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Abstract 

The research presented in this thesis covers the modification of the 

crystalline silicon or thin film deposition on silicon with chalcogenide glasses 

(ChGs) that are un-doped or doped with rare-earth ions to obtain the 

spectral emission in the near-infrared (NIR) region through a femtosecond 

pulsed laser deposition (fs-PLD) route. Four chalcogenide glass materials; 

gallium lanthanum sulphide (Ga-La-S), Er3+-doped gallium lanthanum 

sulphide (Er-Ga-La-S), germanium selenide (GeSe4), and germanium 

antimony selenide (Ge20Sb15Se65) were used. The properties of the 

chalcogenide films were studied as a function of process parameters such 

as; substrate temperature, laser pulse energy, deposition time, and 

background gas pressure. For each glass material, thin films have been 

deposited, implanted or diffused directly onto/into silicon substrate using fs-

PLD. The structure and various physical properties of the chalcogenide thin 

films prepared from these chalcogenide glasses have also been 

systematically investigated.  

Results showed that the structural characteristics of the target chalcogenide 

glass changed from amorphous to crystalline on increasing substrate 

temperatures; no intermixing and interdiffusion behaviour were observed 

between the silicon substrate and the deposited Ga-La-S and Er-doped Ga-

La-S layers while ion-implanted Ge-Se and diffused Ge-Sb-Se layers were 

detected sub-surface of the silicon substrate. Furthermore, increasing the 

substrate temperature resulted in an increase in the thickness of the 

deposited layer, while the ion-implanted and diffused layer thickness 

decreased. Room temperature photoluminescence and lifetimes of the 

4I13/2→4I15/2 transition of Er3+ thin films are also reported in this thesis. 

The results showed ChGs thin films with high homogeneity and smooth 

surfaces, with several droplets, were obtained in all the different 

configurations. It was also found that the optical properties of the thin films 

were strongly dependent on the preparation conditions, especially the 

substrate temperature. 
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Chapter 1: Introduction 

1.1 Overview 

The last decade has seen silicon photonics (SiP) promoted as a platform for 

potentially revolutionary advances in the fields of telecommunications, data 

communications, medical technology, security, and sensing [1-3]. The main 

driving force behind SiP is the potential to realise small, highly integrated, 

photonic sub-systems that leverage off the decades of fabrication 

experience, technology, and scalability already developed for 

complementary-metal-oxide-semiconductor (CMOS) electronics [4]. The 

ultimate goal is to create low-cost high-volume photonic integrated circuits 

(PICs) on integrating electronics. This would enable the realisation of the 

full potential of the silicon platform applications such as high-speed 

communication and sensing, CMOS-electronics for subsequent logical 

operations and computations [5]. The use of the effect of free-carrier plasma 

dispersion, in addition to integration with other integrated semiconductor 

materials grown selectively or heterogeneously, has allowed a wide 

functionalities area include electro-optic modulation [6], photodetection [7], 

and light generation [8]. 

Si has a large refractive index n=3.45 and band gap of (1.1 eV) and is 

transparent in the near-infrared O- band (1260 – 1360 nm) and C- 

communication band (1530 nm to 1565 nm). Furthermore, it owns a high 

optical damage threshold beside high third-order nonlinearity, which are 

very important features for all-optical signal processing and wavelength 

conversion [9]. However, because of large Si two-photon absorption (TPA), 

these applications are limited [10]. There is one way to solve this issue by 

the integration of ChGs into a silicon-on-insulator (SOI) platform. ChGs 

consists of one or more of the chalcogen elements, which include sulfur (S), 

selenium (Se), and tellurium (Te)  mixed with other additive elements such 

as germanium (Ge), arsenic (As), antimony (Sb) [11]. 

Chalcogenide glasses are very attractive materials for developing active 

and passive devices due to their remarkable optical and electrical properties 

such as low-energy phonons [12, 13], photo-induced phenomena [14, 15], 
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wide transparency window [14, 16], as well as nonlinear and linear refractive 

indices [17, 18]. These excellent characteristics of the chalcogenide glasses 

make them ideal candidates for developing next generation of on-chip 

photonic platform for ultrafast all-optical signal processing or optical 

switching (memory and selector units), single-mode planar waveguide for 

optical communication, generating broad-band super-continuum in mid-IR 

for spectroscopy and sensing [19-21]. However, their structures are difficult 

to fabricate because they require complicated epitaxial growth (deposition 

of crystalline layer upon crystalline substrate), but the femtosecond pulsed 

laser deposition (fs-PLD) technique could readily produce them. 

Chalcogenide glass systems based on Arsenic (As) for example, have been 

widely investigated and studied [22-25] and successfully utilised in 

manufacturing optical fibres and planar waveguides [26-30]. However, 

these binary glasses suffer from considerable issues like toxicity and are 

relatively difficult to work mechanically due to their low devitrification 

temperature. It has been found, however, that more desirable materials 

such as chalcogenide glasses based with better thermal and optical 

properties are required for future photonic devices. These chalcogenide 

glasses have huge potential for ultrafast optical switches, frequency 

converters, optical amplifiers, optical recording devices, integrated optics, 

infrared lasers, and infrared transmitting optical fibres [14, 31, 32]. 

Chalcogenide semiconducting alloys have been found in several 

applications not only due to their electrical and thermal properties but also 

own to their optical properties. 

For instance, Ga-La-S glass has been known and studied extensively for 

many years as an alternative glass to toxic arsenic sulphides, As2S3. 

Glasses based on arsenic sulphide have been developed into a low loss 

single-mode fibre. They have a slightly shifted transmission window range 

from 0.6 µm to 8 μm, reflecting a lower phonon or vibrational energy for the 

glass matrix. Moreover, it is difficult to dope arsenic-based fibres with rare-

earth ions to make active devices [33]. Replacing arsenic with gallium in 

chalcogenide glass matrix leads to the formation of a highly stable and non-

toxic chalcogenide glass [34-36] called gallium lanthanum sulphide (Ga-La-
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S). Ga-La-S has become a widely studied glass due to its favourable 

compromise between nonlinearity and transparency [37-42]. An inherent 

low phonon energy (450 cm−1) makes them attractive for rare-earth doping, 

which reduces non-radiative recombination and enhancing the radiative 

efficiency of the rare-earth ions emissions [43]. These glasses also support 

high doping concentration of the rare-earth ions, leading to high refractive 

index (n = 2.4–3.0) and low-loss transmission glasses for photonic device 

engineering. 

Ge–Se system is another chalcogenide with enormous potential as a host 

material. Among various chalcogenide systems, chalcogenide glasses 

based on germanium are suitable materials for both passive and active 

infrared applications, such as optical fibres, waveguides and sensors [44], 

or rare-earth-doped fibre lasers and amplifiers [45]. So, germanium could 

be considered as an alternative to arsenic-based selenium glasses owing 

to its various properties like greater hardness, higher sensitivity, higher 

crystallisation temperature, higher conductivity, higher stability, 

environmental sustainability, glass-forming ability, and the sizeable optical 

transmission range extending in the mid-infrared. As a consequence of 

these exciting properties, GexSe1-x glasses have been investigated 

extensively for their glass-forming region, structure, physical properties, the 

kinetics of the glass transition, thermoelectric properties, etc. [46-51]. Ge-

based chalcogenides are suitable candidates for applications in switching 

and memory devices [20, 21, 52-55]. 

The formation of bonds by Ge atoms with Se chains in Ge–Se system can 

lead to an increase in the system’s average bond strength. For changes to 

be effected in the new complex glass properties, the addition of more than 

one element into the selenium matrix to have these problems eliminated is 

worth it. Various methods have been utilised to synthesis binary alloys with 

selenium, which, in turn, provide high sensitivity and crystallisation 

temperature, as well as reduced ageing effects. Defects are observed in the 

Ge–Se glass system through the addition of a third element such as Sb. 

The bonds present in the system are modified by the presence of a third 

element, resulting in the rearrangement of the structure, thereby increasing 
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the system’s randomness. Thus, it is expected that Sb in Ge–Se system 

addition will improve the Ge–Se system’s glass-forming ability. Germanium 

based chalcogenide comprises of heavy elements like Sb has improved 

optical properties which is suitable for non-linear applications [56]. We have 

also selected the Ge–Sb–Se system in this work. The selection of popularly-

known glass-forming system Ge–Sb–Se was made as a result of the 

relatively lower vapour pressure, in contrast to the Ge–As–Se [57] system. 

1.2 Research aim and objectives 

This research aims to dope or implant the host of chalcogenide glass 

materials (Ga–La–S, Er3+-doped Ga–La–S, GeSe4, and Ge–Sb–Se) on/into 

silicon substrate networks via fs-PLD technique. The objectives of this 

research work include:  

 Employ fs-PLD technique to deposit un-doped/doped chalcogenide glasses 

onto a silicon substrate. 

 Evaluate the surface morphology, structural, and optical properties of the 

thin films for possible optical waveguide applications in the near-infrared. 

1.3 Thesis structure  

The structure of the thesis includes the following chapters: 

After a brief introduction to the motivation and objectives behind this work 

in Chapter 1, Chapter 2 offers a detailed literature review associated with 

this thesis. This chapter discusses the fundamental principle and the thin 

films’ growth using fs- PLD mechanism, as well as comparing fs-PLD with 

numerous thin film fabrication techniques. Furthermore, it discusses the 

properties of chalcogenide glasses and rare-earth ion (Erbium) employed in 

this study. 

Chapter 3 offers an outline of the numerous experimental techniques 

employed in the fabrication and the materials characterisation produce in 

this thesis. This chapter also makes a brief presentation of the fundamental 

principles and theories related to the instruments’ operation. 
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Chapter 4, 5, 6, and 7 provide the results and discussions of the fs-PLD. 

This comprises of detail discussions of various processing parameters 

(such as substrate temperatures, laser energy, deposition time, and 

pressures) of the fs-PLD used to fabricate the Ga-La-S, Er3+-doped Ga-La-

S, Ge-Se, and Ge-Sb-Se thin films on/into Si substrate (100). This is 

followed by the description of the results and discourse of their 

morphological, structural, and optical properties relative to the process 

limitations utilised. 

Lastly, Chapter 8 presents a short conclusion and certain recommendations 

made for future work. 
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Chapter 2: Literature review 

2.1 Silicon as a platform optoelectronic material 

In the world of electronics, silicon (Si) has earned the reputation of being 

perhaps the most ubiquitous material due to its semiconducting properties, 

abundance, ease to work with as well as low cost. Porous silicon was found 

to possess efficient photoluminescence (PL) at room temperature by 

Canham et al. [58] at energies above the silicon band gap of 1.12 eV [58-

60]. Since then, researchers have been interested in using silicon to develop 

nanomaterial-based light emission sources. Several techniques and 

systems have been employed in studying the luminescence exhibited by 

silicon nanostructures ranging from silicon nanocrystals to multi-layered 

structures [61-63]. To fabricate Si nanostructures with photoluminescent 

characteristics, various physical and chemical techniques can be used; 

each technique has its advantages and disadvantages. However, 

uniqueness of the production processes is demonstrated in the solution 

phase reduction that facilitates the production of free-standing nanocrystals. 

This unique feature is related to the ability to functionalise the surface 

through the use of both hydrophobic and hydrophilic molecules that are 

responsible for making the material suitable for various biological 

applications.  

As a semiconductor, silicon nanoparticles (NPs) also demonstrates very 

high electronic stability due to its bio-inertness. It is different from II-VI 

nanoparticle types because of its low inherent toxicity [64]. A direct band-

gap transition is exhibited by a majority of II-VI quantum dots which 

contrasts with the indirect band gap semiconductor behaviour of bulk Si. In 

this case, there is a movement to the top of the valance band from the 

bottom of the conduction band, and this is considered a violation of the 

conservation of momentum and therefore barred in electronics [64]. This 

movement is made possible with photon assistance. This implies that an 

extra change in the vibration mode of the lattices is needed for photon 

absorption and emission. This process is indirect and therefore has a low 

probability. As such, bulk silicon has fewer application in optics compared 



Femtosecond Laser Plasma Fabrication of Chalcogenide-Silicon Photonic Materials 

 

 

7 
 

to its widespread use in electronics. On this basis, it is expected that silicon 

NPs would have a long PL lifetime and low PL efficiencies in comparison to 

direct band-gap semiconductors [64]. 

As noted in the previous paragraph, the abundance of silicon has seen it 

being widely applied in making electronics which have revolutionised the 

way we live our lives [65]. Silicon is still attracting the attention of many 

because of its numerous potential applications that include biological 

imaging, photonics, drug delivery, and storage of energy [66-72]. Naturally, 

pure silicon is difficult to find, but it can be found in the form of silica and 

silicate compounds. The preference given to the use of silicon as a platform 

for optoelectronics and integrated photonics is due to its compatibility with 

the already established silicon integrated circuit (IC) manufacturing 

processes. Additionally, in terms of cost per unit area, silicon wafers are less 

costly but have higher quality in comparison to other semiconductor 

materials. Moreover, it is behind the ability of electronic factories to 

manufacture thumb-size chips and microprocessors with millions of 

components and still sell at a low price. The production of silicon is one of 

the areas that has benefited from the integration of high-tech processes and 

economies of scale. 

Researchers working on silicon photonics are motivated by the opportunity 

of exploiting the vast and well-developed IC industry with the intention of 

making photonics for various applications because of the low cost of 

materials and processes. Additionally, the researchers also get their 

motivation from the availability of high-quality silicon-on-insulator (SOI) 

wafers that provides the best platform for developing planar waveguide 

circuits. Photonic devices can also be scaled to hundreds of nanometres 

due to the high index contrast that exists between silicon (𝑛 =  3.45) and 

SiO2 (𝑛 =  1.45) that causes a high optical intensity. This can facilitate non-

linear optical interactions such as Kerr and Raman effects in chip-scale 

devices. This outcome has made it possible to perform wavelength 

conversion, optical amplification, and lasing functions which were 

traditionally considered to be out of the capabilities of silicon. Photonic 
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devices require excellent material properties which are readily available in 

silicon. These properties include high optical damage threshold (∼10× 

higher than GaAs), high thermal conductivity (∼10× higher than GaAs), and 

high third-order optical nonlinearities. The arguments presented above are 

the motivation behind the use of silicon in photonics.  

Additionally, the Raman Effect and Kerr effect for silicon are 1000 and 100 

times respectively stronger than those in silica fibre. Silicon’s transmission 

spectrum is demonstrated in Figure 2.1, with the low-loss wavelength 

window starting at 1.1 μm and extending to 7 μm [73]. In the mid-infrared 

(MIR) spectrum, silicon displays excellent material properties, but limited in 

the near-infrared data communication band of 1.3– 1.55 μm. At 1 μm silicon 

has high lost, which is due to the indirect band gap absorption that 

corresponds to an energy of 1.12 eV. Between 1 and 6.5μm range, there is 

a low loss window that peaks the following absorption. This property is very 

attractive when it comes to the building of optical devices in the near IR 

region and mid-IR wavelengths. The losses increase past 7μm, and this is 

related to the multiphoton absorption processes. However, peaking of the 

resonance of a single phonon occurs only at 20 μm (or 521 cm−1) [73]. 

The explosion of Si photonics witnessed recently is attributed to two main 

reasons. First, the development of high volume optoelectronic integrated 

circuit (OEIC) chips. Second, the practical development of photonic ICs on 

SOI. In one OEIC, all photonics, as well as electronic components required 

to establish a fast and bidirectional optical communication link with another 

OEIC chip or within one chip, can be achieved. Hence, silicon OEIC 

provides the best platform for optical interconnects. In the development of 

optical interconnects, hierarchical ranges are observed, and this includes 

intra-chip, chip-to-chip, board-to-board, and rack-to-rack. New generation 

computers would be interconnected using photonic interconnects, and this 

is considered an essential application of silicon photonics. However, other 

applications of OEIC exist, and this is attributed to their cost-effective nature 

and ability to intimately integrate complex photonics with electronics, which 

provides solutions to problems that could not be addressed by conventional 
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photonics or microelectronics solutions. New functionalities, as well as 

higher levels of performance, are offered by on-chip OE [2]. 

 

Fig. 2.1: Silicon’s transmission spectrum [74]. 

2.1.1 Applications 

At present silicon photonics finds application in many areas, which include 

the following: signal progressing, imaging, data communication, 

telecommunication, switched networks, photonic interconnects, photonics 

for millimetre-wave/microwave/radio-frequency systems, displays, sensor 

fusion, radio-frequency/wireless photonics, complementary metal-oxide-

semiconductor (CMOS) circuits testing, neural networks, optical storage, 

bionics, medical diagnosis, optical logic, spectrometer on-a-chip, 

laboratory-on-a-chip, photonic sensing of physical/chemical/biological 

variables, analogue-to-digital conversion, and electro-optical logic. On the 

testing of the CMOS, the defectiveness of some transistors on the IC can 

be determined by probing them with 1064 nm laser light or from their 

emission of visible light [2, 75]. 

2.2 Chalcogenide glasses (ChGs) 

Chalcos and gen are Greek words. Chalcos means ore while gen stands for 

the process of forming something. Chalcogenides are compounds that are 

made from chalcogen elements of group sixteen on the periodic table. 

https://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=&url=https://www.edmundoptics.com/resources/application-notes/optics/the-correct-material-for-infrared-applications/&psig=AOvVaw2zLGgsXFQigk4c1H7KwkZK&ust=1574086249566153
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These elements consist of; selenium (Se), sulphur (S), tellurium (Te) or 

polonium (Po) [76]. So far, one of the most significant innovation in 

chalcogenides is ChGs. Examples of stable glasses, include As2Se3 [22], 

As2S3 [22], Ge20S40Br40 [77], and Ge30As10Se30Te30 [78]. These elements 

display very different properties from those of silica glass. The utilisation of 

semiconductor material in comparison to silica and fluoride glasses highly 

benefits from the wider IR transparent band. The chemical constituents of a 

chalcogenide dictate its colour which ranges from partially transparent to 

completely opaque. ChGs were first investigated six decades ago [79, 80]. 

ChGs have a red-shifted to visible or near IR band gap because their inter-

atomic bonds are weak as compared to those in oxides. Red shifting of the 

band gap of chalcogenide glasses occurs when the visible or near IR (NIR) 

section of the spectrum is used. In other words, chalcogenide glasses are 

transparent for the mid-infrared. Covalently bonded heavy elements make 

up chalcogenide glasses. ChGs bonds have low vibrational energies due to 

their heavy atoms. This implies that in the mid-IR region, ChGs are 

transparent, and as a result, they are good hosts for rare-earth dopants [81, 

82].  

Nonlinear and waveguide optics making use of these type of glasses due to 

their unique optical properties can also be adopted in sensors, phase-

change memories, solar cells, and photonics [83]. Transmission at IR 

wavelengths is typically increased when tellurium is added to glass (beyond 

20 μm). Also, the addition of sulphur increases transmission at visible 

wavelengths of up to ~11 μm and selenium up to ~15 μm, as demonstrated 

in Figure 2.2 [84].  

Oxide glasses have a wide band gap as well as optical and electrical 

properties from those of chalcogenides [85-87]. ChGs are used to transmit 

and focus light. Further modifications can be done by polishing and shaping 

lenses and bulk optics. These are mainly fabricated as optical fibres, but in 

this case, they can be fabricated into thin films. As compared to 

conventional glasses, ChGs have a closer affinity with semi-conductors. 

Chalcogenides can interact with electrons and photons. 
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Table 2.1: Comparison of key properties between sulphide, fluoride and 

silica-based devices *approximated by value for glass [88] 

 Silica Fluoride Sulphide 

Composition SiO2 ZBLAN Ga:La:S 

Optical    

Refractive index at 0.589 μm 1.458 1.499 2.4833 

Abbe number 68 76 13.7 

Zero material dispersion wavelength (μm) 1.3 1.6 2.5-3 

Nonlinear index (esu x10−13) 1 0.85 300 

Approximate transmission range (μm) 0.16-2.0 0.22-4.0 0.53-5.0 

Thermal    

Glass transition (℃) 1175 260 560 

Melting temperature (℃) >2200 450 842 

Specific heat (cal/g-℃) 0.179 0.151 0.109* 

2.2.1 Physical properties of ChGs 

2.2.1.1 Thermal properties 

In the science of glasses, thermal properties can help in understanding the 

structure of glasses and play a significant role in determining how practical 

the composition of ChG is for a given application. Additionally, this property 

covers a wide range of specification that includes devitrification stability as 

well as glass transition.  

For amorphous materials, the glass transition is probably considered the 

most common and important thermal property. Glass transition is generally 

accepted as a relaxation phenomenon as opposed to a phase transition. 

Despite this, some ambiguity still clouds the nature of glass transition [89-

92]. As such, there is still a considerable amount of research ongoing to 

improve the understanding and measurement of glass transition 

temperature [93]. Glass transition temperature is defined as the state of 

transformation in which the state of a materials changes (supercooled liquid 

↔ glassy solid). During the transition, other properties of the material, 

including physical properties such as the hardness and volume of the 

material also change. 

Amorphous solids normally crystallise when heated. The fabrication of fibres 

largely benefits from glass composition that displays a low tendency to 

crystallise because the formation of crystalline phases in an amorphous 
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matrix would likely lead to large scattering losses. In contrast, crystallisation 

is applied in the glass-ceramics creation and optical storage devices. Atomic 

mobility is a glassy solid improved when an increase in temperature causes 

a decrease in viscosity. Meanwhile, chemical bonds that exist between 

atoms may start rearranging themselves and then result in glass 

crystallisation at a characteristic crystallisation temperature (Tc). 

Crystallisation is similar to glass transition in that it is a kind of structural 

relaxation but occurs exothermically.  

2.2.1.2 Structural properties 

Particles in solids have strong interactions that give solids their condensed 

state of matter. When particles are ordered, the solid is said to be crystalline, 

but when disordered, it is said to be non-crystalline [94]. Non-crystalline 

solids also lack atomic periodicity and are therefore also known as vitreous, 

amorphous or glassy solids. A crystalline material is different from 

amorphous materials in that they have a long-range order (LRO) while the 

latter has a short-range order (SRO) [95]. A continuous random network 

may be taken to be an ideal non-crystalline network for covalent solids [96, 

97]. The structure of ChGs has isotropic three dimensions and cannot be 

described as a continuous random network; its structure shares similarity 

with that of amorphous silicon, As2Se3, As2S3, GeSe2, and GeS2, which are 

local layers while pure S and Se are a chain-like [98, 99]. The 

characterisation of chalcogenide is split into two; short-range order (SRO) 

and intermediate-range order (IRO) [98]. Crystals and glasses having the 

same composition may have different SRO [100-102]. For chalcogenide 

glass, its classification may be done by making an assumption that puts it 

between an organic polymer (has a 1D network) and oxide glass (has 3D 

networks). This also implies that ChGs have an atomic bond rigidity 

between oxide glasses and organic polymers [95]. 

2.2.1.3 Optical properties (absorption coefficient (α)) 

The optical properties of ChG have attracted much interest from 

researchers due to their transparency in both the NIR and MIR range. When 
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a beam of light passes through a medium, there is partly a transmission, 

reflection as well as absorption. In ChG, the IR transmission is limited by 

impurity. The absorption bands can be moved from ChG to allow the 

extension of transmission for sulphide glasses whose transmission is about 

0.6μm and 11.5μm. For the telluride glasses, the transmission is between 

2μm and 20μm, while for selenide glasses, the transmission is between 1μm 

and 15μm [103]. Figure 2.2 demonstrates the interaction of light with a film 

deposited substrate. The material and the wavelength of the incident light 

determine the absorption coefficient.  

 

Fig. 2.2: Typical transmittance spectra of silica, fluorides, sulphide, 

selenide, and telluride bulk glasses [103]. 

The optical absorption coefficient of chalcogenide glass or its thin film can 

be determined from transmittance measurements. The transmission 

spectrum of the bulk sample or thin film is employed to calculate the 

absorption coefficient by using the following equation [104, 105]: 

𝛼 =
1

𝑑
𝑙𝑛 (

1

𝑇
)                      (2.1) 

where; 

𝑑 – bulk sample or thin film thickness  

𝑇 - transmission 
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Using the absorption coefficient obtained from the equation (2.1), the optical 

band gap of a bulk or thin film material can be calculated from the Tauc 

model or law, as shown below [104-106]: 

𝛼ℎ𝑣 = 𝐵(ℎ𝑣 − 𝐸𝑔
𝑜𝑝𝑡

)𝑛           (2.2) 

where; 

𝐵 - proportional constant 

ℎ𝑣 - incident photon energy 

𝐸𝑔
𝑜𝑝𝑡

 - optical band gap  

𝑛 - take values 1/2, 2, 3/2, or 3 for direct allowed, indirect allowed, 

direct forbidden, and indirect forbidden transitions depending on the 

electronic transitions responsible for the absorption 

Based on Tauc law, a plot of (αℎ𝑣) 1/𝑛 as a function ℎ𝑣 can be used to obtain 

the optical band gap. Typically, the optical band gap for these  ChGs glasses 

ranges from 0.7 eV to 3 eV [107]. 

2.2.1 Applications of ChGs 

Recognition has also been given to chalcogenide glasses as one of the 

materials that hold the most significant promise for information transfer [108] 

and infrared optical elements [109]. Additionally, these materials have 

recently been employed in the making of switching and memory devices 

[110], fabrication of inexpensive solar cells [111], in sin xerography [112] as 

well as in reversible phase change optical records [113]. Due to the 

usefulness of chalcogenide glasses, it is essential that their electronic 

properties are well understood. 

For over 50 years, optical systems in the MIR range have been 

manufactured using ChGs. Recently, ChGs are used in making a 

commercial range of lenses and bulk optical components. The exposure of 

ChGs to electromagnetic or optical irradiation source can lead to change in 

their structure and physical properties. This is known as photo-induced 

effects and can be either be reversed or not [114]. For instance, in 

xerography, amorphous selenium thin films or arsenic triselenide (As2Se3) 
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act as a photoreceptor based on their photoconductivity [115]. The photo-

dissolution effect demonstrated by chalcogenides is also highly beneficial 

for high-resolution photoresists as well as optical storage [116]. 

Recently, chalcogenides have been used for the development of infrared 

optical fibres and waveguides. Regarding optical fibre applications, two 

main categories exist, namely active and passive device. The active devices 

are often employed in the mid-infrared wavelength region for active optical 

devices (e.g. IR fibre-optic amplifiers operating in the 2–10 µm range,  and 

a wide range of spectroscopy (e.g. diffuse reflectance and absorption) and 

sensing (e.g. fibre-optic chemical sensor systems) of applications. On the 

other hand, the passive applications of ChGs in fibres are used as a conduit 

for passing of light from one location to others without affecting the optical 

properties of the materials. This makes ChGs in fibre suitable candidates 

for chemical and biochemical sensing (e.g. monitoring of pollution), 

biomolecules identification, and chemical detection [117]. The passive 

technique can also be applied in the delivery of laser power for surgeries 

with a high level of precision for ablation or tissue cutting. 

ChGs are oxygen-free inorganic glasses, and the majority of them are 

transparent in the infrared (IR). However, a majority of chalcogenide glasses 

are As-based alloys, which include As–Se–S, As–Si–Te, and As–Se–Tl 

glasses. The As-based alloys are highly toxic in nature, henceforth, 

preparation of bulk glass and thin film required much safety measured in 

place. As a result, lots of attention have been given to ChGs glasses that 

are free from toxic arsenic with good IR transmittance. Therefore, this thesis 

comprises of investigations into the fabrication of ChGs glass thin films such 

as gallium lanthanum sulphide (Ga-La-S), Er3+-doped gallium lanthanum 

sulphide (Ga-La-S), germanium selenide (GeSe4), and Ge28Sb12Se60 and 

the optimisation of the deposition process via fs-PLD.  
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2.2.3 Review of types ChGs used in this thesis 

2.2.3.1 Gallium lanthanum sulphide (Ga-La-S) glass 

The simplest glass forms such as arsenic selenides (As2Se3) [118] and 

arsenic sulphides As2S3 [119-122] had been the basis of a majority of work 

on femtosecond laser deposition (fs-PLD) of chalcogenides. In terms of the 

order of magnitude, arsenic sulphide (As2S3) glasses have the lowest 

nonlinearity properties among the ChGs. As mentioned earlier, in the event 

of the degradation or burning of the fibres, arsenic is released into the 

environment, which is very toxic. Moreover, it is also difficult to design an 

active device with As2S3 because of the challenge involved in doping 

arsenic-based fibres with rare-earth ions [33]. Nevertheless, a non-toxic and 

highly stable ChG can be synthesised by replacing arsenic with gallium to 

produce gallium lanthanum sulphide (Ga-La-S) [34-36, 43]. Very recently, a 

great deal of consideration has been given to Ga-La-S glass because of its 

high transparency and nonlinearity properties in the NIR and MIR regions 

[37-42, 123-126]. 

Fabrication of a bulk Ga-La-S glass as an alternative to ChGs has been 

reported in various studies. Early studies include that of Loireau-Lozac’h, 

Guittard, and Flahut in 1974, which showed that lanthanum sulphide and 

gallium sulphide could be used in forming glasses. These group of glasses 

are usually labelled as the Ga-La-S glasses. Usually, these class of glasses 

have a composition ratios 7:3 of Ga2S3 to La2S3. The structure of these 

glasses can easily be modified to adjusted optical and physical features. For 

example, the thermal stability of Ga-La-S can be enhanced by adding 

halides such as La2F6. This can increase the visible transmission as well as 

also reducing the level of impurities in the glass. Ga-La-S glass also has 

other superior qualities including; a wider transmission window ranging from 

0.5 μm to 10 μm (visible to IR wavelength), low maximum phonon energy 

(450 cm−1) and a higher optical refractive index (𝑛 = ~2.2767). Ga-La-S has 

thermal stability up to 550°C, which is much higher compared to 47°C for 

As5Se95 and 153°C for As2S3. Being a new radical chalcogenide, Ga-La-S 
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offers innovative option instead of the toxic-arsenic glasses in addition to its 

wide commercial availability [36, 127-131].  

Given the numerous advantages that Ga-La-S offers, it can be utilised to 

develop or design platforms for optical devices, ranging from imaging and 

detection environmental gases, compact optical waveguide. For instance, 

waveguide structures related to Ga-La-S ChGs had already been 

demonstrated via proton implantation and femtosecond laser inscription 

[127-130]. 

For deposition of Ga-La-S thin film, various techniques can be utilised. 

These include spin coating [132] or radio-frequency (RF) sputtering [133, 

134]. Much promise is demonstrated by PLD, and this is attributed to the 

flexibility that allows it to be used with a wide range of deposition parameters 

that facilitates the synthesis of a large variety of thin films of complex 

chemical composition. There are a few studies on PLD deposition of 

amorphous thin films of pure Ga-La-S [128, 129, 135, 136] or related gallium 

lanthanum oxysulphide (Ga-La-SO) that makes use of femtosecond (Ti: 

sapphire 800 nm [137]) lasers, nanosecond UV and visible (KrF 248 nm 

[128, 135, 136] or Nd:YAG 266 nm [137], 532 nm [129]). These works aimed 

at building the understanding of how the properties of chalcogenide thin 

films can be modified by adjusting the deposition conditions that, include the 

duration of the pulse, pressure of the buffer gas, laser fluence, wavelength, 

and the distance of the target-substrate (𝑑𝑠𝑡). 

Previously, Ga-La-S thin films fabrication, as well as the optical properties 

of the prepared layers, were investigated by using PLD with 248 nm KrF 

laser line [128, 135, 136]. The structure of thin amorphous Ga-La-S films 

was also studied using Raman spectroscopy by Nˇemec et al. [138]. Thin 

films were prepared using the PLD method at 532 nm laser line. It was found 

that the structure of the bulk glass, as well as the corresponding thin films, 

were created by GaS4 tetrahedra and LaS8 structural units [138]. 

In addition to the previous Ga-La-S advantages, rare-earth ion can easily 

be doped with Ga-La-S glass [131], which can be used to develop active 
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devices. Thus, Ga-La-S glasses have a high level of rare-earth solubility. The 

combination of these properties with the low phonon energy and high 

transmission in the infrared make rare-earth-doped Ga-La-S glass ideal 

candidate for infrared sources and lasers. Laser research is currently being 

pursued by researchers from various institutions and national labs in the 3 to 5 

μm wavelength range [139, 140]. 

This glass provides new possibilities as well as increasing the pump 

efficiencies when doped with rare-earth with this ability attributed to their low 

phonon energy and high refractive index. This will be discussed in detailed in 

a following the ChGs material. 

2.2.3.2 Erbium-doped gallium lanthanum sulphide (Er3+-doped Ga-La-

S) glass 

The rare earth elements (REE) are also referred to as rare earth metals 

(REMs). The REEs are mainly divided into two groups, which are 

lanthanides and actinides. The lanthanides group begin from cerium (Ce) to 

lutetium (Lu) with atomic numbers range from Z=58 to Z=71 on the periodic 

table. Whereas the actinides have atomic numbers between 89 (thorium) 

and 102 (lawrencium). These elements are usually impurity embedded in 

the host material in small amount and act as the optically active centre in 

the host for photoluminescence emission measurements when excited with 

excitation source. The chemical and physical properties of the REE ions are 

very similar to each other because they have got analogous outer most 

electronic 4f shells. The coordination environment of the 4f orbitals is 

shielded by the filled 5s and 5p orbitals. The 4f energy levels have the 

following features; small induced splitting, insensitivity to the host, 

possession of little or no vibronic structure, weakly mixed with higher energy 

states, and have a weak non-radiative relaxation of excited states [141]. The 

REEs have been utilised to develop many devices such as REMs or their 

alloys, digital versatile disc (DVD), rechargeable batteries, computer 

memory, mobile phones, fluorescent lighting and catalytic converters. 
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As mentioned in the “2.2 Chalcogenide glasses” section, the composition of 

ChGs brings together elements, such as Se, S, and Te from the group VI of 

the periodic table, which are then combined with additive elements, such as 

arsenic (As), gallium (Ga), germanium (Ge), and antimony (Sb) [116, 142]. 

In the NIR and MIR wavelength region, from 1 μm to 10 μm, these glasses 

have many applications for passive optical devices, where the transparency 

window is high making [26, 88, 143, 144]. They can also be used in long-

wavelength range for light-emitting and amplification devices when doped  

with REE ions such as erbium (Er), thulium (Tm), holmium (Ho), ytterbium 

(Yb), neodymium (Nd), Dysprosium (Dy), and praseodymium (Pr) [26, 116, 

144]. Additionally, ChGs glasses doped with these REE ions can be used 

to develop active optical devices as already mentioned above. 

Doping of REE ions with amorphous ChGs could also be employed in 

various applications, including sensing and detection [145-147], optical fibre 

amplifiers [148], laser devices [149, 150], optical waveguides [151], and 

trichromatic (RGB) display devices [152]. Various studies have also shown 

that high-speed telecommunication optical signal processing can benefit 

significantly from chalcogenide-based optical waveguides [11, 153-155]. 

However, chalcogenide optical waveguides have relatively huge 

propagation losses [156]. Thus, it is essential to develop a new material that 

would be capable of minimising the losses in chalcogenide to enhance the 

efficiency of all-optical processing. One way in which these optical losses 

can be decreasing is through the use of REE ions doped ChG by optical 

signal amplifier [156]. There have been some demonstrations of the net 

optical gain in waveguide amplifier by using REE ions-doped ChGs [133, 

157-159]. For instance, Nd-doped Ga-La-S glass has shown to support 

laser action at 1080 nm in bulk [159] and fibre form [157]. The Er3+ ions 

doped host glasses are important for designing optical waveguide amplifiers 

and lasers as tools have revolutionised the optical telecommunication 

network. Besides, the net waveguide gain of optical amplifier devices can 

be achieved by utilising 4I13/2 → 4I15/2 (1530 nm) and 4I11/2-4I13/2 (2800 nm) 

transitions of the trivalent states of Er3+ ions as shown in Figure 2.3. For 

example, Frantz et al. [133] deposited Er-doped Ga–La–S glass thin film on 
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a silica substrate by RF magnetron sputtering (under argon atmosphere and 

at the substrate temperature of 100℃) and then demonstrated an optical 

gain of 2.8 dB/cm at 1.5 μm wavelength. 

 

Fig. 2.3: Energy transfer sketch of Er3+ when pumped at 980 nm. 

In this work, Er3+ ion was considered as an active material for the host Ga–

La–S glass. The main aim of this work was to improve the understanding of 

how the surface morphology and optical properties of Er-doped ChG thin 

films change through fs-PLD ablation techniques by varying the deposition 

parameters such as; substrate temperature and buffer gas pressure. 

2.2.3.3 Germanium selenide (GeSe4) glass 

Semiconductors made from germanium and selenide (Ge-Se) are members 

of ChGs and can be found in Group IV and VI elements in the periodic table. 

Recently, crystalline glasses and amorphous Ge-Se have gained much 

importance in engineering and material science due to their excellent 

applications in IR optics [19, 160]. This category of ChG is based on S, Se, 

and Te. This type of glass offers an attractive solution due to their high 

optical transparency density up to ~14 μm in the IR region. Some of the 

properties of these glasses are; high photosensitivity, good chemical 

durability, low phonon energy, and they are relative easiness to fabricate. 
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Because of these properties, these types of glasses are used in frequency 

converters, ultrafast optical switches, integrated optics, infrared transmitting 

optical fibres, optical amplifiers, and optical recording device [14, 31, 32]. 

The use of these chalcogenide semiconducting alloys is not only due to their 

attractive electrical and thermal properties, but also due to their optical 

properties. A majority of semiconducting glasses, particularly selenium, 

possess reversible phase transformation property [161]. It is used in various 

devices, like photocells, switching and memory, rectifiers, and xerography. 

However, it has several disadvantages, such as low photosensitivity and a 

short lifetime. Selenium has a high glass-forming ability and therefore 

represents a suitable host matrix for ChG investigation in both bulk and thin-

film forms [162-165]. To overcome the problems facing Se, alloying using 

impurity atoms, such as bismuth (Bi), tellurium (Te), germanium (Ge), 

gallium (Ga), and arsenic (As) is recommended to improve crystallisation 

temperature, enhance photosensitivity, and reduce the ageing effects [166-

168]. However, classical chalcogenides have arsenic, which is toxic in their 

elemental form (as mentioned in the sections above). Therefore, for some 

applications, arsenic-based nanocrystalline chalcogenides are not 

appropriate. 

Among the various types of ChGs, germanium based chalcogenides have 

been found to be suitable for both passive and active IR applications such 

as sensors, waveguides, optical fibres [44] or RE-doped fibre lasers as well 

as amplifiers [45]. With these properties, germanium based ChGs can be 

good alternatives to arsenic-based selenium glasses. Some of the desirable 

properties of germanium based ChGs include higher sensitivity, higher 

conductivity, environmental sustainability, sizeable optical transmission 

range, greater hardness, higher crystallisation temperature, higher stability, 

and glass-forming ability [52-55, 169]. The optical transmission range 

extends in the MIR, which is applied in switching and memory devices [20, 

21, 52, 53, 160, 170]. Because of these excellent characteristics, GexSe1-x 

glasses have received much attention from researchers and scholars and 

have investigated for various properties, such as physical behaviours, 
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glass-forming region, structure, the kinetics of glass transition, and 

thermoelectric properties among others [47-51, 171-175]. 

Several fabrication methods have been used to deposit Ge-Se thin films 

these methods, include thermal vacuum evaporation (TVE), pulsed laser 

deposition (PLD), and chemical vapour deposition (CVD), among others 

[176-182]. 

It is important to establish an understanding of the properties of these 

interesting materials in both bulk and thin film form to facilitate the 

establishment of a relationship between electronic properties and the 

possible applications of these materials. Ge-Se materials have an ovonic 

memory switching behaviour that is depended on the phase transformations 

from amorphous to crystalline forms, but they can also retain an amorphous 

form without undergoing a phase transition. For example, a study by 

Sulitanu et al. [19] examined amorphous thin film which was made using 

vacuum thermal evaporation (VTE) process to evaluate their switching 

potential. They found that switching could be done using Ge-Se thin films 

and therefore concluded that they hold a promise for being used in 

optoelectronic devices [19]. Amorphous Ge-Se thin films can also be 

applied in the production of filters, antireflection coatings, and other optical 

devices with the ability to transmit in the IR region [21, 183, 184]. 

Additionally, upon exposure to photo-induction, majority of chalcogenide 

semiconductor thin films demonstrated photosensitivity and tend to change 

their phase from amorphous to crystalline. Photo induction of bulk glass 

would cause it to change its physical properties, such as the refractive index 

and the band gap energy. Studies have reported different types of 

chalcogenides that include amorphous selenium and stoichiometric IV-VI 

mixtures GeSe2, GeS2, and SiSe2 [185, 186]. 

Raman spectroscopy has been utilised by many researchers in studying the 

photo-induced crystallisation in germanium based chalcogenide thin films 

[49, 176-178, 180, 186-192]. Leading bands for the GeSe2 films were found 

at 200 and 217 cm-1 (GeSe4 bonds), with Ge-Ge bonds observed at the low-
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frequency shoulder of about ~180 cm-1 while weaker bands were obtained 

at ~270 ~310 and ~398 cm-1  for the Se-Se bonds. The structure of GeSe2, 

GeSe4, and GeSe6 films that were ns-PLD prepared were investigated by 

Pan et al. [176]. They found that the thickness of prepared films at room 

temperature increased with increasing the ablation time. Also, they 

concluded their study by noting that the glassy matrix of GeSe4/2 tetrahedra 

is corner-sharing (CS). GeSe2 film has more edge-shared (ES) Ge2Se8/2 bi-

tetrahedrons with Ge-Ge bonds. In [187] annealing the films below their 

glass transition temperature were noted to decrease their relative intensities 

significantly. Additionally, the amplitude at Raman bands near 175 cm-1 was 

observed to decrease after thermal annealing was done. Also, after 

annealing, Frumar et al. [188] found that the amplitudes of the Raman bands 

that correspond to vibrations of Se–Se bonds and Ge2(Se1/2)6 units reduced 

and attributed this to film homogenisation as well as the creation of Ge–Se 

bonds of GeSe4/2 tetrahedra. 

Amorphous Ge–Se thin films that were prepared using different laser energy 

densities were studied by Neˇmec et al. [177] using Raman spectra and 

found that the Raman spectra of the bulk and ns-PLD thin films were very 

similar. From the same shapes of the Raman spectra, Neˇmec et al. [177] 

concluded that PLD structure is not dependent on the laser beam energy 

density; in all the cases, surface and plume temperature are high with small 

differences in films. 

The extensive use of amorphous Ge-Se thin films in optical devices has 

seen them investigated by several researchers [176-179, 181, 186-190]. 

The preparation of GeSe2 and GeSe4 films using PLD on the glass substrate 

was done by Pan et al. [176]. After annealing, they found that the thickness 

of as-deposited films reduced. This reduction in thickness is attributed to the 

elimination of droplet’s porous structure that contains come free spaces in 

the as-deposited films. GeSe and GeSe2 grown using thermal evaporation 

in a vacuum on the substrate of silicon as well as silica at room temperature 

were investigated by Almeida et al. [193] and Santos et al. [191]. The 

surface morphology of the films was observed to have considerable 
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topographic contrast that resembled a granular structure but with grain sizes 

of ~30 - 50 nm. 

In amorphous, crystalline, and glassy materials, the optical band gap (Eg) is 

considered to be one of the critical physical parameters. This is because the 

optical band gap relates to other variables of the materials, such as 

preparation conditions, chemical composition, disorder degree, and the 

thickness of the sample. To better understand the mechanism of disorder 

and the formation of defect of chalcogenide films, a study on how the optical 

gap is affected by thickness is needed. In several studies, the optical band 

gap and the thickness of GeSe2 were found to be correlated. For as-

deposited films, [186] found that GeSe2 optical band gap increased from 

1.482 eV to 2.475 eV (d = 511 to 1022 nm) and for annealed films it 

increased from 1.725 eV to 2.668 eV (d = 511 to 1022 nm). The increase in 

the optical gap occurs with the assumption that defect is minimised with the 

increase in thickness. This assumption is supported by researchers given 

the changes in both the Tauc and Urbach edges. A study by [194] reported 

the band gap for GeSe as falling between 1.1–1.2 eV. The density of Se–

Se homopolar bonds was observed to decrease when PLD prepared GeSe2 

and GeSe4 films were annealed, and this resulted in an increase in the 

optical band gap [176]. 

Additionally, amorphous Ge20Se80 film was also thermally evaporated by 

Thakur [195] to examine its optical band gap. Furthermore, several studies 

have also reported the impact that concentration has on the optical 

properties of GeSe, GeSe2, and GeSe4 films. The optical band gap of the 

as-deposited films was observed to increase from 1.92 to 1.94 eV, and this 

was related to the reduction of the density of Se-Se homopolar bonds due 

to the increase in the content of germanium as demonstrated by Raman 

spectral evolution. 

2.2.3.4 Germanium antimony selenide (Ge20Sb15Se65) glass 

The Ge-Se system has also been included in this work. With the addition of 

a third element to the Ge-Se, the compositional and configurational disorder 
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will be created. Additionally, the comparison of four-fold coordinated Ge 

atoms with As based amorphous chalcogenides has shown that Ge atoms 

in a glass network possess higher glass transition temperature (Tg), 

increased rigidity, and improved mechanical properties, such as strength, 

stiffness, and hardness [196]. Another system of glasses that is increasingly 

gaining the attention of researchers is the covalent glasses of ternary Ge-

As-Se and Ge-Sb-Se systems. This is because these glasses have some 

attractive properties, such as good physical and mechanical properties as 

well as sizeable glass-forming domain as compared to chalcogenide 

compounds with classical binary properties. Despite these properties of Ge-

As-Se system compared to Ge-Sb-Se system, a higher polarisability 

increasing (non)linear refractive index and reduced photosensitivity [197] is 

obtained through the introduction of antimony (Sb) in the Ge-Se glass 

network, and this provides desirable options for applications in non-linear 

optics [198-200]. Additionally, Ge-Sb-Se glasses have an enhanced 

shaping ability that facilitates thin films or fibres to be fabricated, and this is 

highly important where the development of sensors is concerned. This is 

the reason behind the attention given to thin films of ternary Ge-Sb-Se 

system. 

The Ge-Se system can be strengthened by the addition of Sb, which leads 

to the creation of cross-linkages between the structural units of Ge-Se and 

Sb-Se as well as the creation of stable Sb-Se bonds [201]. In the last 

decade, the properties of Ge-Sb-Se glasses including optical, electronic, 

and microstructure have been studied widely, and this is attributed to the 

structural arrangement of the physical properties of these glasses related to 

a strong influence of the Ge/Sb ratio [191, 197, 202-209]. 

It has already been shown that Ge-Sb-Se thin films can be prepared through 

various deposition methods like thermal evaporation [207], RF sputtering 

[210-213], and PLD [212, 214]. The PLD method appears to be favourable 

among these in the fabrication of ChGs films as a result of its simplicity, 

ease of process control, and the material transfer from the target to the thin 

film is often stoichiometric [188]. 
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In addition, the films of Ge–Sb–Se having different compositions were 

prepared by Chen et al. [207] by employing RF sputtering on glass slide 

substrate at a temperature of 25℃ and a normal working pressure. The 

impact of different Ge-Sb-Se films compositions on the physical and optical 

properties was studied. Energy dispersive X-ray spectroscopy (EDS) 

measurements demonstrated homogenous film chemical composition with 

properties that were close to those of the targets. The amorphous structure 

of the as-deposited Ge–Sb–Se films was confirmed by X-ray diffraction 

(XRD) patterns. Additionally, band gap values were also calculated 

establishing the presence of homopolar mental bonds (Ge–Ge and Sb–Sb) 

that was associated with several defect gap states reduced. 

Using conventional RF (13.56 MHz) magnetron co-sputtering and 

Ge28Sb12Se60 as a target, Halenkovi et al. [215] fabricated amorphous Ge–

Sb–Se thin films in Argon (Ar) plasma onto two different substrates- single 

crystalline silicon (100) and crown glass (Schott BK7). The authors studied 

how optical properties were affected by the composition of the film. It was 

found that the sputtered films had a chemical composition close to that of 

targets. Additionally, the surface image showed the excellent quality of co-

sputtered Ge-Sb-Se films. Nevertheless, the films tended to have a grainier 

surface. Also, they determined the optical band gap energy for the sputter 

films and found it to be in the value of 1.74 ±0.02 eV. 

In [212] PLD technique and RF magnetron sputtering were considered in 

conducting the deposition of Ge25Sb10Se65 and Ge25Sb10S65 amorphous 

chalcogenide thin films, using silicon, SiO2/Si substrates or a chemically 

cleansed microscope glass at room temperature. In the two compositions, 

high-quality thin films (considering surface roughness, devoid of any pores 

or defects) were found. Both surface cracks and cross-section’s column-like 

structure were not observed regardless of the technique considered. Raman 

spectroscopy has been studied in investigating the structure and 

composition of thin films. The content decrement in chalcogen component 

was highly apparent for PLD. The key trends observed include antimony 

excess for PLD and some germanium over stoichiometry for sputtering. 
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Moreover, using ns-PLD (λ=248 nm, output pulse energy= 300 ± 3 μJ, 

pulses duration=30 ns, repetition rate= 20 Hz, and laser fluency = 2.6 

J.cm−2) for 2h in the vacuum chamber at a temperature of 30K, below the 

glass transition temperature of Ge-Sb-Se thin films, were obtained with 

varying compositions on a silica/microscope glass substrate [214]. They 

studied the photosensitivity of ns-PLD Ge-Sb-Se films. They discovered that 

the irradiation at energy near to the deposited Ge-Sb-Se thin films band gap 

causes photobleaching (PB) effect. Also, they mentioned that this 

phenomenon appears to reduce when antimony content increase. The 

morphology study observations showed homogenous thin layers of as-

deposited (GeSe2)100-x(Sb2Se3)x. Additionally, a smooth surface as well the 

absence of cracks or breaks indicating good planarity were observed. A few 

samples were observed to have sub-micrometres size droplets. In terms of 

the chemical composition, thin films chemical composition showed a slight 

loss of Se in comparison with the real targets; with a loss of below 4%, the 

study associated this with higher volatility in comparison to Sb and/or Ge.  

The Raman spectra of Ge-Sb-Se films and Ge-Sb-Se target have been 

reported in several studies. Two regions with several bands have been 

presented, and this includes the 50 –120 cm−1 and 150 – 250 cm−1 area are 

considered a rich set of bands that identified Se-Se and Ge-Ge homopolar 

bonds and Ge-Se and Sb-Se chemical bonds are heteropolar. In Sb-Se 

pyramidal units, the small peaks around 64, 75, 95, and 110 cm−1 are 

associated with Sb atom vibrations [202, 205]. Decreasing the concentration 

of Sb in the films decreases the intensity. The vibrational modes of Sb-Se 

and Ge-Se heteropolar bonds are closely positioned at the 190 cm−1 and 

200 cm−1, respectively [204, 208]. The two peaks overlap to form a broad 

peak at around 205 cm−1 with the position of the shoulder located at 170 

cm−1. At Ge content higher than 25 %, this shoulder turns into a peak. The 

formation of a peak at about 170 cm−1 is an indication of Ge-Ge bonds 

formed by the cross-linking of Ge atoms in the Ge2Se6/2 chains (Se3Ge–

GeSe3 units) [204, 207, 210]. Addition of Ge causes other low-intensity 

bands that are located in the region of 250–350 cm−1 to appear and this is 
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due to the vibration of the Se-Se and Ge-Ge homopolar bonds as well as 

Ge-Sb heteropolar bonds in modified GeSe4 structural units [202, 207, 208]. 

2.3 Chalcogenide thin film fabrication methods 

A thin film refers to a layer of material whose thickness ranges from fractions 

of a nanometre to about some of the micrometres. The synthesis of films is 

highly controlled and is referred to as deposition. Thin film deposition 

technique is employed in various industries, such as packaging, optics, and 

electronics, among others. The chemical and physical properties of ChG 

thin films, which strongly depends on the deposition method, determine the 

structure of thin films, their surface quality as well as the impurity content. 

These days many methods are used to prepare ChG thin films. 

The deposition is categorised into three; chemical vapour deposition (CVD), 

chemical reaction, and physical vapour deposition (PVD). CVD involves the 

vaporisation of chemical compounds followed by the decomposition or the 

response of the vapour with gases or other vapours to generate non-volatile 

products [216]. Sol-gel thin film deposition is considered a chemical 

reaction. On the other hand, PVD entails thermal evaporation that makes 

use of fabrication methods, such as pulsed laser deposition (PLD), 

molecular beam epitaxy (MBE), and sputtering.  

The deposition method mostly relies on the composition of glass to be 

deposited. While several ways could be used, the application is the main 

influencing factor and includes the uniformity influence and the rate of 

deposition of the film thickness. The device may also influence the choice 

of method. For example, the rapid deposition and conformal coating of thick 

and precise thin film to a few nanometres are required for phase change 

memory devices [217-220]. In contrast, a different deposition method would 

be needed for integrated optical circuits which are usually a few μm thick 

and therefore require high levels of optical quality to ensure waveguide 

propagation loss is minimised [220]. This section will present a discussion 

of the techniques for chalcogenide glasses thin film preparation. 
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2.3.1 Chemical vapour deposition technique (CVD) 

CVD method is mainly used in the preparation of thin films of ChGs. It makes 

use of thermal energy to decompose vapours. It can also make use of RF 

field for heating the substrate on which vapour decomposition occurs [221-

224]. CVD allows high coating hardness as well as uniformity of coating 

which is required in the production of chalcogenide thin film with high 

throwing power. However, CVD is disadvantaging in that it uses high-

temperatures that makes it challenging to attain sharp edge coating. It also 

coats only a specific range of materials. 

2.3.2 Spin coating technique 

Spin coating involves two stages to fabricate amorphous thin films. The first 

stage entails the deposition of the fluid on the substrate. In the second step, 

the coated substrate is withdrawn. The viscosity of the glass can be altered 

by modifying composition [225]. Spin coating is advantageous in that it is 

easier to control due to the absence of coupled process variables. Also, as 

the deposited film continues to thin, its uniformity increases. However, spin 

coating is limited in that it lacks material efficiency and with the increase in 

the size of the substrate, its photoresist cost increases. 

2.3.3 Thermal evaporation technique (TVD) 

TVD is considered the easiest method in ChG preparation. Both the 

substrate and the material to be deposited are vacuumed in direct line of 

sight and only separated by a few centimetres (cms). Heating the material 

to be deposited is then done until it evaporates with the vapour of this 

material condensing as a thin film on the substrate [226]. TVD has the 

following advantages in that it has excellent process control and uses a low 

deposition temperature. The method also allows alloying and compound 

coating. 
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2.3.4 Sputter deposition 

Sputtering is a physical vapour deposition technique that works by eroding 

the target using ionised gas species, particularly Ar+. An electric field is 

used to accelerate the ions onto the material to be deposited, as shown in 

Fig 2.4. To control the growth of oxides and nitrides reactive gases, such as 

nitrogen and oxygen, are introduced into a vacuum chamber. This makes 

the sputtered material to grow on the surface of the substrate through 

chemical and physical deposition means when a reactive gas is used. 

Evaporation in a sputtering deposition is performed top-down, allowing the 

growth of thin films of a variety of materials that are not limited by their 

melting point. For metals, direct current (DC) sputtering is employed while 

for insulators radio frequency (RF) sputtering is applied to avoid target 

charging [227].  

As Freund [228] mentioned one significant advantage of the sputtering 

process is the control it has in stoichiometric preservation, and it has better 

film thickness regularity compared to evaporation processes, and the 

fundamental deposition of crystalline and amorphous materials is flexible. 

Additionally, for polycrystalline films, sputter deposition generates thin film 

grain structures, which have typically numerous crystallographic 

orientations that lack preferred texture. Nevertheless, sputtered atoms’ 

kinetic energy within sputter deposition surpasses that for atoms within the 

evaporative deposition due to the presence of argon gas within the 

sputtering system. In view of this, the deposition surface within the 

sputtering process shows extensive defect nucleation and damage as 

opposed to thermal evaporation. Besides, thermal-deposited films are 

lesser than impurity atom concentrations of sputtered-deposited films. 

Moreover, the sputtered films’ grain size is usually smaller compared to that 

for evaporation-deposited films. 
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Fig. 2.4: Schematic diagram of ds diode sputtering system (adapted from 

[229]). 

2.3.5 Pulsed laser deposition (PLD) 

Pulsed-laser deposition (PLD) refers to a relatively new technique of PVD 

to the thin film-coating system [230]. In the process of thin film deposition, 

laser beams are used for ablating the material for depositing thin films within 

vacuum chambers. Various forms of laser sources are being utilised for 

target ablation. XeCl (308 nm), KrF (248 nm), and Nd-YAG laser are the 

familiar sources [231]. 

PLD involves use of laser sources (from KrF (excimer) to ultraviolet to 

Titanium-Sapphire (Ti: Sapphire) to Nd-YAG) at different pulse rates (from 

near-continuous till femtosecond) as well as pulse energies for ablating 

materials from targets onto substrates. Just as other PVD methods, it is 

mainly line-of-sight and might or might not require a controlled environment 

or a vacuum based on the reactive nature of the species earmarked for 

deposition [232] . 

This method shares many similarities with the sputtering method. It is the 

most promising method with the ability to produce uniform thin films as well 

as multilayer structures without altering their stoichiometric composition. 
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PLD is advantageous due to its flexibility, and therefore it is used in a wide 

range of parameters and thus employed in the synthesis of many thin films 

with complex chemical composition. Additionally, it can provide higher 

doping concentrations without significant fluorescence and lifetime 

quenching. Picosecond (ps) to femtosecond (fs) regimes (short and 

ultrashort pulse durations) PLD has been used recently for the fabrication 

of thin films and then processing of materials because the strengths that 

they have over traditional PLD nanosecond (ns) and microsecond (μs) 

pulsed lasers (long pulse durations) [233, 234]. PLD at picosecond (ps) to 

femtosecond (fs) pulse duration levels is mainly used for short and ultrashort 

pulse durations. For example, ablation mechanism of short and ultrashort 

pulse PLD have ablation rate of about 30 to 40 times higher as compared 

to those of ns and ms PLDs, and therefore they are different from long pulse 

lasers [235]. 

 

Fig. 2.4: The interaction of long-pulse and short-pulse laser with target 
material [236]. 

On the other hand, the ns and μs pulse lasers have the following 

disadvantages. Their heating and melting processes can cause damage. 

When using in ablation and thermal decomposition processes, they 

generate a considerable high-temperature gradient in bulk materials with a 

laser-induced shock [237]. Excimer and YAG lasers are examples of ns and 

ms pulse lasers. The heating problem affects the quality of the thin film, 

particularly in complex materials as the size of the particle that is generated 
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broadens and becomes clustered. These disadvantages can be overcome 

by the use of ps and fs PLD with short and ultrashort ablation that causes 

very minimal a heat-affected zone and does not damage the targeted 

surface [234], as can see in Fig. 2.6. When the short and ultrashort lasers’ 

energy interacts with the target material, their energies are absorbed by free 

electrons on the target surface, which consists of partially ionised vapour 

and a plume of hot nanoparticles via fragmentation and phase explosion, 

and homogeneous nucleation and decomposition [237, 238]. 

 

Fig. 2.5: Laser material processing of a glass target by ablation of 
nanosecond laser (left) and femtosecond laser (right) [239]. 

Fs-PLD can be done at any pressure either high or ultra-high as well as in 

an atmosphere that can be either inert or reactive. Additionally, fs-PLD 

shows flexibility to various types of targets in the growth processes of single 

films. It is also easy to focus the fs-PLD laser beam to two or more types of 

targets, and therefore sequential ablation can be performed. Sequential 

ablation is referred to as alternate PLD and is very suitable for the 

production of complex structure including nanostructured films or 

multilayers. 

Additionally PLD drawback, it is possible to display droplets on the PLD 

deposited films. Light scattering sites result from these particulates, thereby 
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decreasing the films’ optical quality. Besides, a significant number of 

electrical applications do not appropriate the particulate rough (uneven) 

surfaces, for instance among phase-change non-volatile memories [119]. 

However, this can be reduced by changing the deposition parameters, such 

as decreasing the laser power density or using femtosecond pulses [240, 

241]. Increment in pulses frequency and decrement in the laser pulse 

energy, for the ultra-fast PLD process, contributes to the lessening of the 

particulates present in deposited films [68, 71, 75]. 

In the research work reported in this thesis, the deposition of high-quality 

chalcogenide thin films was carried out using fs-PLD onto a silicon 

substrate. The research reports the structure as well as the optical 

properties of the as-deposited thin films under different parameters for 

potential applications in NIR optical waveguides.  

2.4 Ion implantation and diffusion processes 

Research for the implantation of ions into silicon and other semiconductors 

can be traced back to the days of photocell and transistor development by 

Russell Ohl [242] and other researchers [243] at Bell Labs. However, the 

commercialisation of the same only first appeared in the late 1960s [244]. 

Advancement in the ion implantation technology has enabled the growth in 

the performance of semiconductors and their continuous reduction in size. 

Ion implantation can be defined as the process of accelerating ions to a 

target at energy so high that they can get buried below the target surface. 

A discovery was made in the 1970s that the implantation of ions on some 

materials could improve their thermal, optical, electric, and mechanical 

features.  

Conventional ion implantation can be described as a ‘line of sight’ process 

in that the extraction of the ions occurs from a plasma source, then the 

acceleration of ions occurs to the desired energy before the ions are framed 

across a target where they arrange themselves uniformly (Fig. 2.7).  Due to 

the line of sight process performed during implantation, a manipulator stage 

is necessary to ensure that the target is rotated in the beam for the ions to 
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get implanted on all sides. The handling of the target increases the 

complexity and leads to the reduction of the size of the target being 

implanted. This target manipulation issue in normal ion implantation 

worsens due to the need of providing enough heat sinks at the target to 

prevent the rise of temperature during the process [245, 246].  

Moreover, the plasma source ion implantation (PSII) process [246-249] 

shows a drift from normal implantation technology, given that it avoids the 

line-of-sight limitation. During the PSII process, the targets needed for 

implantation are put directly in a plasma source, then pulse biased to a high 

negative potential (Fig. 2.7). The acceleration of the ions is normal to the 

surface of the target across the sheath of the plasma [246, 247] leading to 

the elimination of the line-of-sight issue as well as the ‘retained dose’ 

problem [249]. The first experiments showed that PSII was efficient in the 

implantation of ions to the right concentrations and depths needed for 

surface readjustment thus producing a material having improved wear and 

microhardness characteristics as evaluated in lab experiments and leads to 

the improvement of life of the manufacturing tools when applied in an 

industrial setup.  

 

Fig. 2.7: The comparison of (a) conventional ion implantation technique with 
(b) plasma source ion implantation (PSII) [246]. 

As noted by Ahmad et al. [250], the increase in ion energy occurs as a result 

of the damage caused by the ions that have been induced on the AL 

surfaces. Consequently, after the Al ions have been implanted, there is a 

noticeable reduction in the hardness of the substrate due to the thermal 

sputtering. Latif et al. [251] noted that the variation that occurs in the 
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crystallite size is caused by the recovery and the annihilation process when 

a silver surface is exposed by the induced Cu ions from the laser. Moreover, 

Conrad et al. [246]  pointed out that, after the implantation of ions, the wear 

resistance, as well as the hardness of steel, exhibited better performance. 

On the other hand, Giuffrida et al. [252] and Cutroneo et al. [253] stipulated 

that the implantation of ion plays a significant role in modifying certain 

properties such as; chemical resistance, wear, electrical conductivity and 

material hardness. Subsequently, further published studies indicate that 

implantation ions on the solid’s surface has the capability of changing the 

chemical properties and the state of defect of a given material [254, 255]. 

Plasma has been observed to deliver ions with kinetic energy and a charge 

state both dependent on the crystallised target material and the 

characteristics of the laser in use (mostly the laser pulse duration and the 

laser pulse energy). The hot and very thick plasma that contains ions that 

have high charge states can be obtained by crystallising solid targets with 

laser pulses of high energy. Ions that are released have charge state of up 

to 50+ for heavy material and can reach kinetic energy greater than a couple 

of MeV and densities of tens of mA/cm2 within a distance of 1m of the target 

[256-259]. Additionally, they have a leaner angular distribution which is 

pointed along the normal of the target surface. These differences are crucial 

for ion implantation technology. 

One of the areas that has intrigued researchers in the industry due to its 

efficiency in the preparation of nanostructured components is controlled 

laser plasma. A dependable method for customising growth of 

semiconductor nanocrystals is gotten by using high ion current balanced 

with high ion energy/charge state through the adjustment of laser power 

density. Take an example of a nanosecond Nd: YAG laser that has a power 

density of 1010W/cm2 and which leads in the formation of hot plasma, which 

has densities and temperatures of 1017 electrons/cm3 and tens of eV, 

respectively. The key takeaway of the laser ion implantation technique is 

that it makes it possible to use a huge variety of a solid component.  
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Given the many applications of ion beams in research laboratories,  the 

industrial fields of medicine, and engineering, there has been a new interest 

in how new ion sources can be developed based on innovational methods. 

One of these methods that looks promising is one that has the likelihood of 

taking advantage of high energy pulsed laser beams with a given 

component. Pulsed laser crystallisation is a method that has been used for 

several years now for several purposes including the ablation of targets, 

decomposing thin films, and producing plasma to the high-energy ion 

acceleration.  

The plasma that is the output of the ultrashort laser pulse of a very powerful 

light field at the top of the solid-state target is a distinct origin of the high-

energy ion as well as electron beams. In the case that femtosecond laser 

radiation that has a high contrast ratio with an intensity of 1015-1016 W cm-2 

comes into contact with a solid target, then a high-energy ion material (over 

10 keV) is created within the laser-plasma. The degree of ionisation, the 

elemental composition of the expanding plasma, and the directivity pattern 

are dependent on two characteristics namely the components of the laser 

radiation (energy contrast ratio, wavelength, intensity, duration pulse) and 

the state of the surface of the said target. The plasma components can be 

controlled by modifying the surface layer of the target [260, 261]. The fast 

ion beams developed during very vigorous laser radiation matter interaction 

can be used in developing a new ion implantation method. The conventional 

method of ion implantation of ion beams that are already accelerated 

provides a chance to introduce a controlled number of impurity atoms inside 

the surface layer of the target and can lead to the alteration of the physical 

and chemical components of the surface layer in various materials. A 

combined method exists where ionisation material is got by a nanosecond 

laser pulse, and the following ion acceleration to high energies was got by 

an electric field.  

A new technique was used by Belloni F. et al. [262] whereby, the 

implantation was done using a laser to generate the ion. The technique was 

done by subjecting the high voltage on the gap that is accelerating. The 

device that was compact demonstrated the ability to accelerate in the 



Femtosecond Laser Plasma Fabrication of Chalcogenide-Silicon Photonic Materials 

 

 

38 
 

direction of the substrate ions that originated from the plasma that had been 

ablated. The ablation of the plasma that comes from the solid target 

emanated from the KrF laser that was pulsating on a nanosecond.  From 

the setup, a pulse duration of 20 ns and a radiation wavelength of 248 nm 

were achieved. Moreover, an irradiance value of approximately 3.5 ×108 

W/cm2 was obtained when a 70mJ per pulse laser beam from a lens of 15 

cm focal length focussed on various targets covering an area of 

approximately 1mm2. From this experiment, the implantation effects of Ge 

and Al on substrates made of Si occurred up to a depth of approximately 

80nm, with the accelerating voltage of about 40 kV. The estimated ion dose 

by faraday diagnostic cup was ranging in the order of 1010 ions/cm2 in a 

given pulse. In other studies, The Ge crystals prepared by Rosinski M. et al. 

[263] using the implantation of induced laser ion. In this experiment, the 

pulsated laser of Nd: YAG nanosecond with a pulse duration of 3.5 ns, a 

frequency of 10 Hz and the pulse energy of approximately 0.5 J were 

utilised. In addition, they used a vacuum chamber that had pressures of 

approximately 10-6 mbars and a system that generated an electrostatic 

acceleration and deflection. A laser beam of 1010 W/cm2 power density was 

used to irradiate the Ge target. From this setup, it was evident that the 

variation in the implantation of ion, and by annealing treatment of the post 

preparation aspect. Moreover, it was possible to attain the Ge crystalline 

micrometer size with a likelihood of obtaining an amorphous one. 

Consequentially, these yields to the implantation process with high-quality 

results and maybe find its use in the nanotechnology and the 

microelectronics. 

With a view to generate high-energy ions,  Implanting ions direct from a 

plasma produced from laser where the accelerating potential was not 

implemented were got by using the third harmonic of iodine Prague Asterix 

Laser (PALS) laser radiation (λ =1315 μm) at a pulse duration of 400 ps in 

a vacuum chamber (10-5 Torr) and an intensity of up to 1016 W cm-2 [264]. 

On different conditions where the PALS laser-based iodine system is used, 

Rosi´nski J. M et al [265] described that the direct implantation utilising the 

lasers that converted the Ge ions into SiO2 films is a more effective method. 
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Back to femtosecond the potent field continuously pulsed laser systems 

allows the production of directional higher-energy ion beams and the 

implantation promises the alternation of the target surface layer and can 

also be used. Ion implantation can also as a diagnostic tool in that it gets 

used in experiments in generating the thermonuclear neutrons from solid-

state targets with a concurrent determination of ion energy distribution 

averaging over several shots. This method is advantageous since it works 

in low temperatures and avoids diffusion of the implanted ions. Volkov R.V. 

et al [266] elucidated that, it is possible to implant the Ge ion into a Si 

substrate by the aid of femtosecond pulses of a laser. The considered 

criteria involved a time duration t of 200 fs, the intensity of 1015 Wcm-2, the 

energy of between 200 to 300 μJ and a λ of 616 nm, which were put in an 

evacuated vacuum chamber that had a residual pressure of 10-5 Torr. In this 

experiment, the Ge ions occupied a substrate material depth of about 

400nm. The density profile from the implanted ions gives the average 

energy of the ions emanating from the produced laser plasma. 

Since all the energy for implantation is higher than the threshold for the 

displacement of the lattice atoms, the implantation of ions certainly causes 

damage to the lattice structure of silicon through the collision of the dopant 

ions with the silicon atoms and the accommodation of the implanted ions 

within the matrix [267]. The range of implant energies that has attracted 

much interest is between 1 and 5 keV. During implant, this energy is 

transferred through the interaction of the nuclear or elastic collision from 

energetic ions to initially stationary atoms. With the collision, the ions are 

scattered with energy loss occurring, causing the projectile to slow down. 

After several collisions with the various target atoms, the ion will rest at a 

range within the Si once it has lost its energy. A shorter range is obtained 

for lower implant energy for a given implant species. Statistically, the nature 

of the process of slowing down of the ions produces a distribution of the 

implanted ion within the Si at about some mean depth. 

The collision between Si atoms with the incoming dopant ions also 

generates energetic recoil Si atoms that also collide with other Si atoms. If 
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this collision causes the transfer of sufficient energy, these atoms will also 

be displaced. This process keeps occurring, forming a collision cascade. 

For heavy implanted ions such as Sb, As, and Xe, their collision cascade 

also produces small amorphous zones. A spatial overlapping of these zones 

occurs when a certain level of the concentration of the implant occurs, 

leading to the formation of a continuous amorphous layer. 

Si lattice may undergo less damage when light ions such as B are 

implanted. However, there may be a build-up of these small damages until 

specific critical defect concentration is achieved, leading to the collapse of 

that particular crystal structure into an amorphous structure [268]. Producing 

an amorphous layer with light ions is difficult as it requires a higher number 

of light ions in comparison to that of heavy ions. With the binding energy of 

silicon (4.6 eV) being lower than the energy of the implantation of ions, 

crystal defects occur and these include interstitials, vacancies, and 

amorphous layer. 

In silicon, diffusion primarily takes place at native point defects as well as at 

impurity related point defects. Typically, a perfect crystal lattice contains 

some form of native defects, such as line defects, point defects, and surface 

defects. Point defect concentration at room temperature is low, and no 

diffusion occurs. However, diffusion will increase with an increase in point 

defects. Heating or irradiating a crystal with ions increases the concentration 

of point defects. During the fabrication of devices, both these situations are 

likely to occur. In addition, the introduction of a group- III elements or group-

V elements into the silicon lattice is associated with impurity related defects 

[269]. 

This work has been investigated the direct implantation/diffusion of ChGs 

ions produced in fs-PLD. 
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Chapter 3: Instrumentation and Methodology 

This chapter describes the various experimental procedures that were 

employed for both materials fabrication and characterisation. Details of 

procedures adopted during the experiment are also discussed along with a 

discussion of the fundamental principles of some of the analytical 

techniques used for materials characterisation. 

The chapter begins with discussions on fs-PLD. It is followed by explanation 

focused on the instruments used in characterising the samples produced. 

Analysis can be divided into two parts, namely: structural and optical 

characterisation. The structural characterisation of the materials begins with 

an X-ray diffraction (XRD), followed by a brief description of Raman 

spectroscopy.  An overview of the transmission electron microscope (TEM) 

with energy-dispersive X-ray spectroscopy (EDX) is presented, which 

includes the relevant operation modes, working principles along with 

focused ion beam (FIB) sample preparation. Characterisation concludes 

with a scanning electron microscope (SEM). On the other hand, the optical 

characterisation of materials starts with a photoluminescence (PL) 

spectroscopy, followed by an ultraviolet-visible-near-infrared (UV-Vis-NIR) 

spectroscopy. 

3.1 Sample fabrication 

Two main procedures were used for sample fabrication. Starting with the 

preparation of target materials, referred to as fabrication of glass, which is 

then used as a “target” in the process of fs- PLD. 

3.1.1 Target materials  

In this work, four types of target materials were prepared. The details and 

figures of each target will describe at the beginning of each results chapter: 

Gallium lanthanum sulphide (Ga-La-S) in chapter 4, erbium-doped gallium 

lanthanum sulphide (Er3+-doped Ga-La-S) in chapter 5, germanium selenide 

(GeSe4) in chapter 6, and germanium antimony selenide (Ge20Sb15Se65) in 

chapter 7. 
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3.1.2 Femtosecond pulsed laser deposition (fs-PLD) 

There has been an extensive study of a pulsed laser deposition (PLD) more 

so to make novel devices and materials, which has enthused scientific 

interest in chemistry and physics. When it comes to PLD, the target material 

surface gets vaporised by the ultraviolet (UV) laser radiation, leading in the 

maximum particles atomisation in the ablation plume, which then causes 

the composition reconstruction. As shown in Figure 3.1, a classic fs-PLD 

system comprises of femtosecond (fs) laser, several optical mechanisms, 

like polarise, mirrors, beam expander, and focusing lens that aids in 

focussing the laser beam onto the target glass as well as a vacuum 

chamber, substrate and a target situated opposite, and close to one 

another. There is also a heater that aids in heating the substrate. 

In this study, a commercial Coherent titanium-sapphire LIBRA laser (Ti: 

Sapphire laser) with pulse duration 100 fs, pulse repetition rate = 1 kHz, and 

wavelength centred at 800 nm was employed to fabricate chalcogenide 

films. By using 800 nm wavelength laser, we can introduce signal photon 

absorption in ChGs and subsequence ablation. Laser energies were 

precisely controlled by adjusting the polariser, and the laser energy was 

measured using a Coherent LabMax-Top laser power and energy meter. 

The fs laser pulses of chosen energy was focused onto the target material 

at an angle of 60° through a transparent window of the vacuum chamber to 

generate plasma plume directed perpendicular to the substrate surface 

(Figure 3.1). 

Initially, the target and the commercially available silicon substrate of 

dimensions 20 mm (L) × 12 mm (W) × 675 μm (T) were mounted in their 

respective holders inside the chamber. A programmable heating element 

heated the substrate at the rate of 50ºC per minute. On top of the substrate, 

is a thermocouple having a digital output that displays the temperature and 

beneath the substrate was a shutter to control the deposition process. 

The chamber lid was closed and the pressure inside evacuated till 9×10-5 

Torr immediately after completion of the set-up above. As the substrate was 
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being heated at the rate of 50ºC per minute, the temperatures increased 

towards the set-point, which lead to release the background gas inside the 

chamber at a set pressure. Subsequently, the plasma plume should be first 

checked by turning on the target raster and rotator and opening the laser 

shutter for about 5 minutes.  

The poor focus would result in reduced visibility of the plasma plume; as a 

result, adjusting the focus to the desired point led to good visibility of the 

plasma plume. A non-stationary plasma plume would result from an 

irregular target surface. Therefore, the plasma plume was assessed for 

flickering, however, if the presence of flickering would imply the 

misalignment of the laser regarding the target, as well as, the laser striking 

at unintended places such as the target holder. Conversely, allowing the 

laser strikes the target would serve a great ordeal in eradicating 

contamination form the target surface. 

After successfully attaining target surface cleanliness and plume dynamics, 

the laser shutter, target rotator, and target raster were closed, respectively. 

Before refilling the chamber to its standard pressure, it was pumped down 

to base pressures of roughly 9×10-5 Torr so as to eliminate traces of vapour 

phase contamination. Both target and substrate holders were allowed to 

rotate continuously at a constant speed of 40 rpm and 20 rpm, respectively, 

while the target-to-substance distance was kept at 70 mm. This rotation was 

to ensure that the laser could ablate the target surface uniformly. 

Regular checks during the experiment entailed: fs-laser energy, plume 

dynamics, gas pressure, and substrate temperature, and they were 

assessed every 30 minutes. After completion of the ablation process, the 

substrate shutter and laser were closed as the sample cooled to room 

temperature (25℃). The chamber was then vented by the use of nitrogen 

gas (N2). 
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Fig. 3.1: Schematic setup of the fs-PLD system. 

3.2 Thin film characterisations 

3.2.1 Structural characterisations 

3.2.1.1 X-ray diffraction (XRD) 

The study of nanomaterials with dimensions ranging from 1-100 nm has 

been made effective, a technique known as X-ray diffraction (XRD). X-rays 

are a type of electromagnetic radiation comparable to light, but with a much 

shorter wavelength. X-rays are created as a result of particles that have 

been charged with electricity to a high enough level that they are 

decelerated. As shown in Fig. 3.2, the process involves maintaining a high 

voltage in an X-ray tube, which attracts electrons toward an anode. X-rays 

are created from the collision. As a result, they are radiated at many angles. 

The X-ray tubes employ copper targets, which typically produce the highest 

level of radiation (K1) at a wavelength of about 1.5 angstroms. This is often 

used in applications associated with geology. When the X-ray beam hits a 

crystal lattice, it will be scattered. Most of this scattering is diminished as a 

result; this is known as destructive interference. However, diffraction takes 

place if the scattering is in phase with rays that have been scattered from 

other atomic planes. As a result, the joining creates new enhanced wave 

fronts. These can reinforce each other; this effect is known as constructive 

interference [270]. 
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Fig. 3.2: Basic features of an X-ray diffractometer [271]. 

XRD is an ideal technique for in-situ studies; this is because of their non-

destructive and non-contact nature. X-ray diffractograms offer vast 

information ranging from lattice strain to crystallographic orientation, and 

from phase composition to crystalline size [270]. 

Figure 3.3 is the schematic of Bragg’s law, which diffraction angle 2θ lies 

between the diffracted and incident rays. The nature of the diffraction effect 

is stipulated by Bragg law (or equation):  

nλ = 2d sinθ           (𝟑. 𝟏) 

Where the rays’ wavelength is represented by (λ), the angle between the 

incident rays and the crystal surface is represented by (θ), and the spacing 

between atoms’ layers is represented by (d) [270]. 

In the first diffraction order of n=1, evaluation of the interplanar spacing d-

value of a specific plane is possible. 
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Fig. 3.3: Diagram of Bragg’s law. 

 

Fig. 3.4: Information content of an idealised diffraction pattern [270]. 

Figure 3.4 illustrates the data that can be derived from an ideal diffraction 

pattern. To begin, an XRD pattern entails XRD peaks indexing; this implies 

that respective peaks of diffraction patterns are assigned correct Miller 

indices(hkl). There are three key strategies in indexing a diffraction pattern, 

first, is by equating already measured XRD patterns to a standard database 

(international centre for diffraction data ICDD-cards), followed by analytical 

techniques and lastly, graphical techniques. However, in the graphical 

representation of diffraction signal intensity against diffraction angle 2θ, 
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alternatives such as d [nm] or 1/d [nm-1] can be used. Conversely, a 

wavelength of 1.54A (Cu Kα) is commonly used. 

Crystalline size, d, from the peak width in XRD pattern can be assed using 

Debye-Scherrer’s formula as below [272]: 

d =
Kλ

β cos θ
           (𝟑. 𝟐) 

where: 𝜆 = X-ray wavelength (0.15418 nm with Cu K𝛼 radiation).  

𝛽 = full width at half maximum (FWHM) of a diffraction peak.  

θ = diffraction angle. 

K = Scherrer constant of the order of unity for usual crystal and thin films.  

The fore-mentioned Scherrer constant (K) is reliable for particle’s shape and 

is presumed to have the value 0.9 [273]. The derived size from the formula 

gives an average size of a particle in a material. 

Debye-Scherrer’s equation has significant drawbacks. The constant value 

used in the equation fluctuates with the particle’s shapes. However, it does 

not consider the essence of distribution sizes and defects present in the 

crystalline lattice. As a result, calculations involving grain diameter from 

FWHM of the peak can miscalculate the ideal values since strong inputs to 

the intensity emanating from the larger grains, while smaller grains are at 

the base of the peak. However, defects in a considerable amount lead to 

further enlargement of the diffraction line. These drawbacks can be solved 

by using TEM and SEM in measuring particle size. 

Treatment by heat results in annealing of particles hence larger grains, as 

a result, the degree of crystallinity in the sample is increased. In the 

diffraction data, the effect is perceived as elevated peak intensity. Exposing 

samples to heat treatment creates a plethora of opportunities to differentiate 

diffraction patterns of bulk materials and nanoparticle, this has enabled one 

see how the intensity and shape of peaks fluctuate between samples of 

different particle sizes [274]. 
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There are key differences between diffraction patterns of bulk materials and 

nanomaterials. The former has sharp, narrow and high peaks, while the 

latter, has small particle sizes resulting in broadening of their respective 

diffraction peak, which is due to an insignificant number of crystal planes.  

Diffracted rays in crystalline substances are in a specific direction and relay 

a high-intensity narrow peak, whereas, in amorphous materials, diffracted 

rays are in a random direction as a result of the random configuration of 

atoms giving it a large hump or peak as shown in Fig. 3.5 [275, 276]. 

 

Fig. 3.5: XRD spectra corresponds to (a) an amorphous, (b) polycrystalline 
silicon colloids, and (c) a single crystal silicon sample [275]. 

In this study, the grazing incidence angle was opted, which applies the 

GIRXD technique, instead of conventional θ/2θ scanning techniques. Using 

the latter on “thin” films (1-1000nm) XRD measurements, leads to weak 

signals from the film relative to the substrate, whereas, the former can be 

used to avert dominating signals from the substrate and further enhance the 

signals by implementing the 270θ scan. The selection of the fixed angle is 

usually positioned slightly above the critical angle for the complete reflection 

of the film material. It is evident in Fig. 3.6 that the 2º fixed angle is between 

the sample’s source and plane, while an angle of 10º-80º (swept) lies 

between the sample’s detector and plane with a 2θ − 1 variable. The entire 

angle between the detector and the source is 2θ. 
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Fig. 3.6: Grazing incidence XRD. 

In this work, XRD was utilised to investigate and understand the structural 

characteristics of the deposited film. The XRD patterns of Si substrate, 

target bulk ChGs, and thin films were determined using a Philips X’Pert with 

Cu Kα radiation (𝜆 =  1.54056 Å), at 40 𝑘𝑉 and 40 𝑚𝐴. Each sample was 

scanned using grazing angle in which omega (incidence angle) was kept in 

2 degrees for 60 min with a diffractometer angle range from 10° to 60° in a 

step size of 0.033° /s at room temperature in air. 

3.2.1.2 Raman spectroscopy 

Raman spectroscopy (RS) is an all-around method of analysing a broad 

range of material. RS is capable of being utilised for qualitative and 

quantitative purposes. It is possible to perform qualitative analysis through 

measurement of the scattered radiations’ frequency, while quantitative 

analysis is based on the measurement of the scattered radiations’ intensity 

[277]. 

A monochromatic laser beam is used by Raman spectroscopy. The sample 

is lighted up, thereby establishing contact with the sample molecules. 

Molecules are capable of absorbing or emitting photons-electromagnetic 

radiation using precise energy and, in doing so, alter their energy [278]. The 

energy of a photon 𝐸, based on the quantum theory, is given by the 

equation: 

𝐸 =  ℎ𝜈                                                      (3.3) 
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or 

𝐸 =
 ℎ𝑐

𝜆
                                                 (3.4) 

Where Planck’s constant (6.626 x 10-34 Js) is represented by ℎ, its frequency 

is represented by 𝜈. The velocity of light is represented by 𝑐, and the 

wavelength is represented by 𝜆. Mentioned specific energy ∆E has to 

achieve the succeeding quantum condition. 

∆𝐸 =  𝐸𝑝 − 𝐸𝑞 = ℎ𝜈 =
ℎ𝑐

𝜆
                      (3.5) 

The energies of different quantum states where a molecule is capable of 

existing are represented by 𝐸𝑝 and 𝐸𝑞. 

Raman scattering phenomenon: 

Figure 3.7 is an illustration of the energy level diagram. When an intense 

monochromatic light irradiates a material, there is a scattering of light beam 

that is typically from close to infrared, noticeable or close to ultraviolet range 

with no changes made in frequency, no gain or loss of energy, in other 

words, Rayleigh (elastic) scattering, partly absorbed and a tiny fraction left, 

is essential for the spectra origin and scattered non-elastically. After the 

photon has interacted with the molecule, specifically with the electron cloud 

and the molecule bonds, the photon induces molecule excitation from the 

ground state to a practical energy state. Upon the relaxation of the molecule, 

a photon is emitted and transformed into another vibrational or rotational 

state. The difference in energy between the ground state and its last state 

leads to a shift in the emitted wavelength of the photon.  

If the energy absorbed by the molecule; in other words, there is more energy 

in the final state compared to the initial state, then a Stokes line is generated 

by the emitted lower frequency photon. An anti-Stokes line is generated by 

a higher frequency emitted a photon in the event that the molecule loses 

energy. Analytical information with regards to differences between the 

individual levels of quantum is carried by shifts in Wavenumber (Raman) 

plays a major role in in the identification of the substance. These Raman 

shifts are dependent on the material’s precise molecular geometry and are 
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autonomous on the incident wavelength photon, that is, on the laser‘s 

excitation wavelength [278-283]. Several characteristic shifts can exist for a 

specific material originating from the Raman spectrum. 

Frequently, measurement focuses on Stokes section of the spectrum. Anti-

Stokes and Stokes are roughly proportioned near the nil shift of the 

wavelength that matches up with the incident laser streak wavelength. Data 

concerning the kind of bonds in the particle is acquired from the dispersal 

of the streaks in the spectrum. Each matter has its special Raman spectrum 

feature, precisely only to the particular matter [278]. 

Raman spectrum signifies a dependency of the strength of the dispersed 

light (in random units) on the wavelength (calculated in cm-1). The strength 

of the Raman dispersion depends on numerous causes as the excitation 

wavelength of the applied laser, variations in polarizability, applied 

excitation energy, the quantity of Raman active particles the laser beam and 

temperature irradiates. George Placzek hypothetically describes the 

strength of a Raman ensemble [284]. 

 
Fig. 3.7: Energy level diagram of Rayleigh and Raman scattering [278]. 

A source of the laser, a monochromator, microscope and filter, plus as a 

detector and information processing part, build up the device. The technique 
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comprises using a microscope in aiming the concentration of light on to the 

sample. The scattered signal that comes from the sample reflects in a filter. 

Subsequently, the Rayleigh scattering is eliminated. The filters gatherer the 

Raman scattering. Afterword, collecting these scattering by a detector. This 

tactic makes it probable for the surveillance and identification of the 

wavelength and intensity signal for the Raman spectra to be generated. The 

Raman spectroscopy structure’s graphic diagram is shown in Fig. 3.8. In 

this work, to investigate and understand the structural characteristics of the 

deposited film, a Renishaw inVia Raman spectrometer was used, for the 

measurement of Raman scattering spectra of samples. The spectrometer 

uses an Ar+ laser (514 nm) excitation source and a 25 milliwatt (mW) power. 

 

 

Fig. 3.8: Schematic structure of a Raman spectroscopy system [285]. 

3.2.1.3 Transmission electron microscopy (TEM) 

Among the material science tools, a transmission electron microscopy 

(TEM) is having great power. A high energy electrons beam is radiated by 

means of a very thin specimen, and the resulting interaction between the 

atoms and electrons is useful in observing special properties like crystal 

structures. Also, the performance of chemical analysis can be undertaken. 

TEM is applicable in studying layers growth, the composition of this growth, 
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and semiconductors deficiencies. Also, high resolution is useful in the 

analysis of the size, shape, density, and quality of the wires, dots, as well 

as quantum wells. [286, 287]. 

TEM’s working principle is very much identical to that of a conventional 

optical microscope where electrons rather than visible light are used. The 

highly energetic electrons wavelength (such as 200 𝑘𝑉 acceleration voltage 

results in 𝜆 = 2.5 pm) is significantly shorter, compared to the visible light 

wavelength (400-750 nm). Such results in a point resolution that is much 

higher (down to 2 Å), making it possible for sample features to be 

investigated at the atomic level. 

Using the condenser lens, the focus of the electron beam coming from the 

electron gun is directed into a small and thin clear beam. The condenser 

aperture beam restricts this beam while excluding high angle electrons. The 

specimen is then struck by the beam with parts of it transmitted in 

accordance with the specimen’s thickness and electron transparency. The 

focus of this transmitted portion is directed by the objective lens into an 

image on a phosphor screen or charge-coupled device (CCD) camera. It is 

possible to use the optional objective apertures in improving the contrast by 

having the high-angle diffracted electrons blocked out. Through the 

intermediate and projector lenses, the image then moves down the column, 

enlarging down. 

A simple sketch of an electrons’ beam path in a TEM that is above the 

specimen and below the column to the phosphor screen is shown in Fig. 

3.9. The electrostatic potential which the constituent elements in the 

specimen set up scatters the electrons as they pass through the sample. 

Upon passing through the specimen, they move through the 

electromagnetic objective lens that has all electrons scattered from one 

point of the sample focused into one point in the image plane. A dotted line 

where there is collection into a single point, of all the electrons scattered in 

the same direction by the sample, is also displayed in Fig. 3.9. This is the 

objective lens back focal plane, and that is where the formation of the 

diffraction pattern takes place. 
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Light is generated as the phosphor screen is struck by the image, making it 

possible for the user to observe the image. Those sample areas where the 

transmission of fewer electrons take place are represented by the image’s 

darker areas, while those sample areas where more transmission of 

electrons take place are represented by the image’s lighter areas. 

The electron gun generates a high energy electron beam in a TEM system. 

The emitting of electrons is from a cathode, and a TEM system and high 

voltage (V0) accelerates these electrons. The electron beam energy will be 

E=eV0, and the wavelength of electrons will be determined by it. Moreover, 

as the microscope resolution is mostly determined by the wavelength, the 

resolution, to a large extent, will be determined by the acceleration voltage 

[288-291].  

Contrast formation in TEM images is dependent on operation modes. Most 

popularly utilised (and also utilised in this work) are the imaging modes of a 

bright field and dark field, selected area electron diffraction (SAED), and 

energy dispersive X-ray analysis (EDX). The formation of image, in the 

bright field mode case, as the electrons going through the specimen are 

scattered, is dependent on atomic number or the sample thickness. There 

will be an appearance of a bright spot in the image in places where electrons 

go through the sample virtually without scattering, while there will be the 

appearance of dark patches in places, where there was the scattering of 

electrons.  

The use of an objective diaphragm in intercepting all except the diffraction 

pattern’s selected region is the most direct TEM dark-field analogue. These 

electrons pass through the TEM detector and make the signal available for 

the image available. 

If a microscope’s point resolution is amply high and a suitable crystalline 

sample oriented along a zone axis, then there is an acquisition of high-

resolution TEM (HRTEM) images. In numerous cases, HRTEM can 

investigate a specimen’s atomic structure directly. The highest point 

resolution obtained these days by TEM is approximately 0.5 Å [288-291]. 



Femtosecond Laser Plasma Fabrication of Chalcogenide-Silicon Photonic Materials 

 

 

55 
 

 

Fig. 3.9: (a) General layout of a TEM describing the path of electron beam 
in a TEM and (b) a ray diagram for the diffraction mechanism in TEM [292]. 

3.2.1.3.1 Selected area electron diffraction (SAED) 

Selected area electron diffraction (SAED) (also called SAD), is a 

crystallographic experimental technique capable of being performed using 

a TEM. This technique can be used in determining any material’s crystal 

structure. It is akin to XRD, although exclusive, in the fact of its ability to 

examining size areas as small as several hundred nanometres, while XRD 

characteristically examines sample areas that are several centimetres in 

size. An aperture is used in the specimen’s plane for the selection of the 

sample region, where one is attempting to obtain diffraction. Because of 

this, we will obtain reciprocal lattice’s sharp diffraction spots. Table 3.1 

displays the contrast of the SAED in TEM with XRD. Based on the SAED 

pattern, we obtained the following vital information. It has the ability of being 

utilised possible to observe (i) if ones’ sample is amorphous (diffuse rings), 

crystalline (bright spots), polycrystalline (small spots that make up the rings, 
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every spot stemming from the reflection of Bragg from an individual 

crystallite) refer to Fig. 3.10. 

Table 3.1: Comparison of the SAED in TEM with XRD 

 
XRD SAED in TEM 

Scattering nature Scattering by shell electrons Scattering by atom 
nucleus 

Wave paths Reflection (XRD) 
Transmission (Laue) 

Transmission 

Diffraction angle θ 0~180° 0~2° 

Intensity low 106~107 times higher 

Precision high Relatively low 

 
Fig. 3.10: SAED pattern showing; (a) an amorphous sample pattern, (b) a 
polycrystalline sample pattern, and (c) a single crystal sample pattern [293]. 

3.2.1.3.2 Focused ion beam (FIB) lithography for the preparation of 

cross-sections for TEM analysis 

TEM measurement is a technique that is said to be non-destructive, as it 

requires very thin samples (some nanometers in hundreds) to make a pass-

through of the electron beam possible. Sample thickness, in ideal cases, 

should be similar to the electrons standard free path in the sample (one-

tenth of nanometres). A diverse number of methods are available for the 

preparation of TEM samples in order to obtain appropriate thickness. 

Method selection was dependent on the sample material and on the desired 

information to be acquired. Sample cutting and grinding, as well as ion beam 

milling, are needed for the preparation of the conventional thin film sample 

for TEM analysis for the creation of electron transparent (thickness < 100 

nm) regions. On the other hand, it is possible to prepare a TEM sample 
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through focused ion beam (FIB), which happens to be more costly and time-

consuming, but results in less damage to the sample and makes the 

selection as a precise interest area possible. FIB method was utilised in this 

work for the preparation of the sample. 

Procedure for focused ion beam (FIB) 

- Use the electron beam for depositing a thin protective platinum (Pt) layer 

on the sample surface. Next, have another Pt layer with the ion beam 

deposited. The ion beam is more capable of cracking the Pt precursor but 

also can damage the sample surface. Therefore, the first Pt layer has to 

protect the surface before the second deposition.  

- Generally, the source of the ions utilised in the FIB system is gallium (Ga) 

because of its low melting point, which is close to room temperature. In 

addition, its ability to focus a highly accurate spot size beam (usually less 

than 10 nanometres in diameter) [294]. Rough milling is done with Ga ions 

beam at a 30 𝑘𝑒𝑉 energy and 6.5 𝑛𝐴 currents. Once the membrane 

becomes 200−300 𝑛𝑚 thick, the energy of the ion beam is decreased for 

the TEM samples flatness to improve and the damage to the surface to 

reduce. The last polishing energy is 2 𝑘𝑒𝑉.  

- A micromanipulator with a glass needle is used in plucking the TEM 

membrane from the sample and placed on a TEM grid. The TEM grid, using 

the membrane, is now set to be analysed [295, 296]. 

 

Fig. 3.11: Schematic diagram showing coating FIB-TEM layers. 
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3.2.1.3.3 Energy dispersive X-ray (EDX) analysis through TEM 

EDX (also called EDS) can be described as an additional analysis technique 

usually fastened to SEM or TEM. EDX uses a characteristic X-rays which a 

solid sample emits after bombardment by a focused electron beam to obtain 

the local structure chemical analysis. It is possible to display the data in the 

form of peaks conforming to the elements or in the form of a sample image’s 

elemental map. EDX has turned into a powerful tool in multi-technique 

analysis for characterisation of the sample. This technique is non-

destructive, with little or no preparation of samples involved. It is possible to 

detect, in principle, every element from atomic number 4 (Be) to 92 (U), 

although not every instrument is fitted out for “light” elements (Z<10).  

EDX is the basis for the sample investigation through interactions between 

electromagnetic radiation and matter and analysing X-rays emitted by the 

matter in reaction to being struck with the electromagnetic radiation. Its 

characterisation abilities stems, in large part, from the basic principle of 

each element having a distinctive atomic structure, thereby making it 

possible for X-rays characteristic of atomic structure element to be 

distinctively identified from one another [297, 298]. 

Stimulating the characteristic X-rays emission from a specimen calls for the 

focusing of charged particles’ high energy beam like electrons or a beam of 

X-rays. This is focused on the sample under study. An atom within the 

sample, when at rest, is made up of ground state (or unexcited) electrons in 

distinct energy levels or electron shells attached to the nucleus. The incident 

beam can excite an electron in an inner shell, expelling it from the shell while 

an electron-hole is being created at the former position of the electron. An 

advanced energy electron coming from an outer shell ultimately takes the 

place of the relinquished position of an expelled inner shell electron, and it 

becomes possible for the difference in energy between the greater energy 

shell and the lesser energy shell to be released in an X-ray form as 

illustrated in Fig. 3.12. The amount of released energy through the transfer 

of electron is dependent on the shell being transferred from, and the shell is 

transferred to. It is possible to use an energy dispersive spectrometer in 
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measuring the number and energy of the emitted X-rays from a specimen. 

Considering the fact of the X−ray energy is characteristic of the energy 

difference between the two shells, and the element’s atomic structure that 

they were emitted from, this makes it possible to have the specimen’s 

elemental composition measured [297, 298]. 

 

Fig. 3.12: Principle of EDX [297]. 

In this work, the surface morphology, thin film thickness, elemental maps, 

elemental concentrations, and SAED pattern were obtained using an FEI 

Titan Themis Cubed 300 TEM and high-resolution monochromated field 

emission gun-scanning electron microscope (FEG-SEM) with a precise FIB 

(FEI Helios G4 CX DualBeam). 

3.2.1.4 Scanning electron microscope (SEM) 

A focused electron beam is scanned by a scanning electron microscope 

(SEM) over a surface for the creation of an image. The electrons in the beam 

communicate with the sample, resulting in the production of different signals 

capable of being utilised in obtaining information regarding the surface 

topography and composition [295]. 

The morphological and compositional characterisation of some of Ge-Se 

and Ge-Sb-Se thin films in this work are carried out using a Hitachi 

Tm3030Plus Tabletop microscope, equipped with EDX X-Stream-2 

https://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwjwqNmIibfgAhUPCRoKHeXeD4cQjRx6BAgBEAU&url=https://commons.wikimedia.org/wiki/File:EDX-scheme.svg&psig=AOvVaw20Rq6b13g3-j679ZUuesNX&ust=1550090976141035
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3.2.2 Optical characterisation 

3.2.2.1 Photoluminescence (PL) spectroscopy 

Photoluminescence (PL) spectroscopy is an optical method of probing the 

materials’ electronic structure that is contactless and versatile, as well as 

non-destructive and powerful. Light is focused on a sample, where 

absorption takes place and excess energy imparted into the material in a 

procedure known as photoexcitation. A possible method of dissipating this 

excess energy by the sample is through light emission or luminescence. 

This luminescence, in photoexcitation case, is known as PL. Therefore, the 

spontaneous light emission from the material under optical excitation is 

known as PL. It is possible to collect this light and analyse it spectrally and 

spatially, as well as temporally. A direct measure of different significant 

material properties is this PL power and spectral content. 

Photoexcitation results in the movement of electrons within the material into 

excited states. Upon the return of these electrons to their stability states, 

they will release excess energy which possibly includes light emission (a 

radiative process) or excludes light emission (a non-radiative process), as 

shown in Fig. 3.13. The emitted light’s energy (PL) is associated with the 

difference in levels of energy between the two-electron states engaged in 

the transition between the excited state and the stability state, while the 

amount of light emitted is associated with the radiative process’s 

comparative contribution. Information given by PL spectroscopy is only on 

the low-lying levels of energy of the investigated system. The most common 

radiative transition in semiconductor systems is between states in the 

conduction and valence bands using the energy difference known as the 

band gap. Excitation during a PL spectroscopy experiment is made 

available by laser light having energy that is much larger compared the 

optical band gap consisting of electrons and holes relaxing toward their 

respective band edges and recombined through the emission of light at the 

band gap’s energy that make up the photo-excited carriers. There is the 

possibility of radiative transitions in semiconductors involving localised 

defects or an impurity, thus, the PL spectrum analysis leading to the specific 
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identification of defects or impurities, and the PL signal magnitude making 

the determination of their concentration possible. It is possible to estimate 

the radiative and nonradiative recombination rates respectively from a 

careful temperature variation analysis of the PL intensity and PL decay time. 

There is activation of nonradiative recombination channels and the 

exponential decrease of PL intensity at higher temperatures. Thus, PL is a 

photon excitation process followed by emission of a photon. This is 

important in the determination of band gap and purity, as well as 

semiconducting material’s crystalline quality and impurity defect levels. It 

also assists in comprehending the fundamental physics of the 

recombination mechanism [299]. 

There are differences between the PL spectrum and the absorption 

spectrum. Transitions from the ground state to excited state are measured 

by absorption spectrum, while transitions from the excited state to the 

ground state are dealt with PL. There is a characteristically extreme short 

period between absorption and emission. An excitation spectrum is an 

emission intensity graph against excitation wavelength much similar to an 

absorption spectrum. It is possible to make use of the wavelength value at 

which energy is absorbed by molecules as the excitation wavelength which 

makes a more intense emission available at a red-shifted wavelength, using 

a value that is usually double that of the excitation wavelength. 

Figure 3.14 displays the PL spectroscopy block diagram setup. An 

Edinburgh Instruments FLS920 spectrometer was used, in obtaining the PL 

spectra. This is made up of a light source and excitation, as well as emission 

monochromator, sample cell, and a cooled photomultiplier tube (PMT) 

detector for the infrared light. Liquid nitrogen cools near infrared-red PMT 

while the temperature is made to remain steady at -80℃. The focus of the 

light beam producing laser diode was on the sample. The 980 nm laser 

diode excitation wavelength was used in obtaining the emission from 

excited Er3+ ions within the 1400-1700 nm range, which happens to be the 

Er3+ ions (4I13/2-4I15/2) emission bandwidth. The PMT detector collected the 
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emission signal, and a computer running software tool named F900 was 

used in recording and plotting the intensity of emission versus wavelength. 

  

Fig. 3.13: Principle of photoluminescence spectroscopy (PL) [300]. 

 

Fig. 3.14: Block diagram of fluorescence spectrometer [301]. 

3.2.2.1.1 Time-resolved photoluminescence (TRPL) 

Time-resolved PL is a standard PL spectroscopy extension where a short 

laser pulse is used for excitation. There is no immediate ending of the PL 
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process after pulse excitation, but it rather goes on for a while until a ground 

state is reached by all the excited electrons. This technique measures the 

excited electron’s lifetime before its relaxing to a ground state. A laser pulse 

generator was utilised in generating the pulsed signals for these 

measurements, and an oscilloscope is used in examining the process. The 

period and a pulse width possessed by the pulsed laser source are 100 ms 

and10 μs, respectively. The recording of the signal intensity was made as a 

function of time and the lifetime derived through the fitting of the intensity 

data with an exponential curve. 

In this work, NIR emission spectra and lifetime of the Er3+-doped Ga-La-S 

bulk sample and as-deposited thin films were measured using a 

fluorescence spectrometer (FS920; Edinburgh Instruments, UK) equipped 

with semiconductor laser diode emitting 980 nm excitation source at room 

temperature. 

3.2.2.2 Ultraviolet–visible (UV-Vis-NIR) spectroscopy 

A UV-Vis-NIR spectrophotometer makes provisions for ways of analysing of 

liquids and gases, together with solids by using radiant energy in the far and 

near-ultraviolet, as well as invisible and near-infrared electromagnetic 

spectrum regions. The definitions of the predetermined electromagnetic 

radiation wavelengths for ultraviolet (UV) and for visible (Vis), as well as 

near-infrared (NIR) radiation, are as follows:  

UV radiation: 100 to 400 nm  

Vis radiation: 400 to 765 nm  

NIR radiation: 765 to 3200 nm 

Two sources of light are used by the UV-Visible spectrophotometer. The 

first is a deuterium (D2) lamp which produces ultraviolet light. The second 

is a tungsten (W) lamp which produces visible light. The light beam, upon 

bouncing off from a mirror (mirror 1, Fig. 3.15), goes through a slit and 

strikes a diffraction grating. It is possible for the grating to be rotated, thereby 

making room for the selection of a precise monochromatic wavelength 
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which goes through a slit successfully. A filter is then used to remove 

unwanted higher diffraction orders. A second mirror receives by the light 

beam before getting split by a half mirror (50% of the light is reflected, the 

other 50% passes through). One of the beams is permitted to go through a 

reference cuvette (containing the solvent alone), the other goes through the 

sample cuvette. The measurement of the intensities of the light beams is 

then taken at the end. 

In this work, the transmission property of the thin films was measured by 

PerkinElmer Lambda 950 High- Performance UV-Vis/NIR spectrometer. 

The ions concentrations were discovered to be below this system’s 

detection capabilities as a result of the basic nature of this work directed 

towards the GhGs doped thin films’ fabrication. This is aggravated by the 

strong visible Si absorption, thereby disguising any absorption indication 

from any such ions.  

The characterisation of silicon thin films’ absorption properties is, however, 

possible. Their optical band gap’s determination is the primary interest of 

the fabricated Si thin films’ transmission spectra. The optical band gap, in 

contrast to the electronic band gap, is defined as the least photon energy 

necessary for the generation of an electron-hole pair (exciton). One has the 

ability to characterise the material’s optical band gap by manipulating the 

mentioned equation in the “2.2.1.3 optical properties” section [105, 106].  

 

A material’s optical band gap can be calculated through the application of a 

linear slope to the curve’s linear region, where the x-intercept is discovered 

to be the optical band gap, which is highly helpful in comprehending the 

deposited silicon thin films’ material properties as it makes it possible for the 

particle size’s interpretation. A decrease in particle size results in the rise of 

the band gap, which is apparent through a Tauc plot formation. 

Before a transmission scan is performed on a deposited chalcogenide thin 

film, a clean, blank silicon substrate of matching thickness is used to take a 

reference scan, so that the following measurement will only as of the result 

of thin film contributions. 
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Fig. 3.15: Schematic diagram of UV−Vis−NIR spectrophotometer [302]. 

This chapter has explained the fs-PLD method used to deposit ChGs thin 

films followed by description their characterisation techniques utilised in this 

investigation, including; structural and optical characterisations. Thus, the 

results and analysis obtained are illustrated and described in the next 

chapters. 
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Chapter 4: Gallium lanthanum sulphide (Ga-La-S) 

deposition on silicon 

4.1 introduction 

 Fs-PLD is a relatively uncomplicated and straightforward method for 

depositing a thin film, although, in practice, the need for precise control over 

deposition parameters to achieve good quality films is required.  Deposition 

parameters, such as the rate of deposition, the ablated nanoparticles kinetic 

energy, and the mobility of the particles forming the thin film can be 

controlled by changing the deposition parameters, like substrate 

temperature, the repetition rate of the laser, laser fluence, and processing 

gas pressure. Optimal process parameters are often unique for different 

target materials. 

This chapter describes the fabrication of gallium lanthanum sulphide Ga-La-

S (65Ga2S3:35La2S3) thin film onto Si substrate by varying fs-PLD process 

parameters, such as substrate temperature, deposition period, and fs-laser 

energies to study their structural properties. This chapter aimed to obtain 

the best possible process parameters in terms of fabricating a good quality 

Ga-La-S thin film. 

4.2 Deposition of gallium lanthanum sulphide (Ga-La-S) glass 

The ingot of Ga–La–S glass target material employed in this research work 

has a composition of 65Ga2S3:35La2S3, and was purchased from ChG 

Southampton Ltd at the Southampton University, UK. Table 4.1 below 

exhibits some of the primary optical and thermal properties of the Ga-La-S 

glass target, while Fig. 4.1 shows images of both the target glass and glass 

holder. 

Table 4.1: Properties of 65Ga2S3:35La2S3 glass [144, 158] 

Optical 

Refractive index at 0.589 μm 2.493 

Approximate transmission range (μm) 0.53-10.5 

Thermal 

Glass transition temperature Tg(℃) 580 

Melting temperature (℃) 830 
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Fig. 4.1: (a) Pure Ga-La-S target glass and (b) target glass holder used to 
fabricate thin film in the fs-PLD. 

4.3 Effect of substrate temperatures on the Ga-La-S thin film deposit 

on Si (100) substrate 

The Ga-La-S thin films were fabricated at four different substrate 

temperatures, which range from 450, 500, 550, to 600°C, while keeping all 

other process parameters constant. Table 4.2 below shows the deposition 

parameters of four samples (G1, G2, G3, and G4) fabricated at each 

temperature. 

Table 4.2: The deposition parameters for G1, G2, G3, and G4 employed 
in investigating the effect change in substrate temperature of Ga-La-S 
onto Si substrate 

Process parameter Operating conditions 

Substrate Silicon; dimensions 20 mm 

Length (L) × 12 mm Width (W) 

× 675μm Thickness (T) 

Target material 65Ga2S3: 35La2S3 

Target to substrate distance( 𝒅𝒔𝒕) 70 mm 

Fs-laser repetition rate 1.0 kHz 

Fs-laser energy  30 μJ  

Background gas pressure 80 mTorr - Argon gas (Ar) 

Substrate temperature (sample ID) 450°C (G1), 500°C (G2), 

550°C (G3), and 600°C (G4). 

Deposition time 2 hours 
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4.3.1 TEM analysis of the Ga-La-S thin films 

 

Fig. 4.2: TEM cross-section images of Ga-La-S thin film on silicon glass 
substrates by fs-PLD at different substrate temperatures; (a) 450°C (G1), 
(b) 500°C (G2), (c) 550°C (G3), and (d) 600°C (G4). 

Figure 4.2 (a-d) shows the TEM cross-sectional images of the Ga-La-S thin 

films deposited at substrate temperatures range between 450 and 600°C. 

The lower black layer represented a silicon substrate and the bright middle 

layer on the silicon substrate corresponds to Ga-La-S thin film. The top layer 

denoted iridium (Ir) used for coating the surface of the Ga-La-S thin film. 

TEM analysis was also employed to evaluate the thin film thicknesses. The 

average thickness for deposited Ga-La-S thin films was found to be around 

25 nm at 450°C, 38 nm at 500°C, 58 nm at 550°C, and 54 nm at 600°C for 

samples G1, G2, G3, and G4, respectively. The Ga-La-S film thickness 

increased with an increase in temperature due to the sintering and 

coalescence of small grains to form larger grains. Fs-PLD predominantly 

contains nanoparticles than ions. At higher temperature they coalesce to 



Femtosecond Laser Plasma Fabrication of Chalcogenide-Silicon Photonic Materials 

 

 

69 
 

form larger particles or crystallites. This confirmed later in XRD result (Fig. 

4.7). 

4.3.2 STEM-EDX analysis of the Ga-La-S thin film deposited at 600°C 

 

Fig. 4.3: HAADF-STEM image and STEM-EDX elemental mapping image 

of Ga-La-S thin film deposited on silicon at a substrate temperature of 600°C 
(sample G4). 

 

Fig. 4.4: STEM-EDX spectrum of the Area#1 labelled in Fig. 4.3. 
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Figure 4.3 shows an elemental mapping by a TEM-EDX, which indicated 

the presence of silicon (Si), oxygen (O), gallium (Ga), lanthanum (La), sulfur 

(S), and iridium (Ir) elements, respectively. The figure shows a relatively 

homogeneous distribution of Ga, La, and S in the Ga-La-S film grown at 

600°C, while the elements were clearly distributed unevenly.  

Figure 4.4 shows the EDX spectrum of the elemental composition of the 

region indicated area#1 in the high angle annular dark field (HAADF) image 

depicted in Fig. 4.3. The concentration of Ga (~5 at. %) and S (~15 at. %) 

in the Ga-La-S layer was low when compared to La concentration, which is 

found to be ~23 at. %. The EDX map analysis revealed that no silicon was 

detected in the Ga-La-S film prepared on silicon at a higher substrate 

temperature (600°C). This is a clear demonstration that there is no 

intermixing or interdiffusion between the Ga-La-S film and Si substrate.  

 

Fig. 4.5: (a) A HAADF-STEM image and (b) a line scan obtained from 
STEM-EDX showing that no silicon was detected in the Ga-La-S thin film 
prepared on silicon at a higher substrate temperature (600°C). 
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To evaluate the elemental distribution of the Ga-La-S thin film grown on Si 

substrate, an EDX line scan of a sample G4 fabricated at a substrate 

temperature of 600°C was performed. The result line scan is shown in Fig. 

4.5 (b), which exhibited a homogeneous distribution of La, and S in the Ga-

La-S thin film grown. Gallium atoms start to evaporate after the deposition 

at 600°C. This observed distribution agreed well with the elemental mapping 

by STEM-EDX in Fig. 4.3. 

4.3.3 XRD patterns of the Ga-La-S thin film prepared at different 

substrate temperatures 
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Fig. 4.6: XRD patterns of pure silicon substrate (thickness = 675 μm), Ga-
La-S bulk glass, and ICDD reference patterns for silicon and silica. 

The crystalline structure of the Ga-La-S thin film deposited at various 

substrate temperatures was investigated by XRD pattern, in a 2θ-range 

between 10 and 60°. Figure 4.6 shows the XRD results of the silicon 

substrate and bulk glass along with ICDD reference patterns for silicon and 

silica. The silicon substrate revealed two significant peaks centred at 36° 

(111) and 56° (311), which confirmed that the substrate is crystalline and 
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consists of Bragg’s reflection of cubic silicon [303-305]. The sharp peak 

occurred at 56°corresponded with the silicon ICDD (International Centre for 

Diffraction Data) pattern No. 00-005-0565. The other peak located at 36° is 

indexed to the ICDD diffraction pattern No. 01-080-4051 for silica. No sharp 

peaks were observed in the XRD pattern of the Ga-La-S target glass, but, 

rather, a broad halo amorphous structure occurs between 2θ = 20° and ~30° 

[133, 306]. 
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Fig. 4.7: XRD patterns of Ga-La-S thin film deposited on silicon at various 
substrate temperatures; 450, 500, 550, and 600°C along with ICDD 
reference patterns for Ga-La-S bulk glass. 

The XRD patterns of the Ga-La-S thin films deposited at different substrate 

temperatures between 450°C and 600°C is also presented in Fig. 4.7 (d-g) 

above. All the samples fabricated at these temperatures revealed intense 

peaks of silica and silicon at 2θ= 37° and 56°, respectively, as observed 

from the Fig. 4.6. The Ga-La-S thin film fabricated at 450°C exhibited the 

amorphous phase, whereas those synthesised above 450°C are crystalline, 
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as shown in Fig. 4.7 (d-g). The crystalline peaks of these Ga-La-S thin films 

occur at ~2θ= ~26°, 35°, and 43°, which could be assigned to La
1.67

Ga
3
S

7
 

(ICDD No. 04-001-8324), La
3
Ga

1.67
S

7
 (ICDD No. 04-005-8197), and 

La
1.67

Ga
3
S

7
 (ICDD No. 04-001-8324), respectively. Furthermore, an 

increase in the substrate temperature to 550°C and 600°C resulted in the 

emergence of two additional new crystalline peaks at 2θ=  ~25° and 28.5°. 

These peaks were not found in the previous samples (G1 and G2) and are 

in good agreement with LaGaS3La
3
 based on ICDD pattern No. 04-017-

0337. These results clearly demonstrated that the substrate temperature 

had a significant impact on the structural and phase transformation 

behaviour of the Ga-La-S films. The crystallisation increased with an 

increase in the substrate temperature from 450 to 600°C according to the 

XRD results. 

4.3.4 Raman spectroscopy of Ga-La-S thin film fabricated at different 

substrate temperatures 
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Fig. 4.8: Raman spectra of a pure Si substrate (thickness = 675 μm), Ga-
La-S bulk glass, and thin films deposited on Si at various substrate 
temperatures; 450, 500, 550, and 600°C. 
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Figure 4.8 shows the Raman spectra for a pure Si substrate, a bulk Ga-La-

S target, and the Ga-La-S thin films deposited on Si substrate, by employing 

an argon laser excitation source at 514.5 nm. The silicon substrate 

spectrum revealed a peak at ~520 cm-1, which is associated with single 

crystalline silicon [307, 308]. Two additional broad but weak peaks were 

also observed at ~300 and ~990 cm-1, which represented an amorphous 

fraction of silica [308-310].  

The Raman spectrum of the Ga-La-S bulk glass in Fig. 4.8 has four main 

features, which are centred at 225, 337, 1116, and 1270 cm-1. The vibration 

band occur at a lower frequency of 225 cm-1 is attributed to GaS4 vibration. 

Moreover, the vibration band centred around 337 cm-1 is connected to GaS4 

tetrahedra vibrations overlapping with LaS8 vibrations in the Raman spectra 

of Ga-La-S glass [129, 311-313]. The vibration bands arising at 1116 cm-1 

and higher frequency are probably attributed to impurities in the Ga-La-S. 

In Figure 4.8 above, the Raman spectra of the prepared Ga-La-S thin films 

can also be seen. Vibration bands around 300, 520, and 990 cm-1 were 

observed for all the Ga-La-S thin film samples; these lines were assigned 

to Si and SiO2. The samples fabricated at 450°C (G1) and 500°C (G2) 

exhibited the only peaks observed in the Raman spectra of the silicon 

substrate. However, no Raman vibration band is observed at a higher 

frequency above 1000 cm-1. By increasing deposition temperature of the 

substrate to 550°C (G3) and 600°C (G4), the Raman spectra revealed new 

vibration bands at around 1200 cm-1 and 1350 cm-1. These new vibration 

bands correlated with the Raman spectrum of the bulk glass impurity. 

4.4 Effect of fs-laser energy and deposition time of Ga-La-S thin film 

on Si (100) substrate 

This section investigates the impact of using various laser energies and 

deposition time to obtain optimal parameters for preparing Ga-La-S thin 

films at a substrate temperature of 450°C. Table 4.3 below exhibits the 

details of three samples of G1 [already discussed in section 4.3], and two 

new samples G1B and G1C fabricated at different length of time and laser 
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energy, while keeping all other process parameters constant [shown in 

Tables 4.3 and 4.4].  

Table 4.3: Experimental variables used for fabricating Ga-La-S samples 

described in this section 

Table 4.4: Constant parameters utilised in fabricating Ga-La-S thin film 

samples at different laser energies and duration 

4.4.1 TEM cross-section of Ga-La-S thin film samples fabricated at 

different deposition times and laser energies 

 

Fig. 4.9: TEM cross-section images of the Ga-La-S thin film deposited on a 
silicon substrate at different laser energies and depositions times: (a) G1 
sample prepared with 30 μJ for 2 h, (b) G1B sample prepared with 50 μJ for 
2 h, and (c) G1C sample prepared with 50 μJ for 4 h. 

The cross-sectional images of the Ga-La-S thin film prepared at various 

deposition times and laser energies were investigated by employing TEM, 

 
Sample ID 

 
Fs-laser energy (μJ) 

 

 
Deposition time (h) 

G1 30 2 

G1B 50 2 

G1C 50 4 

Substrate 
Silicon; dimensions 20 mm (L) × 12 

mm (W) × 675 μm (T) 

Target material 65Ga2S3:35La2S3 

Target to substrate distance 70 mm 

Fs-laser repetition rate 1.0 kHz 

Background gas pressure 80 mTorr – Argon gas (Ar+) 

Substrate temperature 450°C 
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as shown in Fig. 4.9. It was observed that the cross-section thickness of the 

samples G1 and G1B varied with increasing the laser energies. Samples 

G1 and G1B had film thicknesses of ~25 nm and ~50 nm, respectively. 

Besides, the nanoparticle grain size of Ga-La-S layer increased with 

increasing laser energy (50 μJ), as shown in Fig. 4.9 (b).  

Furthermore, the deposition time also increased from 2 to 4 hours to 

fabricate another Ga-La-S thin film [Fig. 4.9 (c)]. In contrast to earlier 

findings [Fig. 4.9 (b)], sample G1C film fabricated for 4 hours with 50 μJ  had 

a thickness of ~200 nm, which is about four times thicker than sample G1B. 

Besides, the TEM imaging revealed that the nanoparticle size increased 

with increasing deposition time, and the grain size expanded to the full 

height of the layer. Hence, this result demonstrated that fabricating Ga-La-

S thin film for a longer period has detrimental effects on the film thickness 

and the quality of the thin film. 

4.4.2 STEM-EDX of samples deposited at different length of time and 

laser energies 
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Fig. 4.10: HAADF-STEM images and STEM-EDX elemental mapping 
obtained during the cross-sectional TEM analysis of; (a) G1 sample 
prepared with 30 μJ for 2 h, (b) G1B sample prepared with 50 μJ for 2 h, 
and (c) G1C sample prepared with 50 μJ for 4 h. 

EDX analysis of the thin films manufactured at different laser energies and 

varying deposition times was carried out to provide an insight into the 

elemental distribution within Ga-La-S thin film. In Fig. 4.10, TEM cross-

sectional images and the results EDX-STEM analysis of the Ga-La-S thin 

films (composed of Si, O, Ga, La, and S) are presented. It shows a 

homogeneous distribution of Ga, La, and S in the Ga-La-S films. It was 

found that La and S contents were dense and evenly distributed in the entire 

films when compared to Ga content, which appeared to have evaporated as 
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the laser energy and deposition time increased. It has appeared that La 

content in all thin films is higher than S and Ga [see Table 4.5]. Also, it 

should be noted that there is no intermixing between the silicon substrate 

and Ga-La-S film deposited. 

Table 4.5: The elemental concentration of different Ga-La-S specimens 
at measured areas #1 shown in TEM-HAADF images obtained in Fig. 
4.10. 

 

Fig. 4.11: (a) Cross-sectional bright-field BF-TEM image of Ga-La-S film of 
G1C sample prepared with 50 μJ for 4 hours at 450°C, (b) SAED pattern 
captured from Ga-La-S layer, and (c) SAED pattern captured from the 
silicon substrate region. 

The morphology of the crystalline Ga-La-S thin film of G1C sample was 

characterised by using the SAED method and shown in Fig. 4.11. Both 

distinct zones had visible diffraction spots obtained from characteristic 

Sample Chemical composition (net. %) 

Ga La S Si O 

G1 
(2h - 30𝛍𝐉) 

6.65±1.65 27.09±8.09 13.57±3.80 3.27± 0.95 49.43±10.40 

G1B 
(2h - 50𝛍𝐉) 

10.74±1.88 29.78 ±4.7 18.50±4.06 4.25±0.96 36.74±4.28 

G1C 
(4h - 50𝛍𝐉) 

2.83± 0.14 32.04± 7.6 12.76± 0.24 1.16± 0.04 51.20± 0.57 
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crystalline planes. As can be seen in Fig. 4.11(a), the FIB preparation 

processes produced a high density of dislocation in the film matrix; this had 

an impact on observations in the diffraction pattern. In Figure 4.11(b), the 

film’s diffraction pattern indicated streaks on the spots. These are usually 

caused by a high amount of accumulation of dislocations. Also, there were 

a large number of partial rings caused by the orientation. In the pattern the 

spots transform from their characteristic circular form, becoming elongated 

and less regular, appearing as a disk-type halo. At a local level, the 

distortions affected the crystal orientation; the spots of diffraction were 

extended the length of the diffraction. The SAED pattern in Fig. 4.11 (c) 

exhibits a spot diffraction pattern from single-crystal silicon. 

4.4.3 Influence of deposition time and laser energy on the deposited 

Ga-La-S thin film (XRD) 
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Fig. 4.12: XRD patterns of the Ga-La-S thin films deposited on silicon glass 

substrates by fs-PLD at various deposition times and laser energies. 
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Figure 4.12 presents XRD results obtained for samples prepared with 30 μJ 

(G1), and 50 μJ (G1B) for a period of 2 hours at 450°C. As can be seen 

from the Figure, the film deposited at 30 μJ was found to be amorphous in 

structure compared with the film fabricated by using 50 μJ laser energy 

[which was observed to be polycrystalline]. On the other hand, comparing 

samples of deposited at different length of time [2 h (G1B) and 4 h (G1C)], 

it has found that the film exhibited higher crystallisation structure as 

deposition time increased. It can be seen that the film deposited for 2 hours 

is relatively polycrystalline, while the film fabricated for 4 hours has 

diffraction peaks related to planes of bulk Ga-La-S. These diffraction 

patterns are in good agreement with the SAED pattern [Fig. 4.11(b)]. The 

XRD pattern peaks are indexed to ICDD pattern Nos: 00-04-017-0337 for 

Orthorhombic LaGaS3. Comparing the XRD patterns of samples G1, G1B, 

and G1C on ICDD database, it is observed that the crystalline phase peaks 

are in agreement with La6Ga3.3S14, La3Ga1.67S7, and LaGaS3, respectively, 

(ICDD reference patterns No. 00-01-081- 5771, 00-04-005-8197, and 00-

04-017-0337). A similar observation has been reported previously 

elsewhere [133, 306]. 

4.4.4 Influence of laser energies and deposition time on the deposition 

of Ga-La-S thin film (Raman spectroscopy) 

Figure 4.13 shows the Raman spectra of the Ga-La-S film for G1 and G1B 

samples deposited with laser energies of 30 and 50 μJ, respectively, for 2 

hours. Vibration bands around 300, 520, and 990 cm-1 were observed for all 

the Ga-La-S thin film samples; these lines were assigned to Si and SiO2. It 

also shows the Raman spectra of the Ga-La-S films for samples G1B and 

G1C with deposition times of 2 and 4 hours, respectively, when the laser 

energy was kept constant at 50 μJ. As it has already discussed in the above, 

peaks assigned to the silicon substrate were also observed in all the 

prepared films. In the case of Ga-La-S thin films deposited at different laser 

energies [G1 and G1B samples], no significant difference in the vibrational 

bands is observed. The presence of Ga-La-S bulk glass was only 

exclusively observed in sample G1C grown on the silicon substrate with 50 
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μJ for 4 hours, as shown in Fig. 4.13. The vibration band occur at a lower 

frequency of 225 cm-1 is attributed to GaS4 vibration. Moreover, the vibration 

band centred around 337 cm-1 is connected to GaS4 tetrahedra vibrations 

overlapping with LaS8 vibrations in the Raman spectra of Ga-La-S glass 

[129, 311-313]. The vibration bands arising at 1116 cm-1 and higher 

frequency are probably attributed to impurities in the Ga-La-S. This is in 

good agreement with observations from XRD analysis [Fig. 4.12]. The 

absence of these peaks in G1 and G1B is due to their lower gallium, 

lanthanum, as well as sulphur content, compared to that of the G1C sample 

[see Table 4.5]. 
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Fig. 4.13: Raman spectra of the Ga-La-S thin films deposited on silicon 
glass substrates at different time depositions and laser energies. 

4.5 Conclusions 

In conclusion, the fs-PLD approach influenced the effective deposition of 

Ga-La-S glass thin layers on unalloyed Si substrate. It was found that the 
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effectiveness of deposition was dependent on deposition temperature, 

deposition time, and laser energies. Systematic investigations were carried 

out to ascertain the consequence of deposition temperatures, laser 

energies, and deposition time on the limpid structure and thickness of the 

deposited films. Findings show an upsurge of limpid phases and the 

thickness of the film coinciding with an escalation in deposition temperature, 

laser energies, and deposition time. Moreover, the targeted chalcogenide 

glass changed its structural physiognomies from amorphous to crystalline. 

However, the observation of the Si substrate and the deposited Ga-La-S 

layer show no comportment of inter-diffusion and intermixing, which could 

relate to the chalcocite of the chalcogenide target glass quality. 
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Chapter 5: Erbium-doped gallium lanthanum sulphide (Er3+-

doped Ga-La-S) deposition on silicon 

5.1 Introduction 

This chapter describes the fabrication of Er3+-doped gallium lanthanum 

sulphide (Ga-La-S) thin films with a nominal composition of Ga-La-S 65:34 

+ 1 mol% Er2O3 onto Si substrate. The fs-PLD technique was employed to 

deposit Er-Ga-La-S target material by varying process parameters, such as 

substrate temperature and working chamber pressure to study the 

structural, physical, and optical properties of the thin films. The aims and 

objective of this chapter are the same as the previous chapter (chapter 4). 

5.2 Target material: Er-doped gallium lanthanum sulphide (Er3+-doped 

Ga-La-S) glass 

Fig. 5.1 illustrates Er3+-doped Ga-La-S glass ingot from ChG Southampton 

Ltd GLS as well as the stainless-steel target holder for the fs-PLD chamber 

used to mount the target material inside the chamber during the thin film 

fabrication. The optical and thermal properties of this target glass such as 

refractive index, spectral transmission range, glass transition and melting 

temperatures are depicted in Table 5.1. 

        

Fig. 5.1: Er3+-doped Ga-La-S bulk glass (left) and Er3+-doped Ga-La-S bulk 
glass holder (right) which is used for fs-PLD. 
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Table 5.1: Properties of Er3+-doped Ga-La-S glass [144, 158] 

Optical  

Refractive index at 0.589 μm 2.493 

Approximate transmission range (μm) 0.53-10.5 

Thermal 

Glass transition temperature Tg (℃) 580 

Melting temperature (℃) 830 

5.3 Influence of substrate temperatures on Ga–La–S 65:34 +1 mol % 

Er2O3 bulk glass deposit on Si (100) substrate 

In the previous chapter (chapter 4), it was demonstrated that the fs-PLD 

processing parameters, such as substrate temperature, fs-laser energy, 

and the deposition time have significant effects on the surface structural and 

physical properties of Ga-La-S thin films deposited on the silicon substrates. 

In this chapter, the Er3+-doped Ga–La–S thin films were fabricated by 

varying substrate temperatures while keeping all other process parameters 

constant. Table 5.2 below shows the deposition parameters of the three 

different thin film samples, namely GE1, GE2, and GE3 prepared at 

substrate temperatures of 25ºC, 450ºC, and 660ºC, respectively. The 

selection of those temperatures because it has been clear from the previous 

study that the effect of various substrate temperatures (450-600 ºC) on the 

deposition of Ga-La-S film had no significant difference. Thus, 25 and 450 

have been chosen along with 660 ºC, which is the highest temperature can 

our fs-PLD reach to it. 

Table 5.2: List of parameters employed to deposit Er3+-doped Ga-La-S 
on Si substrate by using various substrate temperatures 

Process parameter Operating conditions 

Substrate Silicon; dimensions 20 mm (L) × 12 

mm (W) × 675 μm (T) 
Target material Gallium lanthanum sulphide (Ga-La-

S) 65:34 + 1 mol% Er2O3 
Target to substrate distance 70 mm 

Fs-laser repetition rate 1.0 kHz 
Fs-laser energy  50 μJ  
Background gas pressure 80 mTorr (Ar+) 
Substrate temperature  
(Sample ID) 

25°C (GE1), 450°C (GE2), and 
660°C (GE3) 

Deposition time 4 hours 
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5.3.1 STEM-EDX cross-sectional analysis the Er3+-doped Ga–La–S thin 

film at different temperatures 

 

Fig. 5.2: TEM cross-section images of Er3+-doped Ga-La-S thin films 
deposited on Si substrate at different substrate temperatures; (a) 25°C 
(GE1), (b) 450°C (GE2), (c) 660°C (GE3). 

Figure 5.2 (a–c) illustrates the TEM cross-sectional images of the films 

processed using an Er3+-doped Ga–La–S target at different substrate 

temperatures. The plan view of TEM micrographs reveal an average film 

thickness of around 45 nm, 95 nm, and 208 nm for samples GE1, GE2, and 

GE3, respectively. From the TEM results, it can be seen that the thickness 

of the film increased with deposition temperature from 45 nm at 25°C to 208 

nm at 660°C. Therefore, it can be said that an increase in deposition 

substrate temperature has a significant effect on the film thickness. 
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Fig. 5.3: HAADF-STEM image and STEM-EDX elemental mapping 

obtained during cross-sectional TEM analysis of a GE3 sample prepared at 
660°C. 

Figure 5.3 shows the cross-sectional elemental mapping images obtained 

for GE3, which confirmed that the deposited layer consisted of the uniform 

distribution of the Ga, La, S, and Er elements. However, no intermixing was 

observed between the Er3+-doped Ga–La–S coating and the silicon 

substrate network. 

5.3.2 Influence of substrate temperature on Er3+-doped Ga–La–S thin 

film (XRD) 

The silicon substrate shows two distinct peaks at around 36.24° and 55.62°, 

which indicates that the substrate was crystalline [303-305]. The stronger 

peak at approximately 55.62° was indexed as silicon-based on ICDD 

reference pattern No. 00-005-0565 for silicon (not shown here), while the 

other peak at 36.24° correlated with the ICDD reference pattern No. 00-039-

1425 for silica. On the other hand, no peaks were observed in the diffraction 

pattern of the bulk target glass; instead, the pattern contained wide-

stretched halo amorphous structure between 2θ = 20° and 30° [158, 306]. 

The XRD pattern of the Er3+-doped Ga–La–S thin film deposited at room 

temperature 25°C (GE1) was very similar to that of the silicon substrate, no 

additional peaks were observed. This indicates that the film formed at this 
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temperature was amorphous in nature. An examination of the diffraction 

patterns of sample GE2 prepared at higher temperature displayed two 

crystalline peaks centred at around 2θ = 25° and 28°. These peaks were 

not observed in sample GE1. Finally, XRD analysis of the sample obtained 

when the substrate temperature was increased to 660°C (GE3), revealed 

similar crystalline peaks observed in sample GE2 and two new peaks at 2θ 

= 45° and 47°. These peaks were indexed as La6Ga3.3S14, La3Ga1.67S7, and 

LaGaS3 based on ICDD reference pattern No. 00-01-081- 5771, 00-04-005-

8197, and 00-04-017-0337. A similar observation had been reported by 

Frantz et al. [306], where they concluded that such crystal phase’s formation 

could be attributed to quenching and/or heat treatment of Ga–La–S target 

glass. Crystallite size was calculated from the XRD data for peaks occurring 

around 2θ = 25° and 29° using the Debye–Scherer formula (3.2) [272] 

mentioned in the “Instrumentation and Methodology” chapter. 
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Fig. 5.4: XRD patterns for a pure silicon substrate (thickness = 675 μm), 

Er3+-doped Ga–La–S bulk glass, and thin films deposited on silicon at 
various substrate temperature. 
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The average crystallite size for samples GE2 (450°C) and GE3 (660°C) was 

calculated to be ~5 nm and ~15 nm, respectively. This shows that the 

crystallite size increased from 5 to 15 nm with increasing deposition 

temperature from 450 to 660°C. 

5.3.3 Influence of substrate temperature on Er3+-doped Ga–La–S thin 

films (Raman Spectroscopy) 

Figure 5.5 represents the Raman spectra for a pure silicon substrate, the 

bulk target, and thin films prepared at various temperatures when excited 

by a 514.5 nm argon laser. The silicon substrate’s spectrum contained a 

sharp peak with a characteristic band at 520 cm−1, attributed to single 

crystalline silicon. While the Raman spectrum of Er3+-doped bulk Ga–La–S 

glass consisted of three main group bands between 190–920 cm−1, 920–

1200 cm−1, and 1200–1800 cm−1. The broad band centred around 420 cm−1 

corresponds to GaS4 tetrahedron stretching vibration modes or vibration of 

LaS8 structural [129] units present in amorphous Ga–La–S. The broad 

bands at higher frequencies (around 1200 cm−1 and 1300 cm−1, 

respectively) are from Er3+ photoluminescence (PL) corresponding to 2H11/2 

– 4I15/2 (547 nm) and 4S3/2 – 4I15/2 (553 nm) transitions in a glassy medium 

[314, 315]. 

In addition to this, Raman spectra of all the thin film samples prepared by 

the fs-PLD were also investigated. The sample prepared at 25°C (GE1) 

reveals no assigned Raman bands of the Er3+-doped Ga-La-S glass, only a 

single crystalline peak in the Raman spectrum of the silicon substrate. 

Analysis of samples deposited at 450°C (GE2) and 660°C (GE3), the 

Raman spectra revealed five bands with the maximum peak intensities 

centred around 335 cm-1, 495 cm-1, 644 cm-1, 1200 cm-1, and 1350 cm-1. 

The sharper bands at 335 cm-1, 495 cm-1 and 644 cm-1 correlated to 

vibrations of LaS8 or GaS4 tetrahedron stretching vibrations [311]. The 

clearly split strong Raman bands peaking at 1200 cm-1, and 1350 cm-1 

exhibit the characteristic features of Er3+-doped crystalline thin films, due to 

the Er3+ ions PL under 514.5 nm laser excitation [314]. 
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Fig. 5.5: Raman spectra of a pure silicon substrate (thickness = 675 μm), 
Er3+-doped Ga–La–S bulk glass, and thin films on silicon at various 
substrate temperatures. 

5.3.4 Influence of substrate temperature on Er3+-doped Ga–La–S thin 

film (PL spectroscopy) 

The PL spectra of Er3+-doped Ga-La-S target glass and thin films recorded 

at room temperature using a 980 nm excitation source is illustrated in Fig. 

5.6 (a). This will excite Er3+ ions for 4I15/2 – 4I15/2 and subsequently, radiation 

transition from 4I13/2. The PL spectra peak around 1.54 µm corresponded to 

the 4I13/2 – 4I15/2 transition of the Er3+ ions and the energy diagram is depicted 

in Fig. 5.6 (b). Figure 5.6 (a) shows a very intense peak for all samples with 

the full spectral width at half maximum (FWHM) ~ 50 nm, while the target 

chalcogenide glass (Er3+-doped Ga-La-S) exhibits a much broader FWHM 

of ~ 75 nm. Also, sample GE3 exhibits five multiples sharp peaks known as 

Stark levels, which can be attributed to the thermal population of the higher 

levels of the 1.54 μm manifold. The presence of these transitions from Stark 

levels confirm the crystalline phases of the doped material present in the 

thin film. 
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Fig. 5.6: (a) PL spectra of 1 mol% Er3+ -doped Ga-La-S glass and Er3+-

doped Ga-La-S thin films deposited at various substrate temperatures, and 
(b) Energy transfer sketch of Er3+-doped glass when pumped at 980 nm. 

Table 5.3 shows the PL lifetime () data for Er3+-doped Ga-La-S target glass 

and various thin films prepared. The lifetime of the 4I13/2 transition for the thin 

films decreases very rapidly from 1.82 to 0.46 ms with increasing deposition 

temperature, which confirms the changes in the local crystal field. The drop 

in measured fluorescence lifetime of the thin film prepared at room 

temperature to that corresponding to the bulk glass is attributed to the 
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reduction in reabsorption that results in longer measured lifetimes in bulk 

glasses [316-318]. In the powders and thin films of Er3+-doped chalcogenide 

glasses, the measured lifetimes are more accurate and comparable to 

radiative lifetimes [315]. Another attribute of the drop in a lifetime is the 

higher presence of –OH- radicals in the thin film compared to bulk glasses 

that result in nonradioactive relaxation of the 4I13/2 level, leading to a 

reduction in the measured lifetime. In our studies, as the deposition 

temperature increased, we also observed that the crystallinity of the films 

also increased, as shown in Fig. 5.4. This results in more Er3+-ions being 

incorporated into the crystalline phases reported above, leading to Er3+ ion-

ion interactions and self-quenching of photoluminescence and 

subsequently lower measured lifetime [319, 320]. The drop in a measured 

lifetime with film preparation temperature can be understood on this basis. 

Table 5.3: Fluorescence lifetimes of Er3+-doped Ga-La-S samples at 
different substrate temperatures 

5.3.5 Influence of substrate temperature on Er3+-doped Ga–La–S thin 

film (UV-Vis spectroscopy) 

The transmission spectra of the thin films are measured by using the UV-

Vis-NIR spectrometer in the wavelength range between 320 and 2000 nm. 

Thus, the absorption coefficient (𝛼) spectra are determined from 

transmission through the thin films by the approximate expression [see in 

equation (2.1)]. 

Assuming that the reflectance of these thin films is very low in the photon 

energy range of interest. The optical band gap energy of Er-doped Ga-La-

 
Er3+ -doped Ga-La-S samples 

 

 

Fluorescence lifetime  (ms) 

Bulk glass 

GE1 (25 °C) 

GE2 (450 °C) 

GE3 (660 °C) 

4.87 

1.82 

0.59 

0.46 
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S thin films prepared is calculated from the UV-Vis absorption edge by using 

the absorption coefficient obtained from transmission measurements and 

Tauc optical band gap [see the relation in (2.2)].  

The optical band gap was calculated by using 𝑛 =  1/2 for direct allowed 

from the absorption spectra, which exhibits a perfect fit for all the thin film 

samples. Figure 5.7 (a) shows the plots of (𝛼ℎ𝜐)2 as a function of ℎ𝜐 (𝑒𝑉). 

Sample GE1 prepared at a low temperature (25℃) has a strong absorption 

with Eg around ~ 2.15 𝑒𝑉, and then decreases gradually with increase in 

deposition temperature to Eg values of 1.90 𝑒𝑉 and 1.75 𝑒𝑉 for sample GE2 

and GE3, as depicted in Fig. 5.7 (b). As discussed previously, when the 

temperature of the film increased from room temperature (25℃) to 660°C, 

the films were found to be more crystalline. This was confirmed by the 

average crystallite size estimated from the XRD data for samples GE2 

(450℃) and GE3 (660℃). Henceforth, the change in optical band gap is 

inversely dependent on the diameter of the crystalline size [272, 321, 322], 

which explains the decrease in the observed band gap Eg with the increase 

in deposition temperature [321, 322]. Similar results have been reported 

previously for optical absorption of Ga–La–S thin film [128] samples 

fabricated by employing different deposited energy densities. 

Table 5.4: Optical energy band gap of Er3+-doped Ga-La-S prepared at 

various substrate temperatures 

 

 

 

Sample 

 

 

Substrate temperature 

TS (°C) 

 

Thickness 

d (nm) 

 

Optical energy 

band gap (eV) 

GE1 25 45 ~2.15 

GE2 450 95  1.90 

GE3 660 208  1.75 
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Fig. 5.7: (a) Tauc plot as a function of photon energy, and (b) Optical band 

gap verses deposition temperature of Er3+-doped Ga-La-S glass thin films 
on a Si substrate. 

5.4 Effect of deposition pressure on the of Er3+ doped Ga–La–S thin 

films on Si (100) substrate at 660°C 

The previous study examined the influence of the substrate temperature on 

the deposited Er3+-Ga-La-S thin films. Further investigation was also 

conducted to better understand the effect of deposition pressure on the 

surface morphology and structural quality of the thin films. The substrate 

temperature was maintained at 660°C based on an optimal value from the 

previous work on the substrate temperature. As the sample fabricated at 

this substrate temperature (660°C) demonstrated a thicker thin film based 

on the TEM cross-section images shown in Fig. 5.2. Moreover, XRD and 
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Raman spectra [Fig. 5.4 and 5.5] exhibited the strong Er3+-doped Ga–La–S 

crystalline phase peaks. Furthermore, the optical band gap and PL lifetime 

at 4I13/2 transition decreased for the thin film prepared at this temperature as 

compared to the other samples deposited at other substrate temperatures 

(25°C and 450°C). Table 5.5 below exhibits the details of four samples, 

GP1, GP2, and GP3 fabricated at 50 µJ of laser energy under vacuum, 40 

mTorr, and 200 mTorr, respectively, while keeping all other process 

parameters constant. 

Table 5.5: List of parameters employed to deposit Er3+-doped Ga-La-S 

on Si substrate by using different pressures 

5.4.1 Influence of pressure on the deposition Er3+-doped Ga–La–S thin 

film (SEM and TEM) 

Figure 5.8 (a-c) shows SEM images of the surface morphology of Er3+-

doped Ga-La-S thin films grown onto the silicon substrate under three 

different chamber pressure while keeping the substrate temperature fixed 

at 660°C. The surface morphology of the Er-Ga-La-S deposited films was 

observed to be homogeneous, although the nanoparticles in the films are 

not uniformly distributed. 

Process parameter Operating conditions 

Substrate Silicon; dimensions 20 mm (L) × 

12 mm (W) × 675 μm (T) 
Target material Gallium lanthanum sulphide (Ga-

La-S) 65:34 + 1 mol% Er2O3 

Target to substrate distance ( 𝒅𝒔𝒕) 70 mm 

Fs-laser repetition rate 1.0 kHz 

Fs-laser energy  50 μJ  
Background gas pressure  
(sample ID) 

Under vacuum (GP1), 40 mTorr 
(GP2), 200 mTorr (GP3) 

Substrate temperature (°C) 660°C 

Deposition time  4 hours 
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Fig. 5.8: SEM images of the top surface of Er3+-doped Ga-La-S thin films 
deposited on Si substrate with different pressures; (a) GP1 (under vacuum), 
(b) GP2 (40 mTorr), and (c) GP3 (200 mTorr). 

It can be seen in Fig. 5.8 (a) that the sample deposited under vacuum is 

relatively smooth and less agglomerated. Given the lack of background gas, 

the particles of which the plume is formed (ions, atoms, and electrons) are 

probably reflected at the moment when they come to the substrate which 

affects the film that is developing. The effect is in part produced by the 

particles that rebounded, which caused the surface to become smooth 

[323]. However, by increasing the working chamber pressure to 40 and 200 

mTorr, various sizes of spherical nanoparticles are deposited on the 

substrate surface during sample fabrication, as shown in Fig. 5.8 (b) and (c) 

[324-326]. As a result, the particles that have been deposited are of lower 

energy when they arrive at the surface of the substrate. This observation 

explains that the growth rate of the particle grains is quite slow at higher 

chamber pressure, which leads to an increase in surface roughness of the 

films. Henceforth, the higher working pressure results in the formation of 

clusters in a gas phase [323, 327]. Such clusters may condense on the film 
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surface, which is not desirable for most applications. This reduces the film 

quality and damages the microstructure, of the Er3+-doped Ga-La-S films. 

 

Fig. 5.9: TEM cross-sections of Er3+-doped Ga-La-S layer formed on Si 
substrates by fs-PLD with different pressures; (a) under vacuum (GP1), (b) 
40 mTorr (GP2), and (c) 200 mTorr (GP3). 

Figure 5.9 (a-c) shows the cross-sections of the Er3+-doped Ga-La-S thin 

films grown on Si substrate under various pressures at a constant substrate 

temperature (660℃). According to these images, it can be seen that the thin 

film thicknesses decreased with increasing chamber pressure. The films 

thickness was estimated to be around 220 nm, 172 nm, and ~ 20 nm for the 

films deposited under vacuum pressure (10-6 mTorr), 40 mTorr, and 200 

mTorr, respectively. Thus, it can be seen that the chamber environment 

affected the surface morphology as well as the thickness of films. 
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5.4.2 Influence of pressure on the deposition Er3+-doped Ga–La–S thin 

film (STEM-EDX) 
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Fig. 5.10: HAADF-STEM images and STEM-EDX elemental maps images 
of Er3+-doped Ga–La–S thin films prepared on Si with different pressures; 
(a) sample prepared under vacuum (GP1), (b) sample prepared at 40 mTorr 
(GP2), and (c) sample prepared at 200 mTorr (GP3). 

Figure 5.10 shows the HAADF-STEM images of the deposited films and the 

results of EDX spectroscopy within STEM analysed for sample GP1, GP2, 

and GP3 prepared at different pressures. This confirms that the deposited 

layer consisted of the uniform distribution of Ga, La, S, and Er elements. 

There is no intermixing between the deposited Er3+-doped Ga–La–S thin 

film and silicon substrate network. Elements such as Ga, La, S, and Er are 

apparent on the STEM-EDX maps for sample GP1 prepared under vacuum 

pressure in Fig. 5.10 (a). The EDX data reveal the generation of a uniform, 

homogeneous mixture of Ga, La, S, and Er extending to the bottom of the 

deposited layer. It is apparent that Ga was deposited on the top of the film, 

which is due to its overlapping with the iridium (Ir) element that comes from 

FIB coating. Furthermore, EDX mapping scan of sample GP2 prepared at 

40 mTorr depicted in Fig. 5.10 (b) shows that the elemental distribution of 

Ga, La, S, and Er are also homogeneous in the Er3+-doped Ga-La-S thin 

film grown. Mapping scan of GP3 sample, prepared at higher pressure (200 
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mTorr) in Fig. 5.10 (c) indicated that the distribution of Ga, La, S, and Er had 

a disparity in the Er3+-doped Ga-La-S thin film grown. 

 

 

 

Fig. 5.11: TEM-EDX spectrum of the yellow region labelled (Area≠1) in 
HAADF-STEM Fig. 5.10 of the doped layer on silicon for samples; (a) GP1 
prepared under vacuum, (b) GP2 sample prepared at 40 mTorr, and (c) 

GP3 sample prepared at 200 mTorr. 
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In Figure 5.11, the elemental composition of the Er3+-doped Ga-La-S thin 

film areas highlighted in the HAADF image evaluated with TEM-EDX. 

According to Fig. 5.11 (a), the EDX spectrum revealed atomic percentages 

of 1.26, 6.28, 40.99, 48.08, and 3.40 at. % for Si, Ga, La, S, and Er in the 

thin film fabricated under vacuum. This result shows that the thin film had 

virtually no Si, and was entirely made up of elements from the Er3+-doped 

Ga-La-S target. On the other hand, the sample prepared at 40 mTorr [Fig. 

5.11 (b)] had a higher atomic percentage of Si (4.00 at. %) and Ga (9.44 at. 

%), however, the atomic percentage of S (33.23 at. %) is quite low as 

compared to sample prepared under vacuum. With increasing pressure to 

200 mTorr [Fig. 5.11 (c)], the atomic percentage of Ga (44.32 at. %) and Si 

atomic percentage (6.05 at. %) increased dramatically. Besides, the atomic 

percentage fraction of S in the deposited layer sharply decreased at higher 

pressure (200 mTorr). The EDX spectrum analysis suggests that the S ions 

have been evaporated from the plasma plume in the course of the process 

of deposition. This study shows that the doping concentration of Er and La 

ions remains substantially nearly the same in all the Er3+-doped Ga-La-S 

thin films prepared. 

 

Fig. 5.12: TEM images of Er3+-doped Ga-La-S thin film on silicon from 
sample GP1 prepared under vacuum; (a) cross-sectional BF-TEM image of 
the Er3+-doped Ga-La-S layer, (b) SAED pattern captured from a silicon 
substrate region, and (c) SAED pattern captured from the Er3+-doped Ga-

La-S layer region. 
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Fig. 5.13: TEM images of the Er3+-doped Ga-La-S thin film on silicon from 
sample GP1 prepared at 40 mTorr; (a) cross-sectional BF-TEM image of 
Er3+-doped Ga-La-S layer, (b) SAED pattern captured from a silicon 
substrate region, and (c) SAED pattern captured from the Er3+-doped Ga-
La-S layer region. 

Figure 5.12 (a) illustrates a cross-sectional BF-TEM image of a high smooth 

Er3+-doped Ga-La-S thin film, which does not reveal visible crystalline 

grains. While Figure 5.12 (b) presents the SAED pattern of the silicon 

substrate, exhibiting circular shapes around the centre. In Fig. 5.12 (c), the 

Er3+-doped Ga-La-S thin film layer did not reveal any diffraction pattern for 

the sample prepared under vacuum. 

Figure 5.13 shows the SAED patterns for sample GP2 (40 mTorr). It shows 

the crystalline nature of the silicon substrate and Er3+-doped Ga-La-S film 

[Fig. 5.13 (b) and (c), respectively]. 
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5.4.3 Influence of pressure on Er3+-doped Ga–La–S thin film (XRD) 
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Fig. 5.14: XRD patterns of a pure silicon substrate (thickness = 675 μm), 

Er3+-doped Ga–La–S bulk glass, and thin films deposited on silicon at 
various working pressure; a vacuum (GP1), 40 mTorr (GP2), and 200 mTorr 
(GP3). 

Figure 5.14 shows the XRD patterns of the silicon substrate, Er3+-doped Ga-

La-S bulk target glass, and Er3+-doped Ga-La-S thin films deposited at 

different pressures (under vacuum, 40, and 200 mTorr argon pressure). The 

XRD patterns of the silicon substrate and Er3+-doped Ga-La-S target 

material have been obtained and discussed previously in Fig. 5.4 [section 

5.3.2 page 85].  

Furthermore, XRD analysis in Fig. 5.14 was performed to investigate the 

impact of chamber pressure to understand the effect of the crystalline 

structure of the Er3+-doped Ga-La-S thin films. While the substrate 
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temperature was kept constant at 660℃. The most intense peak at ~37° in 

all the samples corresponds to SiO2 (111) while the peak at ~55° is 

associated with Si (311) [303-305]. This result reveals the crystallisation 

structure of silicon and silica phases. From the XRD results, it was also 

found that the crystallinity of Er3+-doped Ga-La-S films increased with 

decreasing argon pressure.  At 200 mTorr (Ar) deposition ambience (GP3 

sample), the peak at ~27° can hardly be observed, and a minor peak at ~ 

43° became conspicuous. These two peaks are the slowest growing planes 

in their structures because they are closely packed argon planes; then these 

surfaces have the lowest surface energy. Hence at lower argon pressure 

(40 mTorr), the particles that are ablated from the target usually have more 

energy for rearrangement on the substrate surface. In other words, as the 

argon pressure is enhanced, the collisions between ablated particles within 

the plume and argon gas also increase, thus the kinetic energy of particles 

becomes low, resulting in a higher intensity of the peak at ~27°  for 

deposition of the Er3+-doped Ga-La-S films at 40 mTorr (Ar) pressure (GP2 

sample) [230, 328]. 

The crystallised films are made up of hexagonal and tetragonal phases of 

La
6
Ga

3.3S14
 and La

1.67
Ga

3
S

7
, respectively. These crystalline phase peaks 

matched with ICDD reference pattern No. 01-081-5771 and 04-001-8324. 

The diffraction peaks centred at 2𝜃 values of 27.00° and 43.41° were 

relatively intense for  Er3+-doped Ga-La-S thin film deposited at a pressure 

of 40 mTorr as compared to those films deposited under vacuum and at 200 

mTorr. This shows that the crystalline quality of the film is improved under 

40 mTorr chamber pressure at a substrate temperature of 660℃. A 

comparison of samples GP1, GP2, and GP3 spectra revealed a significant 

improvement in the crystallinity of the film deposited at 40 mTorr. 
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5.4.4 Influence of pressure on the deposition Er3+-doped Ga–La–S thin 

film (Raman spectroscopy) 
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Fig. 5.15: Raman spectra of a pure silicon substrate (thickness = 675 μm), 
Er3+-doped Ga-La-S bulk glass, and thin films on silicon at different 
pressures. 

Figure 5.15 represents the Raman spectra for a pure silicon substrate, a 

bulk target, and thin films prepared at three different chamber pressures 

when excited by a 514.5 nm Argon laser. The silicon substrate spectrum 

and bulk glass have already been discussed in Fig. 5.5. Raman spectra of 

all the thin film samples prepared by the fs-PLD were investigated. The 

sample GP1 deposited under vacuum showed a sharp silicon peak of the 

substrate at around 520 cm-1 and broad amorphous bands identical to the 

bulk glass, as shown in Fig. 5.15.  Contrariwise, by increasing the pressure 

of argon to 40 mTorr (GP2) and 200 mTorr (GP3), the Raman spectra 

revealed many bands correlating to the silicon and Er3+-doped Ga-La-S 

target. The Raman spectra showed five bands. The strongest peak 

intensities occur at approximately 335 cm−1, 495 cm−1, 644 cm−1, 1200 cm−1, 

and 1350 cm−1. The Raman sharper bands centred at 335 cm−1, 495 cm−1, 
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and 644 cm−1 are correlated with the LaS8 or GaS4 tetrahedron stretching 

vibrations [311]. This observation indicates that the Er3+-doped Ga-La-S thin 

films are crystalline, which are caused by the Er3+ ions PL under 514.5 nm 

laser stimulation [314]. 

5.4.5 Influence of pressure on the deposition Er3+-doped Ga–La–S thin 

film (PL spectroscopy) 
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Fig. 5.16: PL spectra of 1 mol% Er3+ -doped Ga-La-S glass and Er3+-doped 

Ga-La-S thin films deposited at different chamber pressures. 

The PL spectra of Er3+-doped Ga–La–S target glass and thin films were 

measured under room temperature by using a 980 nm excitation source. 

Results are shown in Fig. 5.16. Characteristic PL behaviour of Er3+-doped 

Ga-La-S was observed in all films, irrespective of the level of argon partial 

pressure that was applied. In other words, a broadband emission spectrum 

peaking at 1.54μm (approx.) due to 4I13/2 – 4I15/2 transition of the Er3+ ions are 

observed as shown in Fig. 5.6 (b). The peak intensity increases as the argon 

partial pressure is decreased. This finding corresponds to a decrease in film 

thickness trend as the partial chamber pressure increased. The film 

deposited at 40 mTorr was also found to be the best in terms of the PL 

intensity of Er3+-doped Ga-La-S emission at 1.54μm, and after that, the PL 
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intensity decreased significantly as the argon partial pressure increased to 

200 mTorr. Thin film thickness was significant for determining whether the 

luminescence is active. The research showed that a thicker film with 

improved crystallinity could be achieved when the argon pressure was low 

during the deposition process. 

Table 5.6 summarises the results of PL lifetime () measurement data for 

Er3+-doped Ga-La-S target glass and different thin films prepared. The 

lifetime of the 4I13/2 transition for the thin films was almost the same for all 

samples ~ 1.2 ms, which shows that the argon pressure does not have a 

significant impact on the fluorescence lifetimes of Er3+-doped Ga-La-S. As 

a generalisation, it can be observed that decreasing argon pressure can 

diminish the intensity of the PL. 

Table 5.6: Fluorescence lifetimes of Er3+-doped Ga-La-S samples at 

various chamber pressures 

5.5 Conclusions 

In summary, Er3+-doped Ga–La–S thin films were successfully deposited on 

the pure silicon substrate at various substrate temperatures and pressures 

by utilising the fs-PLD technique. The effects of deposition temperatures 

and pressures on the thickness and crystalline structure of the deposited 

films have been systematically investigated. This clearly shows that an 

increase in deposition temperature leads to increase the film thickness and 

increase in crystallinity phases. The structural characteristics of the target 

changed from amorphous to crystalline phase as well. However, no 

intermixing and interdiffusion behaviour is observed between the silicon 

substrate and the deposited layer. This could be linked to the composition 

Er3+ -doped Ga-La-S samples 

 

Fluorescence lifetime  (ms) 

Bulk glass 

GP1 (vacuum) 

GP2 (40 mTorr) 

GP3 (200 mTorr) 

5.33 

1.1 

1.2 

1.1 
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of the chalcogenide target glass since fs-PLD-assisted induced intermixing 

is actually dependent on the target and substrate materials [329]. The PL 

spectra of as-deposited Er3+-doped Ga–La–S chalcogenide thin films at 

various temperatures exhibited very intense emission signal at 1534 nm 

under a pump wavelength of 980 nm with FWHM at ~ 50 nm.  

On the other hand, the PL lifetime at 4I13/2 transition decreased with increase 

in deposition temperature as discussed; clear temperature dependences of 

the lifetime could be associated with increasing Er3+ ion concentration in the 

thin films and non-radiative decay or change in the local crystal field. 

Whereas, the lifetime of the 4I13/2 transition for the thin films was almost the 

same for all samples fabricated at different pressures. This shows that the 

argon pressure has no major impact on the fluorescence lifetimes of Er3+-

doped Ga-La-S. 

Finally, a large optical band gap was observed from the film prepared at the 

low deposition temperature. The decrease in band gap with the increase in 

deposition temperature is associated with an increase in film thickness, as 

well as structural modification of the thin films. The structural and optical 

properties of these films show their promising use in devices such as lasers 

and optical amplifiers opportunities. 
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Chapter 6: Germanium selenide (GeSe4) deposition and 

doping on silicon 

6.1 Introduction 

This chapter describes the deposition and doping of Ge and Se from 

germanium selenide (GeSe4) glass onto/into Si substrate (100) to fabricate 

Ge-Se layer or induced intermixing of the target with Si substrate by varying 

fs-PLD process parameters such as; fs-laser energy and substrate 

temperature. The surface morphological, structural, and optical properties 

of the as-deposited thin films were evaluated to ascertain parameters that 

are needed to deposit a uniform Ge-Se layer on a silicon substrate through 

the fs-PLD process. Doping of Ge and Se into silicon has been shown to 

provide a suitable candidate for infrared spectroscopy and 

telecommunication applications due to its strong transmission in the infrared 

range, from 0.9µm to 12µm [184, 330]. In this chapter, we present results of 

samples prepared from GeSe4 target that was prepared and provided by 

Jiangsu Normal University (School of Physics and Electronic Engineering). 

6.2 Target material: germanium selenide glass (GeSe4) synthesis 

The GeSe4 glass was synthesised by the conventional melt quenching 

technique use for ChGs [49, 187]. The method of preparation used by 

Jiangsu researchers is described as follows. 5N 99.999% purity germanium 

lumps and 6N 99.9999% purity selenium particles were weighed and loaded 

into a low-OH silica tube in a glove box filled with dry nitrogen. The tube 

containing the elemental materials was then connected to a vacuum 

system. Once the pressure was below 10-3 Pa, the tube was sealed using 

H2-O2 flame. After that, the tube was put into a rocking furnace, and heated 

to 850°C. After being homogenised at this temperature for 12 hours, the 

mixture in the tube was quenched in water. The formed glass was finally 

annealed at 160°C for 3 hours. Table 6.1 provides some of the optical and 

thermal properties of bulk GeSe4 glass material. 
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Table 6.1: Some properties of GeSe4 bulk glass [330, 331] 

 
 
 

 

 

        
 
Fig. 6.1: GeSe4 bulk glass (left) and GeSe4 bulk glass holder (right) which 

are used for fs-PLD. 

6.3 Influence of laser energies on the deposition of GeSe4 on Si (100) 

substrate 

Four samples (S20, S30, S40, and S50) were fabricated from the same 

target by varying the laser energies of the fs-PLD. Four different laser 

energies of; 20, 30, 40, and 50 µJ, were applied respectively, all other 

process conditions were kept constant. Table 6.2 below provides details of 

the deposition parameters for the four samples. 

Table 6.2: Deposition parameters employed to deposit GeSe4 onto silicon 

substrate 

Optical 

Refractive index  at 1.55 μm 2.35 

Approximate transmission range (µm) 0.9-12 
Thermal 

Glass transition temperature Tg (°C) 400 

Melting temperature (°C) 675 

Process parameter Operating conditions 

Substrate Silicon; dimensions 20 mm (L) × 12 

mm (W) × 675 μm (T) 
Target material GeSe4 
Target to substrate distance 70 mm 

Fs-laser repetition rate 1.0 kHz 
Fs-laser energy (sample ID) 20 µJ (S20), 30 µJ (S30), 40 µJ 

(S40), and 50 µJ (S50) 

Background gas pressure Under vacuum (10-6 mTorr) 
Substrate temperature  400°C  

Deposition time 4 hours 
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Fig. 6.2: SEM images of Ge-Se thin films deposited on silicon substrates at 
different laser energies; (a) 20 µJ, (b) 30 µJ, (c) 40 µJ, and (d) 50 µJ. 

SEM images of the deposited Ge-Se thin films at different laser energies 

are shown in Fig. 6.2 (a-d). The morphology of the deposited films was 

observed to be homogeneous, although the cluster sizes are observed to 

be increasing with energy. The thin film deposited with fs-laser energy of 

20µJ [Fig. 6.2 (a)] showed a relatively thinner particulate surface without 

apparent porosity or any cracks. However, as the fs-laser energy increased 

to 30 µJ, 40 µJ, and 50 µJ, the distribution of the grains on the substrate 

surfaces increased and became more compact [Fig. 6.2 (b-d)].  
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Fig. 6.3: XRD patterns of (a) pure silicon substrate (thickness = 675 µm), 
(b) GeSe4 bulk glass, and (c-f) Ge-Se thin films fabricated on silicon glass 
by fs-PLD at laser energies of; 20 µJ, 30 µJ, 40 µJ, and 50 µJ, respectively. 

Figure 6.3 shows the XRD patterns of the silicon substrate, GeSe4 bulk 

target glass, and Ge-Se thin films deposited at various laser energies. The 

XRD pattern obtained from the silicon substrate in Fig. 6.3 (a) exhibited a 

strong diffraction peak at approximately 2θ= 56.07°, which was indexed as 

the (311) plane and corresponded to Bragg reflection of cubic silicon [303-

305] based on the ICDD reference pattern No. 00-005-0565 for cubic silicon. 

In addition to this, the diffraction peak position at 2θ = ~37° (111) was 

identified as silica, correlating to the ICDD reference pattern No. 00-080-

4051. On the other hand, the XRD pattern of the bulk GeSe4 glass target in 

Fig. 6.3 (b) revealed four distinct wide-stretched amorphous halo structures 

centred at around 2q = 13°, 17°, 28°, and 51° without any sharp peak. These 

wide-stretched bands correspond to amorphous diffraction patterns of 

GeSe, GeSe2 and GeSe4 [49, 176, 186, 187, 332, 333]. 
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Further experiments were conducted to access the effect of laser energy on 

the Ge-Se thin film deposited using fs-PLD. The XRD patterns of the 

resulting samples S20, S30, S40, and S50 are also depicted in Fig. 6.3 (c-

d). XRD of the Ge-Se thin films deposited on the silicon substrate at different 

energies indicated the presence of Ge-Se crystallites. A broad band, 

amorphous structure observed for the target GeSe4 has been split into 

distinct diffraction peaks centred at 2q = 28° and 44.6°. These diffraction 

peaks were indexed to the ICDD reference pattern numbers 01-071-4730 

and 04-007-0120 for crystalline GeSe4. Furthermore, the various thin film 

samples also showed additional crystalline peaks at 2θ = ~36° and ~56°, 

which are not observed in the diffraction pattern of the silicon substrate. 

These peaks correspond to GeSe2 and Ge0.44Si0.56 as indexed with ICDD 

reference pattern numbers of 04-007-0120 and 04-006-2528. 
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Fig. 6.4: Raman spectra of (a) pure silicon substrate (thickness = 675 µm) 
and GeSe4 bulk glass, (b) Ge-Se thin films deposited on silicon substrate at 
different laser energies; 20 µJ, 30 µJ, 40 µJ, and 50 µJ. 

Figure 6.4 represents Raman spectra of the pure Si substrate, GeSe4 bulk 

glass, and as-deposited Ge-Se thin films at various fs-laser energies. The 

Raman spectra of the silicon substrate and GeSe4 target material is shown 

in Fig. 6.4 (a). The Raman spectrum of the silicon substrate revealed a 

sharp Lorentzian peak at ~520 cm-1, which is characteristic of a crystalline 

silicon peak and in good agreement with observations made by 

Khorasaninejad et al. [307]. Furthermore, another broad peak was also 

observed at ~1100 cm-1, which indicates the presence of an amorphous 

fraction of silica [307-310]. The Raman spectrum of GeSe4 bulk glass is also 

illustrated in Fig. 6.4 (a). This consists of four main broad regions, which are 

distinguishable. The robust and sharp peak at ~195 cm-1 assigned to Ge-

Se corner-sharing clusters of GeSe4 tetrahedral units vibration modes [178, 

334]. The vibration shoulder centred at ~215 cm-1 can be attributed to edge-

sharing Ge2Se8/2 bi-tetrahedra [178, 334]. While the broad band range from 
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225 to 280 cm-1 peaked at 259 cm-1 is also consistent with GeSe4/2 network 

matrix. Additionally, the broad vibration band with the maximum spike at 305 

cm-1 is associated with the edge-sharing asymmetrical stretching bonds 

[187]. The Raman bands are in good agreement with previously reported 

values [49, 176, 177, 186-189, 191, 214, 335]. 

Fig. 6.4 (b) also shows Raman spectra of all Ge-Se thin film samples 

deposited on Si substrate. The samples prepared with fs-laser energies of 

20 µJ (S20) and 30 µJ (S30) reveal Raman bands for the GeSe4 target 

glass, which are centred at ~195 cm-1, ~256 cm-1, and ~300 cm-1 correlate 

with Ge-Se, Se-Se, and Ge-Se bands, respectively [187, 189, 191]. 

However, the intensities of these peaks were quite weak in comparison to 

the target material shown in Fig. 6.4 (a). The single crystalline silicon peak 

observed from the silicon substrate was also detected at 520 cm-1. As the 

laser energy increased to 50 µJ (S50), the intensity of GeSe4 bands 

identified from the target materials also increased.  

6.4 Influence of substrate temperature on GeSe4 bulk glass doping into 

Si (100) substrate 

Based on the above results; the further investigation was carried out to 

study the effect on substrate temperature for depositing GeSe4 target 

material on the silicon substrate and optimise the process parameters. The 

fs-laser energy was kept at 40µJ as the SEM image of the sample fabricated 

at this energy revealed a relatively small density of droplets, uniformly 

distributed across the entire substrate [Fig. 6.2] when compared to the other 

specimens deposited at different fs-laser energies (20 µJ, 30 µJ, and 50 µJ). 

Moreover, XRD and Raman spectra [Fig. 6.3 and 6.4] exhibited Ge-Se 

crystalline phase peaks. So, the laser energy of 40 µJ was used to prepare 

samples reported in this section using varying the substrate temperatures. 

The substrate temperature at the point of deposition was changed starting 

from room temperature (25°C), 200°C, 400°C, to 600°C, while other 

deposition parameters were kept constant. Table 6.3 below provides details 

of deposition parameters for the four samples fabricated at substrate 

temperatures ranging from 25°C to 600°C. 
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Table 6.3: List of parameters employed to deposit GeSe4 on Si substrate 

by using different substrate temperatures 

6.4.1 Influence of substrate temperature on Ge-Se thin film (SEM) 

 

Fig. 6.5: FIB-SEM images of Ge-Se thin films deposited on silicon substrate 
at various temperatures; (a) 25°C, (b) 200°C, (c) 400°C, and (d) 600°C. 

Process parameter Operating conditions 

Substrate Silicon; dimensions 20 mm (L) × 

12 mm (W) × 675 μm (T) 
Target material GeSe4 

Target to substrate distance 70 mm 
Fs-laser repetition rate 1.0 kHz 

Fs-laser energy  40 µJ 

Background gas pressure Under vacuum (10-6 mTorr) 

Substrate temperature (sample ID) 25°C(S25), 200°C (S200), 
400°C (S400), and 600°C 
( S600) 

Deposition time 4 hours 
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Samples produced at different substrate temperatures during fs-PLD were 

examined on the SEM to observe changes to surface morphology and other 

characteristics of the as-deposited thin films. Figure 6.5 shows SEM images 

of each sample obtained at the same magnification (10,000 x). 

The sample fabricated at 25°C exhibited the presence of nanoparticles 

some with a spherical droplet-like morphology (circled) while another set 

had a pinhole-shaped morphology (squared) on the surface of the Ge-Se 

thin film. In addition, there appeared to be some level of homogeneity of the 

film with a relatively smooth surface profile and little or no particle 

agglomeration observed (Fig. 6.5 (a) and (b)) at 25°C and 200°C, 

respectively. However, as the substrate temperature was increased to 

400°C, the number of droplet-like nanoparticles on the thin film surface 

increased with the significant variations in particle size as depicted in Fig. 

6.5 (c) [with some of the large particles shown in yellowish circles]. Thus, it 

leads to an increase in surface roughness of the film. Furthermore, the 

sample deposited at a substrate temperature of 600°C exhibited larger 

droplets of particles in smaller quantity on the top surface of the thin film (in 

yellowish circles) [as depicted in Fig. 6.5 (d)] as compared to sample 

deposited at 400°C. This shows that as the substrate temperature increased 

from 400°C to 600°C, the surface roughness of the thin film decreased due 

to the evaporation of particles during deposition. Henceforth, such changes 

in surface roughness of the films via increased in substrate temperature can 

be related to the structural and chemical transformations of the deposited 

layer (disorder). 

Cross-sectional lamina of the Ge-Se thin films was obtained from the 

samples via FIB lithography and examined on the TEM. Fig. 6.6 (a-d) shows 

TEM images of the cross-sections of the investigated Ge-Se thin films 

obtained by using FIB lithography. 
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Fig. 6.6: TEM cross-section images of Ge-Se layer formed on silicon 
substrates by fs-PLD at various substrate temperatures; (a) 25°C (S25), (b) 
200°C (S200), (c) 400°C (S400), and (d) 600°C (S600). 

Figure 6.6 (a) shows a closer view of the TEM image of the Ge-Se thin film 

deposited at room temperature (25°C), which displayed a uniform cross-

section of Ge-Se layer sandwich between the coated FIB layer on top and 

pristine silicon. The cross-section of Ge-Se thin film looked darker than the 

silicon layer, as Ge and Se are heavier elements than the silicon. It is 

important to mention that the deposited Ge-Se layer was smooth without 

the presence of nanoparticle clusters or defects. Nevertheless, as the 

substrate temperature increased from 25°C to 200°C, the TEM image 

shows occasionally defects within the Ge-Se thin film layer. These defects 

may compose of a different phase of Ge-Se. The TEM cross-section of 

samples deposited at 400°C and 600°C clearly indicated that the substrate 

temperature has significant effects on the thin film thickness and quality, as 

shown in Fig. 6.6 [(c) and (d)]. The plan view of TEM images revealed an 
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average Ge-Se thin film thickness of about ~400 nm for at 25°C, ~150 nm 

for at 200°C, and ~7nm for at 400°C and 600°C. 

 

Fig. 6.7: Images of Ge-Se layer on silicon from sample S25 prepared at 
room temperature (25°C); (a) FIB-SEM image of the Ge-Se layer cross-
section, (b) cross-sectional BF-TEM image of Ge-Se layer, and (c) SAED 
pattern captured from the Ge-Se layer region confirming the amorphous 
state. 

Figure 6.7 (a) illustrates the cross-section of Ge-Se thin film layer fabricated 

at 25°C using FIB lithography. A clear distinction is observable between the 

Ge-Se layer and the underlying Si substrate layer. Fig. 6.7 (b) shows a 

cross-sectional TEM image of a high-quality Ge-Se film without crystalline 

grains. SAED pattern from the Ge-Se thin film layer reveals circular rings 

around the central spot, as illustrated in Fig. 6.7 (c), confirming the presence 

of amorphous structure in the Ge-Se thin film prepared at 25°C. 

6.4.2 Influence of substrate temperature on Ge-Se thin film (EDX 

spectroscopy) 

EDX analysis of the four TEM cross-sections of the thin films fabricated at 

various temperatures (25, 200, 400, and 600°C) was performed using 

STEM mode on the TEM to understand the elemental distribution within the 

thin film layer. EDX spectroscopy was also performed. The TEM cross-

sectional images of the deposited films and the results of EDX-STEM 

analysis of the films are presented in Figure 6.8 for each temperature 

variable. 
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Fig. 6.8: HAADF-STEM images and STEM-EDX elemental mapping 
images of Ge-Se thin film prepared on silicon at different temperatures; (a) 
25°C, (b) 200°C, (c) 400°C, and (d) 600°C. 

Elemental EDX-STEM maps of Si, Ge, Se, and O of the samples prepared 

at 25°C and 200°C are shown in Fig. 6.8 (a) and (b) without any intermixing 

of the deposited Ge-Se thin film with the silicon substrate and the thin silica 

layer on it. This show evidence that Ge, Se, and O elements are uniformly 

distributed relatively only in the thin film area. However, as substrate 

temperature increased to 400°C, it was observed that deposited Ge-Se 

layer started to mix with the silicon substrate at the interface. At 600°C, the 

STEM-EDX map showed that the deposited Ge-Se layer is entirely absent; 

however, Ge and Se are seen embedded within the silicon. Nanoparticles 

and ions are present in the plasma produced by fs-PLD. However, at higher 

temperatures the nanoparticles got evaporated from the substrate owing to 

their lower melting point/sublimation temperature. The ions that are present 

in the plasma therefore do not experience any hindrance and subsequently 

they implanted into the silicon substrate penetrating through the thin silica 

layer. They are however not seen within the thin silica layer on silicon 

through. It is believed that this is attributable to the implantation of Ge/Se 

ions produced in the fs-laser plasma into the silicon substrate. The 
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accumulation of Ge/Se ions within silicon crossing the silica layer of ~ 2-3 

nm is aided by the instantaneous evaporation of GeSe4 nanoparticles at this 

temperature on arrival at the substrate. The concentration of ions within the 

plasma compared to nanoparticles will be significantly lower based previous 

studies fs-laser plasma. The ions implanted within silicon can introduce 

strong intrinsic point defects and act as impurities [336, 337]. 

However, at a higher deposition temperature (600°C), the Se concentration 

dominates in the Ge-Se thin film layer in comparison to Ge. This may have 

resulted from the loss of Ge during the deposition process at elevated 

temperatures because of its volatility leading to preferential inclusion of Se 

in the thin films fabricated at higher temperatures. It has been previously 

reported that the depth of ion distribution and implantation depends on the 

ion kinetic energy, the target material, and the substrate temperature or 

surrounding the target [338]. 

 

 
 
Fig. 6.9: (a) A HAADF-STEM image, and (b) a line scan obtained from 

STEM-EDX showing that no silicon was detected at the Ge-Se film prepared 
on silicon at a lower substrate temperature (25°C). 
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Figure 6.9 shows the HAADF-STEM image and the line-scan EDX analysis 

of Ge, Se, Si, and O elements over the Ge-Se film fabricated at 25°C. A line 

scan of the HAADF-STEM image obtained from the sample deposited at a 

substrate temperature of 25°C is depicted in Fig. 6.9 (b). The elemental 

composition analyses of the Ge-Se thin film evidenced the presence of Ge 

and Se in the line-scanning and are well distributed within the Ge-Se thin 

film layer. 

 

Fig. 6.10: (a) A HAADF-STEM image, and (b) a line scan gained from 

STEM-EDX showing that silicon was detected at the Ge-Se film prepared 
on silicon at a higher substrate temperature (600°C). 

Figure 6.10 displays the HAADF-STEM image and the line-scan EDX 

analysis of Ge, Se, Si, and O elements over the Ge-Se film implanted at 

600°C. The line-scan of sample grown at 600°C is shown in Fig. 6.10 (b). It 

confirmed the presence of Se and Ge elements in the doped Si layer. 

Despite this, the line-scan intensity of elemental Ge is relatively low as 

compared to the sample fabricated at 25°C. The low intensity of Ge could 

be attributed to the loss or volatility of Ge ions in the plasma plume during 

the deposition, which affected the bond structure of the film.  
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In addition to this, the elemental composition of the Ge-Se thin film areas 

highlighted in Fig. 6.9 (a) and Fig. 6.10 (a) was evaluated. Figure 6.11 (a) is 

the TEM-EDX spectrum of a sample prepared at 25°C. It showed an atomic 

percentage of 0.4, 0.59, 25.41, and 73.6 at. % obtained for Si, O, Ge, and 

Se, respectively. This result confirmed that the thin film fabricated at 25°C 

had barely any Si and O and is wholly made up of elements from the GeSe4 

target. On the other hand, the TEM-EDX spectrum of the sample prepared 

at a higher substrate temperature (600°C) [Fig. 6.11 (b)] had a higher atomic 

percentage of Se (63.4 at. %) and Si (29.4 at. %) when compared to O (6.3 

at. %) and Ge (1.0 at. %).  

 

 

Fig. 6.11: TEM-EDX spectrum of the yellow region labelled in Fig. 6.9 (a) 
and 6.10 (a) of the doped layer on silicon for samples; (a) S25 prepared at 
room temperature (25°C) and (b) S600 prepared at 600°C. 
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6.4.3 Influence of different substrate temperatures on Ge-Se thin film 

(XRD spectroscopy) 

The phase composition of the Ge-Se thin films obtained at various substrate 

temperatures was also analysed using XRD and is shown in Fig. 6.12. XRD 

phase composition analysis enables us to have a better understanding of 

the temperature stability of the Ge-Se thin films deposited.  
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Fig. 6.12: XRD patterns of thin films fabricated on Si substrate by fs-PLD at 

various substrate temperatures; 25, 200, 400, and 600°C along with ICDD 
reference patterns for Ge-Se bulk glass. 

Figure 6.12 displays the XRD patterns of the Ge-Se thin films deposited at 

various substrate temperatures. The XRD patterns of the silicon substrate 

and GeSe4 target material are shown and discussed in Fig. 6.3.  

A further experiment was conducted to study the influence of substrate 

temperature on the Ge-Se thin film deposited with fs-PLD. The more intense 

diffraction peak at 2θ = 56° can be attributed to Ge-Se and silicon overlap 

diffraction pattern identified in all the thin film samples. The XRD patterns of 

samples fabricated at a substrate temperature of 25°C and 200°C exhibited 
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similar diffraction patterns with the peaks centred at 2θ = 15°, 29.5°, and 

43°, which are identical to the GeSe4 target. Furthermore, the two broad 

band features range from 2θ= 10° to 20° and 25° to 36° correlated with the 

amorphous structures identified from the target material. This correlated 

with the TEM-SAED pattern shown in Fig. 6.7 (c). The XRD pattern of 

sample S25 revealed additional peaks at 2θ =~27°, 38°, and 53°, which are 

indexed as the crystalline structure of the Ge-Se, as shown in Fig. 6.12. 

These diffraction peaks match with Ge-Se orthorhombic phase (ICDD 

reference code: 04-019-2560). However, as the substrate temperature 

increased to 400°C, the intensity of these broad amorphous diffraction 

bands diminished and disappeared completely. For instance, the GeSe4 

amorphous structures observed from the samples deposited at 25°C and 

200°C disappeared completely in the deposited sample at 600°C. The 

absence of GeSe4 amorphous diffraction patterns with a substrate 

temperature of 400°C and 600°C could be attributed to the Ge-Se thin film 

thickness (~7 nm) implanted in the silicon substrate, which may not be 

sensitive enough for the XRD instrument to detect [187]. 

6.4.4 Influence of various substrate temperatures on the Ge-Se thin 

film (Raman spectroscopy) 

Figure 6.13 represents Raman spectra of the as-deposited Ge-Se thin films 

at various substrate temperatures of 25°C, 200°C, 400°C, and 600°C. The 

Raman spectra of the silicon substrate and GeSe4 target material are shown 

and discussed in Fig. 6.4 (a). 

The Raman spectra of the four samples deposited at various substrate 

temperatures are shown in Fig. 6.13 with distinctive features. For instance, 

samples deposited at 25 and 200°C had a sharp high-intensity band at 195 

cm-1. This corresponded to the corner-sharing (CS) tetrahedral structures 

GeSe4/2 along with the edge-sharing (ES) tetrahedral structures peaked at 

214 cm-1. In addition to these structures, a shallow intensity shoulder 

centred at 170 cm-1 can be assigned to Ge-Se vibrational. A weaker 

vibration band of Ge-Se is also observed at 308 cm-1. The Raman bands 
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agree with the previously reported results [308, 335, 339]. However, the 

Raman vibration bands of the GeSe4 target disappeared completely at 

higher substrate temperatures (400 and 600°C), whereas the silicon band 

occurs at 520 cm-1 dominated. This is attributed to a lower level of Ge-Se 

material deposition on the silicon substrate. The Raman spectra of these 

thin films is in good agreement with the XRD results already discussed 

above.   
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Fig. 6.13: Raman spectra of Ge-Se thin films fabricated on Si substrate by 

fs-PLD at various substrate temperatures; 25, 200, 400, and 600°C. 

6.4.5 Influence of substrate temperatures on the Ge-Se thin film (UV-

Vis spectroscopy) 

Optical properties of Ge-Se films grown by fs-PLD at different substrate 

temperatures were measured at room temperature by using the UV–Vis–

NIR spectrophotometers in the 250-2000 nm wavelength range. The 
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absorption coefficient (𝛼) of the film has been obtained from the 

transmission via lambert formula in [see equation 2.1]. Besides, the optical 

band gap of Ge-Se thin film is determined by using Tauc’s relationship, 

which illustrated in equation [2.2]. 

In this study, 𝑛 = 1/2 corresponds to direct transition was utilised to 

estimate the optical band gap of all the thin films. The optical band gap (Eg) 

was obtained by extrapolating the linear portion of the curve to aℎu =  0, as 

illustrates in Fig. 6.14 and the values are shown in Table 6.4. The optical 

band gap of the Ge-Se films is in the range of 2.0-2.4 eV. According to Table 

6.4, the optical band gap slightly decreased as the substrate temperature 

increased, and the thin film thicknesses decreased. Similar results have 

been reported elsewhere for GeSe2, GeSe3, and Ge0.28Se0.72, [176, 177, 

179, 181, 188]. 
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Fig. 6.14: Absorption coefficient as a function of photon energy for different 
Ge-Se thin films. 
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Table 6.4: Optical energy band gap of Ge-Se films prepared at various 

substrate temperatures 

 
6.5 Conclusion 

In the present study, fs-PLD was employed to deposit and dope Ge-Se thin 

films on/in silicon (100) substrate at various laser energies and substrate 

temperatures. The effect of them on the structural and optical properties of 

Ge-Se thin films was investigated. The structural characterisation showed 

that laser energy and substrate temperature significantly impacted on the 

surface roughness and quality of Ge-Se film thickness deposited on the 

silicon substrate. For instance, as the substrate temperature increased the 

grain size of the nanoparticles on the film surface also increased. Cross-

sectional analysis of the Ge-Se thin film revealed that an increase in 

substrate temperature leads to a decrease in film thickness. The high 

substrate temperature also exhibits fs-PLD-assisted induced intermixing 

and ion implantation on the silicon. Optical properties of the Ge-Se thin films 

were also analysed by measuring the transmission spectra in wavelength 

ranging from 250 to 2000 nm. The associated interband transition of the 

Tauc relationship was found to be allowed and then used to estimate the 

optical band gap at various substrate temperature. It was observed that the 

optical energy band gap of the Ge-Se films decreased with increasing 

substrate temperature with estimated values ranging from 2.4 to 2.0 eV. 

 

 

 

 

 
Sample 

 

 
Substrate temperature 

TS (°C) 

 
Thickness 

d (nm) 

 
Optical energy 
band gap (eV) 

S25 25 400  2.4 

S200 200 15  2.4 
S400 400 ~7  2.3 

S600 600 ~7  2.0 
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Chapter 7: Germanium antimony selenide (Ge20Sb15Se65) 

deposition and diffusion on silicon 

7.1 Introduction 

In this chapter, results from the fabrication and characterisation of a Ge-Sb-

Se layer on/in Si substrate using fs-PLD is presented. Details of deposition 

and diffusion of Ge, Sb, and Se from (Ge20Sb15Se65) chalcogenide glass 

target onto/into Si substrate (100) to fabricate the Ge-Sb-Se layer or 

induced intermixing of the target with Si substrate are discussed. Fs-PLD 

process parameters such as; fs-laser energy and substrate temperature 

were varied. Surface morphological, structural, and optical properties of the 

as-deposited thin films were evaluated to understand better the relationship 

between deposition parameters and the properties of the thin film with the 

aim of pinpointing optimal conditions needed to fabricate a uniform Ge-Sb-

Se layer on the Si substrate. Understanding structure and optical properties 

in the thin films is essential for the effective usage of the film in devices. 

7.2 Target material: germanium antimony selenide (Ge20Sb15Se65) 

glass 

The Ge20Sb15Se65 glass was synthesised by the conventional melt 

quenching technique use for ChGs [46, 340]. The ingot of Ge20Sb15Se65 

glass target material employed in this research work was prepared and 

provided by Jiangsu Normal University-China (School of Physics and 

Electronic Engineering). Table 7.1 provides some of the optical and thermal 

properties of bulk Ge20Sb15Se65 glass material. 

Table 7.1: Some properties of Ge20Sb15Se65 bulk glass [341, 342] 

Optical 

Refractive index at 1.55 μm 2.6 

Approximate transmission range (μm)  1-14 

Thermal 

Glass transition temperature 𝑇𝑔 (℃) ~296 

Melting temperature (℃) ~850 
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Fig. 7.1: Ge20Sb15Se65 bulk glass (left) and Ge20Sb15Se65 target glass 
holder (right) used to fabricate Ge-Sb-Se thin film. 

7.3 Influence of laser energies on deposition of Ge20Sb15Se65 on Si 

(100) substrate 

Four different fs-laser pulse energies (20, 30, 40, and 50 µJ, respectively) 

were used in the deposition of the Ge20Sb15Se65 onto Si substrate. Table 7.2 

below lists the details of the four samples; Sb20, Sb30, Sb40, and Sb50, 

that were fabricated from the same target by varying fs-laser energies while 

maintaining all other process parameters fixed. 

Table 7.2: Fs-PLD parameters employed in deposition of Ge20Sb15Se65 
thin film on Si substrate by using various fs-laser energies 

Process parameter Operating conditions 

Substrate Silicon; dimensions 20 mm (L) 

× 12 mm (W) × 675µm (T) 

Target material Ge20Sb15Se65 

Target to substrate distance (𝒅𝒔𝒕) 70 mm 

Fs-laser repetition rate 1.0 kHz 

Fs-laser pulse energy (sample ID) 20 µm (Sb20), 30 µm (Sb30), 

40 µm (Sb40), and 50 µm 

(Sb50) 

Background gas pressure Under vacuum (10-6 mTorr) 

Substrate temperature  400°C  

Deposition time 4 hours 
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Fig. 7.2: SEM images of Ge-Sb-Se thin films deposited on silicon substrate 
at different laser energies; (a) 20 μJ, (b) 30 μJ, (c) 40 μJ, and (d) 50 μJ. 

The morphology of Ge-Sb-Se thin films prepared by fs-PLD using different 

laser energies was examined on an SEM [Fig. 7.2]. The samples fabricated 

using 20 and 30 µJ laser energies  [Fig. 7.2 (a) and (b)] showed a relatively 

uniform thin films surface with no apparent porosity or cracked observed. 

However, the sample produced with laser energy 40 µJ contained a few 

particles on the substrate surface [as shown in yellow circles in Fig. 7.2 (c)]. 

Furthermore, the sample fabricated by laser energy of 50 µJ [Fig. 7.2 (d)] 

also showed the presence of a minor quantity of the particle droplets as 

compared to Fig. 7.2 (c).  

The crystalline properties of the as-deposited Ge-Sb-Se thin films were 

investigated using XRD.  
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 Fig. 7.3: XRD patterns of a pure silicon substrate (thickness = 675 μm) and 
Ge20Sb15Se65 bulk glass. 

Figure 7.3 shows the XRD patterns of the silicon substrate, Ge20Sb15Se65 

bulk target glass, along with ICDD reference patterns for silicon and silica. 

The XRD pattern obtained from the silicon substrate glass shows a 

predominant diffraction peak centred at 2θ = 56° (311) [303-305]. The 

silicon peak is in good agreement with ICDD reference code: 00-005-0565 

for cubic silicon. In addition to this, the XRD peak positioned at ~38° (111) 

matches with the formation of silicon oxide cubic phase as indexed by ICDD 

reference code: 01-080-4051. On the other hand, the XRD pattern of the 

bulk Ge20Sb15Se65 glass target reveals three distinctive wide-stretched 

halos amorphous structures centred at 2θ = 13°, 17°, 28°, and 51° without 

any sharp peak observed. These broad humps correspond to the 

amorphous diffraction patterns of Ge20Sb15Se65 [207, 343, 344]. 
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Fig. 7.4: XRD patterns of Ge-Sb-Se thin films fabricated on Si glass 
substrates by fs-PLD at various laser pulse energies; (a) 20 µJ, (b) 30 µJ, 
(c) 40 µJ, and (d) 50 µJ along with ICDD reference patterns for Ge-Sb-Se 

bulk glass. 

Figure 7.4 shows the XRD patterns of each of the Ge-Sb-Se thin films 

deposited on the silicon substrate using laser pulse energies of 20, 30, 40, 

and 50 µJ, respectively. From the XRD patterns of these thin films, it can be 

deduced that the (311) silicon and (111) silica planes had relatively higher 

intensities. Further analysis of the XRD pattern of sample Sb20 deposited 

using 20 µJ laser energy [Fig. 7.4 (a)] reveals two broad weak peaks centred 

at 2θ = ~28° and 43°, which demonstrate antimony selenide orthorhombic 

phase (Sb2Se3) [345, 346] and germanium selenide tetragonal phase 

(GeSe2) grown in the thin film [347, 348]. This observation implies that the 

Ge-Sb-Se thin film deposited using 20 µJ laser energy is an amorphous 

nature. In addition to this, the XRD pattern of sample Sb30 (sample 

deposited by utilising laser pulse energy of 30 µJ [Fig. 7.4 (b)]) shows the 
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appearance of several diffraction peaks of 2θ = 26°, 27°, 42°, and 43°. The 

diffraction peaks at 27° and 35° correspond to the formation of Sb2Se3 with 

the ICDD reference code: 01-083-7429, while the diffraction peak at 2θ = 

~53° is assigned to the GeSe2 crystalline structure with ICDD reference 

code: 00-051-1324. On the other hand, XRD patterns of the samples Sb40 

and Sb50 [Fig. 7.4 (c) and (d)] are identical to the sample Sb20 with 

relatively low intensities of the diffraction patterns. The reduction in 

intensities of these two samples could be associated with a decrease in 

crystallinity as compared to sample Sb30. According to XRD data, the 

deposited Ge-Sb-Se thin film samples could either be amorphous or 

crystalline depending on the process of laser energy or fluence. For 

example, the phase of samples Sb20, Sb30, Sb40, and Sb50 correspond 

to amorphous (20 µJ), crystalline (30 µJ), amorphous (40 µJ), and then 

amorphous (50 µJ) as a result of the cooling rate of the nanoparticles of the 

thin film. 
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Fig. 7.5: (a) Raman spectra of a pure Si substrate (thickness = 675 μm), 
Ge20Sb15Se65 bulk glass, and Ge-Sb-Se thin films deposited on Si substrate 
at different laser pulse energies; 20 µJ, 30 µJ, 40 µJ, and 50 µJ, (b) The 
Gaussian decomposition of the vibration Raman spectra of Ge20Sb15Se65 
bulk glass. 

Figure 7.5 (a) represents the Raman spectra of Si substrate, Ge20Sb15Se65 

bulk glass, and as-deposited Ge-Sb-Se thin films at various fs-laser pulse 

energies. The Raman spectrum of Si substrate reveals a sharp Lorentzian 

peak at ~520 cm-1, which corresponds to a crystalline silicon peak and is in 

good agreement with observations made by Khorasaninejad et al. [307, 

308]. A second broad weak peak is also observed at ~1100 cm-1, which can 

be attributed to the presence of an amorphous fraction of silica [308-310].  

The Gaussian decomposition of the vibration Raman spectra of the 

Ge20Sb15Se65 target glass is also shown in Fig. 7.5 (b). The general features 

of this spectrum include: (a) a prominent peak at ~152 cm−1, which has been 

ascribed to heteropolar of Sb-Sb bond vibrations [204, 214, 349-351]; (b) 

the shoulder at 170 cm-1 is ascribed to the vibration of Ge-Ge bonds 

structure by cross-linked Ge atoms in the Ge2Se6/2 chains (Se3Ge-GeSe3 

units) [204, 207, 210, 343, 344, 351-354]. This shoulder decreases with the 

addition of Sb [351]. Furthermore, the shoulder at 190 cm-1 is attributed to 

heteropolar Sb-Sb bond vibrations in the SbSe3/2 pyramids [51, 204, 208, 

215, 343, 344, 349-351]. The band at 200 cm-1 with a shoulder at 215 cm-1 
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is assigned to the corner-sharing (CS) and edge-sharing (ES) GeSe4/2 

tetrahedral, respectively [51, 200, 215, 354-359]. However, this peak 

appears to be unclear in the Raman spectra because of its overlapping with 

the Ge-Se vibrational bands and a low Sb concentration in the investigated 

glass. The broad, low-intensity Raman band at 256 cm-1 and 266 cm-1 with 

a shoulder at 300 cm-1 is due to the vibration of Sen rings and Se-Se chains, 

respectively [51, 210, 343, 353-358]. 

Figure 7.5 (a) also shows the Raman spectra of the Ge-Sb-Se thin films 

deposited at various fs-laser pulse energies. The sample prepared with 

laser energy of 20µJ (Sb20) reveals no assigned Raman bands of the Ge-

Sb-Se glass, but crystalline peaks of silicon and silica of the silicon substrate 

as already discussed above. By increasing the laser energies from 20 µJ to 

30 µJ (Sb30), 40 µJ (Sb40), and 50 µJ (Sb50), the Raman spectra reveal a 

band with the maximum peak intensity centred at around 152 cm−1. This 

correlates with the vibrations of Sb−Sb. 

7.4 Influence of substrate temperature on Ge20Sb15Se65 bulk glass 

doping into Si (100) substrate 

Based on the results and analysis presented in section 7.3, further 

experimental investigations were conducted on the Ge-Sb-Se thin film 

deposited using 40 µJ fs-pulsed laser energy. The effect of varying the 

temperature of the silicon substrate after the deposition of the Ge20Sb15Se65 

target bulk glass on the silicon substrate was explored in a bid to optimise 

the process parameters. The fs-pulsed laser energy of 40 µJ was selected 

based on the surface morphological studies of the SEM images shown in 

Fig. 7.2. As the sample fabricated at this energy exhibited smaller droplets 

of uniform nanoparticles distributed across the entire surface of the 

substrate. In this section, 40µJ laser energy was focused on the rotational 

target with the substrate temperatures of 25, 100, 200, 300, 400, and 600°C, 

while keeping the other deposition parameters constant. Details of the six 

fabricated samples at different substrate temperatures ranging from 25 to 

600°C are presented in Table 7.3 below. The surface morphology, 

thickness, and chemical composition of all Ge-Sb-Se thin film samples 
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fabricated at various substrate temperatures were characterised using 

SEM, FIB-TEM, EDX analyser, XRD, and Raman spectroscopy, while the 

optical band gap energy of the Ge-Sb-Se thin films was determined from 

the UV–Vis/NIR spectrometer transmission measurement. 

Table 7.3: List of parameters employed to fabricate Ge20Sb15Se65 bulk 

glass into Si substrate by using different substrate temperatures 

7.4.1 Surface morphology and EDX-mapping of Ge-Sb-Se thin films 

deposited at various substrate temperatures 

Figure 7.6 shows the surface morphology of Ge-Sb-Se thin films deposited 

at substrate temperatures of 25, 200, 400, and 600°C. The SEM images 

clearly show that the substrate temperature has a significant effect on the 

surface morphology quality of the Ge-Sb-Se thin films. 

Process parameters Operating conditions 

Substrate Silicon; dimensions 20 mm (L) × 12 

mm (W) × 675 μm (T) 

Target material Ge20Sb15Se65 

Target to substrate distance 

𝒅𝒔𝒕 

70 mm 

Fs-laser repetition rate 1.0 kHz 

Fs-laser energy  40 µJ 

Background gas pressure Under vacuum (10-6 mTorr) 

Substrate temperature 
(sample ID) 

25°C (Sb25), 100°C (Sb100), 200°C 
(Sb200), 300°C (Sb300), 400°C 
(Sb400), and 600°C (Sb600). 

Deposition time 4 hours 
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Fig. 7.6: FIB-SEM images showing the surface morphology of Ge-Sb-Se 

thin film grown at different substrate temperatures; (a) 25°C, (b) 200°C, (c) 
400°C, and (d) 600°C. 

It can be observed that the surface morphology varied with particles size or 

surface roughness as substrate temperature increases. The thin film 

samples prepared at 25°C and 200°C clearly are quite rough with large 

particles size on the surface, as shown in Fig. 7.6 (a) and (b), respectively. 

They also exhibited distinctively spherical particles with well-defined 

boundaries. However, as the substrate temperature increased from 25°C to 

200°C, the particle droplets on the substrate surface slightly decreased, it 

can be seen that the surface roughness improved significantly on increasing 

substrate temperature.  For instance, at the substrate temperature of 400°C, 

smaller nanoparticle droplets are produced with different sizes on the Ge-

Sb-Se thin film surface, as depicted in Fig. 7.6 (c). Moreover, when the 

substrate temperature increased to 600°C, the Ge-Sb-Se’s thin film surface 

looked relatively smoother without any distinct structures being observed.       
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Further investigation was conducted to identify the elemental composition 

of thin films using SEM-EDX mapping. Figure 7.7 (a) and (b) shows the 

SEM-EDX spectra of sample surfaces grown at higher temperatures 400°C 

and 600°C, respectively. As presented in Fig. 7.7 (a), the SEM-EDX 

spectrum of Ge-Sb-Se thin film prepared at 400°C detected elemental 

concentrations of Si (74.90 at. %), O (24.42 at. %), and Sb (0.68 at. %). The 

SEM-EDX spectrum of sample surface prepared at 600°C (Fig. 7.7 (b)) only 

indicates a high concentration of Si (96.96 at. %). The result shows that the 

concentration of Si dominates as compared with the individual elemental 

component of the Ge-Sb-Se target material. 

 

 

Fig. 7.7: SEM-EDX spectrum and the elemental quantitative data of the Ge-
Sb-Se surface prepared at; (a) 400°C (sample Sb400) and (b) 600°C 

(sample Sb600). 
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Fig. 7.8: TEM cross-section images of the Ge-Sb-Se thin film fabricated on 
Si substrate by fs-PLD at various substrate temperatures; (a) 25°C (Sb25), 
(b) 200°C (Sb200), (c) 400°C (Sb400), and (d) 600°C (Sb600). 

The FIB technique was employed to prepare cross-sections of the Ge-Sb-

Se thin films deposited at various substrate temperatures on Si substrate 

for TEM analysis. TEM images of the Ge-Sb-Se thin film cross-sections at 

different substrate temperatures are shown in Fig. 7.8. The images depicted 

variation in the film thickness as the substrate temperature increased. It was 

observed that the thickness of the Ge-Sb-Se thin films reduced significantly 

with increasing substrate temperature. Such observation could probably be 

due to the low coefficient of adhesion of several elements and increased 

density by crystallisation at high temperature. Film thicknesses of 480 nm, 

275 nm, 30 nm, and ~18 nm correspond to samples deposited at the 

substrate temperature of 25, 200, 400, and 600°C, respectively. It was also 

observed that the cross-section samples prepared at 25 and 200°C were 
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smooth without defects and pores. On the contrary, thin films grown at 400 

and 600°C, showed defects on their cross-sections. 

 

Fig. 7.9: (a) Cross-sectional BF-TEM image of the Ge-Sb-Se layer on 
silicon from sample Sb25 prepared at 25°C, (b) SAED pattern captured from 
silicon substrate region, (c and d) SAED pattern captured from different 
areas of Ge-Sb-Se layer. 

Figure 7.9 (a) contains a cross-sectional BF-TEM image of the Ge-Sb-Se 

thin film layer prepared on a silicon substrate at room temperature (25°C). 

It exhibited a high-quality Ge-Sb-Se film without any crystalline grains. The 

SAED patterns in Fig. 7.9 (b-d) show a clear distinction between the Ge-Sb-

Se thin film layer and the underlying substrate silicon. The SAED pattern of 

the silicon substrate region depicted in Fig. 7.9 (b). The SAED patterns from 

different Ge-Sb-Se film regions are shown in Fig. 7.9 (c) and (d), which 

revealed circular rings around the central spot confirming the presence of 

an amorphous structure in the Ge-Sb-Se thin film grown at room 

temperature (25°C). 
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Fig. 7.10: (a) Cross-sectional BF-TEM image of the Ge-Sb-Se layer on 
silicon from sample Sb200 prepared at 200°C, (b) SAED pattern captured 
from silicon substrate region, (c-e) SAED pattern captured from different 

areas of Ge-Sb-Se layer. 

Figure 7.10 (a-e) shows a BF-TEM image of the Ge-Sb-Se thin film layer 

deposited on a silicon substrate at 200°C and corresponding SAED patterns 

of the regions marked 1, 2, 3, and 4 on the silicon and the Ge-Sb-Se film 

[Fig. 7.10 (a)]. Figure 7.10 (b) represents SAED patterns taken from the 

cross-section of the silicon layer, which exhibits a single crystal structure. In 

contrast, Fig. 7.10 (c-e) corresponds to the SAED image captured from 

different areas of the Ge-Sb-Se thin film layer. The SAED patterns shown 

in Fig. 7.10 (c) and (d) consist of a circular ring around the centre spots, 

which confirm the presence of poly-crystallisation structure. On the other 

hand, the SAED pattern in Fig. 7.10 (e) also exhibited broad diffuse [marked 

4] confirms the presence of nanocrystallites of Ge20Sb15Se65 crystals. 
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7.4.2 TEM-cross-sectional analysis of the Ge-Sb-Se thin film deposited 

at various substrate temperatures 
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Fig. 7.11: HAADF-STEM images and STEM-EDX elemental mapping 
images of Ge-Sb-Se thin films prepared on silicon at (a) 25°C, (b) 200°C, 
(c) 400°C, and (d) 600°C. 

EDX analysis of fabricated thin films at different temperatures (25, 200, 400, 

and 600°C) is also performed to identify the elemental distribution within the 
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thin film layers. The elemental mapping of the thin film samples clearly 

shows the presence of Si, O, Ge, Sb, and Se in the thin films as depicted in 

Fig. 7.11 (a-d). The sample fabricated at room temperature (25°C) exhibited 

a homogenous thin film without defects [Fig. 7.11 (a)]. Moreover, a uniform 

distribution of the elemental composition consists of; Ge, Sb, and Se can be 

seen on the top of the Si layer without any evidence of the intermixing. 

Surprisingly, the EDX mapping measurement revealed Sb cluster of 

particles within Ge-Sb-Se layer, which are circled in Fig. 7.11 (a). The 

presence of oxygen can be observed at the interface between the silicon 

substrate and Ge-Sb-Se thin film layer. 

As the substrate temperature increased to 200°C, elements such as Ge, Sb, 

and Se became uniformly distributed across the entire thin film without any 

cluster of nanoparticles as in the case of Fig. 7.11 (a). However, no 

intermixing between the Ge-Sb-Se film deposited and the silicon substrate 

network is observed.  

The Ge-Sb-Se thin film fabricated at the substrate temperature of 400°C is 

considerably different from the previous films [Fig. 7.11 (a) and (b)]. From 

Fig. 7.11 (c), it is observed that the Ge-Sb-Se deposited has diffused slightly 

into the top surface of the silicon substrate to form a single layer. However, 

no germanium atom is observed in this thin film according to the EDX 

elemental mapping [shown in Fig. 7.11 (c)].  

At a substrate temperature of 600°C [Fig. 7.11 (d)], the diffusion length of 

Ge-Sb-Se into the silica-on-silicon substrate increased as compared to thin-

film shown in Fig. 7.11 (c). The difference between Figure 7.11 (c) and (d) 

can be attributed to an increase in the surface diffusion constant as the 

substrate temperature increases. Ge and Sb ions initially diffused within the 

grain boundaries of the SiO2 and then intercalated in the Si layer, as shown 

in Fig. 7.11 (d). Notably, Ge atoms can be separated from the SiO2 layer to 

interact with Si when deposited at 600°C. Selenium also intercalated 

diffused to the SiO2 layer, as illustrated in Fig. 7.11 (d). These findings 

reveal that Ge, Sb, and Se ions can easily be made to mix and inter-diffuse 

with silicon substrate by adjusting the fs-PLD processing parameters, such 
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as substrate temperature, laser fluence, substrate -to- target distance, and 

chamber pressure.  
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Fig. 7.12: HAADF-STEM images and STEM-EDX line scans were detected 
Ge-Sb-Se thin film prepared on silicon at different substrate temperatures; 
(a) 25°C, (b) 200°C, (c) 400°C, and (d) 600°C. 
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Figure 7.12 shows HAADF-STEM images and STEM-EDX line scans 

analysis employed to investigate the uniformity of elemental signals, such 

as Ge, Sb, Se, Si, and O on Ge-Sb-Se thin films prepared at various 

substrate temperatures. The dashed lines indicate the boundaries between 

the coated surface-thin film-silica-on silicon substrate. As shown in Fig. 7.12 

(a) and (b), the line scans indicate that there is no inter-diffusion between 

the Ge-Sb-Se thin films with the silica-on-silicon substrate. The elemental 

profiles of Ge, Sb, Se, Si, and O are uniform across the entire thin film 

thickness with the intensities been an exact representation of the 

stoichiometry ratio. It is essential to mention that Si signal was relatively 

lower at both the top surface and within the thin film thickness, however, 

relatively higher at the bottom (silicon substrate), respectively. 

Figure 7.12 (c) shows the STEM-EDX line scan acquired along the line 

shown in the HAADF-STEM image of Ge-Sb-Se thin film prepared at 400°C. 

It is observed that the Sb and Se have diffused into silica layer to form a 

uniform layer comprises of antimony-selenide-silica (abbreviated as Sb-Se-

Si-O). However, Ge signal is not detected in this film. The STEM-EDX line 

scan signals for the elemental profile of Ge, Sb, Se, Si, and O across the 

thin film exhibited similar lateral non-uniformities, which indicate inter-

diffusion of the Ge-Sb-Se with the top surface of silica-on-silicon substrate. 

Figure 7.12 (d) shows another HAADF-STEM image and the corresponding 

STEM-EDX line scan captured from the Ge-Sb-Se thin film prepared at 

600°C. The compositional distribution of Ge, Sb, Se, Si, and O elements in 

an individual nanoparticle was detected by an EDX line scanning analysis 

(marked by an arrow). Once again, Sb is diffused into silica and silicon 

layers while Se is diffused into silica, forming a uniform layer of Si-O-Sb-Se 

identical to Fig. 7.12 (c). It is also observed that the Ge distribution can be 

found only in the range of 6 nm of the silicon layer, which indicates that this 

particular thin film prepared has elemental compositions dominated by Si, 

O, and Sb from those prepared as discussed before. This observation is in 

good agreement with the results of corresponding STEM-EDX elemental 

mapping shown above in Fig. 7.11. 
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Fig. 7.13: TEM-EDX spectrum of the yellow regions labelled in Fig. 7.11 (a-
d) of HAADF-STEM images for the doped layer prepared on silicon at 
different temperatures; (a) 25°C (sample Sb25), (b) 200°C (sample Sb200), 
(c) 400°C (sample Sb400), and (d) 600°C (sample Sb600). 

In addition, the TEM-EDX spectra are depicted in Fig. 7.13 for the yellow 

marked regions in Fig. 7.13 (a-d) of HAADF-STEM images. The EDX 

spectra shown in Fig. 7.13 (a) and (b) have higher Se-L peak intensity in 

comparison to the Ge-K+L and Sb-M+L intensities for the thin film samples 

prepared at 25°C and 200°C, respectively. The Ge, Sb, and Se elements 

were found to be uniformly and homogeneously distributed across the whole 

plane-view of the thin film on silica-on-silicon substrate with no other 

impurities detected. On the other hand, the EDX spectra in Fig. 7.13 (c) and 

(d) are for the films prepared at 400°C and 600°C, respectively. These 

figures show Si and O peak intensities are higher than those of Ge, Sb, and 

Ge, which could be due to the target elements intermixing with the silica-on- 

silicon substrate at higher temperatures as reported in TEM-EDX line scan 

results in Fig. 7.12. 

Further investigation was conducted to determine the chemical composition 

of Ge-Sb-Se thin films deposited at different substrate temperatures. The 

tables summarised in Fig. 7.13 (a-d) indicate elemental composition in each 

sample prepared. The Ge–Sb–Se thin film on a silica-on-silicon substrate at 

room temperature (25°C) had chemical compositions closely resembling 

that of the bulk Ge20Sb15Se65 target glass. For instance, the chemical 

compositions of the sample deposited at 25°C are as follows: Ge (19.43 at. 
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%), Sb (16.63 at. %), and Se (62.28 at. %). Similar results have been 

previously reported for Ge–Sb–Se thin film fabricated using conventional 

radio frequency (13.56 MHz) magnetron co-sputtering method [215] at room 

temperature. However, sample deposited at higher substrate temperatures, 

such as 200°C, 400°C, and 600°C has lower concentrations of Ge, Sb, and 

Se with slight variations in their ratios. 

7.4.3 XRD characterisation of the Ge-Sb-Se thin film deposited at 

different substrate temperatures 
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Fig. 7.14: XRD patterns of thin films fabricated on Si glass substrates by fs-
PLD at various substrate temperatures; 25, 100, 200, 300, 400, and 600°C. 

Figures 7.14 shows the XRD patterns of the Ge-Sb-Se thin films deposited 

at substrate temperatures of 25, 100, 200, 300, 400, and 600°C under 

vacuum (10-6 mTorr) along with ICDD reference patterns for Sb2Se3 and 
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GeSe2. The XRD patterns were recorded with a 2θ range from 10° to 60° in 

a step size of 0.033°. The XRD patterns of all the samples shown 

predominant diffraction peaks at 2θ = 56° (311), which correspond silicon 

cubic phase (ICDD reference code: 00-005-0565). In addition, the diffraction 

peak position at 2θ = 38° (111) correlates with the formation of silicon oxide 

cubic phase (ICDD reference code: 01-080-4051). Besides, the XRD 

pattern of the Ge-Sb-Se thin films prepared at the substrate temperatures 

of 25°C and 100°C consist of two broad band peaks, which range from 2θ 

=10 to ~20° and 25 to ~47°. The presence of these two broad peaks 

indicates that the thin films as-fabricated at these substrate temperatures 

(25 and 100°C) are made up of an amorphous structure. This observation 

corroborates with the information obtained from SAED patterns of the same 

samples, as shown in Fig. 7.9. The amorphous structure may be attributed 

to the lack of crystallisation of Ge-Sb-Se thin film at a low temperature of ≤ 

200°C. The amorphous nature of Ge-Sb-Se films is characterised by three 

broad diffuse scattering halos confirming a long-range structural disorder 

characteristic of the amorphous network of chalcogenide glasses. When the 

substrate temperature increases above 100ºC, the Ge-Sb-Se thin film starts 

to lose its amorphous structure. By increasing the temperature to 200°C, the 

diffraction peaks appear, which indicate that the Ge-Sb-Se amorphous 

structure has been crystallised. The diffraction peaks centred at 2θ = 17°, 

28°, and 53° match those for germanium selenide tetragonal phase (GeSe2 

(101), (112), and (312); ICDD reference code: 00-051-1324). The diffraction 

peaks at ~15°, 32°, 35°, and 45° correlated with antinomy selenide 

orthorhombic phase (Sb2Se3 (200), (013), (312), and (020); ICDD reference 

code: 01-083-7429). A similar observation has been reported elsewhere by 

Shaaban et al. [360]. Moreover, the diffraction pattern of thin film deposited 

at 300°C shows an increase in the intensity of SiO2 and Si peaks, while 

diminishing the intensities of the GeSe2 and Sb2Se3 crystalline structures. 

The absence of Ge20Sb15Se65 peaks at the substrate temperatures of 400°C 

and 600°C is attributed to smaller Ge-Sb-Se thin films, as well as the lower 

concentrations of the Ge20Sb15Se65 target elements, which is confirmed by 

TEM-EDX spectrum depicted in Fig. 7.13. 
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7.4.4 Influence of substrate temperature on the Ge-Sb-Se thin film 

(Raman spectroscopy) 
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Fig. 7.15: Raman spectra of (a) Ge-Sb-Se thin films prepared on silicon at 
different substrate temperatures, and (b) comparison of the main peaks for 

all samples. 
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The vibration structure of bulk and corresponding thin films was examined 

using Raman scattering spectroscopy. The Raman spectra of the silicon 

substrate and Ge20Sb15Se65 target material are shown and discussed in Fig. 

7.5. The Raman spectra of the Ge-Sb-Se thin film at various substrate 

temperatures are given in Fig. 7.15 (b) with their Gaussian decomposition 

peaks. 

As shown in Fig. 7.15, the Raman spectra of the Ge-Sb-Se thin films grown 

at low temperatures ≤ 200°C demonstrate broad bands, which are identical 

to the bulk glass indicating the presence of an amorphous material. This 

result is supported by XRD and SAED patterns of the Ge-Sb-Se thin film 

samples. At a substrate temperature of 300°C, the broad band peaks of the 

Ge20Sb15Se65 bulk glass disappeared completely, while the silicon and silica 

predominate with increasing intensities [Fig. 7.15 (a)]. It is worthy of note, 

that though the respective locations of Si peak at ~520 cm−1 are similar for 

all deposited films expect the thin film fabricated at 200°C, the peak intensity 

varied with an increase in substrate temperature. With the Ge-Sb-Se thin 

films prepared at 25°C and 100°C, the Si peak has a low intensity. At 200°C, 

the peak disappeared. Whereas, increasing the substrate temperatures to 

300, 400, and 600°C, the intensity of Si characteristic peaks became 

enhanced. Similar behaviour was also seen with the SiO2 peak in Raman 

spectra shown in Fig. 7.15 (a).  

The Raman spectra of the Ge20Sb15Se65 glassy target [Fig. 7.5 (b)] and 

corresponding fs-PLD Ge-Sb-Se thin films present several bands in the 

range between 150 and 325 cm−1 [Fig. 7.15 (b)]. According to previously 

reported, Raman vibration peak values for Ge-Sb-Se: (i) the peak at ~151 

cm−1 in the films grown can be described to vibrations of Sb−Sb [204, 214, 

349-351]. However, this peak has a weak intensity in Raman spectrum for 

the thin film sample prepared at a temperature below 400°C. The reason for 

this vibration band being weak could be related to the overlap of Ge-Ge and 

Ge-Se vibrational modes of corner linked [GeSe4/2] tetrahedra. However, as 

the substrate temperature increase, the vibration band centred at 151 cm-1 

reappear with increasing intensity as shown by samples fabricated at 400°C 
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and 600°C. (ii) The distinct broad vibration band at around 170 cm−1 can be 

attributed to the presence of Ge−Ge vibrations [204, 210, 351-354]. (iii) The 

vibration mode at 190 cm−1 is attributed to Sb-Se bond in SbSe3/2 [51, 204, 

208, 214, 215, 349-351]. The SbSe3/2 vibrational pyramid band disappear 

as the substrate temperature increase, which is due to the decreased in Se 

concentration during the fabrication process. (iv) The vibration band peaked 

at 206 cm−1 and its shoulder at 222 cm−1 can be attributed to the heteropolar 

Ge-Se bonds in the corner-sharing and the edge-sharing GeSe4/2 

tetrahedral, respectively [51, 200, 215, 355-359]. (v) The broad Raman 

band observed at ~265 cm−1 is attributed to the vibration mode of Se–Se 

bond [210, 353, 354, 360]. The broad nature of the band at ~265 cm−1 stems 

from a distribution widening of Se–Se vibration modes related to bond 

angle/lengths distortions in the amorphous state. This broad band was 

considered for Ge–Ge bonds vibration modes (in Ge–GemSe4−m, m=1, 2, 3, 

4 structural units) already observed in amorphous GeSe4, which exhibits a 

wide band centred at ~270 cm−1 with a shoulder at ∼170 cm−1 [204]. 

7.4.5 Determining optical band gap of the Ge-Sb-Se thin film (UV-Vis 

spectroscopy) 

The optical transmission spectra of the Ge-Sb-Se thin films prepared at 

different substrate temperatures were measured using the UV–Vis–NIR 

spectrometer in the wavelength range of 300 to 2000 nm. The absorption 

edge of the Ge-Sb-Se thin films is compatible with the electron transitions 

from valance band to conduction band. Fig. 7.16 shows the band gap 

energies of the Ge-Sb-Se thin films, which was estimated by employing 

empirical [see equation 2.1]. 

In this study, 𝑛 = 2 (which corresponds to the indirect electron transition), 

was used to estimate the optical band gaps of various thin films. The 

absorption coefficient α was also obtained from the transmittance data using 

the relation (2.2) mentioned in chapter 2. The optical band gap energies (Eg) 

obtain from of the Ge-Sb-Se thin films with different substrate temperatures 

are listed in Table 7.4. 
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It can be seen that the calculated optical band gap energy increase from 1.4 

to 1.9 eV for films as the substrate temperature increase. The minimum 

optical band gap (1.4 eV) could be found in the Ge-Sb-Se thin film, prepared 

at 25°C. However, the energy band gap values of all the films are very close 

to the optical band gap of the bulk glass Ge20Sb5Se75 and Ge20Sb10Se70 at 

~1.6 eV [198, 361]. Similar results have been reported previously [207] for 

sputtered Ge-Sb-Se films with ~1.9 eV (Tauc relation) and ~1.65 eV by 

Balan et al. [362] for sputtered Ge-Sb-Se films. In addition, these values are 

in agreement with data reported by Halenkovič at al. [215] on Ge28Sb12Se60 

thin film with an optical band gap of 1.74 ± 0.02 eV. The increase in the 

optical energy band gap of Ge-Sb-Se films can be attributed to the 

decreased in thin films thickness as the substrate temperature increase, 

which can be explained on the based on the chemical-bond approach 

proposed by Bicerano and Ovshinsky [363]. For instance, the energies 

between various bond structures involve namely the heteropolar Ge-Se 

(206.77 kJ/mol), Sb-Se (183.89 kJ/mol) bonds, and the homopolar Ge-Ge 

(157.32 kJ/ mol), respectively [207]. 

Table 7.4: Optical energy band gap of the Ge-Sb-Se thin film prepared 

at various substrate temperatures 

 

 
sample 

 

 
Substrate 

temperature TS (℃) 

 
Thickness 

d (nm) 

 
Optical energy 
band gap (eV) 

Sb25 25 480 1.4 

Sb200 200 275 1.5 
Sb400 400 ~30 1.7 

Sb600 600 ~18 1.9 
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Fig. 7.16: α2 vs. hν plots for Ge-Sb-Se thin films prepared at various 

substrate temperatures. 

7.5 Conclusion 

Thin films of Ge-Sb-Se have been successfully prepared on Si substrate by 

using the fs-PLD technique. The resulting thin films have been 

characterised by for various characteristics XRD, Raman, SEM, TEM, and 

UV-VIS techniques.  

Firstly, XRD and Raman spectroscopy were used to study the influence of 

laser pulse energy on the structure of the fs-PLD prepared Ge-Sb-Se thin 

films to optimise the fs-laser energy for studying the effect of temperature 

on the structures and properties of the fabricated thin films. All the films 

looked smooth and homogeneously distributed due to the high substrate 

temperature used in this deposition (400°C). By increasing the fs-laser 

energy to 30μJ (Sb30), 40μJ (Sb40), and 50μJ (Sb50), the Raman spectra 
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reveal a band with higher intensities centred at around 152 cm−1 are 

correlated to the vibrations of Sb−Sb. 

Secondly, the effect of various substrate temperatures (25, 200, 400, and 

600°C) on the fabricated Ge-Sb-Se thin films is investigated when keeping 

the fs-laser pulse energies in 40μJ. The morphological and compositional 

characteristics of the films have been studied, which revealed the presence 

of nano/sub-micro structures and their agglomeration in low temperatures, 

while the surface converts to be smoother without detecting any particles 

with increasing the substrate temperature. The structural properties of the 

target chalcogenide glass change from amorphous to crystalline phase as 

well. However, there is inter-diffusion behaviour observed between the 

silicon substrate and deposited layer, which could link to the diffusion of the 

ion chalcogenide target in the silicon substrate. Besides, amorphous 

chalcogenide Ge–Sb–Se films with a composition close to the glassy target 

were successfully deposited at room temperature. The composition in this 

case (i.e. Ge19Sb16Se62), with a thickness of 480 nm and optical energy 

band gap of 1.4 eV. It was found that the values of deposited thin film’s 

thickness decreased with increasing substrate temperatures, while the 

values of the band gap criteria increased as a result of the diffusion and 

decreasing in the thickness of the thin films. The crystalline phases were 

determined by recording the XRD pattern of the converted material. The 

XRD results indicated that the crystallinity degree of the deposited thin films 

sharply changes with increasing substrate temperature. Finally, Raman 

analysis demonstrated that thin film network is closer to the Ge20 Sb15Se65 

target structure for substrate temperatures lower than 300°C. The study of 

Raman scattering spectra has revealed a structural organisation varying 

from bulk to PLD films in which homopolar bonds like Ge(Sb)–Ge(Sb) 

disappeared and with a lower proportion, in the case of thin films prepared 

under high temperatures. 
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Chapter 8: Conclusions and Future Work 

8.1 Conclusions 

Objectively, the research study proposition was to deposit and implant the 

host of ChGs material on/in a silicon substrate. The deposition of the ChGs 

materials onto/into the Si substrate was achieved through effective 

utilisation of fs-PLD approach. Tentatively, to ascertain the preeminent 

material parameters, different fs-PLD considerations, including substrate 

temperature, deposition time, fs-laser pulse energy, and pressure, were 

utilised. Therefore, this chapter provides a conclusive recap of the results 

with consideration to the objectives above. 

The fabrication of these films on/in the Si substrate resulted from four types 

of bulk glass, namely Ga-La-S, Er3+-doped Ga-La-S, GeSe4, and 

Ge20Sb15Se65. However, the success of deposited and implanted ChGs thin 

films onto/into the unalloyed Si substrate inspired this work. Notably, 

important characteristics, including higher conductivity, environmental 

sustainability, higher sensitivity, greater hardness, higher crystallisation 

temperature, higher stability, sizeable optical transmission range extending 

in the mid-infrared, and glass-forming ability make those ChGs attractive 

materials. Also, they can potentially find applications in memory and 

switching devices. 

The characterisation results show that where the substrate temperature has 

the most noteworthy impact on the quality and surface roughness of ChGs 

thin films thickness that were fabricated on the Si substrate as ascertained 

by the structural classification. For example, there is a change from 

amorphous to the crystalline phase structural properties of the target 

chalcogenide glass. Also, on the film surface morphology, there is an 

increase in nanoparticle grain size as the substrate temperature rises. 

The thin film thickness changed due to an increase in the substrate 

temperature according to the thin film's cross-sectional analysis. For the Ga-

La-S and Er3+-doped Ga-La-S films, it was found that film thicknesses 
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increased. Besides, their thin films were successfully deposited on the Si 

substrate without integrating with it, which could bond to the chalcogenide 

target glasses quality. Conversely, Ge-Se and Ge-Sb-Se films thickness 

decreased with increasing the substrate temperature. Moreover, the 

characteristic of fs-PLD assisted induced intermixing, and ion implantation 

in the silicon for Ge-Se film was exhibited at high substrate temperatures. 

Similarly, the behavioural characteristic of inter-diffusion among Si 

substrate and Ge-Sb-Se deposited layer, which could associate ion 

chalcogenide target in the Si substrate diffusion was revealed at a high 

substrate temperature (600°C). 

It was also seen that, with an increasing substrate temperature of the 

prepared Er-Ga-La-S and Ge-Se films, the optical energy band gap 

decreases. Based on the theorisation and constructs of chemical bonds 

(Ge-Se, Sb-Se, and Ge-Ge), it showed that with increasing substrate 

temperature, there was an increase in the band gap values of the fabricated 

Ge-Sb-Se thin films. The observation is attributed to the diffusion and the 

decrease in the thin films thickness and as the substrate temperature 

increased. 

8.2 Suggestions for future work 

For effective utilisation of the fs-PLD approach in depositing and implanting 

ChGs onto/into Si substrate, there is a need for some improvements in 

future research investigations. Also, to develop the scope of study further, 

some recommendations are addressed and presented below: 

1. study the electrical and optical properties of the prepared ChGs thin 

films 

For our prepared ChGs thin films, several other important physical 

properties, including hardness and thermal conductivity, could be studied 

afterwards. The electrical properties of these materials are interesting due 

to their phase change characteristics.  
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It is imperative to perceive the temperature dependency of the dc electrical 

conductivity of Ga-La-S, Er-doped Ga-La-S, Ge-Se, and Ge-Sb-Se thin 

films. The electrical property can be achieved if the current (l) and voltage 

(V) measurements are carried out at their various temperatures. Also, a 

relatable equation having the dependency of dc electrical conductivity on 

temperature should be further used to evaluate the activation energy of 

conduction as follows: 

σdc = σo exp [ 
−∆𝐸

𝑘𝑇
] 

Where, σo and ΔE represent the pre-exponential factor and activation 

energy, respectively, and k is the Boltzman constant. 

Tentatively, the Ge-Se and Ge-Sb-Se thin films optical properties are 

important in effective utilisation of fs-PLD approach in blending ChGs into 

Si substrate. Therefore, the thin film characteristic should be determined by 

an extensive transmission spectrum study. The absorption coefficient in 

absorption regions and values of refractive index optical constants should 

be computed. Also, the photoluminescence (PL) spectra of the Ge-Se and 

Ge-Sb-Se films could be recorded by measuring the emitted radiation 

intensity as a function of the emission wavelength or the excitation 

wavelength. Besides, measuring the refractive index could be possible to 

identify the compounds that do not have much absorption band for UV-light. 

2.  Different range of process parameters 

To achieve a thicker thin film layer with a uniform mixture of ChGs and Si 

means that a wider range of process parameters is required, particularly for 

higher temperatures. Also, the extenuation of this issue is possible since the 

fs-PLD new system offers a wider range of process parameters. Also, 

further dependencies would undoubtedly yield when other parameters, 

including laser energy, elevated temperatures, and pressure, are 

investigated. However, to possibly fabricate the mixture’s structure to a 

higher degree, the parameters should be precise and cautiously controlled. 
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3. Explore different target compositions 

Imperatively, apart from selenide and sulfide glasses used in the research 

project, other materials can be used. Mostly, host materials with low phonon 

energy, higher melting temperatures, higher optical refractive index, higher 

thermal stability, and wider transmission windows can be adapted. Such 

interesting target materials include; Ge21Te76Se3 and Ge15Ga10Te75. 
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Appendices 

 

Figure 1: (a) A HAADF-STEM image, (b) TEM-EDX spectrum of the yellow 
region labelled in (a) of the doped layer, and (c) line scan obtained from 
STEM-EDX showing that no silicon was detected at the Ge-Se film prepared 
on silicon at a substrate temperature e of 200°C. 

 

Figure 2: (a) A HAADF-STEM image, (b) TEM-EDX spectrum of the yellow 
region labelled in (a) of the doped layer, and (c) line scan obtained from STEM-
EDX showing that the is silicon was detected at the Ge-Se film prepared on 
silicon at a substrate temperature of 400°C. 


