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Resumen 

 

La demanda de energía limpia incrementa debido al crecimiento de la población, el índice 

de contaminación y la rápida urbanización. No obstante, la eficiencia máxima teórica de la 

celda solar de c-Si es de alrededor del 30%, lo que es una limitación en su uso y puede 

mejorarse mediante el efecto de conversión por desplazamiento de energía descendente de 

fotoluminiscencia (PLDS). 

 

En este trabajo se propone el estudio de las películas delgadas de SiOxCy depositadas como 

películas delgadas PLDS para celdas solares de c-Si. Se utilizó la técnica de depósito 

químico en fase de vapor catalítico-orgánico (O-Cat CVD). Para preparar estas películas 

delgadas de SiOxCy se emplearon precursores organometálicos, es decir, monometilsilano 

[MMS; (CH3-SiH3)], vinil silano [VS; (H2C=CHSiH3)] y ortosilicato de tetraetilo [TEOS; 

(Si(OC2H5)4)], respectivamente. Se utilizaron dos sistemas O-Cat-CVD diferentes para los 

precursores gaseosos y líquidos por separado. En uno de los sistemas, se usaron 

precursores gaseosos de MMS y Vinil Silano para depositar películas delgadas de SiOxCy 

bajo una atmósfera reactiva de oxígeno (O2) e hidrógeno (H2), así mismo se usó filamento 

de tantalio (Ta) como catalizador en este sistema. En otro sistema O-Cat-CVD, se usó el 

precursor líquido TEOS para depositar películas delgadas de SiOxCy bajo una atmósfera 

inerte de argón (Ar) y tungsteno (W) como catalizador. Se analizó el efecto del flujo de 

argón para comprender las propiedades de las películas delgadas de SiOxCy depositadas 

con el precursor TEOS, mientras que también se investigó el efecto de la duración del 

depósito para todos los precursores sobre las propiedades luminiscentes de las películas 

obtenidas. Además, también se estudiaron las películas delgadas de SiOxCy depositadas 

como películas delgadas PLDS para celdas solares de c-Si. 

 

Se utilizaron diferentes técnicas de caracterización para analizar las propiedades de las 

películas delgadas de SiOxCy. Aquí, se realizaron técnicas de caracterización de 

espectroscopía de fotoelectrones de rayos X (XPS) y de infrarrojo por transformada de 

Fourier (FTIR) para confirmar la presencia de enlaces relacionados con SiOC en películas 

delgadas. Las propiedades ópticas se estudiaron mediante técnicas de Elipsometría y 

fotoluminiscencia (PL). Aquí, la intensa y amplia emisión de PL se detectó en el espectro 

visible donde se utilizaron técnicas de excitación de fotoluminiscencia (PLE), 



fotoluminiscencia resuelta en el tiempo (TRPL) y microscopía electrónica de transmisión 

de alta resolución (HRTEM) para confirmar el origen de la emisión de PL. Estas técnicas 

confirmaron que el origen de la emisión de PL podría deberse tanto a diferentes 

mecanismos de defectos, como por la presencia de nanocristales en la matriz de películas 

delgadas. Finalmente, también se estudió el efecto PLDS de estas películas delgadas 

fotoluminiscentes de SiOxCy en celdas solares de c-Si mediante caracterización de 

corriente-voltaje (I-V) y eficiencia cuántica externa (EQE) donde se obtuvieron mejores 

propiedades de celdas solares debido a la mejora encontrada en los espectros de EQE en 

región UV-azul. Esta tesis será una base para diseñar dispositivos optoelectrónicos basados 

en silicio con un precursor seguro y de bajo costo, incluso para mejorar la eficiencia de las 

celdas solares de Si cristalino por el efecto PLDS. 

 

Palabras clave: O-Cat-CVD, SiOxCy, Fotoluminiscencia, PLDS, Celdas solares 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Abstract 

 

The demand for clean energy is increasing due to the growth of population, pollution 

index, and rapid urbanization. Nonetheless, the theoretical maximum efficiency of c-Si 

solar cell is about 30%, being a limitation in its use and it can be improved by Photo-

Luminescence Down Shift (PLDS) effect.  

 

This work proposes the study of the deposited SiOxCy thin films as PLDS thin films for c-

Si solar cells. Organic Catalytic Chemical Vapor Deposition (O-Cat CVD) technique was 

used to prepare these SiOxCy thin films by employing organometallic precursors i.e.  

Monomethyl Silane [MMS; (CH3-SiH3)], Vinyl Silane [VS; (H2C=CHSiH3)] and Tetra-

ethyl Orthosilicate [TEOS; (Si(OC2H5)4)], respectively. Two different O-Cat-CVD systems 

were used for depositing the gaseous and liquid precursors separately. In one of the system, 

MMS and Vinyl Silane gaseous precursors were used to deposit SiOxCy thin films under a 

reactant atmosphere of oxygen (O2) and hydrogen (H2), likewise tantalum (Ta) filament 

was used as a catalyst in this system. In another O-Cat-CVD system, TEOS liquid 

precursor was used to deposit SiOxCy thin films under an inert atmosphere of argon (Ar) 

and tungsten (W) was used as a catalyst. The effect of argon flow was discussed to 

understand the properties of SiOxCy thin films deposited by using TEOS precursor while 

the effect of deposition duration was also investigated for all the precursors on the 

luminescent properties of the deposited films. Besides, the deposited SiOxCy thin films as 

PLDS thin films for c-Si solar cells were also studied. 

 

Different characterization techniques were used to analyze the properties of SiOxCy thin 

films. Here, Fourier Transform InfraRed (FTIR) and X-ray Photoelectron Spectroscopy 

(XPS) characterization techniques were performed to confirm the presence of SiOC related 

bonding in thin films. The optical properties were studied by Ellipsometry and Photo-

Luminescence (PL) techniques. Here, the intense and wide PL emission was detected in 

the visible spectrum where Photo-Luminescence Excitation (PLE), Time-Resolved Photo-

Luminescence (TRPL), and High-Resolution Transmission Electron Microscopy 

(HRTEM) techniques were used to confirm the origin of PL emission. These techniques 

confirmed that the origin of PL emission could be either due to different defect 

mechanisms or due to the presence of nanocrystals in the matrix of thin films. Finally, the 



PLDS effect of these photoluminescent SiOxCy thin films on c-Si solar cells were also 

studied by using current-voltage (I-V) characterization and External Quantum Efficiency 

(EQE) where improved solar cell properties were obtained due to better EQE spectra in 

UV-blue region. This thesis will be a base to design silicon based optoelectronic devices 

with a safe and low-cost precursor, including the improvement of the efficiency of 

crystalline Si solar cells by PLDS effect. 

 

Keywords: O-Cat-CVD, SiOxCy, Photo-Luminescence, PLDS, Solar cells 
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CHAPTER 1                                                        

INTRODUCTION 
 

1.1. Background 

 

The generation of electricity from coal, nuclear, and other non-renewable power plants is 

one of the main causes of air pollution which can be overcome by using renewable energy. 

Now, the demand for energy is increasing day by day due to the growth of the world’s 

population and rapid urbanization. Silicon solar cells can play an important role to achieve 

this goal but the theortical efficiency of silicon solar cells is limited to 30% for the band 

gap of 1.12 eV according to the Shockley-Quisser’s model [1].  

 

Fig. 1.1 Loss processes in a single-junction solar cell, (a) lattice thermalisation loss, (b) transmission 

loss, (c) recombination loss, (d) junction loss and (e) contact voltage loss [2]. 

 

This limitation may be overcome with the concept of third-generation silicon solar cell and 

in this way, the efficiency could be improved up to 37% [3] by using the modification in 

the spectrum at one sun. Fig. 1.1 shows the types of losses which occur in a single-junction 

solar cell. Here, thermalization [Fig. 1.1 (a)], transmission [Fig. 1.1 (b)], and 

recombination losses [Fig. 1.1 (c)] are termed as spectral mismatch losses [2], [4]. 

Although, there is also junction loss [Fig. 1.1 (d)] and contact voltage loss [Fig. 1.1 (e)] 

available in the solar cells but it assumes that these losses are unavoidable losses from the 
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device [2]. Besides, the thermalization loss occurs when a photon has higher energy than 

the bandgap of the material and when this photon is absorbed by the material then it 

generates an electron-hole pair while the excess energy is dissipated in the form of heat. 

This kind of loss is known as thermalization loss. On the other hand, in the case of 

transmission loss, a photon with energy less than the required band gap is not absorbed by 

the semiconductor and these kinds of photons do not make any contribution for the 

generation of electron hole pair. The mentioned loss is known as transmission loss. 70% of 

the total energy losses is present due to these two types of losses [2]. While the third type 

of loss, the recombination loss, occurrs due to the fast recombination of electron-hole pairs 

close to the surface. This type of loss mainly affects the high-energy photons (short 

wavelength) because these photons are absorbed in the surface region which reduces the 

spectral response  [2]–[4].  

 

 

Fig. 1.2 Spectral conversion design for PV applications [5]. 

 

The previously discussed losses i.e. thermalization loss, transmission loss, and 

recombination loss can be overcome by the methods of down-conversion, up-conversion, 

and Photo-Luminescence, respectively as shown in Fig. 1.2 which may improve the 

efficiency of silicon solar cells [2]–[4].  

 

As shown in Fig. 1.2, the upconversion method is used to reduce the transmission loss of 

the solar cell and a upconversion layer should be deposited in the rear part of the solar cell. 

In this method, two or more photons of less energy transform into a photon of higher 
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energy which may contribute to create an electron-hole pair and consequently, improve the 

efficiency of the solar cell. On the other hand, a down-converted layer and down-shifted 

layers are deposited on the front part of the solar cell, as shown on the left side of Fig. 1.2. 

In the case of down conversion, a photon of high energy splits into two photons of the 

same energy of the band gap of the material and increase the efficiency of the solar cell. 

This method is also known as quantum cutting. Furthermore, in the case of downshifting, a 

UV energy photon converts into a visible energy photon by the mechanism of Photo-

Luminescence, and this visible energy or shifted photon contributes to improve the 

efficiency of the solar cell [5]. The main aim of this thesis is to shift these high energy UV 

photons to low energy visible photons by the method of PL downshifting which is more 

described in the next sections.  

 

1.2. Reasons of Recombination loss 

 

Fig. 1.3 Internal quantum efficiency (IQE) curve of the solar cell corresponding to three different front 

surface recombination velocities [6]. 

 

As we have discussed previously, a recombination loss occurs due to the high 

recombination rate of high-energy photons of UV region on the surface of the solar cell. 

Here, in Fig. 1.3, it is observed that the internal quantum efficiency curve is giving a poor 

UV response when the surface recombination velocity is increasing. The main reasons for 

this bad UV response are as follows [6]: 
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➢ The possibilities of the recombination of the generated carriers via surface states 

defects increase due to the shallow absorption depth of ultra-violet (UV) photons 

which consequently reduces the UV response.  

➢ Increased reflection of UV photons due to higher refractive index (RI) of silicon in 

this region also reduces the UV response. 

➢ Higher RI  also cause the high dispersivity which creats difficulties to optimize the 

anti-reflection (AR) coatings. 

 

This kind of loss might overcome by the downshifting process mechanism by using the 

Photo-Luminescence process which is described in the next section. 

 

1.3. Photo-Luminescence 

 

The use of luminescent devices such as LEDs, displays and lasers, etc., have become a 

necessary part of our daily life. Normally, light can be generated by using an energy source 

by two methods, i.e., incandescence and luminescence. Light generated from the 

incandescence process is also known as hot light because it is generated by heating some 

material (e.g. tungsten or tantalum wire) to an appropriate high temperature so that 

material can glow [7]. 

 

Fig. 1.4 Photo-Luminescence Process. 

 

On the other hand, the light generated from the luminescence process is also known as 

“cold light” because the generation of light takes place at normal temperature and the 

emission of blackbody radiation is not included in it. The word luminescence was used for 

the first time by a German physicist, Eilhardt Wiedemann in 1888 and the Latin words 

“lumen” means “light” and “escentia” means “the process of” so it means the process of 
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giving of light [8]. The materials with this phenomenon are known as luminescent 

materials. 

 

This luminescence process involves three steps as shown in Fig. 1.4:  

(1) The excitation of an electron from the valence band to a higher vibrational 

level of the conduction band, 

(2) Non-radiative relaxation of this excited electron from higher vibrational 

energy to the lower vibrational energy level in the conduction band through 

the internal conversion process, 

(3) Subsequent emission of photons i.e. light after the recombination of an 

excited electron with the hole in the valence band. 

 

In the case of Photo-Luminescence (PL), an electron is excited by absorbing a photon and 

this PL can be further classified into two parts based on its duration of light emission, i.e., 

into fluorescence and phosphorescence, respectively. Fluorescence is a temperature-

independent process where the duration of emission remains less than 10-8 seconds and it 

takes place simultaneously with the absorption of radiation and it stops immediately after 

the removal of excitation. On the other hand, phosphorescence is a temperature-dependent 

process, and the duration of emission remains more than 10-8 seconds and phosphorescence 

emission can be continued for some time even after the removal of excitation. Both 

processes have their own advantages and significance in science and technology according 

to their use. The Luminescence of a semiconductor can also be classified as either intrinsic 

or extrinsic luminescence in terms of the nature of the electronic transitions producing it 

[9]. 

 

1.3.1. Intrinsic Luminescence  

 

When luminescence occurs within a pure material or crystal, then this kind of 

luminescence refers to intrinsic luminescence. It can be classified into three categories as 

described below. 

 

a) Band-to-Band Luminescence 
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This luminescence usually occurs in direct bandgap materials such as III-V compounds 

where an electron of the conduction band recombines with a hole of the valence band by a 

direct band-to-band transition. Very pure materials can also show this luminescence at high 

temperatures. Moreover, from the perspective of luminescence applications, light emission 

through band-to-band transition takes place in semiconductor lasers and very bright type 

light-emitting diodes [9]. 

 

b) Exciton Luminescence 

 

An exciton consists of a bounded electron-hole pair when an excited electron interacts with 

a hole through the Coulomb forces. Therefore, an exciton no longer represents two 

independent quasi-particles. So, when a luminescence occurs due to the movement of an 

exciton through the crystal, then it is known as exciton luminescence [10].  

 

Luminescence may occur due to two kinds of excitons i.e. Wannier (or Wannier-Mott) 

exciton and the Frenkel exciton. Normally, the presence of luminescence due to Wannier 

exciton can be found in III–V and II–VI inorganic semiconductors where an electron of the 

conduction band and a hole of the valence band are bounded together by the Coulomb 

force. It is noteworthy that the stability of Wannier excitons is found only at low 

temperatures where its binding energy is higher than thermal energy. However, band-to-

band luminescence appears at high temperatures because excitons are not so stable at high 

thermal energy. On the other hand, the luminescence due to Frenkel exciton can be found 

normally in organic molecular crystals and inorganic complex salts where the expanse of 

the electron and hole wavefunctions is smaller than the lattice constant  [7], [9].  

 

c) Cross-Luminescence 

 

This kind of luminescence occurs when an electron in the valence band recombines with a 

hole created in the outermost core band. Cross-luminescence is usually detected in double 

halides, alkaline-earth halides, and alkali materials [5]. Normally, cross luminescence takes 

place only when the energy difference between the outermost core or the minima of the 

conduction band and the maxima of valence is smaller than the bandgap energy of the 

material i.e. Ec-v < Eg. Moreover, a fast decay time, of the order of nanoseconds, is an 
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important characteristic of cross-luminescence, which makes scintillators a good example 

of cross-luminescence transitions. 

 

1.3.2. Extrinsic Luminescence  

 

When impurities or defects are intentionally incorporated in a semiconductor or ionic 

crystal, then this can be classified as extrinsic luminescence. These intentionally 

incorporated impurities are known as activators and these kinds of luminescent materials 

are known as phosphors. It can be categorized into two types, i.e., unlocalized and 

localized, respectively. An unlocalized extrinsic luminescence occurs when the free 

electrons in the conduction band and holes in the valence band of the host lattice 

contributes to the luminescence process, while the excitation and emission process of the 

luminescence is confined within a localized luminescent center. 

 

1.4. Downshifting Process 

 

 

Fig. 1.5 Luminescent down-shifting process to increase solar cell active range and efficiency [13]. 

 

Hovel et al. [11] proposed the down-shifting method of UV photons to longer wavelength 

by using the Photo-Luminescence process, in order to increase the efficiency of solar cells 

with poor UV response, as shown in Fig. 1.4. Down-shifting process allows to generate 
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only one photon by each incoming photon. For the down-shift conversion approach, the 

quantum efficiency remains less than one, in which non-radiative losses can be prevented 

[12]. It works by increasing the current of the solar cell by elevating the number of photons 

absorbed while the voltage remains the same. The down-shift process only shifts the UV 

photons into the solar spectrum, where light absorption properties are better as shown in 

Fig. 1.5. This process does not modify the intrinsic structure of the solar cell. Therefore, 

the conversion efficiency of the solar cell would get improved due to increase in the 

current of solar cell. Two types of approaches are very general for down-shifting, i.e., [6]: 

 

a) An organic photoluminescent down-shifting (PLDS) layer on the front face of a 

solar cell reduces cost and device complexity. 

b) Thermally or PECVD-grown thin films like SiC or SiOxCy layers passivate surface 

defects to decrease the front surface recombination velocity which consequently 

improve the efficiency of solar cell by PLDS process.  

 

So here, the main focus of this thesis is to explore the second type of approach for 

downshifting by thermally grown SiOxCy layers, but before understanding the properties 

and nature of the SiOxCy matrix, it is necessary to understand the limitations of silicon as a 

photoluminescent (PL) material and the possible reasons of the origin of PL in silicon 

which is discussed in the next parts of this chapter.  

 

1.5. Silicon material and Limitations 

 

As we know that a bigger portion of the earth’s crust is constituted with silicon (27.2 wt%) 

after the presence of oxygen (45.5 wt%). Silicon word is derived from the latin word silex 

or silicis which means "flint" and it is discovered by the Swedish chemist Jöns Jacob 

Berzelius in 1824 [14]. Although it is difficult to find pure Si in nature, but it is currently 

possible to obtain with a high degree of purity and crystallinity at relatively low costs due 

to the production at the industrial level. Silicon dominates the electronic industry due to its 

intrinsic properties, proven reliability, ease of fabrication, and low-cost volume production, 

but it faces the technological challenge to develop the optoelectronic devices such as 

LEDs, etc., due to its indirect bandgap structure. 
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Fig. 1.6 Band structure of GaAs and Si material. 

 

In Fig. 1.6, an energy (E) vs momentum (k) graph is shown with the band structures of 

GaAs and Si materials which have the direct and indirect bandgap, respectively. Here, it is 

observable that the maxima of the valence band is aligned with the minima of the 

conduction band in the case of GaAs material. This phenomenon shows that the vector 

momentum (k) is equal to zero due to which a photon can easily emit in the case of direct 

bandgap materials. On the other hand, the maxima of the valence band is not aligned with 

the minima of the conduction band in the case of indirect bandgap material, e.g., silicon. 

Due to this reason, vector momentum (k) is not equal to zero and it is very rare to emit a 

photon in this case, while it emits a phonon to conserve the momentum and the radiative 

recombination of electron–hole pairs in the indirect material, is a second-order process. 

Hence, it is very difficult to obtain a photoluminescent device with a bulk silicon material.  

 

Fig. 1.6 illustrates that if there is a recombination in a direct gap semiconductor, the 

probability of a photon being emitted is high, whereas in indirect gap materials, the 

probability of photon emission is very low. For example, in the case of GaAs, the 

probability of emitting a photon, when there is recombination, is close to 50%, while for 

silicon the probability is of the order of 0.0001%. This signifies that in order to emit a 

photon in silicon, a million electron-hole pairs are needed to recombine and therefore the 

radiative recombination of electron–hole pairs in the indirect material is taking place with 

lesser probability and slower rate than in the direct band material [15]. 
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Many of these ideas changed with the discovery of visible light emission in porous silicon 

by L.T. Canham in the 1990s [16] and the presence of radiative defects [17] which we will 

study in the next section. 

 

1.6. Luminescence in silicon-based materials  

 

The discovery of strong luminescence from silicon-based materials at room temperature 

have attracted a lot of attention in recent years. Some potential silicon-based optoelectronic 

applications such as LEDs, Blue lasers, solar cells, sensors, etc., can be obtained by using 

these photoluminescent materials [18]–[21]. The first demonstration of visible emission by 

porous silicon was reported in the starting of the 1990s by the research group of L. T. 

Canham where the origin of Photo-Luminescence was discussed due to the Quantum 

Confinement Effect (QCE) using the silicon nanoparticles [16]. In the same year, another 

research group discussed the origin of Photo-Luminescence in Si due to radiative defects, 

i.e., nonbridging oxygen hole centers [17] and afterward many other kinds of defect-related 

mechanisms were reported discussing the origin of PL in Silicon [10], [22]–[24]. So here, 

the mechanism of QCE and some important defect mechanisms are going to be discussed 

in detail. 

 

1.7. Quantum confinement effect 

 

Quantum Confinement Effect (QCE) is the most popular term in the field of nanoscience 

and nanotechnology and firstly, this concept was proposed by Herbert Kroemer and by 

Zhores Alferov and R. F. Kazarinov in 1963 [25], [26]. This effect takes place when one of 

the dimensions of any bulk material is confined. The length size for the regime of quantum 

confinement may vary according to the semiconductor materials, where the spatial extent 

of the electronic wave function is comparable with the particle size. Electrons experience 

the presence of particle boundaries due to the effect of the quantum size or geometrical 

limitations and adjust their energy according to the changes in particle size [27]. QCE can 

occur when at least one of the particle dimensions of the bulk material is equal to or less 

than the Bohr exciton radius, where the minimum required diameter is different for each 

material, e.g., in the case of silicon, this effect can be achieved when the crystal size is 
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below or equal to 4.3 nm [28], [29]. Hence, photoluminescence is dependent on the size of 

nanoparticles according to this phenomenon.  

 

In quantum mechanics, it is claimed that some physical variables of an electron, i.e., 

position and momentum, cannot be determined accurately simultaneously. This idea was 

postulated by Werner Karl Heisenberg in 1927 and it is known as the “principle of 

uncertainty” [30] which can be described by the given expression in equation (1.1): 

 

𝛥𝑝𝛥𝑥 ≥  
ℎ

4𝜋
 …………………………….…. (1.1) 

 

Here, Δp denotes the uncertainty of the moment of the particle (moment is equal to mass 

by speed), Δx denotes the uncertainty of the position of the particle and h is the Planck’s 

constant (h = 6.63 × 10⁻ ³⁴ Js). 

 

Fig. 1.7 Function of the electron and holes as wave particle for the Si and nc-Si. 

 

If an electron is confined within a very small volume, according to this principle, e.g., a 

silicon nanocrystal, then its position can be estimated with great precision. However, this 

implies that now its momentum will be uncertain, as well. As we can see in Fig. 1.7, if Δx 

is very small, then the value of Δp will become larger and this uncertainty causes a 

widening in the wave functions associated with the momentum of electrons and holes, 

which produces an overlap between them. This area of superposition of momentum is 

known as quasi-direct recombination, which means that now it is possible to have 

recombination without the assistance of a phonon, which significantly increases the 

probability of emitting a photon [31]. 
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Fig. 1.8 Schematic illustration of the density of states for confined materials at different 

dimensionalities of Space i.e. D = 1,2,3 [29]. 

 

Here, the quantum confined structures can be distinguished according to the confinement 

of their dimensions, as shown in Fig. 1.8. When a material is confined only in one 

dimension, then this two-dimensional material is known as quantum well or ultrathin film. 

If any material is confined in two dimensions, then this one-dimensional material is known 

as quantum wire, while a zero-dimensional structure, that is confined in all the dimensions, 

is known as a quantum dot. A quantum dot or zero-dimensional structure has very well-

defined and quantized energy levels where a simple effective-mass approximation model 

can help to determine the QCE of the nanostructure. 

 

The density of states of a confined material are shown in Fig. 1.8 and the relationship of 

corresponding and effective density of states for the conduction band and the kinetic 

energy with the degrees of freedom of the material, are discussed in Table 1.1. Here, it is 

observable that the reduction in the degree of freedom of dimensions leads the density of 

states into discrete energy levels instead of the continuous energy band of bulk silicon, due 

to confinement in one or more directions by potential barriers [27], [29]. The discrete 

structure of energy states leads to a discrete absorption spectrum which influences the 

transition probability. Moreover, a discretization of the energy bands of the material causes 

an apparent increase in the band gap, which produces a shift in the emission lengths 

towards the blue-violet colors. 
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Table 1.1 The relationship of dimensionality of the low-dimensional semiconductors with the kinetic 

energy (dispersion) and the corresponding and effective density of states at the conduction band [29]. 

Degrees of 

freedom 

Kinetic energy 

(dispersion) 

Density of states (close to 

the conduction band) 

Effective density of states 

(at the conduction band) 

3D (bulk) 𝐸 =  
ħ2

2𝑚∗
(𝐾𝑥

2 + 𝐾𝑦
2 + 𝐾𝑧

2) 𝜌
3𝐷

=  
1

2𝜋2
(

2𝑚∗

ħ2 )

3

2

(𝐸 − 𝐸𝑐)
1

2⁄
 𝑁𝐶

3𝐷 =  
1

√2
[
𝑚∗𝑘𝑇

𝜋ħ2 ]

3
2⁄

 

2D (film) 𝐸 =  
ħ2

2𝑚∗
(𝐾𝑥

2 +  𝐾𝑦
2) 𝜌

2𝐷
=  ∑

𝑚∗

𝜋ħ2

𝑛

𝑖=1

𝐻(𝐸 − 𝐸𝑐) 𝑁𝐶
2𝐷 =  

𝑚∗𝑘𝑇

𝜋ħ2  

1D (wire) 𝐸 =  
ħ2

2𝑚∗
(𝐾𝑥

2) 𝜌
1𝐷

=  
1

𝜋𝑚∗ħ
(

𝑚∗

2(𝐸 − 𝐸𝑐)
)

1

2

 𝑁𝐶
1𝐷 =  √

𝑚∗𝑘𝑇

2𝜋ħ2  

0D (dot) # 𝜌
0𝐷

=  2𝛿(𝐸 − 𝐸𝑐) 𝑁𝐶
0𝐷 =  2 

 

Note- #The dispersion has not been defined for zero-dimensional structure because 

there is no periodicity in any direction. 

 

Moreover, different models have been applied to estimate the changes in emission length 

when changing the diameter of the nanocrystals. However, it is a complex process to 

calculate the bandgap energy for silicon nanostructures in a host matrix. Several models 

and approximations such as Tight-Binding Scheme, Empirical Pseudopotential Approach 

(EPA), and Effective Mass Approximation (EMA) models are considered for this where 

the EMA model is the most used. Here, Ledoux et. al., have given one of the most popular 

theoretical expressions which is discussed below in equation (1.2) [32]:  

  

𝐸 = 0.925 +  
3.73 

𝑑1.39 +
0.881 

𝑑
  ………………….. (1.2) 

 

Here, peak photon energy (in eV) and nanoparticle diameter (in nm) are represented by E 

and d, respectively. Another relation proposed by Delerue et. al., is also very prominent, 

which is given as equation (1.3), where Eg is the bandgap of bulk silicon, and d is the 

average diameter of the nanocrystals [33]: 

 

𝐸𝑝𝑙 = 𝐸𝑔 +  
3.73 

𝑑1.39
  …………………….…….. (1.3) 
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Thus, the key outcomes of QCE on the nanostructures are i) broadening of wave factors, 

which provide a quasi-direct recombination center, like the ones present within a material 

with direct bandgap, i.e., there is no need for phonon to conserve the momentum. ii) It 

also results in increasing of the bandgap.  

 

1.8. Defect related mechanisms 

 

The position of each atom is well defined in an ideal crystal lattice and if any deviations 

occur in this lattice structure, then this phenomenon is known as defects or imperfections 

in the material. Electronic energy states may be introduced due to these defects in the 

bandgap of semiconductors, which can be categorized in two types: shallow levels and 

deep levels as shown in Fig. 1.9. 

 

 

Fig. 1.9 Schematic illustration of PL transition due to deep and shallow level defects [34]. 

 

Shallow levels in semiconductors play an important role and commonly, they are located at 

~0.1 eV from the valence or the conduction band-edges. Thus, thermal ionization takes 

place in these levels at room temperature and the effective mass theory is used to describe 

the ionization energy of a shallow level, where it also behaves as hydrogen-like levels [35]. 

For instance, a shallow donor looks like a hydrogen atom which consists of an electron 

bounded with a positive nucleus. A shallow level is created by impurity elements in the 
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outermost shell of the element, which is used as a dopant, and the size of these impurity 

atoms are usually the same as the size of the host atom. These shallow levels easily get 

ionized because they have very low activation energy which provides free carriers to create 

a p-type or n-type semiconductor [34].  

 

If the energy levels are located deeper in the forbidden gap, i.e., beyond 0.1 eV from the 

band-edges of valence or conduction band, then this level is commonly mentioned as a 

deep level and defects related to this level are often known as “generation centers”, 

“recombination center”, or “traps”. Inherent crystal defects or the introduction of 

impurities can be the reasons for the formation of deep levels. The deep level cannot be 

described by the effective mass theory, which is a major difference between deep and 

shallow levels. Furthermore, the ionization energy of deep levels is higher so they generate 

very less free charge carriers, due to which the conduction mechanism of deep levels is not 

too significant in comparison to shallow levels. However, deep levels can be important 

controling some other important properties of semiconductors, e.g., they can be exploited 

as a recombination center in fast-switching devices [36], [37]. Deep levels may behave as 

recombination centers when they are near to mid-band gap, and it can be handled as 

constructive or destructive phenomenon, according to their utilization, e.g., it provides a 

path for the generation of electron-hole pairs across the bandgap, which can affect the 

performance of devices such as LEDs. 

 

Therefore, the presence of defects can cause changes in the structural, optical, and 

electrical properties. Many factors can be the reason for these defects, such as 

manufacturing processes, mechanical stress, changes in temperature, irradiation, and the 

presence of impurities. Different defects such as oxygen deficiency centers, non-bridging 

oxygen hole centers (NBOHC), self-trapped exciton and hydrogen-related defects, etc., 

could be the cause of emission bands at spectra. Some of them are discussed in the 

following sections. 

 

1.8.1. Oxygen-Deficiency Center (ODC) 

 

Oxygen-deficiency centers (ODC) are one of the most common defect-related mechanisms 

in oxides. It usually behaves as radiative centers in luminescence processes, where a 
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visible emission occurs when a conduction band electron recombines with an oxygen 

vacancy [38], [39]. Normally, two types of ODC models are described in literature, i.e., 

neutral oxygen vacancy (NOV) and two-fold coordinated silicon which are also termed as 

ODC (I) and ODC (II), respectively. Fig. 1.10 shows a schematic diagram of both kinds of 

ODCs where a ≡Si-Si≡ bond is formed for ODC (I) while ODC (II) is denoted as =Si•• 

where silicon is bounded with two oxygens and two free bonds. Photo-Luminescence and 

cathodoluminescence spectroscopy can help to observe and distinguish these defects. 

Typically, the PL occurs at 2.7 eV for ODC (I) with a decay time of 10 ms, while PL 

occurs at 4.4 eV for ODC (II) with a decay time of 4 ns [10]. 

 

 

Fig. 1.10 Schematic diagram of oxygen deficiency center (ODCs) defects. 

 

1.8.2. Non-Bridging Oxygen Hole Center (NBOHC) 

 

NBOHC is an intrinsic defect that is electrically neutral and paramagnetic by nature. It is 

denoted by a free bond in oxygen (≡Si-O •) as shown in Fig. 1.11. It is commonly 

characterized by using optical spectroscopies such as Photo-Luminescence or 

cathodoluminescence and by more complex techniques such as Electron Paramagnetic 

Resonance spectroscopy (EPR). A luminescent band at 1.9 eV or 650 nm of the visible 

spectra is a unique characteristic of this defect center. It can also be recognized by its Full-

Width Half Maximum (FWHM) of 0.17 eV with a time decay constant of 20 μs [40]. Some 

authors propose that the formation of this defect is related to the rupture and release of 

hydrogen from a silanol group [41].  
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Fig. 1.11 Schematic diagram of Non-bridging oxygen hole center (NBOHC) defect. 

 

1.8.3. Self-Trapped Exciton (STE) 

 

This is a short-living or transient defect, that can be created by energy transfer between the 

combination of the electronic excitation energy such as electron-hole pairs and electron-

phonon interaction. So, when a luminescence occurs due to the self-trapping of excitons 

through the crystal, e.g., the trapping of electrons by self-trapped holes, then it is known as 

exciton luminescence [10]. Fig. 1.12 illustrates a model of the structure of this defect. This 

type of defect is quite common in dielectric materials. This defect can be recognized by 

using the EPR technique and generally, the photoluminescent emission from 2-3 eV or 

620-420 nm has been attributed to this defect [42]. Two models are very common to 

understand STE, in which the first model is explained by the removal of an oxygen atom to 

a peroxy bridge position, while another model can be explained by the transient absorption 

at 5.2 eV using a threefold coordinated silicon [43]–[45]. Usually, the idea of all models is 

based on the rupture of the silicon-oxygen bond (Si−O) and create an oxygen-oxygen bond 

(−O−O−) [10]. 

 

 

Fig. 1.12 Schematic diagram of self-trapped exciton (STE) defect. 
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1.8.4. Hydrogen related defects 

 

The incorporation of Hydrogen related defects is usually intentionally or unintentionally 

found into SiO2 layers in the form of steam, which may passivate the oxygen or silicon 

dangling bonds [46]. This defect is considered an intrinsic defect because it’s very 

commonly found in SiO2. This defect is normally found in the form of ≡Si-H and ≡Si-OH 

on the surface of the material, due to which nanoparticles are assumed to aggregate into 

web-like microstructures and micron-sized composited (globules) [47]. The involvement of 

hydrogen-related defect in the PL emission can’t be doubted since it appears as a localized 

center and PL emission at 2.3 eV is considered due to this defect [48]. Thermally grown 

silica is one of the main reasons for the formation of ≡Si-H and ≡Si-O• species and the 

energy levels of these species have been calculated by tight-binding calculations [49]. 

 

1.8.5. Carbon related defects 

 

It is a point defect that is very commonly found in mono-crystalline Si wafers grown by the 

Czochralski technique (Cz-Si) in the form of substitutional carbon (Cs) impurities. The 

nature of Cs is electrically inert and immobile. On the other hand,  an interstitial carbon 

(Ci) is produced by the reaction of substitutional carbon (Cs) and self-interstitial Si through 

the Watkins exchange mechanism [50], [51]. It is a prominent defect center that is 

electronically active and highly mobile and has a doublet electronic ground state. Ci also 

makes different kinds of complexes with other centers such as CiOi, CiCs, etc., which are 

electrically active and stable at very high temperatures [52]. It is noteworthy that CiCs 

complexes normally occur in carbon-rich Si while CiOi complexes occur in oxygen-rich Si 

[53], [54]. Here, it is notable that a local strain occurs in the lattice due to the introduction 

of carbon because of its smaller size in comparison to Si [50]. Carbon-related defects, i.e., 

CiCs, which are also known as G centers, are used to enhance the performance of Si 

optical emitters [55]. Some other carbon related defects such as Si2—C=C—Si2 and Si2—

C—O, [(C2)Si] and Si—(CO)—Si have been suggested in SiO2, SiC and SiC/SiO2 

interface, respectively [56]–[59]. The maximum PL emission is observed at 405–550 nm 

with a PL lifetime of less than 10 ns [39], [60]. 

 



Manmohan Jain                                                                                                     Chapter 1 

19 

 

1.9. Silicon Oxycarbide (SiOxCy) 

 

Silicon oxycarbide (SiOxCy) material has attracted a lot of attention in the last few decades 

due to its optoelectronic properties [61]–[65]. Although it was synthesized  for the first 

time by R. B. Ellis in 1951 by incorporating carbon into porous silica [66], the 

photoluminescent study of this material was started since 1990s, after the first successful 

demonstration of the Photo-Luminescence from porous silicon [16]. Silicon oxycarbide 

(SiOxCy) structure is represented by bounded silicon with oxygen and carbon. The hybrid 

nature of this material shows the characteristics of organic and inorganic functional groups 

[67], [68]. Notably, the inorganic component shows mechanical strength, thermal stability, 

and chemical properties, while the organic components of the material show the properties 

like hydrophobicity, plasticity, and solubility [68]–[70]. The composition of multi-

elements, i.e., SiC and SiO2, etc., strongly affect the film properties of the SiOxCy matrix, 

which helps to tailor its properties by controlling the deposition parameters [70]–[72]. Due 

to the aforementioned explanations, the SiOxCy thin film shows superior properties than 

other Si-related matrices such as SiN, SiC and SiO2, etc. [61]–[63], [73]–[77]. Although 

various applications have been explored by distinct research groups such as piezoresistive 

sensors [78], [79], anode material for storage batteries [80]–[82], gas barrier coating for 

PET bottles [83], [84], and biomedical application, etc., [85]–[87], the PL study on SiOxCy 

thin films has also received much attention in recent years due to its wide range of 

intensive emission in visible spectra [61]–[65].   

 

In this work, the silicon oxycarbide (SiOxCy) matrix has been deposited by the use of 

alkylsilane or organometallic compound precursors, i.e., monomethyl silane [MMS; (CH3-

SiH3)], Vinyl Silane [VS; (H2C=CHSiH3)] and tetra-ethyl orthosilicate [TEOS; 

(Si(OC2H5)4)], which corresponded to gaseous and liquid sources, respectively. These 

alkylsilane or organometallic precursors provide a better and safer substitute precursor than 

silane because silane can auto-ignite spontaneously in contact with air beacuse of its 

pyrophoric nature and it also has the lowest auto-ignition temperature in comparison to 

other materials [88], [89]. From the molecular formula of MMS,VS, and TEOS, it can be 

observable that the ratio of the carbon content for each silicon atom is 1:1 and 2:1 in MMS 

and VS, respectively, while it is 8:1 for TEOS material and the probability of having a 
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dissociation of the entire molecule, is high in MMS and VS while it is very low in TEOS 

because of its big molecular structure.   

 

1.10. Objectives and structure of the thesis 

 

This thesis work aims to explore and optimize the luminescent properties of SiOxCy thin 

film by using silicon-based organometallic materials, which may further explore possible 

solar cell applications by using the PL down shifting (PLDS) conversion method.  

 

The principal objective of this work is: 

 

➢ To explore the optimization of SiOxCy-based materials for the down-shift 

conversion and their possible application to solar cells. 

 

The general objectives of this work are: 

 

➢ To develop SiOxCy thin films by using Monomethyl Silane (MMS), Vinyl Silane 

and Tetraethylorthosilicate (TEOS) in Organic Catalytic (O-Cat) CVD. 

➢  To optimize the different parameters of O-Cat CVD, i.e., deposition time, filament 

temperature, the flow of gases, etc., to understand the properties of the thin film. 

➢ To investigate the origin of the PL emission.  

➢ To observe the downshifting effect of photoluminescent SiOxCy thin film on solar 

cells by using EQE and I-V characteristics. 

 

This thesis work is divided into 5 main chapters and a final chapter in which the 

conclusions are presented. 

 

Chapter 1: An introduction regarding the spectral losses in silicon solar cells are discussed 

in this chapter, which is accompanied by the downshifting process with the expectations to 

improve the efficiency of the solar cell. Also, different types of PL mechanisms are 

discussed to understand the light emission in silicon-based materials.  
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Chapter 2: The deposition technique, i.e., Organic Catalytic (O-Cat) CVD is discussed 

along with the different characterization techniques that have been used to understand the 

properties of the obtained thin film. 

 

Chapters 3: This chapter describes the results obtained by the use of alkylsilane or 

organometallic compound precursors, i.e., monomethyl silane, and Vinyl Silane and a 

general discussion is made of the possible emission mechanisms for the films obtained 

with the used precursors based on the results obtained. 

 

Chapter 4: This chapter describes the results obtained by using tetra-ethyl orthosilicate 

precursor and the Downshifting effect of SiOxCy films on solar cells deposited by TEOS 

precursor, where a general discussion is made of the possible emission mechanisms for the 

films obtained with all the used precursors based on the results obtained and the 

effectiveness of SiOxCy films deposited by TEOS to understand the Downshifting effect in 

the solar cell. 

 

Chapter 5: Finally, the conclusions obtained during the development of this work are 

presented with suggestions for future work. 
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CHAPTER 2                                    

EXPERIMENTAL AND CHARACTERIZATION 

TECHNIQUES 
 

2.1. Introduction 

 

This chapter describes the experimental and characterization techniques used for reaching 

the objectives of the thesis as defined in the previous chapter. Primarily the chapter has 

been divided into two major sections.  

 

The focus of the first section of this chapter is to understand the details of deposition 

technique and precursor used in our laboratory, i.e., Organic Catalytic Chemical Vapor 

Deposition (O-Cat-CVD) technique and organometallic precursors, respectively. Here, the 

growth mechanism of thin films will be discussed. On the other hand, the focus of the 

second section of this chapter is to understand the various characterization techniques used 

for the analysis of the SiOxCy thin films.  

 

2.2. History of synthesis techniques of silicon oxycarbide (SiOxCy) 

 

Before the description of the deposition technique and the precursor used in our laboratory, 

it will be worth mentioning about the history of the synthesis of SiOxCy thin films. The 

first synthesis of silicon oxycarbide (SiOxCy) was performed by R. B. Ellis in 1951, where 

the author incorporated carbon into porous silica [1]. Although different studies took place 

related to mechanical and chemical properties of SiOxCy after its first synthesis by using 

oxidation, sol-gel, etc., techniques [2]–[9], the study of the Photo-Luminescence on SiOxCy 

matrix started after 1990s, when L. T. Canham proposed the Photo-Luminescence from 

porous silicon [10]. S. Hayashi et al., prepared a composite film of SiO2 and carbon by 

using rf co-sputtering technique in 1993 [11], [12] and discussed the role of carbon cluster 

for PL. Many other research groups have also used the same rf co-sputtering technique for 

obtaining PL properties from SiOxCy matrix [13]–[18] where they have used the targets of 
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SiC, SiO2 or Carbon to obtain the SiOxCy thin film. Likewise, B. Garrido et al., used ion 

implantation to incorporate Si and C in amorphous SiO2 [19]–[21]. Furthermore, different 

types of chemical vapor deposition (CVD)  techniques such as Hot-Wire CVD (HWCVD) 

[22]–[28], Plasma-Enhanced CVD (PECVD) [29], [30], Thermal CVD (TCVD) [31]–[33] 

were also used to synthesize SiOxCy thin films to obtain PL properties. Silane was used as 

the main precursor in the PECVD technique [29], [30], while different types of organo-

metallic materials, such as tetra-ethyl orthosilicat(TEOS), monomethyl silane (MMS), and 

2,4,6-trimethyl-2,4,6-trisila-heptane (C7H22Si3) were used in HWCVD and TCVD 

techniques, respectively,  [22]–[28], [31]–[33]. Besides, white luminescence was also 

observed in the sol-gel derived thin film [34]. It is worth mentioning that the pyrolysis 

technique was extensively used for the other application of SiOxCy matrix, such as in 

biomedical applications [35], anode material for storage batteries [36], [37], and 

piezoresistive sensors [38], [39], etc.  

  

Table 2.1 SiOxCy matrix: methods of preparation, precursors, Photo-Luminescence (PL) emission band, 

and related mechanism of PL emission. 

Synthesis Method Precursors PL (eV) Properties Reference 

RF Sputtering SiO2 + C plates 2.20 
Carbon clusters (~2nm) 

comparable or smaller than C60 
[11], [12] 

Magnetron 

co-sputtering 

Suprasil + Graphite 

chips 

1.80 - 

2.20 

C-related defects, a-Si:O:C 

regions, and carbon clusters in 

a-SiO2:C 

[15] 

Ion- implantation SiO2 + Si+ + C+ 

1.40 - 

1.60, 2.00 

- 2.20 and 

2.70 

Formation of silicon nano-

crystals (1.4-1.6 eV), carbon 

amorphous clusters (2.0-2.2 

eV), and SiC clustering (2.7 eV) 

[19]–[21] 

Ion- implantation SiO2 + Si+ + C+ 
1.90, 2.50, 

and 2.70 

Formation of Si nanocrystals 

(1.9 eV), SiC and/or a complex 

of Si, O, and C (2.5 and 2.7 eV) 

[40] 

Ion- implantation SiO2 + C+ 2.53 Amorphous carbon clusters [41] 

Ion- implantation SiO2 + Si+ + C+ 
2.10 and 

2.70 

Amorphous carbon clusters (2.1 

eV) and SiyC1-yOx complexes (x 

< 2) (2.7 eV) 

[42] 

RF co-sputtering SiO2 + C plates 2.27, 2.54 

C-rich clusters (2.27 eV) and 

SiC nanocrystals luminescence 

centers (2.54 eV) 

[14] 

RF co-sputtering SiO2 + SiC 2.70 Defects in SiO2 at the SiC/SiO2 [13] 
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interface: Twofold coordinated 

silicon defect (i.e., O–Si–C–O– 

and –O–Si–O–) and Neutral 

oxygen vacancy (NOV) defect 

ECR PECVD SiH4 + O2 + CH4 2.46 
Carbon-incorporated 

Si nanoclusters 
[29] 

Thermal 

carbonization/oxidatio

n of porous silicon 

Porous Si + 

(N2/C2H2) + wet 

argon 

2.50 

Carbon bonding state and 

Carbon-based clusters in a 

silicon oxide matrix 

[43]–[47] 

Pyrolysis process by 

sol–gel method 

SiO2 + 

triethoxysilane and 

methyldiethoxysilane 

2.00 and 

2.21 

 

The presence of a low amount 

of free C and SiC (2.21 eV) and 

presence of Si, C and SiC in the 

film (2 eV) 

[34] 

Atmospheric pressure 

VHF microplasma jet 
TEOS-Ar 2.70 NOV defects [48] 

Thermal chemical 

vapor deposition 

(TCVD) 

2,4,6-trimethyl-2,4,6-

trisila-heptane 

(C7H22Si3) + O2 

2.13 

Carbon related oxygen defect 

centers (CODCs) and electronic 

transitions of Si-C/Si-O-C bond 

[31], [32] 

RF-magnetron 

sputtering technique 
SiC + O2 + Ar 

2.64, 3.22 

and 3.78. 

The oxygen deficiency centers 

(3.78 eV), Si-Ox related defects 

(3.22 eV) and surface defects of 

6H SiC nano-crystal particles 

(2.64 eV) 

[17], [18] 

Catalyst-assisted 

process 
SiO2 + CH4 

2.34 and 

3.26 

Oxygen deficiency center 

(ODC) in SiO2 shell (3.26 eV) 

and Quantum confinement 

effect (QCE) in -SiC 

nanowires (2.34 eV) 

[49], [50] 

VHF-PECVD SiH4 + CH4 + O2 
1.68, 2.13 

and 2.70 

Si-related NOV Defect (2.7 eV), 

Si-C related defect state (2.13 

eV) and silicon dangling bond 

(DB) defects (1.68 eV) 

[51]–[53] 

Molten salt mediated 

carbothermal reduction 

(CR) route 

Silica fume and 

sucrose 
2.93 

Quantum size effect due to SiC 

NWs 
[54] 

Hot –wire CVD 

(HWCVD) 

Monomethyl-silane 

(MMS) + O2 

2.21, 2.70 

and 2.95 

Combination of different defects 

and quantum confinement 

effects in the SiOC matrix 

[23], [26], 

[28] 

Cat-CVD TEOS + Ar 
2.48, 2.21, 

2.70 and 

Formation of Si and SiC-based 

nano-crystals (2.48 and 2.21 eV) 

[22], [24]–

[26] 
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2.95 -3.26 and Defects with H and C 

related bonds and ODC defects 

(3.26-2.95 and 2.7 eV) 

Hot filament chemical 

vapor deposition 

technique (HFCVD) 

Ethanol + SiO2 + H2 
2.70 - 

2.80 

Si related defects such NOVs 

and ODCs 
[27] 

RF-magnetron 

sputtering 

Si or SiC target + O2 

+ CH4 + Ar 
2.50 

Formation of light-emitting 

centers in SiOx and amorphous 

carbon nanoclusters 

[16], [55] 

Cat-CVD 
Mesoporous silica 

pellets and TEOS 
2.95-3.26 

Quantum confinement effects 

due to Si-C/Si−O−C bonding 

groups 

[56] 

Chemical treatment 

Fumed silica + 

Tetramethoxysilane 

[Si(OCH3)4] 

2.50 Carbon precipitates (nanodots) [57] 

 

2.3. Organic Catalytic Chemical Vapor Deposition (O-Cat-CVD) 

 

Organic Catalytic Chemical Vapor Deposition (O-Cat-CVD) is a CVD technique which is 

also known as Hot-Wire CVD technique [58]. This instrument was ingeniously designed in 

the SEES, Electrical Engineering Department, CINVESTAV and successfully established 

since 2001. 

 

The first use of the catalytic process in the CVD technique was mentioned in 1970 by S. 

Yamazaki et. al. [59]. In this work, a catalyst was inserted in a conventional Thermal CVD 

apparatus to improve the quality of silicon nitride film at low deposition temperature, 

however, results were not promising enough in comparison to simple TCVD process. Later 

in 1979, the fabrication of hydrogenated amorphous silicon (a-Si:H) films was reported by 

Wiesmann et. al., from silane gas and by using Tungsten (W) wires or carbon (C) rods at 

higher temperature [60]. However, the quality of the films was not good enough because of 

the deposition at low pressure. The research was stagnated in this field after these 

discouraging results, until the demonstration of high-quality hydrofluorinated amorphous 

silicon (a-Si:F:H) films using silicon tetrafluoride (SiF4) and hydrogen (H2) as gas 

precursors from the group of H. Matsumura [61], [62]. This was the first time when they 

claimed this process as Catalytic CVD (Cat-CVD) because they found the catalytic nature 

by the reaction of hydrogen with heated tungsten filament [62]. These results encouraged 



Manmohan Jain                                                                                                     Chapter 2 

34 

 

the researchers in this field once again and high-quality amorphous silicon (a-Si) was 

obtained by Doyle et. al. [63], with few slight changes in the deposition conditions from 

those of Matsumura and this process was termed as Evaporative Surface Decomposition 

(ESD) by them. In 1991, Mahan et. al., formally introduced the term “Hot Wire Chemical 

Vapor Deposition” (HWCVD) [64], where better film quality of a- Si were studied from 

HWCVD in comparison to the films obtained from PECVD. This research group’s work 

led a lot of growth in the field of HWCVD research in comparison to the work of the past 

two decades. Later, T. Hata et. al., used metal-organic precursors in this Cat-CVD and 

termed it as Organic Catalytic CVD in 2007 [58].  

 

2.3.1. Structure of O-Cat-CVD 

 

 

Fig. 2.1 O-Cat-CVD systems present in Electrical Engineering Department of CINVESTAV. 

 

In this thesis work, two different Organic Catalytic Chemical Vapor Deposition (O-Cat-

CVD) systems were used to deposit SiOxCy thin films; these systems are shown in Fig. 2.1. 

These both systems mainly are constituted by a reaction chamber with a window, vacuum 

pumps, i.e., turbo-molecular and mechanical pumps. Control systems for mass flow and 

filament temperature are also presented. Here, one of the systems is used for gaseous 

precursors such as monomethyl Silane (MMS) (Sigma Aldrich-462993- purity 99.9%) and 

Vinyl Silane (Gelest-7291-09-0) where Oxygen (O2), and Hydrogen (H2) were also used as 

reactant gases (Fig. 2-1a). While the other system (Fig. 2-1b), was used for liquid 
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precursors such as Tetraethyl orthosilcate (TEOS) (Sigma-Aldrich, reagent grade, 98%) 

where argon gas was used as a carrier gas. Filaments of tantalum (Ta) wire with a diameter 

of 0.5 mm and tungsten (W) wire with a diameter of 0.75 mm are used for the catalytic 

process for gaseous and liquid precursor systems, respectively. The distance from the 

substrate to the catalyst filament is 5 cm for both systems and the temperature of the 

filament is measured by using the infrared (IR) detector (Chino model IR-AHS) through 

the window of the corresponding chamber during the deposition period. 

 

2.3.2. Growth mechanism of thin films 

 

 

Fig. 2.2 Schematic illustration of O-Cat-CVD deposition chamber. 

 

Typically, the process of O-Cat-CVD is quite simple and straightforward. The precursor is 

introduced into the vacuum chamber. In our case, TEOS liquid precursor and MMS and 

Vinyl Silane gas precursors were used in the chamber. Here, an incandescent filament (i.e. 

tungsten or tantalum) is resistively heated up to higher temperatures (around at 1600ºC-

2000ºC). This high temperature of the hot filament catalytically affects the molecules of 

the precursor materials and dissociates them. Subsequently, mainly reactive radicals are 

released from the surface of filament and some of these reactive radicals can reach the 

substrate directly after their release from the filament without any collisions. On the other 

hand, some of the other radicals may give rise to secondary gas phase reactions between 

the filament and substrate, where they may react with other generated radicals or parent 

molecules due to the collisions. Finally, there will be a nucleation and adsorption of these 
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radicals on the surface of the substrate, with which the deposition of the films is generated 

where the radicals resulting from the collisions may affect the properties of the growing 

film. There are different parameters on which the quality and properties of the material 

depend, such as: precursor gases, gas flows, filament temperature, substrate temperature, 

substrate-filament distance, chamber pressure and deposition times. A schematic diagram 

of the system is presented in Fig. 2.2. 

 

2.3.3. Advantages of O-Cat-CVD 

 

The O-Cat-CVD configuration has proven more advantages over other CVD 

configurations. First of all in this technique, only molecules (radicals) and neutral atoms 

are presented in the gas phase, due to which the surface of the films doesn’t suffer from the 

charge-induced damage or plasma damage, in comparison to PECVD [65]. This advantage 

is effective for depositing passivation films in compound semiconductors or organic 

devices. The deposition of thin films with high deposition rate without deteriorating their 

quality is also another advantage over PECVD method. Further advantage is the ease of 

increasing the deposition area by simply increasing the area covered by the filament, 

making this technique easily adjustable on an industrial scale [66]. Additionally, as it is a 

cold-wall system, low substrate temperature can be easily used in this method. Meanwhile, 

the radiation from the heated filament doesn’t affect the substrate temperature when there 

is a distance above 1 cm between filament and substate.  Subsequently, this technique 

makes possible to deposit the thin films practically on any type of substrates and making it 

ideal for the development of technologies on flexible substrates [67]. Finally, the low cost 

of O-Cat-CVD system and the possibility to use gaseous, liquid and even solid precursors 

with this technique allows obtaining a wide range of materials [22], [28], [58], [61].  

 

2.4. Metal-organic compounds as an alternative precursor 

 

Silane is one of the most used precursors used to obtain silicon related materials since the 

beginning of the semiconductor industry from 1960s. But lately, a lot of research groups 

started to look for an alternative to silane-gas, because of the occurrence of numerous 

accidents in the past. As it is well known that silane is a pyrophoric gas and due to its 
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lower auto ignition temperature (<18 °C), it can ignite spontaneously in contact with air 

[68], [69]. The following Table 2.2 shows the autoignition temperatures for different gases. 

 

It is known that in the last two decades, the number of victims and damages in accidents 

related to silane gas is greater than those related to all other gases used in the electronics 

industry together, such as arsine, phosphine, hydrogen, etc. This raises the need to search 

for alternative precursors allowing the development of silicon-based technologies and 

reducing risks significantly. 

  

Table 2.2 Autoignition temperatures for different gases. 

 

 

Dichlorosilane and trichlorosilane were one of the first precursors which were used as an 

alternative to Silane to produce silicon-based films because of their high autoignition 

temperatures (100°C) [70]. These precursors contain the chlorine which may favor the 

formation of nanocrystals [71] but it also forms the HCl as a byproduct which is highly 

corrosive and represents a potential damage to the deposited film, as well as in the 

deposition system [72]. 

 

Furthermore, metal-organic compounds are also arising as another alternative of silane gas, 

which allows to obtain a wide variety of functional carbon-based materials, such as 

carbides-metals, carbon-doped metal oxides, metal nitrides doped with carbon and so on. 

These types of metals can be classified as organic-inorganic hybrid materials. It is 

noteworthy that mechanical strength, thermal stability, and chemical properties depend on 

the inorganic component of the material, while hydrophobicity, plasticity, and solubility 
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properties depend on the organic components of the material [73]–[75]. Due to these 

attractive properties, metal-organic compounds such as monomethyl silane [MMS; (CH3-

SiH3)], Vinyl Silane [VS; (H2C=CHSiH3)] and tetra-ethyl orthosilicate [TEOS; 

(Si(OC2H5)4)], are presented as noteworthy alternatives for obtaining silicon/carbon based 

materials. Fig. 2.3 presents the molecular structure of these precursors. 

 

Fig. 2.3 Schematic diagrams of the molecules of (a) Monomethyl Silane (MMS), (b) Vinyl Silane and (c) 

Tetraethyl Orthosilicate (TEOS). 

 

From Fig. 2.3, it is shown that the molecular structure of MMS and vinyl silane are smaller 

than TEOS, so it is easy to dissociate the complete molecule of MMS and vinyl silane 

during the deposition at higher temperatures. On the other hand in regard with the 

molecule of TEOS, the silicon atom is inherently bounded with four oxygen atoms, while 

ethyl radicals are attached with these oxygen atoms due to which these ethyl radicals 

dissociates initially from the TEOS molecule [76], [77]. These dissociation processes of 

different molecules allow us to get the different kind of SiOxCy thin films which may help 

us to obtain a good comparative thin film for our application. 

 

2.5. Material characterization techniques 

 

In this section, some of the experimental techniques are explained briefly which were used 

to understand the properties of the deposited thin films. It comprises structural, 

morphological and optical characterization techniques. Here, Fourier Transform Infrared 

Spectroscopy (FTIR) and X-ray Photoelectron Spectroscopy (XPS) were used to visualize 

the elemental properties, while Transmission Electron Microscopy at High Resolution 

(HR-TEM) were used to understand the morphological properties of the thin film. 

Additionally, Photo-Luminescence (PL) spectroscopy, Time Resolved Photo-
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Luminescence (TRPL) spectroscopy and ellipsometry were also used to understand the 

optical properties of deposited thin films. Moreover, current-voltage (I-V) characterization 

and external quantum efficiency (EQE) characterization was also performed to understand 

the characteristics of solar cells with and without the deposition of SiOxCy thin films. 

 

 

Fig. 2.4 Flow chart of used characterization techniques. 

 

2.5.1. Fourier Transform Infrared Spectroscopy (FTIR)  

 

Fourier Transform Infrared Spectroscopy (FTIR) is a well-recognized non-destructive 

method to understand the different bonding states of many materials and it overcome the 

limitations of dispersive instruments. The infrared spectrum represents the fingerprint of a 

sample because two different compounds do not give rise to the same absorption spectrum. 

It provides the information about the absorption peaks corresponding to the vibration 

frequencies of the atoms that make up a molecule which helps in the positive identification 



Manmohan Jain                                                                                                     Chapter 2 

40 

 

of each different material. The intensity of the peak of any bonding in the spectrum directly 

corresponds to the presence of that bonding in the material. Here, Fig. 2.5 (a) shows the 

FTIR instrument (Nicolet 560) which was used for the analysis of bonding and is placed at 

IIM-UNAM, Mexico while Fig. 2.5 (b) shows a schematic block diagram of FTIR to 

understand the working principle. 

 

Fig.  2.5 (a) Photo of FTIR spectroscopy (Nicolet 560) in IIM-UNAM, and (b) Schematic block diagram 

of FTIR spectroscopy. 

 

The FTIR instrument contains an infrared (IR) source and the generated beam pass through 

the collimator which supports IR beams to obtain the uniform directionality. Now, this 

output from the collimator passes through the interferometer which comprises a beam 

splitter, a fixed mirror and a moving mirror. A beam splitter is arranged at 45° to the 

incident beam direction and the fixed mirror is situated in the perpendicular direction of it 

and the moving mirror is placed in the direction of the beam. When the beam goes out 

from the collimator, it goes through the beam splitter; then this beam is partitioned into two 

beams in which one beam reflects towards the flat mirror while the other is directed to the 

moving mirror which move this mirror with a very short distance. This arrangement of 

components allows getting the precise values of frequencies reading the different positions 

of moving mirror. This range of frequencies now passes through the sample compartment 

and then they are perceived by the detector. Now, a time varying signal is produced by the 

detector which corresponds to the transmittance of the sample for distinct frequencies and 

Fourier transformation is used to convert these time signals into a frequency output. 
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2.5.2. X-Ray Photoelectron Spectroscopy (XPS) 

 

X-ray Photoelectron Spectroscopy (XPS) is a surface analysis technique which was 

developed by Dr. Kai Siegbahn in mid-1960 and he was also awarded with a Nobel Prize 

in 1981. XPS was also termed as Electron Spectroscopy for Chemical Analysis (ESCA) 

because it is used to study the chemical composition of surfaces. This technique is based 

on the principle of photo-electric effect. In this effect, a photon of high energy (X-ray in 

this case) is absorbed by an electron of the atom and gets ejected. The kinetic energy of 

this ejected electron can give enough information for atom identification. 

 

In this work, a XPS microprobe PHI 5000 VersaProbe II spectrometer was used with a 

monochromatic Al X-ray source and an excitation line at 1486.6 eV. This instrument is 

placed at IIM-UNAM. XPS data was analyzed by using Spectral Data Processor (SDP) 

v4.1 (32-bit version) software, where the peak-fit of the data was obtained by Shirley-type 

baseline.  The use of this instrument was funded by CONACyT project no. 299703. A 

schematic block diagram of XPS instrument is shown in Fig. 2.6. 

 

 

Fig. 2.6 Illustration of X-ray Photoelectron Spectroscopy (XPS) instrument. 

 

Normally, an XPS instrument has a source of photons or a X-ray gun with a target of 

aluminum (Al) or Magnesium (Mg) and a suitable filter. When these X-rays impact the 
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sample, then photoelectrons generate with a certain kinetic energy as explained by the 

photoelectric effect. Next, the electron energy analyzer identifies the electrons with 

different energy by employing the electrostatic and magnetic fields. Finally, a detector is 

used to detect these signals and provide the corresponding output. 

 

2.5.3. High-Resolution Transmission Electron Microscopy (HR-TEM) 

 

Transmission Electron Microscopy (TEM) is a very important technique to analyze the 

crystallographic structure, morphology, defects, particle size, etc., by using a beam of high 

energy electrons which transmits through an ultra-thin specimen. This high energy electron 

beam provides an image with a resolution at the atomic scale, where the analysis of a 

microstructure becomes easy. This technique overcomes the limitations of optical 

microscope which is regulated by the wavelength of light. This technique (TEM) uses 

electrons as the source, where these electrons are accelerated at several hundreds of keVs, 

due to which these electrons have a shorter wavelength than light. For instance, if an 

energy of 200 keV is used in a TEM, then the wavelength of electrons will be around 0.025 

Å, which provides a thousand times better resolution than in case of the optical 

microscope. However, the inherent aberration in electromagnetic lenses also limits the 

resolution of TEM. This technique is widely used in physical and biological sciences as an 

analysis method, including the field of semiconductors, material science, virology, etc., 

where different operational modes such as bright field, dark field and lattice mode are used 

to get the image. 

 

In our work, we have used HR-TEM (JEOL-JEM-2010) as shown in Fig. 2.7 (a) which is 

also situated at LUME of IIM-UNAM. An accelerated energy of 200 keV and a camera 

distance of 20 cm were used to obtain a bright field mode image of the deposited samples. 

In this work, samples were prepared by simply scraping on the surface of the thin film. Fig. 

2.7 (b) shows the block diagram of the HR-TEM system used, which explains its working 

principle. Here, the accelerated beam of electrons is produced by an electron gun or 

cathode. The higher accelerated voltage provides higher power of resolution. Then, this 

beam of electrons passes through an anode and then the beam of electrons flow in an 

analogous way like a beam of light does in an optical microscope. Here, an 

electromagnetic field is generated by electronic coils in the lens-system. Firstly, the beam 
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is focused by the condenser lenses and passes through the sample. Here, the beam deflects 

partially and the degree of deflection varies according to the electron density of the sample. 

Next, the objective aperture lens collects these scattered electrons and an image is 

registered, which is enlarged by the projector lenses. Finally, an image can be visible on an 

imaging device, such as a fluorescent screen or a sensor such as a CCD camera. 

 

 

Fig.  2.7 (a) Photo of HR-TEM (JEOL-JEM-2010) in IIM-UNAM, and (b) Schematic block diagram of 

HR-TEM. 

 

2.5.4. Photo-Luminescence (PL) Spectroscopy 

 

Photo-Luminescence (PL) spectroscopy is one of the non-destructive, contactless and 

powerful optical techniques that allows investigation of the luminescence by using the 

source of photons. This technique provides the optical properties of any material where 

different excitation energies and intensities can be chosen to explore and investigate the 

material. The obtained emission spectrum and its intensity can be used to identify various 

important material properties such as impurity levels, roughness of the interface and 
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surface, etc. Additionally, the process of Photo-Luminescence is already explained in 

chapter 1 in detail including for direct and indirect materials. 

 

Fig. 2.8 (a-b) Photo of Photo-Luminescence (PL) spectroscopy placed in IIM-UNAM, and (c) 

Schematic block diagram of PL spectroscopy. 

 

Photo-Luminescence Excitation Spectra (PLE) and Time-Resolved Photo-Luminescence 

(TRPL) spectra were analyzed by a Photo-Luminescence (HORIBA-Nanolog kit) 

equipment. Normally, these spectra are used to analyze additional information about the 

PL emission, e.g., the origin of PL emission. PLE spectra are almost obtained the same as 

PL is done, but there is a supplementary element altering the excitation wavelength of the 

laser. Fundamentally, a fixed excitation wavelength is used in PLE which is tuned to a 

wavelength just when the PL emission intensity is high. Hence, the obtained PLE spectra 

or signal provides an electronic energy structure which provides the ratio of emitted photon 

flux to the product of incident photon flux and tuned wavelength [78]. Moreover, TRPL is 

used to analyze the subsequent decay in Photo-Luminescence (PL) as a function of time by 

using a pulsed light source [79]. The fundamental limitation of this technique is its 

dependence on radiative events due to which materials of poor radiative quality, such as 
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indirect band gap semiconductors, can be difficult to investigate via typical PL 

spectroscopy.  

 

In the present work, PL spectroscopy [Kimmon Koha (Co., Ltd., Centennial, CO, USA)] 

was used to obtain a PL emission spectrum by using a He-Cd laser at room temperature for 

all the deposited thin films as shown in Fig. 2.8 (a-b). The excitation wavelength of this 

laser is 325 nm and an output power of 20 mW. Fig. 2.8 (c) shows the block diagram of PL 

spectroscopy. Normally, a PL spectroscopy contains an Illuminator source, 

monochromators, gratings, slits, shutter, sample compartment and detectors.  

 

Firstly, the monochromator selects the excitation wavelength which comes from the 

illuminator source. Then this beam hits the sample, and giving place to the PL to occur and 

emitting light. This emitted light is directed towards the emission monochromator, where a 

diffraction grating spreads the light in different wavelengths and directions towards the 

photodetector, which helps to measure the intensity of each wavelength of the scattered 

light. 

 

2.5.5. Ellipsometry 

 

Ellipsometry is a surface sensitive and non-destructive measurement technique which helps 

to investigate the thickness and optical properties of a material. Normally, the polarization 

of light changes after its reflection or transmission from/through a material and this 

spectroscopy measures this response of polarization of light. Ellipsometry uses the law 

where linearly polarized light at an oblique incidence over a surface, modifies the 

polarization state when it is reflected. So, the linearly polarized light becomes elliptically 

polarized due to which it is named as “ellipsometry”. In some circumstances, elliptically 

polarized light is applied as the incident light wave. The picture of the instrument situated 

at CINVESTAV and the block diagram of ellipsometry is shown in general in Fig. 2.9. 

This technique is not dependent on the absolute intensity, which makes it a more precise 

and reproducible technique. Although it is largely used to obtain the optical constants and 

film thickness, it also helps to study the other properties of the material such as roughness, 

crystallinity, doping concentration, etc.  
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Fig. 2.9 (a) Photo of ellipsometry spectroscopy placed in SEES-CINVESTAV, and (b) Schematic block 

diagram of ellipsometry spectroscopy. 

 

In the present work, an ellipsometer (Gaertner) was used with a constant wavelength of 

632.8 nm and the reading of different angles of incidence from 45° to 80° was used with an 

interval of 5°. An unpolarized or circular light is emitted by the light source, which goes 

through a linear polarizer. It transforms the incoming light into linearly polarized light. 

Then, a compensator hinders the two perpendicular components of the electrical vector by 

distinct amounts thus rotating the polarization state of the wave. This focused beam hits the 

surface at a given angle of the material and a part of this light wave is reflected and another 

part is transmitted. After the reflection from the sample, the detector unit converts the 

reflected beam into voltage and determines its polarization state. Finally, the raw data is 

analyzed by using the WVASE32 software. 

 

2.5.6. Current-Voltage measurement  

 

Current-Voltage (I-V) measurement of solar cells was used to determine the electrical 

performance of the solar cell. Open-circuit voltage (Voc), short-circuit current density (Jsc) 

and fill factors can be obtained by using I-V curves. A solar simulator of ABET 

Technologies (Sun 3000 class AAA) was used to measure the current-voltage (I-V) 

characteristics of solar cells as shown in Fig. 2.10 (a). This experimental setup includes a 

Keithley 2450 source measure unit and the Kickstart software helps to provide the 

corresponding I-V curve.  
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Fig. 2.10 (a) Photo of current-voltage (I-V) measurement instrument (ABET Technologies) placed at 

IIM-UNAM, and (b) Schematic diagram of an I-V measurement instrument (Copyright ABET 

TECHNOLOGIES, INC. 2021). 

 

Fig. 2.10 (b) shows the schematic diagram of the I-V measurement instrument. This system 

contains a xenon (Xe) short arc lamp inside an elliptical reflector, which provides the 

power supply to the lamp. Next, the mirrors refocus the output of the lamp towards the 

optical homogenizer which comprises a pair of offset lens set arrays. Here, an AM 1.5G 

filter, and a spectrum shaping element, are positioned just before the homogenizer so that 

the same spectral shaping can be reproduced. After this, the condenser lens and 

homogenizer both create a uniform illumination and here, the intensity of irradiation 

usually remains 100 mWcm-2.  

 

2.5.7. External Quantum Efficiency instrument 

 

The External Quantum Efficiency (EQE) measurement is one of the most important 

techniques to observe the solar cells’ performance in a specific range of wavelengths. This 

technique is also recognized as Incident Photon to Charge Carrier Efficiency (IPCE) and it 

is described as the ratio of the number of charge carriers collected in the external circuit 

with the number of incident photons at a given wavelength [80]. An Oriel® Instruments 

QEPVSI-b System was used to obtain EQE measurements as shown in Fig. 2.11 (a) and 

Oriel’s TracQTM Basic software was used to analyze the EQE raw data.  



Manmohan Jain                                                                                                     Chapter 2 

48 

 

 

Fig. 2.11 (a) Photo of the external quantum efficiency (EQE) measurement instrument (Oriel® 

Instruments QEPVSI-b) placed at IIM-UNAM, and (b) Schematic block diagram of EQE 

measurement instrument. 

 

Fig. 2.11 (b) shows the schematic block diagram of the EQE measurement instrument. This 

EQE setup consists of a Xenon Light Source with 300 W of power, which is paired with a 

monochromator to generate the scanning light. A chopper is used to block the ambient 

light, which can undesirably affect the output from the system while current and sensitive 

optical power measurements are achieved by using the lock-in amplifier.  

 

2.6. General Discussion 

 

In this chapter, a brief background and various deposition techniques of SiOC thin films 

were discussed in the first section. Later, experimental and characterization techniques 

used in this thesis work were also discussed. Here, two different HWCVD or O-Cat-CVD 

equipment were used to obtain SiOxCy thin films by using gaseous and liquid precursors. 

Different kinds of characterization techniques helped to understand the structural, 

morphological, and optical properties of deposited SiOxCy thin films. Besides, 

characterization techniques for solar cells i.e. I-V and EQE measurement were also 

discussed to understand the relevance of SiOxCy thin films deposited on solar cells. 
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CHAPTER 3                                                     

SIOXCY THIN FILMS DEPOSITED WITH MMS 

AND VINYL SILANE 
 

3.1. Experimental Details 

 

An organic catalytic chemical vapor deposition (O-Cat-CVD) system was used, as shown 

in Fig. 2.1 (a), to deposit silicon oxycarbide (SiOxCy) thin films. These SiOxCy thin films 

were deposited on polished P-type crystalline silicon substrate with (100) orientation 

(resistivity 1-10 Ω-cm) by using monomethyl Silane (MMS) and vinyl silane precursor. 

The substrate was cleaned by using the RCA method [1]. In this method, the substrate was 

cleaned with Xylan, Acetone, and hydrogen peroxide for 10-10 minutes, respectively, and 

then kept for 20 seconds in hydrogen fluoride (HF) of 10 % dilution with water. After this 

process, the substrate was dried using nitrogen gas. 

 

Furthermore, the MMS gas was purchased from Sigma Aldrich Company with a purity of 

99.9% while vinyl silane gas was purchased from Gelest Company with a purity of 97-

100%, and product code and case Nos. were SIV9096.7 and 7291-09-0, respectively. 

Oxygen (O2) and hydrogen (H2) gases were also used as reactant gases. This O-Cat-CVD 

system has two vacuum pumps, a primary mechanical type in which vacuum pressures 

reached in the range of 1x10-2 torr and a secondary turbo molecular type in which 

maximum vacuum reached up to 4x10-6 torr. Control systems for mass flow controller and 

filament temperature are also presented. Tantalum (Ta) wire with a diameter of 0.5 mm 

was used as a catalyst with 5 cm distance between the filament and substrate. The substrate 

(Ts) temperature and filament (Tf) temperature were 200ºC and 1800ºC, respectively. The 

filament temperature is monitored throughout the process using an infrared camera (Chino 

Brand Model IR-AHS) through the window of the corresponding chamber.  

 

3.2. Results and discussions 
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The effect of deposition duration on SiOxCy thin films by using MMS and vinyl silane gas 

as precursors, is discussed in subsequent sections to understand its various properties. 

 

3.2.1. SiOxCy thin films deposited by monomethyl silane 

 

In this work, the effect of deposition duration was evaluated, so it was kept as a variable 

parameter for preparing thin films. The chambers working pressure (Ps) was 0.13 Torr, 

while the flow rate of MMS, hydrogen and oxygen gases were 4, 20, and 1 sccm, 

respectively [2]. 

 

3.2.1.1. Fourier Transform Infrared (FTIR) Spectroscopy 

 

Fig. 3.1 FTIR spectra of deposited samples at various deposition duration by using MMS [2]. 

 

The vibrational modes of FTIR absorption bands are illustrated in Fig. 3.1, and their 

corresponding wavenumbers are also mentioned in Table 3.1 for the deposited thin films. 

Normally, the rocking, bending, and stretching vibrational modes for the Si-O-Si bonding 

are observed at 470, 800, and 1080 cm-1, respectively, but the stretching vibrational mode 

of the Si-O-Si bond is positioned at 1026 cm-1 [2]. Hence, deposited thin films show a shift 

in stretching vibrational mode the Si-O-Si bond from the stoichiometry value (1080 cm-1) 

[3]. This shift from the stoichiometry value of Si-O-Si bond corresponds to the oxygen 

deficiency in Si-O-Si bonding, which may give higher possibilities of having one or more 

silicon or carbon neighboring atoms [3]–[5]. This stoichiometry and/or composition 
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modifications in the oxide layer allow controlling the Photo-Luminescence (PL) intensity 

and its spectral composition [6]. An absorption band can also be noticed at 1100 cm-1, 

which refers to the presence of Si-O-C bonds and confirming the formation of SiOxCy thin 

film [7].  

 

Other absorption bands positioned at 2971, 1250, and 800 cm-1 are related to C-H, Si–CHn, 

and Si-C bonds, respectively [8]. It can be clearly noticeable in Fig. 3.1 that the intensity of 

these bonding states is gradually intensifying with an increase in deposition time for the 

obtained thin films. The proportionally elevated intensity of Si-C mode can be due to the 

shift in the absorption band of Si-O-Si stretching mode from its stoichiometry value which 

increase the possibility of having one or more C or Si neighboring atoms [9]. The 

absorption bands of Si-Hn were observed at 880 and 2170 cm-1, which corresponds to the 

scissors and stretching vibrational modes, respectively [10]. The 2170 cm-1 stretching 

mode is usually assigned to the clustered Si-H bonds with one or more carbon atoms [11].  

 

From Fig. 3.1, it is also noticeable that the intensities of the absorption bands at 800, 1026, 

1250, 2170, and 2971 cm-1 bonding states are proportionally elevating with the deposition 

duration, which indicates that the contribution of carbon related-bondings increased in the 

thin film [2]. 

 

Table 3.1 FTIR infrared absorption bands with their respective wavenumbers [9]. 

Wavenumber (cm-1) Vibrational mode 

470 Si-O-Si rocking band 

670 Si-Hn 

800 Si-O-Si bending band, Si-C 

880 Si-Hn 

1080 Si-O-Si stretching band 

1100 Si-O-C 

1250 Si-Hn 

2170 Si-H 

2971 C-H 
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3.2.1.2. X-Ray Photoelectron Spectroscopy (XPS) 

 

The chemical analysis for the 30 min deposited sample were characterized by XPS and it is 

illustrated in the Fig. 3.2. Si 2p, C 1s and O 1s XPS spectrum peaks are noticeable in Fig. 

3.2 (b), (c), and (d), respectively and relative content of the phases are shown in the Table 

3.2. 

 

Fig. 3.2 XPS spectra of a) SiOxCy, b) Si 2p, c) C 1s, and d) O 1s for 30 min deposited sample by using 

MMS. 

 

Table 3.2 The relative content of the phases calculated by the XPS fitted results. 

Spectra Si 2p C 1s O 1s 

Bonding SiOC3 SiO2C2 SiO3C Si-O4 C-Si C-C C-O C=O Si-O Si-O2 C=O 

BE (eV) 101.5 102.8 103.7 104.9 283.0 284.5 285.8 287.0 532.4 533.4 534.5 

Atomic % 12.6 26.6 39.5 21.3 10.4 36.8 40.9 11.9 22.9 51.3 25.8 
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The high-resolution Si 2p spectra contain SiOC3, SiO2C2, SiO3C, and SiO4 phases at 101.5 

eV, 102.8 eV, 103.7 eV, and 104.9 eV peaks, respectively [12]. The figure shows that the 

content of SiOC3, SiO2C2, SiO3C, and SiO4 bond phases are 12.6 %, 26.6 %, 39.5 % and 

21.3 atm%, respectively. This analysis justifies the presence of SiOxCy bonding in the thin 

film, including with the SiO2 bonds. 

 

C 1s spectra contain peaks at 283 eV, 284.5 eV, 285.8, and 287 eV for C-Si, C-C, C-O and 

C=O bonds, respectively [13]. Here, C-Si bonds show the presence of C in the form of SiC 

and SiOC, C-C bonds show the presence of C in the form of amorphous C or as graphite 

and C–O shows the carbon bonded to O, C–O or C=O, in the above mentioned phases, 

respectively [14]. 

 

Here, C-Si bonds have 10.4 atm% content, showing the presence of SiC or SiOC bonds in 

the thin film. C-C bonds may be identified as amorphous carbon bonds or free carbon. 

From Fig 3.1, the FTIR spectra also justify the presence of the C-C bond in the thin film. 

Except this, the spectra also show a quantities of C-O and C=O bondings with 40.9 % and 

11.9 atm%, respectively. This can be identified as the formation of carbon dioxide in the 

thin film.  

 

Besides this,  in O 1s spectra, the Si-O, SiO2, and C=O bond phases were also detected at 

532.4 eV, 533.4 eV and 534.5 eV peaks, respectively [12]. Here the Si-O bonds show the 

presence of oxygen in silicon oxycarbide, SiO2 shows the presence of oxygen in silicon 

oxide, while the C=O bond shows the oxygen bonded to carbon [14]. 

 

Here the Si-O, SiO2 and C=O content is 22.9 %, 51.3 % and 25.8 atm%, respectively. 

These results approve the presence of SiOxCy, SiO2 and CO2 in the thin film, which also 

correlates with the results of FTIR. 

 

3.2.1.3. Ellipsometry 

 

Fig. 3.3 illustrates the thickness and the refractive index (RI) of the deposited samples and 

their corresponding values are mentioned in Table 3.3, respectively. Here, the effect of 

deposition time was investigated on the thickness and refractive index of thin films. The 
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refractive index deposited thin films vary from 1.63 to 1.73 while the thickness is 

proportionally increasing from 154.3 nm to 268.3 nm, respectively, with the increment of 

deposition time.  

 

Here it is noticeable that the refractive index (RI) of deposited thin films, alters, but it is 

expected that it should be constant for every thickness in these thin films. The 

compositional change of thin films can be the reason for this variation of the RI which can 

be due to the dissociation process of different molecules with time, which may 

consequently alter the value of the RI [15]. The differences in the bonding states of various 

thin films are clearly noticeable from FTIR and XPS spectra, which are justified by the 

variation of deposition time, and the composition modification of the film affects the 

variation of RI [9]. 

 

The substrate temperature may also change due to the hitting of hot electrons in the 

chamber, which may alter radicals sticking coefficient and surface mobility [16]. This 

might modify the deposition kinetics, which can also be the cause for the variation of RI 

[9]. 

Table 3.3 Refractive index and thickness of samples by ellipsometry. 

Deposition Duration Thickness (nm) Refractive Index (RI) 

20 154.3 ± 0.1 1.70 ± 0.002 

25 179.2 ± 0.1 1.63 ± 0.002 

30 268.3 ± 0.1 1.73 ± 0.002 

 

 

Fig. 3.3 Refractive index and thickness of deposited samples at various deposition times using MMS 

[2]. 
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3.2.1.4. Photo-Luminescence Spectroscopy 

 

The PL spectra of thin films deposited at different conditions are illustrated in Fig. 3.4. An 

intense PL spectrum is observed in a wide region of visible spectra with a peak at 574 nm 

(2.2 eV) for 30 min-deposited samples, while considerably less intense spectra are noticed 

at 477 nm (2.7 eV) for 25 and 20 min-deposited samples. The cause for this blue shift in 

the PL spectra from 2.2 to 2.7 eV can be the decrease of Si-C bonding, as illustrated in 

FTIR spectra (Fig. 3.1). Other articles have also showed this shift from red to blue spectra, 

but nobody has in the past considered this phenomenon of Si-C bonding [7], [17]–[19]. 

This phenomenon can be significant in achieving required optoelectronic devices.  

 

The origin of PL emission at 2.2 eV can be due to different reasons, in which the shift in 

the non-stoichiometry composition [20], as discussed previously from FTIR analysis, can 

be one possible reason and this may also generate carbon-related defects [21] for PL 

emission at this band. Carbon-related neutral oxygen vacancy (NOV) defects [18], oxygen 

deficiency centers or silicon-related NOV can be the possible reasons of PL at 2.7 eV [22]. 

Quantum Confinement Effect (QCE) can be another probable reason for the PL emission 

in the visible range [19], [23].  

 

 

Fig. 3.4 PL spectra of deposited samples at room temperature for various deposition times by using 

MMS [2]. 
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3.2.2. SiOxCy thin films deposited by vinyl silane 

 

In this section, the effect of deposition time was evaluated and kept as a variable parameter 

for the preparation of thin films. The chambers working pressure (Ps) was 0.11 torr, while 

the flow rate of vinyl silane, hydrogen and oxygen gases were 7, 20, and 0.5 sccm, 

respectively. 

 

3.2.2.1. Fourier Transform Infrared (FTIR) Spectroscopy 

 

The FTIR absorption bands of vibrational modes are shown in Fig. 3.5. An absorption 

band can be observed at 1107 cm-1 for the deposited thin films, representing the presence 

of Si-O-C bonds and confirming the formation of SiOxCy thin film [7]. A broad absorption 

band from 580-800 cm-1 and another peak at 2931 cm-1 can also be observable, which are 

getting more intense with the increase of the deposition time. Here, the peak at 2931 cm-1 

shows the presence of CH bonds which represents the asymmetric stretch vibrations of 

methyl groups bonded to silicon [24], while the broad absorption band from 580-800 cm-1 

shows the presence of Si-C bond-related characteristic peaks appears at 609 cm−1 and 800 

cm−1 [25]. The absorption band at 670 cm−1 shows the presence of a Si–Hn bond.  

 

 

Fig. 3.5 FTIR spectra of deposited samples at various deposition duration by using vinyl silane. 
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The absorption bands of rocking and bending for the Si-O-Si bonding are at 480 and 800 

cm-1, respectively [2], [26]. In addition to these absorption bands, other bands related to 

Si–OH, C=C, and CO2 bonds were also observed at 956, 1600, and 2350 cm-1, respectively 

[27]–[29]. 

 

3.2.2.2. Ellipsometry 

 

Fig. 3.6 illustrates the thickness and the refractive index (RI) of the deposited samples, and 

their corresponding values are mentioned in Table 3.4, respectively. Here, the effect of 

deposition time was investigated as a function the thickness and refractive index of thin 

films. The refractive index of the deposited thin films varies from 1.75 to 1.83, while the 

thickness is proportionally increasing from 90.1 nm to 195.3 nm, respectively, with the 

increment of deposition time.  

 

Table 3. 4 Refractive index and thickness of samples by ellipsometry. 

Deposition Duration Thickness (nm) Refractive Index (RI) 

20 90.1 ± 0.1 1.78 ± 0.002 

25 142.6 ± 0.1 1.83 ± 0.002 

30 195.3 ± 0.1 1.75 ± 0.002 

 

 

Fig. 3.6 Refractive index and thickness of deposited samples at various deposition times by using vinyl 

silane. 
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Here it is noticeable that the refractive index (RI) of deposited thin films is not uniform, 

when it should be constant for every thickness in these thin films. The compositional 

change of thin films can be the reason for this variation of the RI, which can be due to the 

dissociation process of different molecules with time, which may consequently alter the 

value of the RI [15]. The differences in the bonding states of various thin films are clearly 

noticeable from FTIR and XPS spectra, which are justified by the variation of deposition 

time, and the composition modification of the film affects the variation of the RI [9]. 

 

Besides, the substrate temperature may also change due to the hitting of hot electrons in the 

chamber, which may alter radicals sticking coefficient and surface mobility [16]. This 

might modifies the deposition kinetics, which can also be the cause for the variation of RI 

[9]. 

 

3.2.2.3. Photo-Luminescence Spectroscopy 

 

Fig. 3.7 PL spectra of deposited samples at at room temperature for various deposition times by using 

vinyl silane. 

 

The PL spectra for different deposition conditions are shown in Fig. 3.7. Broad and intense 

PL spectra are observed, and their peaks are positioned at 480 nm (2.7 eV) for the 

deposited samples. The intensity of the PL are proportionally dependent on the thickness of 
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the deposited samples [2]. Tunneling luminescence theory was also used to describe PL at 

2.7 eV in amorphous materials, which carries one radiative and two non-radiative 

recombination centers [30], [31]. 

 

PL at 2.7 eV can be described by many other causes such as a triplet–singlet transition of a 

molecule-like oxygen deficiency center, either the neutral oxygen vacancy (NOV); the 

twofold coordinated Si atom [32]; ion implantation of Si+ and C+ or SiC nanocluster [9], 

[17], [21].  

 

Some previous works had mentioned Quantum Confinement Effect (QCE) as one of the 

potential reasons for the origin of PL emission [9], [23], [33]. The study of PLE spectra 

and TRPL can assist in identifying additional information about the PL emission, e.g., the 

origin of Photo-Luminescence. 

 

 

Fig. 3.8 PLE spectra of as deposited thin films by using vinyl silane. 

 

PLE spectra is shown in Fig. 3.8 for deposited samples at different times. The excitation 

energy was selected according to the peak of PL emission spectra. Hence, 480 nm or 2.65 

eV was tuned as excitation energy for obtaining PLE spectra. Different excitation bands 
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can be observed in PLE spectra from 260 nm to 350 nm. The excitation band at 265 nm of 

PLE spectra is referred to as the Non-Bridging Oxygen Hole Center (NBOHC) and 

Oxygen-Deficiency Centers (ODC)-related defects. Here, it is notable that neutral oxygen 

vacancy (NOV) related defect centers, whose PL emission bands around 630 and 460 nm 

on PL spectra, respectively [7], [34], [35], are shown. Other excitation bands, such as 285 

and 320 nm, show direct optical transitions and these bands are represented by the 

absorption transition (Γ25- Γ2')  and (Γ25- Γ15), respectively [36], [37]. These transitions and 

observed shifts usually correspond either to aSi-NCs or Si-NCs in the SiOxCy matrix [36].  

 

 

Fig. 3.9 PL lifetime decay measurements (TRPL) for a 30 min. deposited sample by using vinyl silane. 

 

Time-resolved PL (TRPL) measurements were also performed to elucidate and understand 

the origin of PL emissions. Measurements were made in the same PL system using a 

pulsed beam with a wavelength of 250 nm, with pulses 1ns wide, and a power of 1-2 pJ / 

pulse. Fig. 3.9 illustrates the TRPL measurements for the sample deposited during 30 min. 

Different lifetimes were obtained after using an exponential function in the following 

adjustment curve: 

 

𝑦 = 𝑦0 +  𝐴1𝑒−𝑥 𝑡1⁄ + 𝐴2𝑒−𝑥 𝑡2⁄     ………………….... (3.1) 
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After using the above equation (3.1), different components in lifetimes can be 

distinguished, i.e., short lifetimes in the order of a few nanoseconds (32 ns) and long 

lifetimes in the order of microseconds (626 ns). Here, the lifetime near the few ns (32 ns) 

corresponds to the presence of different defects in the SiOC matrix, mainly oxygen 

deficient centers, particularly NOV and E'ẟ centers [38]. Furthermore, carbon-related 

NOV-type defects have also been shown to have a lifetime in this range which may 

contribute to emissions in the blue region [18]. Moreover, another lifetime (626 ns) 

corresponds to a quantum confinement effect in silicon nanocrystals [39], [40].  

 

3.3. General Discussion 

 

The practicability of SiOxCy thin film formation has been discussed using the O-Cat CVD 

technique with safer silicon based organometallic precursors, i.e., MMS and vinyl silane. 

In the case of MMS deposited thin films, The Si-O-Si stretching bonds showed a shift from 

its stoichiometry value in FTIR analysis, which may control the composition and intensity 

of PL emission spectra, while the formation of the SiOxCy matrix was corroborated by XPS 

analysis. An intense PL spectrum was noticed in a wide range of visible spectra with a blue 

shift which can be due to the decrease of Si-C bondings in the thin films. On the other 

hand, the presence of SiOxCy matrix was also confirmed in the case of vinyl silane 

deposited thin films by FTIR analysis. This matrix also showed the PL emission which was 

comparatively lower than MMS deposited thin films. The potential reasons for the origin 

of PL emission were also discussed for the thin films deposited with both precursors, i.e., 

MMS and vinyl silane, but additional research could provide more details to confirm the 

origin of the PL mechanism. This work could be important for some possible applications 

based on low-cost Si-based optoelectronic devices with a safer precursor [2]. 
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CHAPTER 4                                                     

SIOXCY THIN FILMS DEPOSITED WITH TEOS 
 

4.1. Experimental Details 

 

An organic catalytic chemical vapor deposition (O-Cat-CVD) system was used as shown in 

Fig. 2.1 (b) to deposit silicon oxycarbide (SiOxCy) thin films. These SiOxCy thin films were 

deposited on polished P-type crystalline silicon substrate with (100) orientation (resistivity 

1-10 Ω-cm) by using Tetraethyl orthosilicate [TEOS; (Si(OC2H5)4)] precursor. The 

substrate was cleaned using the RCA method as explained in chapter 3 [1]. Furthermore, 

TEOS liquid precursor was purchased from Sigma-Aldrich Company with a purity of 98%, 

and the product code and case Nos. are 131903 and 78-10-4, respectively. Moreover, argon 

gas was also used as a reactant gas. This O-Cat-CVD system has one mechanical vacuum 

pump where the initial pressure of the chamber reaches up to 0.08 torr. 

 

In this work, the effect of argon flow and deposition time were evaluated separately, so 

these parameters, i.e., the flow of argon and deposition time, were kept as variable 

parameters for preparing thin films, respectively [2], [3]. Moreover, the effect of the 

deposition time was also observed for the monocrystalline silicon solar cells. During all the 

depositions, the chamber's working pressure (Ps) was constant at 0.30 Torr. Furthermore, 

mass flow controllers and filament temperature control systems are also presented. A 

Tungsten (W) wire (0.75 mm diameter) was used as a catalyst with a distance between the 

substrate and the filament of 5 cm. The substrate (Ts) and filament (Tf) temperatures were 

200ºC and 1800ºC, respectively. The filament temperature is monitored throughout the 

process using an infrared camera (Chinese Brand Model IR-AHS) through the window of 

the corresponding chamber.  

 

4.2. Results and discussions 

 

Three sections are used to understand the properties of SiOxCy thin films deposited by 

TEOS precursor. The effect of argon flow will be explained in the first section, while the 
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second section is dedicated to understanding the effect of deposition duration on SiOxCy 

thin films. Finally, the third section is dedicated to understanding the effect of SiOxCy thin 

films on solar cells with the variation in deposition time and the downshifting effect. 

 

4.2.1. Effect of the argon flow on SiOxCy thin films 

 

In this work, the effect of the argon flow was observed on the Photo-Luminescence (PL) 

properties of the SiOxCy thin films. The argon flow was variable from 20-60 sccm for the 

constant deposition time of 30 minutes. 

 

4.2.1.1. Fourier Transform Infrared (FTIR) Spectroscopy 

  

Fig. 4.1 FTIR spectra of the as-deposited samples at various argon flows by using TEOS [3]. 

 

The FTIR spectra of SiOxCy thin films with the variation of argon flow is shown in Fig. 

4.1, where the influence of argon flow is noticeable on the absorption bands. Normally, the 

rocking, bending, and stretching vibrational modes for the Si-O-Si bonding are noticed at 

470, 800, and 1080 cm-1, respectively, but the stretching vibrational mode of the Si-O-Si 

bond is observed with a shift from its stoichiometry value for different argon flow [4], [5]. 

This shift from the stoichiometry value of Si-O-Si bond corresponds to the oxygen 

deficiency in Si-O-Si bonding, which may cause a higher possibilities of having one or 

more silicon or carbon neighboring atoms [5]–[7]. This stoichiometry and/or composition 
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modifications in the oxide layer allow controlling the Photo-Luminescence (PL) intensity 

and its spectral composition [8].  

 

The intensity of the Si-O stretching bond demonstrates an anti-proportional phenomenon 

with the variation of argon flow. This phenomenon can be associated with the Brownian 

motion of argon atoms, which changes the kinetics of the CVD process [3], [9]. An 

absorption band can also be noticed at 1100 cm-1, which refers to the presence of Si-O-C 

bonds and confirming the formation of SiOxCy thin film [10]. 

 

Furthermore, the absorption bands at 680, 800, 880, 1250, and 2300 cm-1 refer to the Si-H, 

Si-C, Si-Hn, Si-CHn, and CO2 bondings, respectively. It can be easily observable in Fig. 4.1 

that the intensity of Si-bound carbon and hydrogen bondings are abating with the increase 

of argon flow. This behavior can be due to the existence of a higher flow of inert argon, 

which firstly decomposes the ethyl radical coupled with the outer part of the TEOS 

molecule [2], [3], [11], [12].  

 

4.2.1.2.  X-Ray Photoelectron Spectroscopy (XPS) 

 

  

Fig. 4.2 a) XPS Spectrum b) Si 2p XPS fitted spectrum for the deposited sample at 20 sccm argon flow 

by using TEOS [3]. 

 

The chemical analysis of the deposited sample for 20 sccm argon flow is characterized by 

XPS and illustrated in the above Fig. 4.2. This analysis facilitates understanding the 

shifting of Si-O stretching bond and their high intensity through different SiOxCy phases 
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for this thin film. Different elemental peaks such as Si 2p, C 1s, and O 1s peaks are 

noticeable in Fig. 4.2 (a). At the same time, four types of gaussian deconvoluted bonding 

phases as SiC3O, SiC2O2, SiCO3, and SiO4 of Si 2p Spectra are illustrated in Fig. 4.2 (b) 

and mentioned in Table 4.1 for binding energy at 101.6 eV, 102.6 eV, 103.4 eV and 104.3 

eV, respectively [13] and the full width at half maximum (FWHM) of these bonding 

phases were 1.62, 1, 1.12 and 1.71, respectively. The high presence of SiC3O, SiC2O2 and 

SiCO3 bonding phases confirms the SiOxCy content in the thin film. These XPS results also 

relate with the FTIR results, where the bonding of carbon and/or silicon atoms were 

explained with Si-O stretching bonds [3]. 

 

Table 4.1 The relative content of the different bonding phases of si 2p spectra calculated by the XPS 

fitted results [3], [13]. 

Bonding BE (eV) Atomic % 

SiC3O 101.60 20.1 

SiC2O2 102.60 29.0 

SiCO3 103.40 35.6 

SiO4 104.30 15.2 

 

4.2.1.3.  Ellipsometry 

 

Fig. 4.3 illustrates the thickness and the RI of the deposited samples and their 

corresponding values are mentioned in Table 4.2, respectively. Here, the dependence of 

thickness and RI on argon gas flow is analyzed. The RI of deposited thin films is near 1.45 

to 1.46 while the thickness increases anti-proportionally with the flow of argon from 68.7 

nm to 152.8 nm, respectively. Here, it is noticeable that the variation of the argon gas flow 

affects the refractive index and the thickness of the deposited thin films, because it 

influences the growth rate and structure of the thin film. It is worth mentioning that argon 

gas cannot ionize in O-Cat CVD because the ionization energy of argon gas is very high 

(15.8 eV), due to which inert argon gas has a large electron collision cross-section. This 

phenomenon instantly cools down the produced electrons by the hot tungsten filament, 

which causes the decrease of the dissociation of molecules at the filament, and this is the 

cause for the decline in the thickness of thin film with the elevation of argon gas [3], [14], 

[15]. 
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Here, it is also noticeable that the RI of deposited films is altered, when it is expected to be 

constant for every thickness in these thin films. This variation of the RI can be due to the 

compositional change of thin films due to the different molecule dissociation processes 

with the presence of argon gas in the chamber, which may subsequently alter the RI [16]. 

The variation in the bonding states of different thin films is clearly noticeable from the 

FTIR and XPS spectra. This justifies the variation of argon flow, and the composition 

variation of the film causes the change of RI [2]. 

 

Table 4.2 Refractive index and thickness of samples by ellipsometry. 

Argon Flow (sccm) Thickness (nm) Refractive Index (RI) 

20 152.8 ± 0.1 1.45 ± 0.002 

40 91.3 ± 0.1 1.46 ± 0.002 

60 68.7 ± 0.1 1.45 ± 0.002 

 

  

Fig. 4.3 Thickness and refractive index of as-deposited samples at various argon flow by using TEOS 

[3]. 

 

4.2.1.4. Photo-Luminescence Spectroscopy 

 

The PL spectra for different deposition conditions are shown in Fig. 4.4. A broad and 

intense PL spectra is observed from 385 to 700 nm in the visible region, and the PL peak is 
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noticeable at 477 nm (2.7 eV) at various flows of argon. Furthermore, a PL shoulder is also 

observed at 550 nm for the deposited films at 40 and 60 sccm flow of argon. 

 

The intensity of PL is directly proportional to the thickness of the deposited film [4], and 

the thickness of the thin film grows with the abatement of argon flow, as shown in Table 

4.2. Therefore, the high intensity of PL is achieved when the presence of argon is less in 

the chamber environment during deposition [3]. 

 

 

Fig. 4.4 PL spectra of samples obtained at at room temperature for different argon flows by using 

TEOS [3]. 

 

Furthermore, the origin of Photo-Luminescence at 477 nm or 2.7 eV at the spectra is 

explained in various ways, including the tunneling luminescence theory in amorphous 

materials, which holds one radiative and two non-radiative recombination centers [17], 

[18]. Additionally, ion implantation of Si+ and C+ or SiC nanocluster and the presence of 

defects related to C or Si due to non-stoichiometric composition, can also be the further 

causes for the PL emission at 2.7 eV of the spectra [4], [19]–[22]. Besides, carbon-related 

neutral oxygen vacancy (NOV) defects, oxygen deficiency centers,  Si-related NOV, or 

non-bridging oxygen hole center (NBOHC) can also be probable reasons for the PL 

emission in the visible region  [23], [24]. Here, It is noteworthy that the NOV defect 

density and crystallinity of thin film are a function of argon gas [12], and consequently the 
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presence of an argon environment during the deposition impacts the PL emission 

properties as well [3]. Besides it, a PL emission at 550 nm can be related to the presence of 

carbon-related bonding in the deposited thin films [4]. 

 

However, these previously mentioned PL emission processes may not be the only cause for 

the emission of the PL spectra. Quantum Confinement Effect (QCE) can be another 

probable reason for the PL emission in the visible range [19], [25]. These phenomena can 

play a vital role to achieve the required optoelectronic devices.  

 

4.2.2. Effect of the deposition time on SiOxCy thin films 

 

In this section, the effect of deposition time was evaluated on the Photo-Luminescence 

(PL) properties of the SiOxCy thin films. The deposition time was variable from 20 to 30 

minutes for the constant deposition argon flow of 40 sccm. 

 

4.2.2.1. Fourier Transform Infrared (FTIR) Spectroscopy 

 

 

Fig. 4.5 FTIR spectra of deposited samples at various deposition times by using TEOS [2]. 
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The FTIR spectra are shown in Fig. 4.5, where the influence of deposition time is 

noticeable on the absorption bands. Normally, the rocking, bending, and stretching 

vibrational modes for the Si-O-Si bonding are observed at 470, 800, and 1080 cm-1, 

respectively, but the stretching vibrational mode of the Si-O-Si bond is positioned at 1036 

cm-1 [4]. Hence, deposited films show a shift from the stoichiometry value of the Si-O-Si 

(1080 cm-1) absorption band [5]. As it was discussed already, this shift from the 

stoichiometry value of Si-O-Si bond corresponds to the oxygen deficiency in Si-O-Si 

bonding, which may cause a higher possibilities of having one or more silicon or carbon 

neighboring atoms [5]–[7]. This stoichiometry and/or composition modifications in the 

oxide layer allow controlling the Photo-Luminescence (PL) intensity and its spectral 

composition [8]. An absorption band can additionally be noticed at 1100 cm-1, which refers 

to the presence of Si-O-C bonds and confirming the formation of SiOxCy thin film [10]. It 

is also noticeable that the absorption band at 1100 cm-1 tends to disappear with the 

increment of deposition time in these thin films and Si-O-Si stretching mode is also 

shifting from 1036 to 1060 cm-1. This phenomenon shows that the nature of TEOS-

deposited thin films is similar to SiOx films with the increment of deposition time [2]. 

 

The reason for this shift in the Si-O-Si stretching bonds can be associated with the 

molecular structure of TEOS. A molecular structure of TEOS is shown in Fig. 2.3 (c) and 

there it can be seen that the four oxygen atoms of a TEOS molecule are innately bounded 

by silicon atoms and the ethyl radicals are attached in the outer part of the molecule. These 

ethyl radicals got dissociated, first from the TEOS molecule during the dissociation 

process, due to which much of the carbon is transported out of the reaction zone as a by-

product with the increment of deposition time [2], [26], [27]. Additionally, the effect of 

dissociation of ethyl radicals can also be observable on the Si–C bonds absorption band, 

which is situated at 800 cm-1. The intensity of these bonds is slightly reduced for the 

deposited films with higher deposition time. 

 

In addition to these absorption bands, other absorption bands can also be observable in Fig. 

4.5. Here, Si–Hn, Si–H, and Si–CHn bonds are also noticed at 670, 880, and 1250 cm-1, 

respectively, while the absorption band associated to C=C, CO2, and OH bonds are 

additionally noticeable at 1600, 2290, and 3600 cm-1, respectively [2], [28]–[30]. 
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4.2.2.2. X-Ray Photoelectron Spectroscopy (XPS) 

 

The chemical analysis for a 30 min. deposited sample was characterized by XPS, and it is 

illustrated in Fig. 4.6. Si 2p, C 1s and O 1s XPS spectrum peaks are observable in Fig. 4.6 

(a), which confirm the Si, C and O content in the thin film. Furthermore, relative contents 

of the different phases of the Si 2p spectra are shown in Fig. 4.6 (b) and Table 4.3. Here, 

the high-resolution Si 2p spectra contain SiOC3, SiO2C2, SiO3C, and SiO4 phases at 101.5 

eV, 102.8 eV, 103.7 eV, and 104.9 eV peaks, respectively [31]. The figure and table show 

that the content of SiOC3, SiO2C2, SiO3C and SiO4 bond phases is 4.8 %, 19.2 %, 39.6 % 

and 36.4 atm%, respectively. So, this analysis justifies the presence of SiOxCy bondings in 

the thin film. Moreover, the high presence of SiO2 bonds also confirms and correlates with 

the results and discussion of FTIR spectra. 

 

Table 4.3 The relative content of the different bonding phases of si 2p spectra calculated by the XPS 

fitted results [2], [31]. 

Bonding BE (eV) Atomic % 

SiC3O 101.50 4.8 

SiC2O2 102.80 19.2 

SiCO3 103.70 39.6 

SiO4 104.90 36.4 

 

 

Fig. 4.6 XPS Spectrum b) Si 2p XPS for 30 min. deposited sample with TEOS precursor [2]. 
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4.2.2.3. Ellipsometry 

Fig. 4.7 illustrates the thickness and the refractive index (RI) of the deposited samples, and 

their corresponding values are mentioned in Table 4.4, respectively. Here, the dependence 

of RI and thickness on the deposition time is analyzed. The RI of deposited thin films 

varies from 1.39 to 1.57 while the thickness is proportionally increasing from 69.8 nm to 

160 nm, respectively with the increment of deposition time.  

 

 

Fig. 4.7 Refractive index and thickness of deposited samples at various deposition times by using TEOS 

[2]. 

 

Table 4.4 Refractive index and thickness of samples by ellipsometry [2]. 

Deposition Duration Thickness (nm) Refractive Index (RI) 

20 69.8 ± 0.1 1.43 ± 0.002 

25 93 ± 0.1 1.57 ± 0.002 

30 160 ± 0.1 1.39 ± 0.002 

 

Here, it is noticeable that the refractive index (RI) of deposited thin films alters, when it is 

expected to be constant for every thickness in these thin films. The compositional change 

of thin films can be the reason for this variation of the RI which can be due to the 

dissociation process of different molecules with time, which may consequently alter the 

value of the RI [16]. The differences in the bonding states of various thin films are clearly 
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noticeable from FTIR and XPS spectra, which justify the variation with deposition time, 

and the composition modification of the film affects the value of RI [2]. 

 

The substrate temperature may also change due to the hitting of hot electrons in the 

chamber, which may alter radicals sticking coefficient and surface mobility of radicals 

[32]. This might modify the deposition kinetics, which can also be the cause for the 

refractive index variation [2]. 

 

4.2.2.4. Photo-Luminescence Spectroscopy 

 

The PL spectra for various deposition conditions are illustrated in Fig. 4.8. A broad and 

intense PL spectra are observed in the visible region and the PL peak is noticeable at 477 

nm (2.7 eV) at various deposition times. Furthermore, a PL shoulder is also observed at 

550 nm for the deposited films. 

 

The intensity of PL is directly proportional to the thickness of the deposited film [4], and 

the thickness of the thin film increases with the addition of deposition time.  

 

 

Fig. 4.8 PL spectra of deposited samples at at room temperature for various deposition times by using 

TEOS [2]. 
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The origin of Photo-Luminescence at 477 nm or 2.7 eV at the spectra is explained in 

various ways, including the tunneling luminescence theory in amorphous materials, which 

holds one radiative and two non-radiative recombination centers [17], [18]. Additionally, 

ion implantation of Si+ and C+ or SiC nanoclusters and the presence of defects related to 

carbon or silicon due to non-stoichiometric composition can also be the other reasons for 

the PL emission at 2.7 eV of the spectra [4], [19]–[22]. Moreover, h carbon-related neutral 

oxygen vacancy (NOV) defects, oxygen deficiency centers,  Si-related NOV, or non-

bridging oxygen hole center (NBOHC) can also be probable reasons for the PL emission in 

the visible region  [23], [24]. Besides, a PL emission at 550 nm can be related to carbon-

related bondings in the deposited thin films [4]. Quantum Confinement Effect (QCE) can 

be another probable reason for the PL emission in the visible range [2], [19], [33]. The 

study of PLE spectra and TRPL can assist in identifying additional information about the 

PL emission, e.g., the origin of Photo-Luminescence. 

 

 

Fig. 4.9 PLE spectra of as-deposited thin films by using TEOS. 

 

PLE spectra are shown in Fig. 4.9 for deposited samples at different times. The excitation 

energy was selected according to the peak of PL emission spectra. Hence, 477 nm or 2.7 

eV was tuned as excitation energy for obtaining PLE spectra. Different excitation bands 

can be observed from 260 nm to 340 nm in PLE spectra. The excitation band at 265 nm is 
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referred to as the NBOHC and ODC-related defects, particularly NOV defect centers 

which show their PL emission bands around 630 and 460 nm, respectively [10], [34], [35]. 

Moreover, other excitation bands, such as 285 and 310 nm show direct optical transitions, 

and these bands are represented by the absorption transition (Γ25- Γ2')  and (Γ25- Γ15), 

respectively [36], [37]. These transitions and observed shifts usually correspond to aSi-

NCs or Si-NCs in the SiOxCy matrix [36].  

 

Fig. 4.10 PL lifetime decay measurements (TRPL) for 30 min. deposited sample by using TEOS. 

 

Time-resolved PL (TRPL) measurements were also performed to elucidate and understand 

the origin of PL emissions. Measurements were made in the same PL system using a 

pulsed beam with a wavelength of 250 nm, with pulses 1ns wide, and a power of 1-2 pJ / 

pulse. Fig. 4.10 illustrates the TRPL measurements for the sample deposited for 30 min. 

Different lifetimes were obtained after using an exponential function in the adjustment 

curve: 

 

𝑦 = 𝑦0 +  𝐴1𝑒−𝑥 𝑡1⁄ + 𝐴2𝑒−𝑥 𝑡2⁄     ………………….... (4.1) 

 

After using the above equation (4.1), different components in lifetimes can be 

distinguished, i.e., short lifetimes in the order of a few nanoseconds (18 ns) and long 

lifetimes in the order of near to microseconds (507 ns) were obtained. Here, the lifetime 

near the few ns (18 ns) corresponds to the presence of different defects in the SiOC matrix, 

mainly oxygen deficient centers, particularly NOV and E'ẟ centers [38]. Furthermore, 
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carbon-related NOV-type defects have also been shown to have a lifetime in this range 

which may contribute to emissions in the blue region [23]. Moreover, another lifetime (507 

ns) corresponds to quantum confinement effects in silicon nanocrystals [39], [40].  

 

4.2.2.5 High-Resolution Transmission Electron Microscopy (HR-TEM) 

 

 

Fig. 4.11 HRTEM images of SiOxCy films obtained at 30 min deposition by using TEOS [41]. 

 

To elucidate the PLE and TRPL results of deposited thin films, as discussed in the previous 

section, high resolution transmission electron microscopy (HRTEM) is performed to 

investigate the possibility of nanostructures existence in the deposited thin films. The 

morphological and crystallization property of the deposited sample is shown in Fig. 4.11 

for the SiOxCy films obtained during 30 min. The crystalline nature of the nanoparticles is 
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clearly noticeable in Fig. 4.11 (a) and (b). Moreover, Gatan digital micrograph software 

was used to determine the interplanar distance (d) between the crystals, as shown in Fig. 

4.11 (b) and (c). A particular zone was selected in the sample where an interplanar distance 

of 0.352 nm was obtained. This value represents {2 0 1} plane spacing of SiOC with 

tetragonal crystal structure according to the JCPDS card no. 96-900-8245 [41]. 

 

Theoretically, the quantum confinement effect (QCE) of silicon and silicon carbide can be 

explained by using equations (4.2) and (4.3) [19], [42], [43], which assist the relationship 

between calculated PL peak energy emission and the size of the nanoparticles, as shown in 

Table 4.5.  

 

𝐸 = 0.925 +  
3.73 

𝑑1.39
+

0.881 

𝑑
 …………………… (4.2) 

 

𝐸 = 1.24 +  
2.18

𝑑0.850 ………………………… (4.3) 

 

Table 4.5 The effect of Si and SiC nanoparticles size on PL peak energy by using eq. (4.2) and (4.3) 

[19]. 

Size (nm) PL energy (eV) (eq. 4.2) PL energy (eV) (eq. 4.3) 

1 5.77 3.42 

2 3.46 2.45 

3 2.85 2.09 

4 2.58 1.91 

5 2.43 1.79 

 

The above-mentioned relation between the size of nanoparticles and PL peak energy may 

help identify nanoparticles' nature. Moreover, some previous results have also shown the 

relationship between TRPL and HRTEM results where the presence of longer lifetime 

decay correlated with the presence of silicon or silicon carbide nanocrystals in the matrix 

[19], [44]–[46].         

  

4.2.3. Effect of the SiOxCy thin films on solar cells 
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In this work, the effects of thin films on solar cells were investigated at different deposition 

times. This work motivates us to achieve the downshifting of solar cells by using silicon-

based photoluminescent thin films. 

 

4.2.3.1. UV-Vis Spectroscopy 

 

UV-Vis spectroscopy is a fundamental technique for understanding the optical properties 

such as transmittance, reflectance, and absorbance of materials. In this work, transmittance 

(T) was studied, which provides information about the opaque nature of the material or 

how much light can pass through the material on a particular wavelength of light. This can 

be defined as the ratio of incident light to the resulting light that emerged after passing 

through the material. 

 

𝑇 =  
𝐼

𝐼0
 ………………….. (4.4) 

 

Here in equation (4.4), I0 is referred to as the intensity of light incident on the sample, 

while I is referred to the intensity of light after passing through the other side of the 

sample. The unit of light intensity is Lux. 

 

 

Fig. 4.12 UV-Vis transmittance spectra at various deposition times with TEOS precursor-based SiOxCy 

thin films. 
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The study of transmittance is crucial for understanding silicon solar cells' optical 

properties. In this work, a higher transmittance is required so that light can transmit 

through the material, e.g., SiOxCy thin films and create the electron-hole pairs in the solar 

cell. For the desired higher transmittance, the thickness (d) (nm) of the thin film should be 

equal to or less than the theoretical formula as given [47]: 

 

𝑑 =  
𝜆

4𝑛
 …………………… (4.5) 

 

Here in equation (4.5), n represents the refractive index (unitless) and λ (nm) represents the 

highest transmittance wavelength from the spectra. 

 

Fig. 4.12 shows the transmittance spectra of SiOxCy thin films deposited on Corning glass 

at various deposition times. A high transmittance % (~ 90%) shows the transparent nature 

of SiOxCy thin films. This helps the maximum light to energize the minority carriers of the 

solar cell. 

 

4.2.3.2. Current density-Voltage (J-V) measurement 

 

Current density-Voltage (J-V) measurement is illustrated in Fig. 4.13 for solar cells with 

deposited SiOxCy thin films at various deposition durations. Table 4.6 represents the 

characteristics of the solar cell previous and after the deposition of SiOxCy thin films. 

 

Table 4.6 Characteristics of monochromatic solar cells with and without the presence of deposited 

SiOxCy thin films. 

Deposition 

duration 

Voc 

initial 

(V) 

Voc 

after 

(V) 

Jsc Initial 

(mA/cm2) 

Jsc After 

(mA/cm2) 

FF 

initial 

(%) 

FF 

after 

(%) 

η 

initial 

(%) 

η 

After 

(%) 

15 minutes 0.609 0.618 38.09 39.56 52.54 52.28 12.19 12.78 

10 minutes 0.622 0.632 38.74 38.81 55.25 55.30 13.31 13.56 

5 minutes 0.624 0.634 38.99 39.24 53.04 53.88 12.90 13.40 
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Fig. 4.13 J-V characteristics of solar cells at various deposition times with TEOS precursor based 

SiOxCy thin films. 

 

The solar cell characteristics, i.e., open circuit voltage (Voc), short circuit current density 

(Jsc), fill factor (FF), and efficiency (η) were studied by using the obtained J-V graphs. The 

improved characteristics of solar cell can be observable in the table, which shows the 

efficiency of solar cells were improved after the deposition of SiOxCy thin film at various 

deposition times. The efficiency of solar cells modified from 12.19 to 12.78 %, 13.31 to 

13.56 % and 12.90 to 13.40 % after the deposition of thin films for 15 min, 10 min and 5 

min deposited samples, respectively. This investigation confirms that the SiOxCy thin films 

improve the efficiency of solar cells by 4.84 %, 1.72 %, and 3.87 % for 15 min, 10 min, 

and 5 min deposited samples, respectively. The reason for improvement in efficiency can 

be an either downshifting or anti-reflection coating (ARC) effects. Here, it is also 

observable that the current density of solar cells is improving, which shows that more 

photons are participating in generating the current [48]. Essentially, the Photo-
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Luminescence process converts a high-energy photon into a lower-energy photon which 

permits easy absorption by the solar cell [48]. Here, the downshifting process can’t be 

confirmed alone by using the J-V measurement. Hence, the study of external quantum 

efficiency can help to establish the explanation behind the improved efficiency of the solar 

cell. 

 

4.2.3.3. External Quantum Efficiency (EQE) measurement 

 

The normalized EQE graph is illustrated in Fig. 4.14 for solar cells with SiOxCy thin films 

deposited at various deposition durations. The improved EQE up to 470 nm confirms that 

the photons of the UV-Blue region contributed more in comparison to the solar cell 

without the deposition of thin films. This correlates with the results of J-V measurements 

and confirms the presence of a downshifting process in the solar cell. Hence, these results 

demonstrate that silicon-based photoluminescent thin film can improve solar cells' 

efficiency. However, a decay in EQE can be seen in the spectrum from 470 nm to 800 nm. 

This can be due to the deposited SiOxCy matrix in the finger (side contacts) of solar cells 

which reduced its conductivity. 

 

 

Fig. 4.14 EQE characteristics of solar cells at various deposition duration of SiOxCy thin films. 
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4.3. General Discussion 

 

The effect of argon flow and deposition time was discussed on deposited SiOxCy thin films 

by using organometallic precursor, i.e., TEOS. The effect of SiOxCy thin films on Solar 

cells was analyzed. FTIR and XPS analysis were used to confirm the presence of the 

SiOxCy matrix. Furthermore, using ellipsometry measurements, the nature of TEOS-based 

SiOxCy thin films was noticed near to SiOx thin films. Broad PL emission was observed in 

the visible region of the spectra, where different mechanisms for the PL emissions were 

discussed by using PLE and TRPL analysis. The possible reasons for the origin of PL 

emission were obtained due to both nanocrystals and defects-related mechanisms such as 

NBOHC and NOV, etc. The study of HRTEM confirms that the presence of nanostructures 

and quantum confinement effect (QCE) can also be one reason for PL emission. Moreover, 

the study of deposited SiOxCy thin films on solar cells showed improved J-V 

characteristics, confirming that these thin films improve the efficiency of solar cells. 

Furthermore, the external quantum efficiency (EQE) of solar cells confirms the presence of 

the downshifting process as one of the main reasons for improved solar cell efficiency. 

This work has confirmed that efficient solar cells can be obtained by using low-cost Si-

based organometallic precursors through a downshifting process. 
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CHAPTER 5                                                    

CONCLUSIONS AND FUTURE SCOPES 
 

A Silicon solar cell is one of the most manufactured and distributed semiconducting 

devices in the world. The main objective of this thesis was to obtain silicon-based 

photoluminescent thin films, i.e., SiOxCy thin films, by using organo-metallic precursors 

with the O-Cat-CVD technique. MMS, vinyl silane and TEOS were used as precursors 

which are also safer alternatives to using silane gas. The various properties of these thin 

films such as optical, morphological, and structural were also explored. Subsequently, 

TEOS based SiOxCy matrix was used to explore its application for improving the 

efficiency of solar cells by Photo-Luminescence downshifting (PLDS) process.  

 

In this work, different characterization techniques were used to understand the nature and 

properties of the deposited thin films. Fourier Transform Infrared (FTIR) and X-ray 

Photoelectron Spectroscopy (XPS) characterization techniques were used to explain the 

presence of different bonds and chemical states of the thin films, respectively, which 

confirmed the presence of the SiOxCy matrix in thin films. The thickness and refractive 

index of the thin films were measured by ellipsometry. These characterizations also 

showed that the nature of TEOS-deposited thin films was closer to the silicon oxide (SiOx) 

composition, while the nature of thin films deposited with MMS and vinyl silane were 

more similar to the silicon carbide (SiC). Furthermore, the Photo-Luminescence (PL) 

technique was used to understand the optoelectronic properties of thin films, where an 

intense PL emission was observed over a wide range of the visible spectrum. Here, a 

redshift was observed in the MMS-deposited thin films compared to the TEOS and vinyl 

silane-deposited thin films.  

 

Time-Resolved Photo-Luminescence (TRPL), Photo-Luminescence Excitation (PLE), and 

High-Resolution Transmission Electron Microscopy (HRTEM) techniques were used to 

confirm the origin of PL emission. PLE and TRPL confirmed the PL emission due to the 

presence of defect-related mechanisms and nanocrystals. Here, NBOHC and ODC-related 
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defects, particularly NOV defect centers, are the more common defect centers. Moreover, 

HRTEM confirms the presence of nanocrystals which also validates the contribution of the 

quantum confinement effect (QCE) for the PL emission. Furthermore, the effect of the Si-

O-Si stretching bond’s stoichiometry value shift was also discussed for the PL emission 

(Intensity and spectral composition) because this shift generates a higher probability of 

having one or more silicon or carbon neighboring atoms due to the deficiency of oxygen in 

Si-O-Si bonding. 

 

UV-Vis, current density-voltage (J-V), and external quantum efficiency (EQE) 

measurements were also performed to understand SiOxCy thin films effect on solar cells. 

The current density-voltage (J-V) characteristics of solar cells with the SiOxCy thin films 

confirm the improvement in the efficiency of the solar cells, while the EQE graph confirms 

the improved quantum efficiency in the UV-Blue region. Hence, the improved solar cell 

efficiency was concluded due to by Photo-Luminescence downshifting (PLDS) process. 

This work is promising for developing low-cost Si-based optoelectronic devices 

compatible with current technologies, including crystalline Si solar cells with PL 

downshifting thin films. 

 

Future works 

 

The following recommendations can be considered for possible future investigation and 

study: 

 

➢ To analyze the effects of the Plasma/heat treatment of various gases (H2/O2/Ar) at 

different times/flows/temperatures on the SiOxCy matrix. 

➢ To analyze the electroluminescence (EL) properties of SiOxCy thin films for 

possible EL device development. 

➢ To analyze the PL downshifting (PLDS) effect on perovskite, or another compound 

solar cells by using SiOxCy thin films. 
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B. Conference Activities 

 

1. Oral and poster presentation in XXX International Materials Research Congress 

(IMRC) held in Cancun, Mexico from August 14th to 19th, 2022. 

2. Oral presentation in 19th Cat-CVD Study Group Lecture, AIST Kyushu Center, 

Tosu city (Saga), Japan.  July 14th to 15th, 2022. 

3. Oral presentation in 18th International Conference on Electrical Engineering, 

Computing Science and Automatic Control (CCE). Mexico City, Mexico.  

November 10th to 12th, 2021. 

4. Poster presentation in XXIX International Materials Research Congress (IMRC) 

held in Cancun, Mexico from August 15th to 20th, 2021. 

5. Oral and poster presentation in 9th Annual Student Symposium at the Institute of 

Materials Research of the Universidad Nacional Autónoma de México, Autónoma 

de México, Mexico City, Mexico. May 4th to 7th, 2021. 

6. Poster presentation in 4th Symposium of interdisciplinary materials organized by 

student chapter of CINVESTAV-Zacatenco, Mexico City, Mexico. May 5th to 6th, 

2021. 

7. Oral presentation in 17th International Conference on Electrical Engineering, 

Computing Science and Automatic Control (CCE). Mexico City, Mexico.  

November 11th to 13th, 2020. 

8. Oral presentation in 8th Annual Student Symposium at the Institute of Materials 

Research of the Universidad Nacional Autónoma de México, November 10th to 

13th, 2020, Mexico City, Mexico. 

https://doi.org/10.1109/cce50788.2020.9299113
https://www.iim.unam.mx/MA/33/#page/66
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9. Poster presentation in 2020 Express Conference on the Physics of Materials and 

Their Applications in Energy Harvesting, an online event held from August 17th to 

19th, 2020. 


