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ABSTRACT 

Uchayash, Sajid Mahfuz, Investigation of The Effect of Process Parameters by Taguchi Method 

on Structural and Electrical Properties of RF Magnetron Sputtered SiO2 & pSi on Si Substrate. 

Master of Science in Engineering (MSE), August, 2021, 96 pp., 57 Figures, 25 Tables, 61 

References 

 In this work, Taguchi Signal-to-noise (S/N) analysis was applied to investigate the effect 

of varying three process parameters, namely- sputtering power, working pressure and Ar gas 

flow rate on the surface, morphological and electrical properties of the RF sputtered SiO2 and 

Boron doped pSi over Si substrate. The contribution of a particular process parameter on these 

properties was also inspected by applying Analysis of Variance (ANOVA). SiO2 and pSi thin 

films were fabricated over Si substrate using RF magnetron sputtering system. Three sets of 

inputs for the three mentioned process parameters were chosen for sputtering SiO2 and pSi thin 

films. To deposit SiO2, 150W, 200W and 250W power levels were chosen, for pSi deposition- 

power levels were 100W, 150W and 200W; 5mTorr, 10mTorr and 15mTorr were chosen for 

pressure and three Ar gas flow rate levels at 5, 10 and 15 sccm were selected. By performing 

Taguchi L9 orthogonal array, nine combinations of sputtering parameters were prepared for 

depositing SiO2/Si and pSi/Si thin films. The surface morphological and electrical properties 

(resistivity per unit area and capacitance per unit area) of the sputtered samples were therefore 



 

iv 

 

inspected by analyzing the Taguchi design of experiment. Signal-to-noise (S/R) analysis presents 

how the properties were affected by the variation of each process parameter. ANOVA analysis 

showed that sputtering power and working pressure are the two dominant process parameters 

contributing more to surface morphological and electrical properties. A regression model for 

surface roughness of the SiO2/Si and pSi/Si thin film samples was also derived. The electrical 

properties of the SiO2/Si and pSi/Si thin films, however, didn’t show linearity and that is why it 

was not possible to derive a regression model for the electrical properties of SiO2/Si and pSi/Si 

sputtered thin films.
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CHAPTER I 

INTRODUCTION 

Silicon and its different types of variants have a significant contribution towards 

semiconductors, MEMS, NEMS and fabrication industry. Apart from intrinsic silicon, silicon 

doped with P-type and N-type dopants- which usage is broadly bound in semiconductor and 

photoelectric devices and SiO2 largely used as the insulation layer in those devices, other forms 

of silicon compounds like Si3N4 and SiC have been attracting interests in recent years as special 

layers in compound heterojunction devices. Intensive efforts have been taken over the last couple 

of decades to grow these materials over numerous substrates according to the application fields 

and improve the performance of the developed layers.  

 

Figure 1.1: A conventional thin film deposited on a substrate. dz denotes the thickness of the film 

while dx and dy denote the dimension of the substrate [1]. 
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As the size of the semiconductor devices is shortening exponentially, the thin films 

industry, which is closely connected with the device industry is being forced to produce thinner 

and thinner films as a result. From the micrometer range a decades ago, requirements of 

superstrates which are no more than several nanometers have already appeared in the market. To 

quench this ever-growing demand of exponentially miniaturized thin-film layers, several 

growing techniques have been introduced to clinch the maximum performance, thanks to the 

elaborate research performed in this criterion. 

 

Figure 1.2: Global thin film market projection from 2018-2028 [4]. 

Current and emerging applications in various fields like MEMS, optoelectronic devices 

and semiconductor industry drives the market of thin solid films [2]. Expectation of increasing 

efficiency while reducing the size will propel the research, advancement and market growth in 

the upcoming years [3]. Encouragement in using green solar energy will also add a positive 

impact. Forecasts suggest the global revenue in the thin-film market is projected to reach about 

202.6 billion by the year 2028 [4].  



 

3 

 

Although the miniaturization and efficiency dilemma is curving out better prospects for 

thin-film sectors, from researcher’s perspective, it is also imposing conundrums. Controlling the 

nanometer level growth of the thin film is very challenging. The effect of lattice mismatch 

between substrate and superstrate is also very prominent at the nanoscale range and as a 

consequence, the residual stress in the thin-film becomes a crucial and influential and property. 

Conventionally, two types of residual stress are existent in thin films- compressive stress forcing 

thin films to expand and tensile stress, causing films to contract in the direction parallel to  

 

Figure 1.3: Classification of thin film deposition techniques [5]. 

substrate surface [6]. Excessive tensile stress may result in film cracking and over-compressive 

stress is the reason for delamination, peeling off or buckling [7, 8]. It has been found that the 

residual strain is inversely proportional to film thickness [9]. Thermal treatments is another 

source of residual stress, as the thermal expansion coefficient mismatch between substrate and 

superstrate [7-9]. This mechanical property, namely residual stress, can significantly impact 
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other properties important for specific applications like -adhesion, fracture toughness, thermo-

mechanical behavior, conductivity, permittivity, reflectivity, etc. [7].  

Since thin solid films subjected to high temperature may have some adverse effect on 

their mechanical property, commonly used high-temperature oxidation or thermally grown films 

may not be appropriate for every application. As mentioned before, many techniques have been 

introduced through the years to generate thin solid films. Each has merits over one another, 

taking the specificity of implementation of the film into account. Figure 1.3 shows a summary of 

fabrication techniques that are being practiced in industry and for research works.  

Mainly, thin film deposition techniques can be categorized into two sections. Physical 

Vapor Deposition (PVD) and Chemical Vapor Deposition (CVD). In this research work, Radio 

Frequency (RF) Sputtering- one of the PVD technique is used to fabricate SiO2 and pSi layer 

over Si substrate, so focus would be given only on this fabrication process. In the following 

section brief in introduction, history and technical advantages/disadvantages of RF sputtering is 

described.  

1.1 Brief Description RF Sputtering 

  Magnetron sputtering is one of the Physical Vapor Deposition (PVD) techniques for 

fabricating thin solid films. Depending on the current provided, magnetron sputtering can be 

divided into two categories- Direct Current (DC) magnetron sputtering and Radio Frequency 

(RF) magnetron sputtering. DC magnetron sputtering is commonly used to deposit thin films 

from metals or conductive targets. RF sputtering can also be employed for metal thin film 

deposition. However, targets that are non-metal and low conductive are always sputtered using 

radio frequency signal, as DC signal has limitations when it comes to dielectric materials [10].  
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Radio Frequency signal is applied to the two electrodes in a vacuum environment in RF 

magnetron sputtering technique, thus altering the electric potential of the current, which helps to 

avoid charge rising up in dielectric materials [10]. High electric volts in vacuum create plasma 

and energized process gas hit the target; atoms of the target then drop on the substrate and create 

a thin superstrate [10, 11]. Detailed working principle of RF magnetron sputtering is explained in 

Chapter 2.  

As the direction of polarity changes with time, RF magnetron sputtering has a lower 

deposition rate compared to DC sputtering, CVD process and thermal depositions [12]. 

Nevertheless, it has some advantages over the high-temperature oxidation process or chemical 

vapor deposition (CVD) technique [12, 13]. 

❖ Low cost of the process 

❖ Less complexity 

❖ Flexibility of sequential deposition 

❖ Elimination of toxic gases 

❖ Uniform deposition at larger areas 

❖ High-purity films 

❖ Protection of microelectronic circuits from higher temperature etc. 

Because of the advantages RF sputtering offers, MEMS and micro-electronics industries most of 

the time prefer this process to coat non-metal and metal thin films. In this thesis, RF magnetron 

sputtering is applied to fabricate SiO2 and pSi thin films on intrinsic Si substrate. The 

experimental setup is elaborately described in Chapter 3.  
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1.2 SiO2 Thin Film Literature Review 

 Thin films of SiO2 have a broad range of usage in microelectronics, MEMS and 

optoelectronic devices. For example- as diffusion masks and passivation coating, SiO2 thin films 

are widely used in Si-based IC [14, 15]. In MEMS, apart from general use as structural or 

sacrificial layer [16-18], deposited SiO2 thin films are the focus of interest to realize suspended 

microstructure like cantilever beams and micro-bridge [12].  In optoelectronic devices like solar 

cells, due to their adaptivity to harsh environments [19] and transparency [20], SiO2 thins films, 

often in combination with other oxide thin films. are used as anti-reflection and absorption 

coating [19-23]. The use of SiO2 films as gate insulation layer in CMOS technology is universal. 

Dynamic Random Access Memory (DRAM) and Resistance Switching Random Access Memory 

(ReRAM) use SiO2 layer as capacitor dielectrics [24, 25]. In detector/sensor applications, or for 

solar energy devices SiO2 layer works as intermetal insulator. Compound thin films of transition 

metal and metal oxides with SiO2 increase the dielectric constant of the layer, which reduces 

leakage current and improves device properties [26].   

 SiO2 thin film deposited by magnetron sputtering has been reported in several previous 

works [13, 27-30], many of which investigated the structural, electrical and insulation 

characteristics of the sputtered SiO2 thin films as the function of the process parameters. The 

effect of RF power and working pressure on the deposition rate, O/Si ratio of the film, surface 

morphology and microstructure was explored in [12, 19].  Electrical properties like- breakdown 

field strength, resistivity and dielectric constant of the sputtered SiO2 layer prepared by reactive 

pulse magnetron sputtering were reported in [24, 27]. Ho et al. studied the conductivity, reverse 

saturation-current and conversion efficiency of the GaAs solar cell coated with SiO2 ARC (anti-
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reflection coating) [24]. For high dielectric strength, layered Al2O3-SiO2 thin film composites 

deposited by pulsed DC and RF magnetron sputtering were reported by Hanby et al. [28]. 

1.3 pSi Thin Film Literature Review 

 Comparing to SiO2 thin film and Si thin film works on doped silicon thin film are lesser 

in number. Doped silicon is more used as substrates in most microelectronic and MEMS devices. 

Nevertheless, there are still many reports which characterized Si thin film doped with p-type 

material and explored its potential application. Silicon doped with p-type materials has extensive 

use in silicon-based solar cells and optoelectronic devices [31-35], for instance- as window layer 

p–i–n solar cells [31, 33] and an intermediate reflector in thin-film silicon tandem solar cells 

[35]. Other noteworthy applications of pSi thin films are- as anodes of lithium-ion batteries [36],  

thermoelectric generator (TEG) material [37] and piezo resistors [38].  

 Although silicon doped with p-type material is a better conductor than intrinsic Si and 

SiO2, RF sputtering is also the general choice over DC sputtering to produce pSi thin films by 

physical vapor deposition (PVD) technique. Studies of DC and RF sputtered silicon and p-Si 

have been conducted for several decades. Boron and silicon were co-sputtered at low hydrogen 

flux and a relatively low temperature of 250o C to create thin films for detection of infrared 

radiation in [39]. For MEMS application, silicon thin film deposited by RF sputtering at low 

temperature (<250oC) has been reported in [40]. In [41], electrical properties, namely- dark 

conductivity, carrier mobility and carrier concentration of RF sputtered boron and phosphorous 

doped microcrystalline silicon thin films deposited from heavily doped silicon targets, were 

investigated. Haberle et al. explored the dependence of other types of electrical properties like- 

sheet resistance and hall mobility on deposition, annealing and diffusion parameters of boron 
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doped polycrystalline Si on SiO2 layer [42]. Tabata et al. studied the variation of structural and 

electrical properties of RF sputtered boron doped hydrogenated microcrystalline Si with respect 

to film thickness [43]. 

1.4 Objective of the Thesis 

In this current work, a detailed study of the effect of process parameters on the 

morphological, structural and electrical properties of SiO2 and boron doped silicon thin films 

deposited on pure Si substrate using RF magnetron sputtering is presented. The following 

investigation has been done and reported in this thesis- 

✓ Implementation of Taguchi Design of Experiment (DOE) to choose nine sets of 

combinations of process parameters of RF magnetron sputtering to fabricate SiO2/Si and 

pSi/Si thin films. Focused process parameters are- RF power, working pressure and Ar 

gas flow rate. 

✓ Investigation of structural properties (crystallinity of SiO2/Si and crystallinity, grain size, 

micro-strain and dislocation density of pSi/Si thin films) of the fabricated layers. 

✓ Inspection of morphological properties (surface roughness, surface morphology and 

surface topology of SiO2/Si thin films and only surface roughness of pSi/Si thin films).  

✓ Evaluation of electrical properties (resistivity per unit area (RnA) and capacitance per unit 

area (CnA)) of both types of thin films. 

✓ Execution of Signal to noise ratio (S/N) analysis and Analysis of variance (ANOVA) to 

understand the effect of a particular process parameter and their individual contribution to 

a specific property of the sputtered SiO2/Si and pSi/Si thin films. 
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Unlike traditional experiments, which may require a large number of samples to 

experiment with, the Taguchi method provides a systematic design approach with more 

efficiency using a lesser number of experimental results [20, 21].  Signal to noise ratio (S/N) 

analysis is applied to understand how the properties of SiO2/Si and pSi/Si thin films vary with 

the change of three major process parameters- RF sputtering power, working pressure and Ar gas 

flow rate. Analysis of variance, followed by the S/N result, tells us how much each process 

parameter contributes to a particular property of the thin films. For measuring electrical 

properties of SiO2/Si thin film and pSi/Si samples- resistivity per unit area (RnA) and capacitance 

per unit area (CnA), Impedance spectroscopy was used. Using impedance spectroscopy to 

understand the electrical properties of thin films has been reported in many previous studies [44-

47]. Whereas Bartzsch et al. measured the DC/AC resistivity and dielectric constant [12, 17] of 

SiO2 thin films; and Haberle et al. examined sheet resistance and hall mobility of boron doped 

silicon thin films [42],  in current work the frequency was varied from 1Hz to 1MHz and 

observed the variation of RnA and CnA of the SiO2/Si and pSi/Si thin films. A particular frequency 

where the RnA and CnA of the thin films show outliers and more trending data was chosen to 

perform S/N and ANOVA analysis for understanding the effect of parameter changes on 

resistivity and capacitance of the SiO2/Si and pSi/Si thin films. From our data, a regression 

model for only surface roughness was possible to derive. Electrical properties- resistivity per unit 

area (RnA) and capacitance per unit area (CnA) did not show a linear outcome, and therefore, it 

was not possible to derive a regression model for these properties. 
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CHAPTER II 

EXPERIMENTAL SETUP AND METHODOLOGY 

  The methodology of this research can be divided into three portions.  

➢ Fabrication of the thin films 

➢ Characterization of the thin film properties 

➢ Statistical analysis of the acquired data 

In this chapter, the experimental setup and methodology of the experiments are described 

in detail. 

2.1 Fabrication 

The first part of this research started with the fabrication of the thin films. Thin films 

fabrication steps can be split in two section: 

• Substrate cleaning and 

• Thin film coating by RF Magnetron Sputtering 

2.1.1 Substrate Cleaning 

Intrinsic Si substrate od diameter 4’’ and thickness of 525±10 µm was first diced into 

smaller pieces with shape and size according to needs. Then the diced substrates were washed
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with deionized water. After that, they were submerged in Acetone (CH3-CO-CH3) and then 

gently shook for 10 minutes. Then, they were submerged in Ethanol (C2H5OH) and

again, gently shook for 10 minutes. Finally, they were again washed in deionized water carefully 

and blow dried to get clean substrates. 

  

 

 

  

  

Figure 2.1: Cleaning steps of the Si substrate. A) Si substrate, B) dicing Technique, C) diced Si 

substrate, D) deionized water tap, E) acetone, F) ethanol, G) shaker and H) air blow nob. 
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2.1.2 Thin Film Coating by RF Magnetron Sputtering 

 After cleaning the substrate, the fabrication process began.  The main chamber of the 

sputtering system (AJA ATC Orion 5 UHV) was vacuumed to the scale 10-6 Torr to initiate the 

process. The first step of the sputtering is bias strike. It was done for 10s with 25W RF power, 

while the pressure in the main chamber was 30mTorr and process gas Ar flow rate was 15sccm. 

Bias cleaning was done next for 20s with 50W RF power, 3mTorr pressure and 15sccm Ar flow 

rate. 

 

Figure 2.2: Flowchart of the fabrication steps. 

A 2” diameter 0.125” thick 99.995% pure SiO2 and pSi target was used to create thin 

films. The pSi target was boron doped and the doping concentration was 32 ppm-wt in Si Matrix. 

Three sets of RF power (150, 200 & 250W- for sputtering SiO2; 100, 150 & 200 W- for 
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sputtering pSi), pressure (10, 15 & 20 mTorr) and Ar gas flow rate (5, 10 & 15 sccm) were 

chosen as process parameters for sputtering. The sets of combinations is given is Taguchi Design 

of experiment section. RF power was supplied to the sputtering system by 0313 GTC power  

Table 2.1: Summary of sputtering process for the thin films 

Substrate 
pure Si (100), thickness 525±10 µm 

Target 

SiO2, diameter -2”, thickness- 0.125”, purity- 99.995% 

pSi: Boron doped Si, diameter 2”, thickness 0.125”, doping 

concentration 32 ppm-wt in Si Matrix, purity 99.9% 

Process Gas Ar, 99.99% purity 

Base Pressure 10-6 Torr scale 

RF Power Source 13.56 MHz (0313 GTC) 

Rotation Speed 36 rpm 

source, which has a frequency of 13.56MHz. The targets were subjected to bias strike for 10s 

with at 30mTorr pressure and 15sccm Ar gas flow rate, while varying the power as according to 

the sample about to be fabricated from the combination set. SiO2 and pSi targets was pre-

sputtered for 30 mins before commencing the sputtering process. The substrate was being rotated 

at a constant speed of 36rpm to ensure uniformity of the epitaxial growth. The whole process 

was remotely monitored by software and the impedance matching network was automatically 

controlled by an auto-tuner (AIT 600 RF). Each sample was sputtered for 3 hr. 
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2.2 Characterization 

The roughness of the sputtered thin films was measured by Mahr Marsurf 300 C 

profilometer. XRD analysis was done by Rigaku Miniflex benchtop X-ray diffractometer using a 

Cu-Kα source of wavelength 1.5406 Ao (30KV, 15mA). Surface and cross-sectional micrographs 

were obtained by scanning electron microscope (Carl Zeiss, Sigma VP). Surface topographic 

images were obtained using atomic force microscopy (Bruker Bioscope Catalyst). A potentiostat 

(Metrohm Autolab PGSTAT302N) was used for impedance spectroscopy of the thin films. The 

Impedance was measured from 1Hz to 1MHz, with a 1V peak to peak sinusoidal signal. 

Adhesion of the sputtered thin films was performed by scotch tape test. 

 

Figure 2.3: Flowchart of characterization of the fabricated thin films 
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Figure 2.4: SiO2 (left) and pSi (right) target used for sputtering 

2.3 Analysis 

 Once the characterization data was acquired the statistical analysis- S/N analysis and 

analysis of variance was performed to understand the effect of individual process parameter on 

the properties of the thin film. In this section the definitions of the statistical terms is presented. 

2.3.1 Taguchi DOE and S/N ratio 

Implementing the theory of experimental design and loss function concept, Taguchi design 

of experiments provides a robust design model [48, 49]. S/N ratio is the most important analysis 

of Taguchi design. Signals are the controllable process parameters, whereas noise is something we 

have no control over during production or product use but can be controlled during 

experimentation. Two types of S/N ratio analysis are applied here-the smaller the better (for 

surface roughness and 𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖) and the higher the better (for XRD peak of pSi thin films, 

𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖,  𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖and 𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖).   
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The formula for the smaller-is-better S/N ratio:  

𝑆

𝑁
= −10 × log⁡(⁡(∑(𝑌2)/𝑛) (2.1) 

 

The formula for the larger-is-better S/N ratio: 

𝑆

𝑁
= −10 × log⁡(⁡(∑

1

𝑌2
)/𝑛) (2.2) 

Where Y is responses for the given factor level combination and n is the number of responses in 

the factor level combination [50]. 

Three sets of RF power (150, 200 & 250W- for sputtering SiO2; 100, 150 & 200 W- for 

sputtering pSi), pressure (10, 15 & 20 mTorr) and Ar gas flow rate (5, 10 & 15 sccm) were 

chosen as process parameters for sputtering the thin films, which are listed in Table 2.2 and 2.3. 

3 level Taguchi design of experiment was applied to create a L9
 (3

3) orthogonal array, which has 

three columns and nine rows- shown in Table 2.4 and 2.5. Here the fourth column of the L9 

orthogonal array is left vacant for error of experiments [49], as orthogonality is not affected If 

one column of the array is empty [51, 52]. The nine sets of combinations of process parameters 

for fabricating SiO2/Si and pSi/Si samples are charted in Table 2.4 and 2.5 respectively. 

Table 2.2: Sputtering parameters for SiO2/Si thin films 

Level Sputtering parameter 1 2 3 

A RF Power (W) 150 200 250 

B Pressure (mTorr) 10 15 20 

C Ar flow rate (sccm) 5 10 15 
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Table 2.3: Sputtering parameters for pSi/Si thin films 

Level Sputtering parameter 1 2 3 

A RF Power (W) 100 150 200 

B Pressure (mTorr) 10 15 20 

C Ar flow rate (sccm) 5 10 15 

 

Table 2.4: 9 sets of parameter combinations from Taguchi L9 orthogonal array for sputtering 

SiO2/Si thin films 

Sample number 

Control factors 

Power (W) (A) Pressure (mTorr) (B) Ar flow rate (sccm) (C) 

SiO2 Sample 1 150 (1) 10 (1) 5 (1) 

SiO2 Sample 2 150 (1) 15 (2) 10 (2) 

SiO2 Sample 3 150 (1) 20 (3) 15 (3) 

SiO2 Sample 4 200 (2) 10 (1) 10 (2) 

SiO2 Sample 5 200 (2) 15 (2) 15 (3) 

SiO2 Sample 6 200 (2) 20 (3) 5 (1) 

SiO2 Sample 7 250 (3) 10 (1) 15 (3) 

SiO2 Sample 8 250 (3) 15 (2) 5 (1) 

SiO2 Sample 9 250 (3) 20 (3) 10 (2) 
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Figure 2.5: 9 RF sputtered SiO2/Si thin film samples 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: 9 RF sputtered SiO2/Si thin film samples 



 

19 

 

It should be mentioned that sputtering of SiO2 and pSi was attempted with 5mTorr 

working pressure but the plasma failed to generate during sputtering. That is why entry level of 

working pressure for sputtering the thin films was chosen 10mTorr. 

Table 2.5: 9 sets of parameter combinations from Taguchi L9 orthogonal array for sputtering 

pSi/Si thin films 

Sample number 

Control factors 

Power (W) (A) Pressure (mTorr) (B) Ar flow rate (sccm) (C) 

pSi Sample 1 100 (1) 10 (1) 5 (1) 

pSi Sample 2 100 (1) 15 (2) 10 (2) 

pSi Sample 3 100 (1) 20 (3) 15 (3) 

pSi Sample 4 150 (2) 10 (1) 10 (2) 

pSi Sample 5 150 (2) 15 (2) 15 (3) 

pSi Sample 6 150 (2) 20 (3) 5 (1) 

pSi Sample 7 200 (3) 10 (1) 15 (3) 

pSi Sample 8 200 (3) 15 (2) 5 (1) 

pSi Sample 9 200 (3) 20 (3) 10 (2) 

 

2.3.2 Analysis of Variance (ANOVA) 

ANOVA was performed to find out which sputtering parameter has a statistically 

significant effect over a particular output. Two important calculation regarding ANOVA analysis 



 

20 

 

is F-value and P-value, which indicates the corresponding parameter having a significant impact 

on response characteristics.  

F value indicates if the means between two populations are significantly different. If F is 

large, the variability between treatments is large relative to the variation within treatments, and we 

reject the null hypothesis of equal means. 

𝐹 =⁡
𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒⁡𝑏𝑒𝑡𝑤𝑒𝑒𝑛⁡𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠

𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒⁡𝑤𝑖𝑡ℎ𝑖𝑛⁡𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠
 

(2.3) 

To determine whether any of the differences between the means are statistically significant, 

a significant level (α)- indicating a 100α% risk of concluding that a difference exists when there is  

no actual difference in treatment-is chosen. If the P-value ≤ α, then it means the differences 

between some of the means are statistically significant.  

The following equations were used for ANOVA and F-test of the experimental data [49]: 

 

𝑆𝑚𝑒𝑎𝑛 =⁡
(∑𝑥𝑖)

2

𝑛
 

𝑆𝑇𝑉 =∑𝑥𝑖
2 − 𝑆𝑚𝑒𝑎𝑛 

𝑆𝑝 = ⁡
(∑𝑥𝑝

2)2

𝑛𝑟𝑝𝑡
− 𝑆𝑚𝑒𝑎𝑛 

𝑆𝐸𝑟𝑟𝑜𝑟 = 𝑆𝑇𝑉 −∑𝑆𝑝 

𝑉𝑝 =
𝑆𝑝

𝑓𝑝
 

𝐹𝑝 =
𝑉𝑃

𝑉𝐸𝑟𝑟𝑜𝑟
 

(2.4) 

Where the total number of experiments is N, xi denotes the output of each experiment, Smean is 

the sum of squares due to the means, STV means the sum of square due to the total variation, Sp 

stands for sum of square due to a parameter, xp is the sum of the ith level of a parameter (here 

i=1,2,3), fp degree of freedom of parameter P, Vp the variance of parameter P and Fp is the F-

value of parameter P. 
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Figure 2.7: Flowchart of performing statistical analysis 

2.3.3 Regression Analysis  

The purpose of regression analysis is to generate an equation that describes the relationship 

between the dependent and independent variables and can predict a new observation. A general 

first-order regression equation can be expressed as follows- 

 

𝑦 = 𝛽0 +∑𝛽𝑖𝑥𝑖

𝑘

𝑖=1

+ 𝜀 (2.5) 

Where β represents the coefficient of each term, k is the number of independent variables and⁡the 

error is designated by ε.  

Short description of notation used in regression analysis is given below [53]: 

S calculates the deviation of distances of the data values from the fitted values. 
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R2 denotes the variation of the actual response from the fitted model.  

R2(adj) adjusts the statistic based on the number of independent variables in the model.  

R2(pred) predicts the efficiency of the model for a new observation. 

The statistical analysis in this research was performed in Minitab software. 
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CHAPTER III 

CHARACTERIZTION OF SiO2/Si THIN FILMS 

 The following experiments of characterization of nine samples SiO2/Si thin films were 

conducted in this research. 

✓ Surface Roughness 

✓ XRD analysis 

✓ Surface morphology 

✓ Surface topology 

✓ Electrical properties (resistance per unit area (𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖) and capacitance per unit area 

(𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖). 

In this chapter the results and discussions of these experiments are presented. 

3.1 Surface Roughness of SiO2/Si Thin Films 

 Surface roughness for sputtered SiO2 thin film is important; for optoelectronic devices 

where these thin films are used as anti-reflection coating, rough surface will cause more 

scattering of light and henceforth will decrease the efficiency of the device. Roughness is the 

result of micro-voids and pores on the sputtered thin-film surface. The average surface roughness 

Ra for the sputtered SiO2/Si thin film samples is listed in Table 3 .1. Figure 3 .1 shows the S/N 
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graph for the surface roughness. As it can be seen, roughness increased when working pressure 

was increased but decreased with increasing power, which agrees well with the theory.  

Table 3.1: Summary of surface roughness (Ra) of SiO2/Si thin films 

Sample No. Roughness Ra (nm) 

SiO2 Sample 1 14.0 

SiO2 Sample 2 14.3 

SiO2 Sample 3 15.2 

SiO2 Sample 4 13.6 

SiO2 Sample 5 13.8 

SiO2 Sample 6 15.0 

SiO2 Sample 7 13.0 

SiO2 Sample 8 13.4 

SiO2 Sample 9 14.4 

 

When the power is high, the process gas atoms bombard against the target with high 

kinetic energy- this high energy bombardment, known as atomic peening [12, 54]. Atomic 

peening excites the falling target atoms, generates more nucleation sites and therefore forming a 

densely packed structure, filling up most of the micro-voids and pores on the surface. Working 

pressure, on the other hand, has the opposite effect. Higher pressure means less mean free path, 

so the interatomic collisions between the process gas atoms and falling target atoms diminish the 

average kinetic energy. A loosely packed structure with high porosity builds up over the 

substrate as a result.  
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Figure 3.1: S/N response graph for surface roughness of SiO2/Si thin films 

Table 3.2: Summary of ANOVA result for surface roughness (Ra) of SiO2/Si thin films 

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value 

Power (Watt) 2 2.73620 37.88% 2.73620 1.36810 27.96 0.035 

Pressure (mTorr) 2 4.33687 60.04% 4.33687 2.16843 44.31 0.022 

Ar Gas Flow (sccm) 2 0.05287 0.73% 0.05287 0.02643 0.54 0.649 

Error 2 0.09787 1.35% 0.09787 0.04893   

Total 8 7.22380 100.00%     
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From the analysis of variance of our data (Table 3.2), we can conclude that the 

contribution of pressure is dominant (60.04%) to the surface roughness compared to the working 

pressure (37.88%). Although from Figure 3.1, we observed that roughness decreases when Ar 

gas flow rate is increased, which agrees with previous work [55], ANOVA result however 

showed that this contribution is not significant at all (P-value > 0.05). 

A regression model was derived in case a thin film with a particular roughness is desired. 

The model summary of the regression analysis is listed in Table 3.3. 

Roughness (Ra) (nm) = 

14.782 - 0.01350 Power (Watt) + 0.1677 Pressure (mTorr) 

- 0.0183 Ar Gas Flow (sccm) 

(3.1) 

Table 3.3: Summary of the regression analysis of surface roughness of SiO2/Si thin films 

S R-sq R-sq(adj) R-sq(pred) 

0.211100 96.92% 95.06% 89.14% 

3.2 XRD Analysis of SiO2/Si Thin Films 

 The XRD patterns of the SiO2/Si thin film samples (sample 1-sample 9) is shown in 

Figure 4.2. No peak was detected in all sample scanned from position =20° to =65°, which led 

to the conclusion that the deposited SiO2 layers were amorphous.  According to PDF #81-0066 

card, if the layered SiO2 film was crystallized, there would be some conspicuous peaks at θ = 

27.3° or θ = 21.6°, indicating quartz (011) or (100) plane respectively [19], which was not the 

case. A strong peak was detected at position =69.1° for each of the samples, but this peak is 

related to the Si (100) substrate. The amorphous deposited layers of SiO2 were also reported in 
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previous literature [19, 29]. The XRD peak intensities in count per second (cps) and peak 

positions of each sample were tabulated in Table 3.4. 

 

Figure 3.2: XRD pattern of SiO2/Si thin film samples presented in stacked lines by Y offset 

Peak positions were obtained between = 27.5° to 29.9° range and peak intensities varied 

arbitrarily from 134 cps (sample 7) to 259.5 cps (sample 4), following no trend. Because of these 

amorphous XRD patterns, no further information like grain size and micro stress could be 

derived for the nine SiO2/Si thin film samples. 
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Table 3.4: Summary of surface and crystallographic information of SiO2/Si thin films 

Sample No. 

Peak position  

/2 (degree) 

Peak intensity (cps)  

SiO2 Sample 1 27.6 216 

SiO2 Sample 2 28.7 240 

SiO2 Sample 3 29.9 177 

SiO2 Sample 4 29.2 259.5 

SiO2 Sample 5 29.6 149.5 

SiO2 Sample 6 28.1 173 

SiO2 Sample 7 28.2 134 

SiO2 Sample 8 27.5 209.5 

SiO2 Sample 9 27.5 181.5 

 

3.3 Surface Morphology & Surface Topography of SiO2/Si Thin Films 

 Figure 3.3 depicts surface and cross-sectional SEM images of samples 3,4 and 8 of 

SiO2/Si thin films. The surface of sample 3 displayed no ditches, whereas ditch-like morphology 

appeared on the surface of samples 4 and 8. No pronounced granular shape was noticed in all 

three samples. This kind of surface morphology was also described in Zhao et al. [19]. Although 

Zhao et al. attributed the presence of ditches on the sample surface to the decreasing process gas 

pressure, in this observation, however, the contribution of sputtering power was more profound. 

Trenches appeared most clearly on the surface of sample 8, which was deposited with the highest 

RF sputtering power (250 Watt). Sample 4 deposited with 200 Watt RF power showed less 

visible ditches. 
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Figure 3.3: Surface (left) and cross-sectional (right) SEM micrograph of the SiO2/Si thin film 

samples. SiO2 Sample 3 in top, SiO2 Sample 4 in middle and SiO2 Sample 8 in bottom row. 

  

Sample 3 

Sample 4 

Sample 8 
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Figure 3.4: AFM images (left 2d and right 3d) of the SiO2/Si thin film samples 

Sample 8 

Sample 4 

Sample 3 
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SEM cross-sectional images did not provide enough information. One reason for this was 

the deposited layers were not thick enough for the micro-structures to be visible. The cross-

sectional SEM image of sample 8 vaguely showed domain-like shapes with no columnar 

microstructure. 2D and 3D AFM images of surface topographies of samples 3, 4 and 8 are shown 

in Figure 3.4.  

3.4 Electrical Properties of SiO2/Si Thin Films 

Electrical properties (resistance per unit area  𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖,  and capacitance per unit area 

𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖) of SiO2/Si thin films were examined with impedance spectroscopy. Impedance 

spectroscopy gives bode plot (impedance 𝑍𝑛𝑆𝑖𝑂2/𝑆𝑖 & phase angle vs. frequency) and nyquist plot 

(𝑍𝑛𝑆𝑖𝑂2/𝑆𝑖 (img) vs. 𝑍𝑛𝑆𝑖𝑂2/𝑆𝑖 (real)) of the films.  

 

Figure 3.5: Connection diagram SiO2/Si thin film samples for impedance spectroscopy 

measurement 

𝑍𝑛𝑆𝑖𝑂2/𝑆𝑖 (real) can be attributed to resistance of the thin film and the capacitance of the 

SiO2/Si thin film contributes to the 𝑍𝑛𝑆𝑖𝑂2/𝑆𝑖 (img) part of the impedance spectroscopy. 
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To get the resistance and capacitance of the nth sample, we used the following equations. 

𝑅𝑛𝑆𝑖𝑂2/𝑆𝑖 = 𝑍𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖(𝑟𝑒𝑎𝑙) 

(3.2) 

𝐶𝑛𝑆𝑖𝑂2/𝑆𝑖 =⁡
1

2𝜋𝑓𝑍𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖(𝑖𝑚𝑔)
 

Where 𝑓 is the frequency. Now, as from the connection in Figure 3.5, the deposited SiO2 

superstrate and the Si substrate are in series. So, we can write the following equations: 

𝑅𝑛𝑆𝑖𝑂2/𝑆𝑖 = 𝑅𝑆𝑖 +⁡𝑅𝑛𝑆𝑖𝑂2 

(3.3) 1

𝐶𝑛𝑆𝑖𝑂2/𝑆𝑖
=

1

𝐶𝑆𝑖
+

1

𝐶𝑛𝑆𝑖𝑂2
 

Further we can write: 

𝑅𝑛𝑆𝑖𝑂2/𝑆𝑖

𝐴𝑛
=
𝑅𝑆𝑖
𝐴𝑛

+⁡
𝑅𝑛𝑆𝑖𝑂2
𝐴𝑛

 

(3.4) 

Or, 

𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖 =
𝑅𝑆𝑖
𝐴𝑛

+⁡
𝑅𝑛𝑆𝑖𝑂2
𝐴𝑛

 

And, 

1

𝐶𝑛𝑆𝑖𝑂2/𝑆𝑖
𝐴𝑛

=
1

𝐶𝑆𝑖
𝐴𝑛

+
1

𝐶𝑛𝑆𝑖𝑂2
𝐴𝑛

 

Or, 

1

𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖
=

1

𝐶𝑆𝑖
𝐴𝑛

+
1

𝐶𝑛𝑆𝑖𝑂2
𝐴𝑛

 

Now, RSi and CSi are both constant for a particular frequency, which makes 
𝑅𝑆𝑖

𝐴𝑛
 and 

𝐶𝑆𝑖

𝐴𝑛
 also constant. 

Thus, for a particular frequency, the changes of 𝑅𝑛𝑆𝑖𝑂2/𝑆𝑖 and 𝐶𝑛𝑆𝑖𝑂2/𝑆𝑖are simply due to the change 

in 𝑅𝑛𝑆𝑖𝑂2and 𝐶𝑛𝑆𝑖𝑂2. Process parameters variation during sputtering changes the structure of the 
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deposited SiO2 thin film over Si substrate and therefore, the electrical properties of the thin films 

change with it. Each sample was deposited for 3hours, so deposition time was not a parameter for 

our observation. 

Table 3.5: Summary of electrical properties of SiO2/Si thin film samples 

Sample No. 

𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖 at 

50kHz (/cm2) 

𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖 at 

50kHz (µF/cm2) 

𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖 at 

10kHz (/cm2) 

𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖 at 

10kHz (µF/cm2) 

SiO2 Sample 1 2.69×104 5.24×10-6 4.82×104 5.83×10-6 

SiO2 Sample 2 3.48×104 5.92×10-6 6.16×104 6.60×10-6 

SiO2 Sample 3 2.81×104 6.12×10-6 5.62×104 6.95×10-6 

SiO2 Sample 4 1.44×104 6.56×10-6 3.13×104 7.01×10-6 

SiO2 Sample 5 2.75×104 7.49×10-6 4.54×104 8.56×10-6 

SiO2 Sample 6 1.93×104 7.24×10-6 3.35×104 8.43×10-6 

SiO2 Sample 7 2.62×104 3.69×10-6 5.62×104 3.96×10-6 

SiO2 Sample 8 3.52×104 4.75×10-6 5.59×104 5.17×10-6 

SiO2 Sample 9 2.16×104 4.06×10-6 3.38×104 4.46×10-6 

 

Figure 3.6-3.8 shows the impedance spectroscopy result and Figure 3.9- 3.17 shows the 

resistance/area (𝑅𝑛𝑆𝑖𝑂2/𝑆𝑖) and capacitance/area (𝐶𝑛𝑆𝑖𝑂2/𝑆𝑖) vs. frequency plots for sample 1-9. 

Normalizing with sample area (An) was intentionally carried out to omit the area difference effect 

on the electrical properties. In all cases, 𝑅𝑛𝑆𝑖𝑂2/𝑆𝑖  and 𝐶𝑛𝑆𝑖𝑂2/𝑆𝑖decreased with increasing 

frequency. Table 3.5 shows 𝑅𝑛𝑆𝑖𝑂2/𝑆𝑖and 𝐶𝑛𝑆𝑖𝑂2/𝑆𝑖 at 50kHz and 10kHz. 
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Figure 3.6: Bode plots (right) and Real Z’ vs Img Z’’ scatter plot (left) for SiO2/Si thin film 

sample 1-3 
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Figure 3.7: Bode plots (right) and Real Z’ vs Img Z’’ scatter plot (left) for SiO2/Si thin film 

sample 4-6 
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Figure 3.8: Bode plots (right) and Real Z’ vs Img Z’’ scatter plot (left) for SiO2/Si thin film 

sample 7-9 
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Figure 3.9: Resistance/area (𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖) and capacitance/area (𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖) vs. frequency plots for 

SiO2/Si Sample 1 

 

Figure 3.10: Resistance/area (𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖) and capacitance/area (𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖) vs. frequency plots 

for SiO2/Si Sample 2 
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Figure 3.11: Resistance/area (𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖) and capacitance/area (𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖) vs. frequency plots 

for SiO2/Si Sample 3 

 

Figure 3.12: Resistance/area (𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖) and capacitance/area (𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖) vs. frequency plots 

for SiO2/Si Sample 4 
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Figure 3.13: Resistance/area (𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖) and capacitance/area (𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖) vs. frequency plots 

for SiO2/Si Sample 5 

 

Figure 3.14: Resistance/area (𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖) and capacitance/area (𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖) vs. frequency plots 

for SiO2/Si Sample 6 
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Figure 3.15: Resistance/area (𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖) and capacitance/area (𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖) vs. frequency plots 

for SiO2/Si Sample 7 

 

Figure 3.16: Resistance/area (𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖) and capacitance/area (𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖) vs. frequency plots 

for SiO2/Si Sample 8 
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Figure 3.17: Resistance/area (𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖) and capacitance/area (𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖) vs. frequency plots 

for SiO2/Si Sample 9 

From Figure 3.9- 3.17, we can see that in all cases, 𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖  and 𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖 decreased 

with increasing frequency. The rate of decline of 𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖 with frequency was not always the 

same for the SiO2/Si thin film samples and 𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖 vs. frequency curves can be divided into 

three regions. The first region where 𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖 drops steeply ranges from 1Hz to about 300 Hz. 

This rate slowed down in the second region ranging from 300Hz to about 70kHz, then again fell 

down faster in somewhat about 70kHz to 1MHz range. Although, 𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖 vs. frequency curves 

of all samples showed these three regions, however, the rate of decrease and the range limit of 

frequency in the mentioned three regions of the 𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖 vs. frequency curve varies from sample 

to sample. From the 𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖 vs. frequency plots of the thin film samples, it was observed that at 

higher frequency (>7kHz), the decrease rate of 𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖with frequency was less than that at lower 
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frequencies. Also, similar to 𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖vs. frequency curves, the decline rate of 𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖with 

frequency varied in each sample. 

For SiO2/Si thin films Data at 50 kHz was used to analyze Taguchi DOE. In this region, as 

shown in Figure 3.9- 3.17, the data is more trending with lesser outliers. S/N graphs for electrical 

properties of the SiO2/Si thin film samples are shown in Figure 3.18 & 3.19 and the ANOVA 

results for resistance/area (𝑅𝑛𝐴) and capacitance/area (𝐶𝑛𝐴) are tabulated in Table 3.6 and 3.7, 

respectively. Taguchi analysis for 10kHz was also performed Figure 3.20 & 3.21, which showed 

almost similar results as Figure 3.18 & 3.19, but the ANOVA analysis for resistance/area (𝑅𝑛𝐴) 

resulted in P-value>0.05 (sputtering power had the smallest P-value=0.157) for each of the 

parameters (Table 3.8). 

In order to explain the S/N graph in Figure 3.18 & 3.19, we first look at what changes the 

electrical properties SiO2/Si thin films. Here two factors are influencing  𝑅𝑛𝐴 and 𝐶𝑛𝐴. The first 

one is the layer thickness dn and the other is the number of nucleation sites on the substrate surface 

and nucleation growth, or, in different words, the amount of micro-voids and pores present in the 

thin film structures. Note that the substrate thickness dSi is constant. The layer thickness dn of the 

thin films is a function of process parameters, so SiO2 layer thicknesses vary from sample to 

sample. Increasing the sputtering power creates more nucleation sites on the surface of the 

substrate [56]. Because of the high kinetic energy of the falling target atoms at higher power, more 

atoms can reach the surface initially and act as nucleation sites. The deposition rate increases with 

sputtering power as well [12]. The resistance of the thin film is directly proportional and the 

capacitance is inversely proportional to the layer thickness dn. When the sputtering power begins 

to rise, increased nucleation sites on the substrate surface and higher nucleation growth start to fill 

up the micro-voids and cavities in the layer structure faster than the deposition rate. 
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Figure 3.18: S/N graph for the resistance/area (𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖) of SiO2/Si thin films at 50kHz 

 

Figure 3.19: S/N graph for the capacitance/area (𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖) of SiO2/Si thin films at 50kHz 
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Figure 3.20: S/N graph for the resistance/area (𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖) of SiO2/Si thin films at 10kHz 

  

Figure 3.21: S/N graph for the capacitance/area (𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖) of SiO2/Si thin films at 10kHz 
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Table 3.6: Summary of ANOVA result for resistance/area (𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖) at 50 kHz frequency for 

SiO2/Si thin films  

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value 

Power (Watt) 2 1.48E+8 40.40% 1.48E+8 7.44E+7 47.60 0.021 

Pressure (mTorr) 2 1.90E+8 51.71% 1.90E+8 9.52E+7 60.93 0.016 

Ar Gas Flow (sccm) 2 2.59E+7 7.04% 2.59E+7 1.30+7 8.30 0.108 

Error 2 3.13E+6 0.85% 3.13E+6 1.56E+7   

Total 8 3.68E+8 100.00%     

Table 3.7: Summary of ANOVA result for resistance/area (𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖) at 50 kHz frequency for 

SiO2/Si thin films 

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value 

Power (Watt) 2 0.000000 89.79% 0.000000 0.000000 155.01 0.006 

Pressure (mTorr) 2 0.000000 8.81% 0.000000 0.000000 15.21 0.062 

Ar Gas Flow (sccm) 2 0.000000 0.82% 0.000000 0.000000 1.41 0.415 

Error 2 0.000000 0.58% 0.000000 0.000000   

Total 8 0.000000 100.00%     
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Table 3.8: Summary of ANOVA result for resistance/area (𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖) at 10 kHz frequency for 

SiO2/Si thin films  

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value 

Power (Watt) 2 5.32E+8 49.83% 5.32E+8 2.66E+7 5.39 0.157 

Pressure (mTorr) 2 2.71E+8 25.38% 2.71E+8 1.36E+7 2.74 0.267 

Ar Gas Flow (sccm) 2 1.66E+7 15.54% 1.66E+7 8.30+7 1.68 0.373 

Error 2 9.88E+6 9.25% 9.88E+6 4.94E+7   

Total 8 1.07E+9 100.00%     

Table 3.9: Summary of ANOVA result for resistance/area (𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖) at 10 kHz frequency for 

SiO2/Si thin films 

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value 

Power (Watt) 2 0.000000 86.32% 0.000000 0.000000 1388.07 0.001 

Pressure (mTorr) 2 0.000000 11.60% 0.000000 0.000000 186.59 0.005 

Ar Gas Flow (sccm) 2 0.000000 2.02% 0.000000 0.000000 32.41 0.030 

Error 2 0.000000 0.06% 0.000000 0.000000   

Total 8 0.000000 100.00%     
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In this period, the resistance of the deposited layer decreases and capacitance increases. 

However, increasing power only boosts the deposition rate after a certain power range, as the 

number of nucleation sites on the surface strats to saturate. So, this event forces the resistance to 

go up and capacitance to go down as the growing layer thickness is the dominating factor now. 

This is why S/N for 𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖 decreased and S/N for 𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖 increased first. After 200W, 

escalating power reduced 𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖but 𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖 improved. The effect of pressure on the 

𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖 of the thin films should be the opposite. Because of the shrunk mean free path, 

increased inter-atomic collisions between target and process gas atoms at higher pressure impede 

the target atom from reaching the substrate surface and acting as nucleation sites. Consequently, 

nucleation growth slows down, deposited layers become less dense with full of voids and gaps 

and produce highly resistive films. A lower deposition rate at high pressure also leads to thinner 

films. As a result, rising the pressure from 10mTorr to 15 mTorr improved both 𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖 and 

𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖 However, from the pressure range 15mTorr to 20mTorr, 𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖 and 𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖 

both degrade. In this pressure range, reducing film thicknesses affecting 𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖 more and the 

influecne of excessive micro-voids in the layer structure on the relative permittivity overcomes 

the impact of the shortening film thickness dn on the capacitance of the film, which in 

consequence, decreases 𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖.  

The ANOVA analysis in Table 3.6 reveals working pressure has the highest contribution 

on 𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖 (51.71%). Power has slightly less contribution 40.40%. Both of the contributions are 

significant. For 𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖 (Table 3.7), power is the dominant factor (contribution 89.79%) in 

contrast to pressure contribution (8.81%). The contribution of Ar gas flow rate can be ignored as 

it is not very significant (7.04% for 𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖 and 0.82% for  𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖 and in both cases P-value 

> 0.05). The non-linear behavior of the S/N graphs for the electrical properties of the SiO2/Si thin 
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films is the reason why no regression model could not be derived for resistance/area (𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖) 

and capacitance/area (𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖). 

3.5 Adhesion 

The adhesion of the SiO2/Si thin films was examined by scotch tape test. All nine 

samples passed the adhesion test. They remain adhered to the substrate even after pulling off the 

tape. 

3.6 Conclusion 

SiO2 thin film samples were deposited over Si substrate by radio frequency (RF) 

magnetron sputtering system. Taguchi DOE and ANOVA analysis were performed to understand 

the effect of three process parameters-power, pressure and Ar gas flow rate and their individual 

contribution on surface, morphological and electrical properties of the SiO2/Si thin films. It was 

determined that power and pressure are the dominant factors that influence the significant 

percentage of the properties in most cases. Ar gas flow rate has little effect on the properties of 

the sputtered SiO2/Si thin films. 
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CHAPTER IV 

CHARACTERIZTION OF pSi/Si THIN FILMS 

The following experiments of characterization of nine samples SiO2/Si thin films were 

conducted in this research. 

✓ Surface Roughness 

✓ Structural properties from XRD analysis- crystallinity, micro-strain and dislocation 

density. 

✓ Electrical properties (resistance per unit area (𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖) and capacitance per unit area 

(𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖). 

In this chapter the results and discussions of these experiments are presented. 

4.1 Surface Roughness of pSi/Si Thin Films 

 The surface roughness of nine pSi/Si thin films is given in Table 4.1. S/N response of 

surface roughness of deposited pSi films is shown in Figure 4.1 and the result of the ANOVA 

analysis is shown is Table 4.2. The result of the surface roughness of pSi/Si is almost similar to 

the result of SiO2/Si thin films. With the rise of sputtering power, atomic peening effect [12, 54] 

as described previously, fill up most of the voids and pores on the surface. Highly condensed 

layer with smooth surface is produced as the outcome. Contrastively, when the working pressure 

is rising, the loss of kinetic energy of the falling target atoms due to the collisions with the 
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pressurized process gas atoms construct a loosely packed layer with pores and voids, which in 

result, increases the roughness of the deposited surface. Similar observation on the surface 

roughness of the deposited films has been described in [40].   

Table 4.1: Summary of surface roughness (Ra) of pSi/Si thin films 

Sample No. Roughness Ra (nm) 

pSi Sample 1 21.2 

pSi Sample 2 22.0 

pSi Sample 3 22.6 

pSi Sample 4 18.8 

pSi Sample 5 19.3 

pSi Sample 6 20.1 

pSi Sample 7 14.0 

pSi Sample 8 15.6 

pSi Sample 9 16.3 

It was seen that the power contribution to surface roughness is greater 93.56% comparing 

to the working pressure (5.85%). With the increase of the process gas flow rate, roughness of the 

surface improves. The impact is not described rigorously in previous works, only mentioned in 

[55]. Coarse grains at the surface deposited at low flow rate increases the roughness, according 

to [55]. However, the significance of effect is ignorable (contribution 0.38%).  
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Figure 4.1: S/N response graph for surface roughness of pSi/Si thin film. 

Table 4.2: Summary of ANOVA result for surface roughness (Ra) of pSi/Si thin films 

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value 

Power (Watt) 2 67.2289 93.56% 67.2289 33.6144 451.54 0.002 

Pressure (mTorr) 2 4.2022 5.85% 4.2022 2.1011 28.22 0.034 

Ar Gas Flow (sccm) 2 0.2756 0.38% 0.2756 0.1378 1.85 0.351 

Error 2 0.1489 0.21% 0.1489 0.0744   

Total 8 71.8556 100.00%     
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A regression analysis was also performed with the surface roughness data and its performance is 

given in Table 4.3. 

Roughness (Ra) (nm) = 

26.66 - 0.06633 Power (Watt) + 0.1667 Pressure (mTorr) 

- 0.0333 Ar Flow Rate (sccm) 

4.1 

 

Table 4.3: Summary of the regression analysis of surface roughness of pSi/Si thin films 

S R-sq R-sq(adj) R-sq(pred) 

0.551463 97.88% 96.61% 92.60% 

4.2 XRD Analysis of pSi/Si Thin Films 

According to RRUFF database (Si, RRUFF ID: R050145, [57]) and literature, XRD 

pattern of the following planes of Si has been identified- Si [1 1 1] at 2 ~ 28.44o [37], Si [2 0 0] 

at 2 ~ 33o [58],  Si [2 2 0] at 2 ~ 47.3o [37], Si [3 2 1] at 2 ~ 51o [37], Si [3 1 1] at 2 ~ 56.28o 

[37] Si [2 2 2] reflection about 2 ~ 58.9o [58] and Si [1 0 0] or Si [4 0 0] at 2 ~ 69.1o [59]. The 

substrate used in this experiment was intrinsic Si with [1 0 0] miller index. The XRD pattern of 

the substrate is shown Figure 4.2. The Cu-K peak was achieved at 2θ = 68.5o with intensity 

(cps) about over 100k, which means the substrate was highly crystallized. There was also a 

secondary peak at 2θ = 61o, which is attributed to Cu-Kβ X-ray. The intensity of this peak was 

about 3000 cps, which is far less than the primary peak at 2θ = 68.5o. The XRD pattern of the 

nine pSi/Si thin films is shown in Figure 4.3. All the peaks were achieved at about 2θ = 68.2o - 

69o. These peaks means that the deposited pSi grew along [1 0 0] plane. Similar XRD peak of the 

deposited pSi is described in [57, 59]. However, the intensity of these peaks were far less that the 

substrate peak at 2θ = 68.5o.   
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Figure 4.2: XRD pattern of the Si [1 0 0] substrate. 

 

Figure 4.3: XRD pattern of 9 pSi/Si thin film samples 
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The highest peak was achieved from sample 7 (intensity 2480.67). This fall from 

intensity was expected, as the sputtered thin films would not have the high crystallinity as the 

substrate. Also, no secondary peak at 2θ = 61o was seen in any samples. The summary of the 

XRD analysis is tabulated in Table 4.4. From the XRD analysis several structural properties- 

crystallinity, grain size, micro-strain and dislocation density can be studied. Table 4.4 contains 

grain size, micro-strain and dislocation density of the nine pSi/Si thin film samples.  

Table 4.4: Summary of the XRD analysis of pSi/Si thin films 

Sample No. 

Peak 

Position 

2 (deg) 

Peak 

Intensity 

(cps) 

FWHM  

(deg) 

Grain Size 

D (nm) 

Micro-strain 

𝛆 (×10-3) 

Dislocation 

Density δ 

(nm-2) 

pSi Sample 1 68.4 1362.33 0.64767 14.83 4.15 4.54 

pSi Sample 2 69 722.667 1.24677 7.73 7.92 16.7 

pSi Sample 3 68.3 883.333 0.81522 11.78 5.23 7.20 

pSi Sample 4 68.2 2278.33 0.58207 16.49 3.75 3.68 

pSi Sample 5 68.1 1553 0.6365 15.07 4.10 4.40 

pSi Sample 6 68.2 1914.5 0.60843 15.77 3.92 4.02 

pSi Sample 7 68.2 2480.67 0.60259 15.93 3.88 3.94 

pSi Sample 8 68.3 1914 0.59788 16.06 3.84 3.88 

pSi Sample 9 68.3 1743 0.59444 16.15 3.82 3.83 

Substrate 

68.5 

61 

113593 

2762.33 
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4.2.1 Crystallinity 

The peak of the XRD pattern signifies the crystallinity of the thin film. The peak positions 

or the Brags’ angle of nine pSi/Si sample and their associated peaks are listed in Table 4.4. The 

S/N ratio of the XRD peaks or the crystallinity of the pSi/Si thin film samples is shown in Figure 

4.4 and Table 4.5 shows the summary of the ANOVA analysis. 

 

Figure 4.4: S/N response graph for Crystallinity of the pSi/Si thin films.  

From Figure 4.4 it can be seen that the XRD peak of the pSi/Si thin films increaes with rising 

power, which agrees with [60]. With high power, atomic peening effect- described in [12, 54] 

creates more nucleation sites, which in turns improves crystallinity and also, the boosted 

nucleation growth on the surface builds up a thicker layer [60, 61]. However, as the Figure 4.4 

suggests, the steep at 150-200 Watt power is lesser than that at 100-150 Watt power. Described 
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in Section 4.4, when the sputtering power goes over a certain limit, the nucleation sites on the 

surface start to saturate. So, improvement of the crystallinity does not change much after a 

certain point. The lesser steep 150-200 Watt crystallinity region supports this explanation. 

Table 4.5: Summary of ANOVA result for crystallography (XRD peaks) of pSi/Si thin films. 

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value 

Power (Watt) 2 1990307 71.77% 1990307 995153 46.28 0.021 

Pressure (mTorr) 2 705846 25.45% 705846 352923 16.41 0.057 

Ar Gas Flow (sccm) 2 33841 1.22% 33841 16921 0.79 0.560 

Error 2 43010 1.55% 43010 21505   

Total 8 2773004 100.00%     

The rising pressure should have the oppisite effect on the crystallinity. As the collisions between 

target atoms and process gas atoms increases with rising pressure due to the shorter mean free 

path between gas atoms, the loosely packed porous layer developed over the substrate manifests 

declining crystallographic quality [61]. When the pressure was risen from 10mTorr to 15mTorr, 

the XRD peaks decreses, which concurs with the thoery. But as the pressure was further 

increased from 15mTorr to 20mTorr, XRD peak demonstrated more intensity. To be precise, pSi 

sample 3 and 6 displayed more intense peaks than sample 2 & 5. Even so, the rate of increase of 

the XRD intensity from 15 to 20mTorr was not as prominent as the declining rate of intensity 

from 10 to 15mTorr. From our data, the contribution of the sputtering power to the 

crystallography is most significant (71.77%). Working pressure has quite a significant  
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contribution (25.45%) with a p-value just over 0.05 (=0.057). The effect of Ar gas flow rate can 

not be described from our data because the p-value is far above 0.05 (0.560) and the 

correnpoding contribution to XRD peak is ignorable (1.22%, less than error- 1.55%).  

4.2.2 Grain Size 

The grain size of the thin film for XRD analysis can be calculated from the Scherrer 

equation as follows- 

𝐷⁡(𝐺𝑟𝑎𝑖𝑛⁡𝑆𝑖𝑧𝑒) = ⁡
0.9⁡

𝛽⁡𝑐𝑜𝑠
 

Where-  

 = The wavelength of the x-ray, here CuK- 1.506 Ao 

β = Full width at half maximum (FWHM) 

 = Bragg’s angle 

Grain size is directy related to the XRD peaks of the thin film. For more intense and sharp peak, 

the FWHM β should be less, so grain size would be bigger and vise versa. From the the 

observation of the data of this experiement, as the power increased, average size of of the grains 

became larger, as can be seen from Table 4.4. pSi Sample 7-9 set had the largest average grain 

size. Higher power assures better crystal growth, so size of the crystallite improves. But when the 

power jumped from 150W (pSi sample 4-6) to 200W (pSi sample 7-9) there was a slight increase 

in grain size comparing to the increase of grain size when power jumped from 100W (pSi sample 

1-3) to 150W (pSi sample 4-6). This is because of the saturation of the necleation sites at higher 

power level. As the number nucleation sites does not increase much at very high power, the sizes 

of the grain also become almost constant at this condition. At lower power levels (100W and 

150W), with the variation of pressure, change of grain size was also noticable. As the pressure 
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rose from 10mTorr to 15mTorr, grain size decreased significantly. In constrast to that, jumping 

from 15mTorr to 20mTorr presssure grain size increased.  

  

 

Figure 4.5: Grain size of the pSi/Si thin films. Power is constant in each graph- 100W (top-left), 

150W (top-right) and 200W (bottom). The line in each graph shows the variation with pressure. 

At high power level (200W), due the saturation of nucleation sites on the surface, the grain size 

does not vary much with the change of pressure (pSi sample 7 had 15.93nm, pSi sample 9 had 

16.15nm). Figure 4.5 show the variation of grain size at each power level with the change of 

pressurre and Ar Gas flow rate. The connecting line shows the variation of grain size with 

variation of pressure at constant power. 
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4.2.3 Micro-strain 

 The formula to determine micro-strain from XRD analysis is as following: 

ε⁡(𝑀𝑖𝑐𝑟𝑜𝑠𝑡𝑟𝑎𝑖𝑛) =
𝛽

4⁡𝑡𝑎𝑛
 

Where-  

β = Full width at half maximum (FWHM) 

 = Bragg’s angle  

The micro-strain of nine pSi thin films is listed in Table 4.4. Figure 4.6 shows the variation of 

micro-strain with pressure and Ar gas flow rate at each power level. The connecting line depicts 

the change in micro-strain when pressure changes.  

  

 

Figure 4.6: Mirco-strain of the pSi/Si thin films. Power is constant in each graph- 100W (top-

left), 150W (top-right) and 200W (bottom). The line shows the variation with pressure.  
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Similar to the grain size, micro-strain in pSi thin films deposited at lower power levels (100W & 

150W) showed a drastic variation with the change of pressure. At high power level this change 

had a little effect on the micro-strain.  

4.2.4 Dislocation Density 

 Dislocation density of the thin film can be measured using following equation: 

𝛿⁡(𝐷𝑖𝑠𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛⁡𝑑𝑒𝑛𝑠𝑖𝑡𝑦) =
𝑛

𝐷2
 

Where-  

n = A factor, almost equal to unity for minimum dislocation density 

D = Grain size 

  

 
Figure 4.7: Dislocation density of the pSi/Si thin films. Power is constant in each graph- 100W 

(top-left), 150W (top-right) and 200W (bottom). The line shows the variation with pressure.  
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Dislocation density of the nine pSi thin films tabulated in Table 4.4 shows similar trends as grain 

size and micro-strain, that is lower power level (100W and 150W) showed noticeable variation 

in dislocation density with respect to pressure, whereas at high power level (200W) this change 

was not very notable. 

4.3 Electrical Properties of pSi/Si Thin Films 

 Thoroughly described section 4.4 (Electrical properties of SiO2/Si Thin Films- page 

33,34), similar technique was used in measurement of the electrical properties of pSi/Si thin 

films- resistance per unit area  𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖,  and capacitance per unit area 𝐶𝑛𝑠𝑝𝑆𝑖/𝑆𝑖. Figure 4.8- 

4.10 show the impedance spectroscopy results of pSi/Si thin films. Figure 4.11-4.19 show the 

resistance per unit area  𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖,  and capacitance per unit area 𝐶𝑛𝑠𝑝𝑆𝑖/𝑆𝑖 of pSi/Si thin films. It 

is mentioned before that normalizing with sample area (An) was intentionally carried out to omit 

the area difference effect on the electrical properties. 

 Similar to the resistance per unit area 𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖 and capacitance per unit area 𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖 

of the SiO2/Si thin films, resistance per unit area  𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖 and capacitance per unit area 

𝐶𝑛𝑠𝑝𝑆𝑖/𝑆𝑖 vs frequency curve of pSi/Si thin films can also be divided into three parts. At low 

frequency (>1kHz) the declining rate of 𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖 and 𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖 is very steep. At medium 

frequency range (<1kHz & >100kHz) this rate slows down a bit and at high frequency 

(>100kHz) the negative slope become steeper again. Table 4.6 shows the 𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖 & 𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖 

at 25kHz and 50kHz. Those data were used for S/N analysis and analysis of variance (ANOVA).  
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Figure 4.8: Bode plots (right) and Real Z’ vs Img Z’’ scatter plot (left) for pSi/Si thin film sample 

1-3 
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Figure 4.9: Bode plots (right) and Real Z’ vs Img Z’’ scatter plot (left) for pSi/Si thin film sample 

4-6 
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Figure 4.10: Bode plots (right) and Real Z’ vs Img Z’’ scatter plot (left) for pSi/Si thin film 

sample 7-9 
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Figure 4.11: Resistance/area (𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖) and capacitance/area (𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖) vs. frequency plots for 

pSi/Si Sample 1 

 

Figure 4.12: Resistance/area (𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖) and capacitance/area (𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖) vs. frequency plots for 

pSi/Si Sample 2 
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Figure 4.13: Resistance/area (𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖) and capacitance/area (𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖) vs. frequency plots for 

pSi/Si Sample 3 

 

Figure 4.14: Resistance/area (𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖) and capacitance/area (𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖) vs. frequency plots for 

pSi/Si Sample 4 
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Figure 4.15: Resistance/area (𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖) and capacitance/area (𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖) vs. frequency plots for 

pSi/Si Sample 5 

 

Figure 4.16: Resistance/area (𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖) and capacitance/area (𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖) vs. frequency plots for 

pSi/Si Sample 6 
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Figure 4.17: Resistance/area (𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖) and capacitance/area (𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖) vs. frequency plots for 

pSi/Si Sample 7 

 

Figure 4.18: Resistance/area (𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖) and capacitance/area (𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖) vs. frequency plots for 

pSi/Si Sample 8 
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Figure 4.19: Resistance/area (𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖) and capacitance/area (𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖) vs. frequency plots for 

pSi/Si Sample 9 

 𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖 at both 25kHz and 50kHz showed good performance in ANOVA analysis that 

is at least one parameter P-value was less than 0.05. At 25 kHz for 𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖, both power and 

pressure had a P-value less than 0.05 (0.04 & 0.048 respectively); at 50 kHz power had a P-value 

less than 0.05 (0.048) and pressure had a P-value slightly over 0.05 (0.061). 𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖 at 25kHz 

showed good ANOVA performance (power P-value 0.002<0.05 and pressure P-value 

0.004<0.05). However, at 50 kHz ANOVA performance of 𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖 was not statistically 

significant (all parameters P-value > 0.05, closest is power- P-value 0.084). S/N response of 

𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖 at 25kHz is shown in Figure 4.20, at 50kHz shown in Figure 4.21. For 𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖, 

Figure 4.22 shows the S/N response at 25kHz, Figure 4.23 shows the S/N response at 50kHz. 

Table 4.7 and 4.8 shows the summary of ANOVA analysis for 𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖 at 25kHz and 50kHz 

respectively. Table 4.9 and 4.10 shows the summary of ANOVA analysis for 𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖 at 25kHz 
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and 50kHz respectively. Both 𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖 and 𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖 responded in similar fashion at 25kHz and 

50kHz, but as previously mentioned 𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖 data at 25kHz showed better ANOVA 

performance.     

Table 4.6: Summary of electrical properties of pSi/Si thin film samples. 

Sample No. 

𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝐴𝑟𝑒𝑎
 

at 25kHz (/cm2) 

𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝐴𝑟𝑒𝑎
 

at 50kHz (/cm2) 

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒

𝐴𝑟𝑒𝑎
 

at 25kHz (/cm2) 

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒

𝐴𝑟𝑒𝑎
 

at 50kHz (/cm2) 

pSi Sample 1 2.57×104 1.74×104 3.48×10-6 3.38×10-6 

pSi Sample 2 3..52×104 2.89×104 5.69×10-6 5.40×10-6 

pSi Sample 3 3.17×104 2.19×104 4.21×10-6 4.04×10-6 

pSi Sample 4 1.41×104 0.87×104 6.08×10-6 5.86×10-6 

pSi Sample 5 2.10×104 1.59×104 6.56×10-6 6.25×10-6 

pSi Sample 6 1.95×104 1.12×104 4.50×10-6 4.36×10-6 

pSi Sample 7 2.02×104 1.35×104 5.97×10-6 5.78×10-6 

pSi Sample 8 3.02×104 2.31×104 6.36×10-6 6.05×10-6 

pSi Sample 9 2.76×104 2.08×104 5.62×10-6 5.29×10-6 

The power and pressure S/N response for resistance/area (𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖)of pSi/Si thin films is almost 

similar to the S/N response for resistance/area (𝑅𝑛𝑆𝑖𝑂2/𝑆𝑖) of SiO2/Si thin films. As detailed 

explanation has been given in section 4.4 about the reasons which attributed this kind of S/N 

response for resistance/area (𝑅𝑛𝑆𝑖𝑂2/𝑆𝑖) of SiO2/Si thin films, it is not described in this section 

again for resistance/area (𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖)of pSi/Si thin films. Similar to 𝑅𝑛𝑆𝑖𝑂2/𝑆𝑖, the effect of Ar gas 

flow rate on 𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖 is very little and also not satistically significant (P-value >>0.05 at both 

25kHz and 50kHz). 
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Figure 4.20: S/N graph for the resistance/area (𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖) of pSi/Si thin films at 25kHz 

  

Figure 4.21: S/N graph for the resistance/area (𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖) of pSi/Si thin films at 50kHz 
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Figure 4.22: S/N graph for the capacitance/area (𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖) of pSi/Si thin films at 25kHz 

  

Figure 4.23: S/N graph for the capacitance/area (𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖) of pSi/Si thin films at 50kHz 
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Table 4.7: Summary of ANOVA result for resistance/area (𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖) at 25 kHz frequency for 

pSi/Si thin films 

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value 

Power (Watt) 2 2.45E+8 65.97% 2.45E+8 1.22E+8 494.33 0.002 

Pressure (mTorr) 2 1.23E+8 33.16% 1.23E+8 6.16E+7 248.47 0.004 

Ar Gas Flow (sccm) 2 2.72E+6 0.73% 2.72E+6 1.36+6 5.49 0.154 

Error 2 4.96E+5 0.13% 4.96E+5 2.48E+5   

Total 8 3.71E+8 100.00%     

 

Table 4.8: Summary of ANOVA result for resistance/area (𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖) at 50 kHz frequency for 

pSi/Si thin films 

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value 

Power (Watt) 2 2.28E+8 69.88% 2.28E+8 1.14E+8 10.87 0.084 

Pressure (mTorr) 2 6.10E+7 18.74% 6.10E+7 3.05E+7 2.92 0.255 

Ar Gas Flow (sccm) 2 1.62E+7 4.96% 1.62E+7 8.08+6 0.77 0.564 

Error 2 2.09E+7 6.43% 2.09E+7 1.05E+5   

Total 8 3.26E+8 100.00%     
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Table 4.9: Summary of ANOVA result for capacitance/area (𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖) at 25 kHz frequency for 

pSi/Si thin films 

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value 

Power (Watt) 2 0.000000 43.58% 0.000000 0.000000 24.27 0.040 

Pressure (mTorr) 2 0.000000 35.72% 0.000000 0.000000 19.89 0.058 

Ar Gas Flow (sccm) 2 0.000000 18.91% 0.000000 0.000000 10.53 0.087 

Error 2 0.000000 1.80% 0.000000 0.000000   

Total 8 0.000000 100.00%     

 

Table 4.10: Summary of ANOVA result for capacitance/area (𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖) at 50 kHz frequency for 

pSi/Si thin films 

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value 

Power (Watt) 2 0.000000 44.82% 0.000000 0.000000 19.98 0.048 

Pressure (mTorr) 2 0.000000 34.80% 0.000000 0.000000 15.51 0.061 

Ar Gas Flow (sccm) 2 0.000000 18.14% 0.000000 0.000000 8.09 0.110 

Error 2 0.000000 2.24% 0.000000 0.000000   

Total 8 0.000000 100.00%     
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 One distinctive aspect of capacitance/area (𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖) of pSi/Si thin films from 

capacitance/area (𝐶𝑛𝑆𝑖𝑂2/𝑆𝑖) of SiO2/Si thin films is that 𝐶𝑛𝑆𝑖𝑂2/𝑆𝑖 went up from low to mid power 

level (150W to 200W) and descended down again from mid to high power level (200W to 

250W), but 𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖 only rose up when sputtering power is increased (Figure 4.22 & 4.23). At 

high power level, the slope, however, was less steep that that at low power level. In section 4.4 

the reason behind the S/N response of 𝐶𝑛𝑆𝑖𝑂2/𝑆𝑖 was explained comprehensively.  Same attributes 

were also in play for 𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖. If the power level was a little bit higher (250W), it is to be 

expected same response as 𝐶𝑛𝑆𝑖𝑂2/𝑆𝑖 would have been observed for 𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖, as at 200W the 

saturation of nucleation sites and rising nucleation growth and increasing layer thickness dn 

already held down the increasing rate of 𝐶𝑛𝑆𝑖𝑂2/𝑆𝑖. 

 Since same pressure levels were used for depositing pSi/Si and SiO2/Si thin films, 

pressure S/N response for 𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖 and 𝐶𝑛𝑆𝑖𝑂2/𝑆𝑖 are identical, as expected. From the data in 

Table 4.9 and 4.10, it can be seen that Ar gas flow rate has a significant contribution (about 18%, 

P-values for both 25kHz and 50kHz are near to 0.05) to 𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖 and the effect is analogous to 

pressure. It is hard to explain the sole effect of Ar gas flow rate on 𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖 from the limited 

experiment carried out in this work and more extensive study needs to be performed to 

understand the effect of this parameter. 

4.4 Adhesion 

The adhesion of the pSi/Si thin films was examined by scotch tape test. All nine samples 

passed the adhesion test. They remain adhered to the Si substrate even after pulling off the tape. 
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4.5 Conclusion 

pSi thin film samples were deposited over Si substrate by radio frequency (RF) 

magnetron sputtering system. Three sets of inputs for the three process parameters were chosen 

for sputtering pSi thin films- power levels were 100W, 150W and 200W; 5mTorr, 10mTorr and 

15mTorr were chosen for pressure and three Ar gas flow rate levels at 5, 10 and 15 sccm were 

selected. Taguchi DOE and ANOVA analysis were performed to understand the effect of three 

process parameters-power, pressure and Ar gas flow rate and their individual contribution on 

surface, structural and electrical properties of the SiO2/Si thin films. It was determined that 

power and pressure are the dominant factors that influence the significant percentage of the 

properties in most cases. Ar gas flow rate has little effect on most of the properties of the 

sputtered pSi/Si thin films except capacitance/area (𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖). 
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CHAPTER V 

FUTURE WORKS 

 The works that has been done in this research are characterizations of RF sputtered 

SiO2/Si and pSi/Si thin films and study of the effect of the process parameter on their structural, 

morphological and electrical properties. The effect of three process parameters- power, pressure 

and Ar gas flow rate was investigated. There is another process parameter of importance; that is 

thermal annealing. The effect of thermal annealing on the deposited SiO2/Si and pSi/Si thin film 

is one potential future work. Characterization of RF sputtered nSi/Si thin films and study of the 

effect of the process parameter on their structural, morphological and electrical properties is 

another research that can be performed based on this research work. So, let’s point out the 

potential future work in numerical order: 

1. Characterization of RF sputtered nSi/Si thin films and study of the effect of the process 

parameter on their structural, morphological and electrical properties.  

2. Investigation of the effect of thermal annealing on SiO2 thin films on Si substrate. 

3. Investigation of the effect of thermal annealing on pSi thin films on Si substrate. 

4. Investigation of the effect of thermal annealing on nSi thin films on Si substrate. 

5.1 Fabrication of Enhancement Mode n-MOSFET by Physical Vapor Deposition 

  The ultimate target after characterizing the pSi/Si, nSi/Si and SiO2/Si thin films is to 

fabricate n-MOSFET by Physical Vapor Deposition technique using sputtering system. A 
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growing methodology can be used to sputter the MOSFET layers which is depicted in Figure 5.1. 

First on the pSi substrate pSi overlayers will be sputtered. Between the overlayers nSi will be 

sputtered which will act as n-wells. SiO2 insulation layer will be deposited on the middle pSi 

overlayer. Finally, source, gate, drain and body contact will be deposited. Any conducting metal 

can be used as contact. 

 

Figure 5.1: Methodology of MOSFET Fabrication by Physical Vapor Deposition 

Some sample MOSFET were fabricated before the characterization experiments using the 

process parameters listed in Table 5.1 to deposit the pSi overlayers, nwells and SiO2 insulation 
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layer. The fabricated enchance mode n-MOSFET using the sputtering system is shown in Figure 

5.2. The I-V characteristics of one fabricated MOSFET sample is given in Figure 5.3. 

Table 5.1: Process parameters used to deposit different layers of enchance mode n-MOSFET  

Parameters 

Layers 
RF power (W) 

Working 

pressure (mTorr) 

Ar gas flow rate 

(sccm) 

Deposition time 

(hour) 

pSi overlayers 200 15 15 10 

nSi nwells 200 15 15 13 

SiO2 insulation 200 15 15 8 

 

  

  

Figure 5.2: Steps of n-MOSFET Fabrication. Si sample substrate (topleft), p-Si overlayers 

deposition and channel length (topright), n-well deposition and length (bottomleft) and final n-

MOSFET samples with Cu contact layers (bottom right) 
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Figure 5.3: I-V characteristics of enhancement mode nMOSFET fabricated by Physical Vapor 

Deposition (PVD) technique. 

The I-V characteristics of the PVD fabricated nMOSFET shows resemblences with the ideal 

MOSFET characteristics. From the characterization of pSi, SiO2 and nSi, if suitable process 

parameters are chosen to fabricate the MOSFET layers with proper masking, then it can be 

expected that the PVD fabricated nMOSFET I-V performance will be identical to ideal 

nMOSFET I-V characteristics.    
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APPENDIX A 

NOMENCLATURES 

SiO2/Si SiO2 thin film over Si substrate 

pSi/Si pSi thin film over Si substrate 

DOE Design of experiments 

sccm Standard cubic cm per minute 

S/N Signal to Noise Ratio 

DF Degrees of Freedom 

Seq SS Sequential sum of squares 

Adj SS Adjusted sum of squares 

Adj MS Adjusted mean of squares 

R2 (adj) R2 adjusted 

R2 pred) R2 predicted 

Ra Average surface roughness 

𝑅𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖  Resistance/Area of nth SiO2/Si samples 

𝐶𝑛𝐴𝑆𝑖𝑂2/𝑆𝑖  Capacitance/Area of nth SiO2/Si samples 



 

92 

 

RSi Resistance of the Si Substrate 

CSi Capacitance of the Si Substrate 

𝑅𝑛𝑆𝑖𝑂2 Resistance of the nth SiO2 film 

𝐶𝑛𝑆𝑖𝑂2 Resistance of the nth SiO2 film 

𝑅𝑛𝑆𝑖𝑂2/𝑆𝑖 Resistance of nth SiO2/Si samples 

𝐶𝑛𝑆𝑖𝑂2/𝑆𝑖 Capacitance of nth SiO2/Si samples 

𝑅𝑛𝐴𝑝𝑆𝑖/𝑆𝑖 Resistance/Area of nth pSi/Si samples 

𝐶𝑛𝐴𝑝𝑆𝑖/𝑆𝑖 Capacitance/Area of nth pSi/Si samples 

𝑍𝑛𝑆𝑖𝑂2/𝑆𝑖 (real) Real part of impedance of nth SiO2/Si samples 

𝑍𝑛𝑆𝑖𝑂2/𝑆𝑖 (img) Imaginary part of impedance of nth SiO2/Si samples 

dn Layer thickness of nth sample 

dSi Layer thickness the Si substrate 

𝐴𝑛 Area of the nth thin film sample 

ANOVA Analysis of Variance 

RF  Radio Frequency 

AFM Atomic Force Microscopy 

SEM  Scanning Electron Microscopy 

XRD X-ray Diffractometry 
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APPENDIX B 

GLOSSARIES 

MEMS: Micro Electro-Mechanical System. A system that integrates electronic components with 

 Micro-mechanical parts. 

Radio Frequency (RF): Radio frequency (RF) is the rate of oscillation of an altering electric or  

electromagnetic field (current or voltage) in the frequency with a range from 20kHz to 

300GHz. 

Plasma: Plasma is called the fourth state of matter after solid, liquid, and gas. It is a state of 

matter in which an ionized substance becomes highly electrically conductive to the point 

that long-range electric and magnetic fields dominate its behavior. 

Doping: In semiconductor production, doping is the intentional introduction of impurities into an  

intrinsic semiconductor for the purpose of modulating its electrical, optical and structural 

properties. 

Physical Vapor Deposition (PVD): PVD includes a variety of vacuum deposition techniques to  

grow thin films over substrates.  PVD is a process where the material expected to be 

deposited goes from condensed phase to vapor phase and then transit back to thin film 

condensed phase. Two common PVD processes are sputtering and evaporation. 

Optoelectronics: Optoelectronics is the study and application of electronic devices that use light.  
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Statistically Significant: Statistical significance is the determination of the results from data of  

being not explainable by chance alone. Statistical significance is the opposite of null 

hypothesis, which tells that changes in the data are some random chances at work. 

Design of Experiments: Design of experiments (DOE) is a systematic study to investigate the  

relationship between factors affecting a process and the output. In simple words, it is used 

to find cause-and-effect relationships. 

Crystallography: The branch of science concerned with the structure and properties of crystals. 

Crystallinity: Crystallinity refers to the degree of recursive structural order in a solid. 

Cu-K: Copper K-α is an x-ray energy frequently used on x-ray instruments. 

Impedance Spectroscopy: Impedance spectrometry is a method to evaluate impedance from the  

response of the current to the varying frequency of the imposed alternating voltage over a 

wide range and it is separated into real and imaginary components. 
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