys with precious metals has grown recently. For instance,
in sterling silver alloys, it reduces fire scale, improves tarnish resistance, and magnifies
precipitation hardening. Patented Argentium silver alloy contains germanium at a 1.2%

concentration (Geological 2008).

Semiconductor detectors made from single crystal high-purity germanium may accurately
identify radiation sources, for example at airport security. Monochromators made of
germanium are utilized in single-crystal neutron scattering and synchrotron X-ray
diffraction. In applications involving neutrons and high-energy X-rays, reflectivity is
preferable over silicon. In gamma spectroscopy and dark matter detectors, high-purity
germanium crystals are employed. Phosphorus, chlorine, and sulfur measurements in X-
ray spectrometers are also made using germanium crystals (Bertin 2012, Diehl et al.
2006).

Emerging germanium is an essential part of spintronics and spin-based quantum computer
infrastructure. Researchers demonstrated spin transport at ambient temperature in 2010,
and more recently they discovered that germanium donor electron spins have
extraordinarily long coherence periods (Shen et al. 2010).

2.9 Gas Sensors

Since the nineteenth century, gas sensors have found widespread application in a wide
range of everyday devices. Carbon monoxide (CO) and methane (CH4) sensors have
historically been used in hazardous environments like mines to alert workers to the
presence of these gases. At the time, the canary was the go-to for spotting gas leaks.
Different gas sensing systems have been proposed and implemented to varying degrees

over time. The amount of torch, like Flam safety lamps, was a rough indicator of
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concentration (Ozdemir 2011). The resistance of a wire was measured by burning
flammable gas in the first catalytic sensors. Since oxidation and reduction processes take
place when exposed to the gas, the amount of gas is measured by the current between two

electrodes in electrochemical detecting devices (Rock et al. 2008).

The most important field of application of gas sensor devices today is their use in the
automotive sector and industry to protect the environment. The detection of nitrogen
oxides, CO, CO2, SO, Oz, and H is the main environmental protection concern. And that
the different types of sensitivity methods, such as infrared detectors, ultraviolet
spectroscopy, or mass spectroscopy, are very reliable and critical methods of even
detecting a part per billion (part per billion). These techniques are effective, yet they are
too cumbersome, expensive, or difficult to utilize in everyday life to be widely adopted
by businesses. However, semiconductor sensor devices excel in cost-effective and

portable uses (Franke et al. 2006).

When exposed to gaseous species or molecules, gas sensors alter one or more of their
physical features. The shift causes an electrical signal, the strength of which is
proportional to the number of gas molecules present (Eranna 2011). In addition to its
obvious importance in the chemical and petrochemical industries, environmental,
scientific, and engineering research, hospitals, and the beverage and food industries also
make heavy use of gas sensors (Korotéenkov, 2013). There are four characteristics that
form the basis of a sensor's performance: sensitivity, selectivity, reaction time, and
recovery time. It is determined by the gas's molecular size and the structure of the sensing
layer, both of which are affected by the gas's surface response and diffusion. Catalytic
activity of the sensing layer and the working temperature both impact the surface reaction

(Yunusa et al. 2014). A gas sensor should have these two essential capabilities:

2.9.1 Fundamental parameter of gas sensor

There are several basic parameters that a gas sensor is characterized by.
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Sensitivity: Measured as the ratio between the membrane's surface resistance in air (Ra)
and the sensor's resistance in the presence of the test gas (Rg), sensitivity is one of the
most important sensor parameters. It is determined by invoking the relationship as in
Equation (2.1) (Hasan et al. 2016).

Rgas Q—Rgir

_ Q
§ = MR X 100% (2.1)

Membrane porosity, thickness, operating temperature, additive presence, and crystal size

are only a few of the fundamentals that affect sensitivity (Shimizu and Egashira 1999).

Selectivity: This trait relates to the sensor's capacity to discriminate between different gas
mixtures, such as ethanol and methane. when the determination of gas depends heavily
on selectivity (Mandayo et al. 2003)

Stability: It is a feature that considers repeated measurements of the device following
extended use. And that if the performance of the sensor is not demonstrated to be
repeatable and reliable, the success of the sensor will be constrained (Park and Akbar
2003).

Time to detection: How long it takes for the gas to cause a 10% increase in sensor output

after it has been applied (Hasan et al. 2016).

This quality is associated with the sensor's capacity to differentiate between gases that are
mixed, such as ethanol and methane. In cases where gas composition is heavily influenced

by selectivity (Mandayo et al. 2003).

Time of response: When the sensor is exposed to the full gas concentration, as shown in
Figure 2.9, the response time is the amount of time it takes for the resistance to reach a
predetermined percentage (often 90%) of the final value. Crystal size, additives, electrode
geometry, location, and diffusion rates are just some of the sensor parameters that affect

response time. The better the sensor, the faster it can react to changes in the environment
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(Patel et al. 2019). The value of the response time can be calculated through the

relationship as in Equation (2.2) (Mays 2016):

Response time = | tgas(on)- tgas(off)| X 90% (2.2)

Time of recovery: The time at which the sensor's resistance drops to 10% of its saturation
value. The shorter the relaxation time, the better the sensor will be, so that the sensor can
be used repeatedly (Patel et al. 2019). It can be calculated according to the Equation (2.3)
relationship (Mays 2016).

Recovery time =| tgas (off) — tgas (recover) |X 90% (2.3)
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Figure 2.9 Response time and relaxation time (Chen 2010)

2.10 Response Mechanism

Most semiconductor gas sensor systems detect variations in the conduction band electron
count as a result of gas-solid interaction, as well as the impact of this (measurable)
reaction on the semiconductor's resistance. Local energy levels in the prohibited gap area
are made possible since the surface is where the crystal periodic breaks off. Surface states
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are the energy levels that are accessible at the surface (Barrett et al. 1973). These states
can absorb or emit electrons, which may come from surface flaws or impurity atoms that
serve as electron traps. The Fermi energy of the surface is reduced, and the electronic
energy is increased as electrons from the donor plane are drawn to the low-energy surface
states in the beam gap. Since the Fermi energy must be the same everywhere in the
material when it is in a state of equilibrium, the accumulation of surface charge causes

the valence and conduction beams to deflect at the surface (Barsan and Weimar 2001).

As can be seen in Figure 2.10, the donor electrons travel to the surface to aid in oxygen
adsorption. On one side of the resulting area, the donor atoms are positively charged,
while on the other, the surface states are negatively charged. This region is a depletion
zone where charges are lost, and its thickness is indicated by (a). The bending depth is

lengthened or shortened depending on the surface charge (Ozdemir 2011).

Some gases interact with species ordinarily absorbed at the sensor layer's pristine surface
and are therefore difficult to absorb. Gases with redox properties (or granules) will alter
the surface charge density close to the membrane's surface. Exposure of a surface to a
reducing gas (such as carbon monoxide) results in the release of electrons, as shown in
figure, because the reducing gas interacts with the surface's unabsorbed oxygen.
However, an oxidizing gas (such as NO>) increases the thickness of the depletion layer
because its high electronegativity pulls more free conduction electrons from the surface.
It has been hypothesized that the effects of moisture changes can be mitigated and oxygen

vacancies created by operating at higher temperatures (Ozdemir 2011).
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Figure 2.10(a) The n-type semiconductor membrane undergoes gas-phase oxygen
adsorption (b) The electrons are returned to the membrane after oxygen is
removed via the reducing gas reaction (CO) (Ozdemir 2011)
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3. MATERIALS AND METHODS

In this study, we measured a few things to learn more about the structure, morphology,
and optical properties of Ge NPs:

3.1 Diffraction of X-rays (XRD)

In the early days of material science, X-ray diffraction was used to gain insight into solids'
internal architecture. Certain frequencies of electromagnetic radiation are bent.
Nonetheless, when brought together, they cause both bright and dark areas on the film,
known as positive and negative interference, respectively. It is possible to determine the
values of network parameters (unit cell dimensions) by carefully analyzing the diffraction
patterns. A schematic of the crystal-level Bragg's law and X-ray diffraction is shown in
Figure 3.1. The electromagnetic waves known as X-rays have a particular wavelength in
the range of (0.1-100) nm, relatively high energy, and are located between gamma and
ultraviolet rays (Lehn 1993).

XRD is a vigorous technique utilized because of finding out the crystal structure of
crystalline material by means of a diffraction test sample or for measuring the structural
properties (strain state, grain size, and distinguish orientation) of its phases, and its non-
damaging and doesn't need any elaboration setup. There is a correlation between particle
size and the width of the diffraction line; when particles are made smaller, the line widens
because their long-range arrangement deviates from that of the crystal. Particle size is
calculated with XRD using the Deby Sherrer method as in Equation (3.1) (Zhang 2009):

091
- B cos@

(3.1)

In Equation (3.1), D represents the diameter of the nanocrystal, A is the wavelength of the
light, g is the radian value of the full width at half maximum (FWHM), and the Bragg
angle 0.
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Figure 3.1 Diffraction by X-rays. crystal structure, Bragg's law, and the X-ray diffraction
pattern are shown below (Lehn 1993)

3.2 Electron Microscopy Scanning

Scanning electron microscopy (SEM) is an electron microscopy technique used to
confirm nanomaterials' performance characteristics. The SEM technique is distinguished
by its high magnification (more than one million times) and high resolution (a few
nanometers). This testing strategy is easy to implement and modify. The SEM technique
reveals information about the surface topography and composition. This is indicated by
the way in which the electron beam interacts with the surface of the specimen (Goldstein
et al. 2017).

3.3 UV-Visible Spectroscopy

Electronic level changes between atoms or molecules are the focus of ultraviolet-visible
spectroscopy. Depending on the particle's size and shape, the metallic nanoparticles'
absorption peaks will have a different color. Earlier in the 20th century, Mie researched
and refined the theoretical foundations of established color. He had started working on
Maxwell's equations for how metal particles absorb and scatter electromagnetic radiation.
The colloidal containing the nanoparticles will absorb the electromagnetic waves, and the
nanoparticles' interaction with the electromagnetic field will cause the valence band
electrons to vibrate coherently. This surface ensuing resonance is known as plasmon and

happens in the same way that nanoparticles do. Therefore, ultraviolet-visible
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spectroscopy is thought to be an appropriate technique for identifying nanoparticles'
optical properties (Link and El-Sayed 1999). The following Equation (3.2) illustrates the
quantitative relationship and law (the law of Beer) between the amount of material and
the intensity of the passing light when monochromatic light is transmitted through a
solution. If the creation of color is proportional to the amount of substance in the solution,
then the amount of light absorbed at this wavelength can be used as a concentration

indicator:

Ip =Ipexp— ot (3.2)

where:

I: The intensity; of light passing; through the pure; solution.

I: The intensity; of light when; adding color; compound.

a: Absorption coefficient

t: Thickness

The process and components for creating Ge NPs using pulsed laser ablation are detailed
in this chapter. It also includes equipment for analyzing the nanoparticles' characteristics

after they have been produced (Figure 3.2).
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Figure 3.2 The experimental procedure as a flowchart

3.4 Liquid-Based Laser Ablation

Figure 3.3 depicts a practical use of the pulsed laser ablation in a liquid environment
technique. Pulsed laser ablation of a Ge target positioned at the bottom of a glass tank
holding 3 mL of deionized water was used to create the nanoparticles. The target was
exposed to Nd: YAG lasers with 2J of energy, 10 Hz of repetition rate, and 500, 1000,
1500, 2000, and 2500 ms of pulse duration. To ensure that the nanoparticles didn't act as
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a shield against the laser radiation reaching the target surface, the vessel was rotated while

it was being irradiated.

Nd:YAG laser

Focusing lens ——>

Glass vessel —p

Laser induce plasma

Ge Target

Rotator holder

Figure 3.3 Laser ablation in liquid Ge Nps

3.4.1 The source of laser

Ablation was performed using a pulsed Nd: YAG laser system (HUAFEI), providing the
pulses with a fundamental infrared wavelength of 1064 nm. The active medium in this
laser is Nd: YAG crystal, which operates in Q- switched mode, the output length of the
pulse is (10) Hz. The energy used was 2J Laser pulse energy (Genetic QE 12SP-SMT)
obtained by the play meter after calibration. Laser numbers of shots range from 500 to
2500 pulses.

3.4.2 Cell holder

The rotation speed of the cell holder was (5 rpm) and provides the following features.
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e Getuniform removal for the following pulses to ensure identical irradiation conditions
during laser exposure.
e Laser pulses can cause extensive ablation and crater development on the target

surface, thus it's important to avoid tracing them.

3.5 Chemical Thermal Spraying

A thermal chemical spraying technique was adopted in the preparation of the thin films
used as a gas-gas sensor. The figure 3.4 shows the thermochemical decomposition

system, which consists of the following parts:

Figure 3.4 Thermal chemical spray system

1. the air, 2. air puller, 3. electric heater, 4. digital thermostat, 5. air pump, 6. air valve, 7.
running counter, 8. on a timer, 9. pressure gauge, 10. Spray device, 11. solution container

and 2. ac power supply
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3.6 Substrate Preparation

3.6.1 Quartz substrate

Microscope slides, made of China national machinery, have been used with a thickness
of 1.2 mm, with dimensions of 25.4 x 76.2 mm?. The process of cleaning the bases is an
important stage because it greatly affects the quality of the prepared films and the
accuracy of their examination, so the process of cleaning the bases goes through several
stages after they are cut into pieces with dimensions ranging about (1.5 x 1.5 cm?) where
they are washed using ordinary water and liquid soap, then it is cleaned by submerging it
in distilled water in a glass container, which is then placed in an ultrasonic bath's water
basin for 15 minutes, and finally, it is submerged in methanol alcohol in another glass

container for the purpose of sedimentation.

3.6.2 Silicone substrate

We used n-type silicon precipitation bases, which were cut into pieces about (1.5 x 1.5
cm?) in size before being cleaned in a plastic container with hydrofluoric acid (HF) diluted
with distilled water by volume (1:10), rinsed in distilled water and alcohol, patted dry

with tissues, and then placed in a separate container designed for sedimentation.

3.7 Prepare Germanium Nanoparticles

Figure 3.5 depicts the experimental setup utilized during the laser ablation approach used

to create liquid medium suspensions of Ge NPs.

The pulsed laser ablation in a liquid environment experiment is depicted in Figure 3.5.
Pulsed laser ablation of Ge was used to create the nanoparticles, and the Ge target was
submerged in 3 ml of Non-lonic Water in a glass beaker. Nd: YAG was used to irradiate
the target. The HUAFEI laser system was employed for the ablation, and its fundamental

infrared laser pulses had a wavelength of 1064 nm. This laser uses Nd: YAG crystal as
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its active medium; it generates its light in a Q-switched mode; and its output pulses have
a 10-hertz frequency. Exactly 2000 mJ of energy was expended. After calibration, a game
meter was used to determine the laser pulse energy (Genetic QE 12SP-SMT) at 500, 1000,
1500, 2000, and 2500 pulses.

The cell holder rotates at (5 rpm) and offers the following features:

e Getuniform removal for the following pulses to ensure identical irradiation conditions
during laser exposure.
e Repetition of laser pulses in the same place can cause deep ablation and cratering on

the target surface, which must be avoided.

Nd:YAG laser

Focusing lens ——>

Glass vessel >,

Laser induce plasma

Ge Target

Rotator holder

Figure 3.5 Schematic diagram of laser ablation set-up of Ge NPs

3.8  Deposition of Thin Films

To ensure that the surface temperature of the glass bases reaches the required temperature
for the deposition process to begin, they are placed on the surface of the electric heater
for 10 minutes after they have been cleaned and dried, and after installing the spray device
on the metal stand the distance between the end of the spray device and the bases is set to

(29 cm), after which the solution of the substance to be deposited is placed in the tank of
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the spray device. The amount of flowing solution is controlled through a valve in the
spray device to reach the required spray rate (2ml/min), then the gas valve is turned on
and at the same time, the spray time is adjusted using an electronic timer so that the spray

time is 5 seconds, and the stop time is 20 seconds to ensure the return Degree.

3.9 The Measurement Techniques

In this study, we take various measurements to learn more about the structure,

morphology, and optical properties of Ge NPs.

3.9.1 Device for X-ray diffraction

Crystalline characteristics are analyzed by studying their X-ray diffraction patterns with
a (Philips PW) X-ray diffractometer. In this context, the intensity is reported as a function
of the Bragg angle. The parameters for this measurement are as follows. Beam
characteristics include wavelength (1.5406 °© A), current (30 mA), and voltage difference
(40 kV) from a (Cu-k) source. Additionally, the diffraction angle (2) needs to be in the
range of (20-80).

3.9.2 Utilizing SEM (scanning electron microscopy)

The films of varying magnifications and detectors were used in a scanning electron
microscope (SEM; manufacturer: HITACHI, Japan) study of the manufactured films'
topography. Particle size analysis made use of it as well. SEM's pump down to 10-5 bar
will take around 3—4 minutes. The gas panel's EHT (beam voltage) is adjusted to the
required value, often between 5 and 20kV. The Islamic Republic of Iran's University of

Kashan handles the processing of these exams.
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3.9.3 A UV-visible spectrophotometer

The optical absorbance spectra of colloidal Cuo nanoparticles were determined using a
UV-Visible spectrophotometer (wavelengths between 200 and 900 nm). The quartz cell
contains the samples at varying concentrations and exposure times, and the optical path

Is 1 cm in length. Difference in energy, spectrum of transmission, and absorption range.

3.9.4 Gassensor

In order to conduct sensitivity measurements for (Ge) films, it is necessary to deposit
aluminum electrodes on these films as shown in Figure 3.6 by using the masks for this
examination. These electrodes were obtained by placing a pure aluminum wire inside the
tungsten basin. In the vacuum thermal evaporation system, in order to melt it and then

evaporate it to settle on the membranes in the system.

Sensing material
Electrodes

\ / Substrate

- __

Heater

Top view N A
] NN \‘\

u_&\\
Electrodes

Bottom view E“i Heater

Figure 3.6 Typical gas sensor setup

Sensing material

Figure 3.7 depicts the gas sensor testing setup. a stainless-steel cylinder with a diameter
of 30 cm and a height of 35 cm used for conducting tests. The chamber has a valve for
admitting the test gas and another for admitting air after the procedure is over. Its actual
volume is (6594 cc). At the base of the room, there is a multi-pin clip that allows electrical
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connections to reach the heater, thermal sensors, and electrodes. A digital multimeter
(UNI-T UT81B) connected to a portable computer is used to record the change of the
sense current when the gas pressure or temperature is changed. True sensitivity is
achieved by feeding the mixture through a tube over the sensor device into the testing

chamber.

Needle valve

\Gas sensor

chamber

\/
Multimeter-PC interface  Thermometer

Figure 3.7 Components of the gas sensor

42



4. RESULTS AND DISCUSSION

In this chapter, we look at the experimental measurements that were taken to determine
the optimal number of pulses for creating germanium nanoparticles by PLAL. Ge NPs
produced on a silicon substrate via thermal chemical spraying have been analyzed for
their structural and optical properties. The constructed (Ge) membranes' gas sensor
capabilities were also investigated in this chapter, with their sensitivity, response time,

and relaxation time all being computed.

4.1 The Analysis of X-Ray Diffraction (XRD)

Figure 4.1 shows the X-ray Diffraction (XRD) decoration of the prepared Ge
Nanoparticles by using a Pulsed Laser Ablation and laser wavelength 1064nm with
energy 2000 mJ with different number pulses (500, 1000, 1500, 2000, 2500) of

Germanium (Ge).

Ge NPs were synthesized through the Pulsed Laser Ablation method, whose structural
formation was afterwards validated, X-ray diffraction analysis was measured of prepared
samples with different number pulses (500, 1000, 1500, 2000, and 2500) at an energy
2000 mJ, as and Laser wavelength 1064 nm, as shown in Figure 4.1. It can be observed
that all XRD patterns with different numbers have crystallized very well. there are three
diffraction peaks of (20= 54.67, 56.44, and 61.80), corresponding to the crystalline planes
(202, 210, and 113) these peaks are related to GeO2, these diffractions related to
hexagonal structure with (ICSD 98-063-7456), addition, we can observe additional new
diffraction peaks related to Ge»O4 at (260=47.84, 66.63) corresponding to the plane (120,
002), these diffractions are related to Orthorhombic structure with (COD 96-900-6860).
diffraction peaks related to Germanium Oxide with structure orthorhombic structure. It
has been noted that, except for the example (2500), the strength of all the peaks increases
steadily as the number of pulses increases. As can be seen in Figure 4.1, an increase in
concentration also led to an increase in particle size, which in turn led to an increase in
agglomeration and sedimentation of the manufactured nanoparticles. The value of

average crystallite size that shown in Table 4.1, was determined using Scherrer's equation.
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Table 4.1 Structural properties of the prepared films

Sample | 20 (Deg.) FWHM | Crystalline | DhkI (°A) Phase
(Deg.) size (nm) Practical (k)

54.6508 0.1008 96.4 1.67805 202 GeO,

500 56.4224 0.1344 71.3 1.62949 210 GeO,

PLS 61.7757 0.1344 68.9 1.50051 113 GeO;

66.6867 0.168 59.4 1.40142 002 Gey04

47.8467 0.09 106 1.89956 120 Gey04

54.6754 0.09 109.1 1.67736 202 GeO;

1000 56.4453 0.09 100.2 1.62889 210 GeO,

oL 61.8017 0.09 112.9 1.49994 113 GeO,

66.6334 0.1867 53.1 1.40241 002 Ge,04

47.8467 0.09 106 1.89956 120 Gey04

1500 54.658 0.1068 90.3 1.67785 202 GeO,

PLS 56.4322 0.1432 100.2 1.62923 210 GeOs

61.7867 0.121 68.6 1.50027 113 GeO,

47.8095 0.1413 65.2 1.90095 120 Gey04

54.66 0.1131 85.1 1.67779 202 GeOs

2000 56.4367 0.1036 94.3 1.62911 210 GeO,

oL 61.796 0.1225 80.9 1.50006 113 GeO,

66.6131 0.179 55.6 1.40279 002 Ge;04

47.7817 0.2406 37.3 1.90199 120 Gey04

54.6281 0.2406 38.4 1.6787 202 GeO,

2500 56.3694 0.6015 15.2 1.6309 210 GeOs

LS 61.768 0.2887 32.9 1.50068 113 GeO,

66.6264 0.3128 31.2 1.40254 002 Gey04
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Figure 4.1 XRD pattern of Ge prepared with Pulse number (500, 1000, 1500, 2000, 2500)

4.2 Optical Properties

A material's optical properties include its ability to absorb, reflect, and transmit light. A
material's optical characteristics can be determined by observing how it reacts to various

colors of light. Some of the optical properties that can be measured include.

4.2.1 Absorption spectra

The UV-vis absorption spectrum from 200 to 1100 nm was used to analyze nanoparticle
production. UV-vis absorption spectroscopy was utilized to characterize a Ge solution
sample containing various pulses (500, 1000, 1500, 2000, and 2500). Figure 4.2 depicts
the UV-vis absorption spectra obtained from these measurements. The absorption spectra
have a peak right around 300 nm. The absorption increased with the increase of laser
pulse number, there was a low value at 500 pulses and a high value at 2500 pulses.
Ablation results in a higher concentration of metal nanoparticles in solution, which can

explain the enhanced absorption intensity. It was also found that the intensity of the laser
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influenced the amplitude and width of the absorption peaks. The creation of germanium
nanoparticles is indicated by the absorption peak around 300 nm, with the peak position
being nearly constant (Figure 4.2). After numerous pulses of the experiment, the solution
took on a discernible hue. The absorbance of a suspension varies with its concentration
in accordance with the Beer-Lambert law. However, an increase in concentration can be
triggered by an increase in the number of gaps in nanoparticles, leading to diffusion at the
Fermi level, and an increase in the number of permitted states, which can be thought of

as an energy gap.
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Figure 4.2 Ge nanoparticle absorption spectra for a range of laser pulse intensities (500,
1000, 1500, 2000, 2500)

4.2.2 Optical energy gap

It's how much power is needed to get electrons from the valence band to the conduction

band. The strength of the optical energy was calculated and a linear relationship was
drawn between (ahv)? and the energy of the incident photon (hv) and the intersection of

the straight tangent with the energy of the photon when (ahv)?=0, we get the optical
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energy gap at the allowed direct transition, and the measurements of (UV-vis) showed
through Figure 4.3, Figure 4.4, Figure 4.5, Figure 4.6 and Figure 4.7, we notice that the
values of the energy gap for germanium increase when the number of pulses increases
due to the decrease in the crystal size, which is inversely proportional to the energy gap,
as the Fermi level shifts towards the conduction level, so the energy gap increases, and
this agrees with the researcher (Table 4.2).
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Figure 4.3 The energy gap for Germanium at the number of pulses 500
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Figure 4.4 The energy gap for Germanium at the number of pulses 1000

47



Ge+11

S5e+11 -

de+11 -

3e+11 A

(a*hv)A2

2e+11 A

1e+11

1 2 3 4

Energy(eV)

Figure 4.5 The energy gap for Germanium at the number of pulses of 1500
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Figure 4.6 The energy gap for Germanium at the number of pulses 2000
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Figure 4.7 The energy gap for Germanium at the number of pulses 2500

Table 4.2 Value of energy gap for germanium at different pulsed laser number

Pulsed NO. Eg opt (ev)
500 3.9
1000 3.95
1500 4.1
2000 3.85
2500 4.1

4.2.3 Transmittance (T)

The wavelength dependence of the transmittance of germanium nanofilms is plotted in
Figure 4.8. Where the maximum value appears at 500 pulses and then decreases with
increasing pulses, and this is because the transmittance depends on several factors,
including the thickness of the membrane, and is inversely proportional to it, since
increasing the thickness allows the occurrence of optical absorption processes and thus
slows down a large part of the incident beam on the membrane. The transmittance reduces
as the doping concentration rises due to an increase in the number of hits, which increases

the number of local levels between the valence and conduction bands
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Figure 4.8 The transmittance spectra of Ge nanoparticles with different laser pulse
numbers (500, 1000, 1500, 2000, 2500)

4.2.4 The absorbance coefficient

The nanocomposite's absorption coefficient (cm™) is plotted against wavelength for
different pulses numbers in Figure 4.9. Since the energy of the incident photon is
insufficient to move electrons from the valence band to the conduction band, the
probability of electronic transitions occurring at low energies (at long wavelengths) is
very small. At high energies (at short wavelengths), there is a high possibility of electronic
transitions because the change in the absorption coefficient is substantial. Therefore, the
photon's energy is sufficient to cause the electron to transition from the valence band to
the conduction band, and knowledge of the nature of these transitions may be gained from

the absorption coefficient.
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Figure 4.9 The absorbance coefficientof Ge nanoparticles with different laser pulse
numbers (500, 1000, 1500, 2000, 2500)

4.2.4.1 Refractive index (n)

It is the relationship between the refractive index (n) and the wavelength () that is shown
in Figure 4.10. To increase the density of germanium nanoparticles due to a rise in the
number of free electrons. It is noted that the refractive index increases with increasing the
number of pulses (raising the concentration) of germanium. High values of the refractive
index are observed in the ultraviolet region because of the low transmittance in this
region; it is also observed that the refractive index values change with the increase in
wavelength, after which the refractive index begins to decrease; furthermore, it is
observed that the behavior of the refractive index of the films increases with the increase

in the added concentration (increasing the number of pulses)
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Figure 4.10 The effect of changing the number of laser pulses on the refractive index (n)
of Ge nanoparticles (500, 1000, 1500, 2000, 2500)

4.2.5 Coefficient of extinction (k)

The Extinction Coefficient (k) quantifies the degree to which an electromagnetic wave is
deactivated or absorbed by a thin film. The complex refractive index has an imaginary
part that is represented by this symbol as well. The variation in quenching coefficient
between (300) and (800) nm is depicted in Figure 4.11. Loss of incident wave energy
owing to the optical absorption process influences the Extinction coefficient in a manner
analogous to that of the absorption coefficient. The amount of radiation attenuated via the
membrane is directly proportional to the wavelength, hence a smaller Extinction
coefficient (k) is observed with longer wavelengths. However, it should be noted that (k)
increases with the increase in concentration of the added substance (increasing the
number of pulses), so the intensity of the incident beam is attenuated as the energy of the

incident rays increases
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Figure 4.11 Ge nanoparticles' extinction coefficient (k) as a function of laser pulse
number (500, 1000, 1500, 2000, 2500)

4.2.6 The real and the imaginary part of dielectric constant (er, &i)

The Figure 4.12 and Figure 4.13 show the change of the dielectric constant (er, &i) in its
real and imaginary parts as a function of wavelength, and it is noted that the real dielectric
real constant (r) is highly dependent on (n?) due to the small value of (k?). In Figure 4.12
we notice the value of (er) starts to increase and then starts to decrease with increasing
wavelength. Figure 4.13 shows the imaginary dielectric constant, which is sometimes
called the dielectric loss coefficient, which refers to the amount of loss in the energy of
the electromagnetic wave when its electrical component tries to direct the dipoles in the
material towards the projecting field of the wave, as we note that the behavior of the
imaginary dielectric constant is somewhat similar to the behavior of the electromagnetic

wave.
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Figure 4.12 Real part of dielectric constant (er) of Ge nanoparticles with different laser
pulse numbers (500, 1000, 1500, 2000, 2500)
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Figure 4.13 Imaginory part of dielectric constant (i) of Ge nanoparticles with different
laser pulse numbers (500, 1000, 1500, 2000, 2500)
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4.3 FESEM Measurement of Ge Structures

The morphologies character of prepared Ge nanoparticles was evaluated by FESEM
measurement, Figure 4.14, Figure 4.15, Figure 4.16, Figure 4.17 and Figure 4.18 shows
the microscopic images of Ge nanoparticles of different pulsed laser numbers (500, 1000,
1500, 2000, and 2500) pulses, the obtained images reveals that the particle size of
prepared Ge nanoparticles is variable and is within the range of (15—274) nm. The average
particle sizes are (106, 140.9, 87.6, 81.68, and 117 nm) pulsed laser numbers (500, 1000,
1500, 2000, 2500) respectively. The results suggest that germanium nanoparticles
aggregate into huge, irregular clusters during the production process. This is because the
nanoparticles' surface atoms become unstable at high surface energies and huge surface
areas, causing the particles to cluster together. The agglomeration results from the surface
atoms of the particles banding together through covalent interactions to stabilize the

system.
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Figure 4.14 The microscopic images of Ge nanoparticles of 500 pulsed
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Figure 4.16 The microscopic images of Ge nanoparticles of 1500 pulsed
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Figure 4.17 The microscopic images of Ge nanoparticles of 2000 pulsed
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Figure 4.18 The microscopic images of Ge nanoparticles of 2500 pulsed
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4.4 Gas Sensor Results

By subjecting the sensor to 149.66 ppm for a series of pulses (500, 1000, 1500, 2000,
2500) based on different temperatures (50, and 100) °C as a function of time with an
on/off gas valve, we were able to determine the effect of the concentrations on the

sensitivity of the sensor.

Since the adsorption process increases due to an increase in the surrounding oxygen
atoms, which act as traps for electrons, the mechanical action of the sensor is caused by
charge transfer between the sensing layer and the adsorbent gas, resulting in a decrease

in resistance (increased current) due to a change in the particle size.

A rise in electric current (a decrease in resistance) was seen when hydrogen gas was
introduced, as is the case with most N-type metal oxide semiconductors. The electric
current in germanium oxide films, as a function of exposure duration to hydrogen gas at
a concentration of 149.66 ppm and different numbers of Pulses, as depicted in Figure
4.19, Figure 4.20, Figure 4.21, Figure 4.22 and Figure 4.23.

From the data, it is apparent that all the produced membranes exhibited the same pattern
of increased electric current value when exposed to hydrogen gas. It was also noted that
the sensor's sensitivity grew with an increase in the number of pulses, as the value of the
current rose. Using the Equation (2.1), we were able to determine the sensitivity of the
processed films. According to Table 4.3, the sensitivity of the germanium dioxide sensor
increased with the number of pulses from 500 to 2000, with the highest sensitivity value
ranging from 1.17% with a response time of 19 seconds and the recovery time of 8
seconds in case 500 pulses to (13.2%) with a response time of 22 seconds and the recovery
time of 13 seconds in case 2000 pulses. An increase in crystal size, which affects the
adsorption process of the gas on the surface and thus the sensor's response, is responsible
for this loss in sensitivity at a sample size of 2500 pulses. The surface reaction is enhanced
by the presence of adsorption sites, active sites, and oxygen vacancies, all of which

increase as the size of the crystals decreases.
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The findings of the sensitivity showed that increasing the operating temperature from 50
to 100 °C increased the sensitivity, with the maximum value being at a few pulses of
2,000 pulses and the minimum value being at a number of pulses of 500 pulses. The
activation energy at this temperature may be sufficient to complete the chemical reaction
and increase the surface reaction rate of the gas, which is a major factor in the increased
sensitivity of materials towards the gas as the operating temperature is raised.

sensitivity 50 °C — — —sensitivity 100 °C
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Figure 4.19 Change of sensitivity as a function of time at 500 pulses at temperatures of
50 and 100°C
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Figure 4.20 Change of sensitivity as a function of time at 1000 pulse at temperatures of
50 and 100°C
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Figure 4.21 Change of sensitivity as a function of time at 1500 pulse at temperatures of
50 and 100°C
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Figure 4.22 Change of sensitivity as a function of time at 2000 pulse at temperatures of
50 and 100°C
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Figure 4.23 Change of sensitivity as a function of time at 2500 pulse at temperatures of
50 and 100°C

Table 4.3 Values of sensitivity, response, and recovery time

Sample Temperature | Sensitivity Response time Recovery time
(M ©) (Res) (Rec)
500 1.17 19 8
1000 11.1 16 5
1500 50°C 12.68 20 11
2000 13.20 22 13
2500 2.49 21 12
500 2.05 22 12
1000 18.18 21 12
1500 100°C 18.47 22 13
2000 19.81 20 10
2500 5.31 23 17

Figure 4.24 displays the sensor's sensitivity as a function of the number of pulses, showing
that at 50 and 100°C, the sensitivity increases with the number of pulses but decreases at
2500 pulses due to an increase in crystalline size. This is because the smaller the
particulate size, the higher the specific surface area, the number of adsorption sites, and
the surface reactant's ability to bind to the surface.Response time is depicted in Figure
4.25, and recovery time is depicted in Figure 4.26, both in terms of the number of pulses
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Figure 4.24 Sensitivity as a function of the number of the pulse at temperatures of 50 and
100°C
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Figure 4.25Response time as a function of the number of pulses at temperatures of 50
and 100°C
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Figure 4.26 Recovery time as a function of a number of pulses at temperatures of 50 and
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5. CONCLUSIONS AND RECOMMENDATION

5.1 Conclusions

Toxic gas sensors are instruments used to detect and quantify hazardous gas levels in the
atmosphere. These sensors are commonly used in industrial and commercial settings
where there is a risk of exposure to harmful gases. The sensor works by detecting the
presence of the gas and providing an alert or warning when the concentration reaches a
dangerous level. In this study, the properties of germanium thin films deposited on quartz
and N-type silicon bases obtained by pulsed laser method were studied with an energy of
2 joules and with different pulses (500, 1000, 1500, 2000 and 2500) pulses. In addition
to the sensitivity properties at a gas concentration of 149. and different operating
temperatures of 50 and 100°C. X-ray diffraction study showed that all XRD patterns with
different numbers have crystallized very well. There are three diffraction peaks of
(26=54.67, 56.44, and 61.80), corresponding to the crystalline planes (202, 210, and 113)
these peaks are related to GeO,, these diffractions related to hexagonal structure with
(ICSD 98-063-7456), addition, we can observe additional new diffraction peaks related
to Ge204 at (20=47.84, 66.63) corresponding to the plane (120, 002), these diffractions
are related to orthorhombic structure with (COD 96-900-6860). Diffraction peaks related
to Germanium Oxide with structure Orthorhombic structure. Field emission scanning
electron microscopy FESEM showed that the particle sizes ranged between 15-274 nm
and the average particle sizes are (106, 140.9, 87.6, 81.68, and 117 nm) pulsed laser
numbers (500, 1000, 1500, 2000, and 2500) respectively., and the synthesis of germanium
nanoparticles revealed agglomeration of large and irregularly shaped particles. The
optical properties of germanium dioxide films were also studied by measuring the
absorbance and transmittance (UV-vis) spectrum within the wavelength range (300-900)
nanometers showed that the spectra exhibit an apeak centered at around 300 nm. the
absorption increases with the increase of laser pulse number, there was a low value at 500
pulses and a high value at 2500 pulses. As for the hydrogen gas sensor manufactured on
a silicon base of type N of type 111, the electric current value of the prepared membranes
increased when exposed to hydrogen gas, which is a uniform behavior for all the prepared

membranes. It was also observed that the value of the current increased as the number of
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pulses increased, indicating that the sensor's sensitivity increased as the number of pulses
increased. That increasing the number of pulses from 500 to 2000 led to an increase in
sensitivity and the sensor had the greatest sensitivity value from 1.17% with a response
time of 19 seconds and a recovery time of 8 seconds in case 500 pulses to (13.2%) with
a response time of 22 seconds and the recovery time is 13 seconds in case 2000 pulses,
while increasing the number of pulses to 2500 pulses decreased the sensitivity value to
2.49% with a response time of 19 seconds and a recovery time of 8. Consequently, we

can conclude as follows:

e FESEM images showed the structure of crystal sizes at the nanoscale with hexagonal
and ortrhombic structures.

e The sensitivity towards hydrogen gas increases with the increase in the number of
pulses, and the best sensitivity value was obtained at the number of pulses of 2000

Pulses.

It was found that the sensitivity increases with the increase in temperature, as greater

values are observed than is at 100 °C compared to what it is at 50°C.

5.2 Recommendation

e Examining the optical, structural, optical, and electrical properties of germanium
films deposited on a variety of substrates including ceramics and polymers.

e Using other gases to investigate the chemical gas sensor properties of germanium
films.

e Deposition of germanium films with different impurities using the pulsed laser
technique with different energies with a different number of pulses to apply a gas

Sensor.
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