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ABSTRACT 

LOW PRESSURE CHEMICAL VAPOR DEPOSITION OF SILICON DIOXIDE 
AND PHOSPHOSILICATE GLASS THIN FILMS 

by 

Vijayalakshmi Venkatesan 

Silicon dioxide thin films were synthesized on silicon and quartz wafers using 

Ditertiarybutylsilane(DTBS) and oxygen as precursors. Trimethylphosphite (TMP) was 

injected to obtain phosphosilicate glass. The films were processed at different 

temperatures between 700°C and 850°C at a constant pressure, and at different flow ratios 

of the precursors. The films deposited were uniform, amorphous and the composition of 

the films varied with deposition temperature and precursor flow ratios. The deposition 

rate increased with increasing temperature and with increasing TMP flow rate. The 

stresses were very low tensile in the case of undoped silicon dioxide film and tended 

towards being less tensile with increasing deposition temperature. The refractive index 

increased with increasing deposition temperature. The higher refractive index was 

probably because the films were rich in carbon. A less transparent film at higher 

temperatures also suggested presence of carbon at higher temperatures. In the case of the 

binary silicate glass, the stresses tended to be progressively compressive with increasing 

phosphorus content. The density and refractive index increased with increasing 

phosphorus content. Both undoped and doped oxides showed almost 99% optical 

transmission at a deposition temperature of 700°C. The undoped and the binary oxides 

showed best properties, especially optical properties, at 700°C. 
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CHAPTER 1 

INTRODUCTION 

1.1 General 

In the manufacture of electronic components, especially solid state devices, a wide 

variety of physical and chemical processes are employed. Many of these processing steps 

serve the single function of forming a thin layer of a given material on a suitable 

substrate. This layer may play an active or passive role in the operation of the 

component, or alternatively , it may be employed only for processing purposes and may 

not be present in the complete device. 

Materials already in use as deposited thin films for electronic devices exhibit a 

tremendous range of physical phenomena. They may be superconductors, conductors, 

semiconductors or insulators composed of elements, compounds, or mixtures. Some can 

be deposited by any of the several methods; others can be handled only by a single 

technique. 

Because of the importance of these thin film materials, the electronic industry has 

invested heavily in the development of new deposition technology. Chemical vapor 

deposition (CVD) is one of the most versatile of the deposition techniques employed in 

the electronics industry. In CVD, a gaseous chemical compound , or a mixture of 

compounds, reacts at a heated surface to form non-volatile coating on that surface. By 



2 

suitable choice of chemical reagents, it is possible to deposit an extraordinary variety of 

film materials on a wide range of substrates, often at rate higher than obtainable by other 

deposition methods such as vacuum evaporation, or sputtering. Until recently, most CVD 

operations were relatively simple and could be readily optimized experimentally by 

changing the reaction, the activation method or deposition variables until a satisfactory 

deposit was achieved. It is still possible and , indeed, in some cases it is the most 

efficient way to proceed. However, many of the CVD processes are becoming 

increasingly complicated with many more variables which could make the empirical 

method very cumbersome. 

CVD is a very versatile and dynamic technology which is constantly expanding 

and improving as witnessed by the recent developments in Metal Organic CVD, plasma 

CVD, laser CVD and many others. As the technology is expanding, so is the scope of its 

applications. This expansion is the direct result of a large research effort carried out by 

many workers in the industry, the universities and government laboratories. Two major 

areas of application of CVD have rapidly developed, namely in the semiconductor 

industry and in the so-called metallurgical coating industry. CVD applications can be 

classified by product functions such as electrical, opto-electrical, optical, mechanical and 

chemical. CVD applications can also be classified by product form such as coatings, 

powders, fibers, monoliths and composites. 

With CVD , it is almost possible to produce any metal and non-metallic element. 

This technology is now an essential factor in many optical and opto-electronic 
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applications. An integrated-optic biosensor could monitor the concentration of liquid 

pollutants on the surface of a planar substrate comprising single-mode channel 

waveguides [50]. A silica based Mach Zehnder interferometer structure on silicon could 

be used to measure thickness or refractive changes on the wave guide surface. The 

fabrication of a channel waveguide device which integrates the splitting and combining 

portion of the interferometer on a glass substrate requires the fabrication of an optical 

waveguide. Thus, it more closely satisfies the definition of an integrated optic device. A 

technology to develop the optic fiber with a very small difference in refractive index 

between the core and the cladding was the chief goal of this project. 

Silicon films containing small amounts of phosphorus is important since the 

difference between its refractive index and that of silicon dioxide is small enough for 

fabricating a single mode wave guide. Low Pressure Chemical Vapor Deposition of 

silicon dioxide is based on the reaction of an organic precursor, Ditertiarybutylsilane 

( DTBS ) and oxygen. The silicon dioxide thus deposited forms the cladding for the optic 

fiber. By a suitable injection technique, trimethylphosphite can be injected into the 

reaction chamber to obtain the required amount of phosphorus in the phospho silicate 

glass. 

1.2 Silicon Dioxide Thin Films 

Chemical Vapor Deposited silicon dioxide films, and their binary and ternary alloys find 

wide use in VLSI processing. These materials are used as insulation between polysilicon 

and metal layers in multilevel metal systems, as getters, as diffusion sources, as diffusion 
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and implantation masks, as capping layers to prevent outdiffusion, and as final 

passivation layers. 

Table 1.1: Properties of silica glass (Thermal Oxide) 

Boiling Point(°C) —2950 

Melting Point (°C) —1700 

Molecular Weight 60.08 

Refractive Index 1.46 

Specific Heat (J/g°C) 1.0 

Stress in film on Si ( dyne/cm3) 2-4 x 109, compressive 

Thermal Conductivity(W/cm°C) 0.014 

Dc Resistivity (Q-cm), 25°C 
1014-1016 

 

Density (gm/cm3) 2.27 

Dielectric constant 3.8-3.9 

Dielectric Strength (V/cm) 5-10x106  

Energy Gap (eV) 

 

—8 

Etch rate in buffered HF (A/min) 1000 

Linear Expansion Coefficient (cm/cm°C) 5x10-7  

In general, the deposited oxide films must exhibit uniform thickness and composition, 

low particulate and chemical contamination, good adhesion to the substrate, low stress to 

prevent cracking, good integrity for high dielectric breakdown, conformal step coverage 
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for multilayer systems, low pinhole density, and high throughput for manufacturing. 

Some of the properties obtained for thermal oxide are shown above. 

CVD silicon dioxide is an amorphous structure of SiO4  tetrahedra with an 

empirical formula SiO2. Depending on deposition conditions, CVD silicon dioxide may 

have a lower density and slightly different stoichiometry from thermal silicon dioxide, 

causing changes in mechanical and electrical film properties (such as index of refraction, 

etch rate, stress, dielectric constant and high electric field breakdown strength). 

Deposition at higher temperatures, or use of a separate high temperature post-deposition 

anneal step (referred to as densification) can make the CVD films approach those of 

thermal oxide. 

Deviation of the CVD silicon dioxide film's refractive index, n, from that of the 

thermal SiO2  value of 1.46 is often used as an indicator of film quality. A value of n 

greater than 1.46 indicates a silicon rich film, while smaller values indicate a low density, 

porous film. CVD SiO, is deposited with and without dopants, and each has unique 

properties and applications. 

Silicon dioxide was deposited using an organic precursor, ditertiarybutylsilane 

(DTBS), and oxygen. DTBS has a chemical formula of (C4H9)2SiH2 and is a safe 

alternate precursor to SiH4  with a flash point of 15°C. It is a colorless liquid with a 

boiling point of 128°C, vapor pressure of 20.5 Corr at 20°C, and is commercially available 

from Olin Hunt as CONSi-4000 with a 99%+ chemical purity. This work addresses the 

use of this organosilane precursor for synthesizing amorphous silicon dioxide films. 
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1.3 Phosphosilicate Glass 

The addition of small amounts of Phosphorus to silica lowers the melting point of silica 

glass, which can be expected to improve the overall properties of optical fibers. It is 

expected that the physical characteristics of the phosphorus doped silica glass are related 

to the chemical structure and composition of the phosphorus species in the silica network. 

Adding phosphorus dopant during the deposition, in the form of trimethyl 

phosphite(TMP), forms a phospho silicate glass (PSG). TMP is a colorless liquid with a 

chemical formula(CH3O)3P with a molecular weight of 124.08 and melting point of 

78°C. 

Since PSG consists of two compounds P2O5  and SiO2, it is a binary glass and 

some of its properties are considerably different from those of undoped CVD SiO2. PSG 

can be flowed at higher temperatures to create a smoother surface topography, and 

thereby facilitate the step coverage of subsequently deposited films. The flow step is 

performed at 1000-1100°C, at pressures 1-25 atm, and in gas ambients of H2O, N2 and 

O2. PSG becomes highly hygroscopic at higher phosphorus levels. Thus, it is 

recommended that the concentration in the oxide film be limited to 6-8 wt %P to 

minimize phosphoric acid formation, and consequent Al corrosion. If the PSG is to be 

used a s a passivation layer, the maximum permitted phophorus content is 6%. 

Phosphorus content is an important factor in the fabrication of the wave guide 

used for the integrated device. A balance has to struck between having a high enough P 

content for the required refractive index and low enough lest it should become 
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hygroscopic. Another important aspect to be kept in mind is that excess P (above 7.5%) 

would make the film absorbing which is undesirable. 

The concentration of phosphorus in silica glass can be measured by a dozen 

techniques, with a wide range of accuracy, sophistication, and effort, as summarized 

recently [46, 47, 48]. Wet chemical analysis yields absolute concentrations but requires 

considerable time and effort. The relative concentration of silica can be estimated by the 

index of refraction [47]. Previously the index of refraction has been determined by 

Raman spectroscopy, by comparing with samples of known concentrations. In short, the 

chemical composition of PSG can be determined by several techniques including the 

following: a) wet chemical colorimetry ; b) x-ray photoelectron spectroscopy; c)Fourier 

transform infrared spectroscopy; and d) film etch rates in buffered HF. 

The following section describes the Mach Zehnder interferometer used for the 

integrated optical sensor. Although, this study did not focus on the actual fabrication of 

the interferometer, it laid the foundation for the fabrication of the interferometer. 

1.4 Mach Zehnder Interferometer 

The waveguide used for the Mach Zehnder interferometer consists of a 10 µm thick SiO, 

base layer obtained by Chemical Vapor Deposition. Both the core and the cladding 

layers were deposited by LPCVD technique. A 2µm-thick phosphosilicate glass (8 wt % 

P) deposited using silane, oxygen and phosphorus at a temperature of 700°C was used a 

core. 



8 

The optical sensor consists of a symmetric, single mode Mach-Zehnder 

interferometer with one arm exposed directly to the contaminated water. A glass buffer 

layer protects the reference arm from the influence of pollutants. Laser light is coupled 

into the waveguide and split into the reference and sampling arms using a Y-splitter 

configuration. When the active arm is exposed to pollutant molecules, there is an 

effective change in the refractive index sampled by that arm. Thickness changes can also 

occur in any hydrophobic layer which adheres to the coated arm affecting the refractive 

index sampled by that arm. Therefore, a phase difference, ∆Ф , develops between the 

active and reference arm. When light from the two interferometer arms recombine, 

constructive or destructive interference occurs and the light intensity exiting the 

interferometer, Ix, ratioed to input light. Io, is given by : 

with L being the common length for both arms of the interferometer, ni the effective 

index of arm i, and λo is the input light wavelength. Therefore, the phase difference is 

directly proportional to the effective index difference (Aneff = 112 -ni) between the 

waveguide arms. Since the pollutant level affects Aneff, then the interferometer's output 

intensity changes with the concentration of pollution present in the sample. 

An important advantage of this sensor is its size. The distance between the 

interferometer's arms is on the order of 0.1 mm while the length of the interferometer is 

on the order of 1 cm. By placing numerous interferometers parallel to each other with 
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different coatings, the resultant device can be made to measure the concentration of 

different pollutant species simultaneously. The area of the device occupies an area no 

bigger than a thumb nail. Another advantage to this approach is the compatibility of the 

technology with standard silicon-based processing where photolithography and chemical 

etching steps can be used to mass produce copies of the pattern at a cost of less than a 

dollar per chip. For a typical arm length L = 0.6 cm, and a λo = 633 nm, ∆Ф  = 7C (i.e.,1 

fringe shift or 100% signal modulation) for a ∆neff = 6x10-5
. Therefore, extremely small 

changes in the effective index, caused by low concentrations of pollutants in the water, 

can be measured using this interferometric approach. 



CHAPTER 2 

REVIEW OF LITERATURE 

2.1 Introduction 

In this chapter, a review of deposition techniques of silicon dioxide and phosphorus 

doped silicon dioxide will be discussed. A brief review of the optical characteristics and 

the aim and scope of this work will be discussed. 

2.2 Deposition Techniques 

There are various reactions that can be used to prepare CVD SiO2. The reason for its 

promising applications lies in its versatility for depositing a very large materials at very 

low temperatures W. The choice of the reaction is dependent on the temperature 

requirements of the system, as well as the equipment available for the process. The 

deposition variables that are important for CVD SiO2 include temperature, pressure, 

reactant concentrations and their ratios, presence of dopant gases, system configuration, 

total gas flow, and wafer spacing. There are three temperature ranges in which SiO2 is 

formed by CVD, each with is own chemical reaction and reactor configurations. These 

are : 

1) low temperature deposition (300-450°C); 

2) medium temperature deposition (650-750°C); 

10 
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3) high temperature deposition (-900°C). 

Table 2.1: Various techniques of CVD Silicon dioxide 

Technique Reactants Remarks References 

APCVD SiH4, O2  Deposition 	temp. 
450°C, atmospheric 
pressure. 
Phosphorus 	doping 
by adding PH3. 

30 

PECVD SiH2Cl2, N2O Deposition 	temp. 
200-350°C, 
N2O:SiC12H2  = 15:1 
to 30:1. 

30 

PECVD TEOS, O2/N2O Deposition 	Temp. 
:400° 

22-27 

LPCVD SiH2(C2H5)2,(Diethy 
lsilane), O2  

Deposition temp.: 

475°C, 	500 mTorr 
pressure 

31 

LPCVD TEOS, N2O Medium 
temperature 	range 
650-800°C 

43 

LPCVD SiH2Cl2, N2O High 	temperatures 
(near 	900°C), 	500 
mTorr pressure 

42 

Although excellent uniformity films and properties close to thermally grown oxide can be 

obtained by the reaction of dichlorosilane and nitrous oxide at 900°C [2,3], the high 

temperature probihits the application of such approaches for deposition over aluminum-

based conductors. 
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In the lower temperature range most of the early processes were based on the 

silane chemistry: 

The addition of PH3  to the gas flow forms P2O5, which is incorporated to the SiO2  

film to produce a phospho silicate glass (PSG). The deposition can proceed in 

atmospheric pressure (APCVD) reactors [4-6], low pressure CVD (LPCVD) reactors [7-

21], or plasma-enhanced CVD (PECVD)[22-29]. Table 2.1 shows CVD SiO2  obtained 

by different techniques and using different precursors. 

Various organosilicates have been used as chemical sources in place of silane not 

only for generating good quality SiO2 films and optimizing the deposition conditions, but 

also for safety purposes because silane is toxic, pyrophoric and potentially explosive gas. 

Some of these precursors are listed in table 2.2. 

Table 2.2: New precursors for CVD silicon dioxide 

Name Formula References 

Tetraethoxysilane (TEOS) Si(OC2H5)4  7-10, 14, 15, 22-27, 32 

Ethyltriethoxysilane(ETOS) C 2H5Si(OC2H5)3 10-13, 16 

Amyltriethoxysilane C5Fl11 Si(OC2H5)3  10, 11 

Vinyltriethoxysilane CH2=CHSi(OC2H5)3  10, 11 

Phenyldiethoxysilane 
C6H5Si(OC2H5)3 

 10, 11 

Tetrapropoxysilane Si(OC3H7)4  13 

Tetramethyicyclotetrasilane 

(TMCTS) 

Si4(CH3)8  20,21 
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Most of the work has been done with TEOS, using both LPCVD and PECVD 

techniques. Optimum deposition conditions and their effects on the deposit properties 

have been studied in detail. A rough kinetic mechanism has been proposed based on the 

experimental results [33]. 

Diehtylsilane (DES), the precursor used in previous studies, has a vapor pressure 

as high as 200m Torr at room temperature( 25°C). DES as a suitable chemical source for 

CVD SiO2 film using LPCVD technique, has been studied earlier [12,13, 16-20, 28, 29]. 

These studies show conformal films below 400°C, further ensured by others [12-20]. The 

deposition rate as a function of temperature was found to follow an Arrhenius behavior 

between 375-475°C yielding an apparent activation energy of 10 Kcal/mol [16]. A few 

experiments were carried out with DES as the Si source. Using DTBS as a precursor 

provided better results in terms of stress, uniformity, optical transmission and refractive 

index for the film to be used in the fabrication of Mach Zehnder interferometer. 

The phosphorus doped silicon dioxide is usually deposited by reacting silane, 

phosphine, and oxygen at 300°-500°C [34-36], or by decomposition of tetraethoxysilane 

and triethylphosphate at 700-800°C [37]. Contamination caused by particles of silicon 

dioxide particles falling from loose deposits on the reactor walls is a problem for both the 

processes. In addition, the low temperature silane and oxygen process suffers from poor 

step coverage. This can be remedied by flowing the glass at higher temperatures after 

deposition but this requires relatively high phosphorus concentration —6-10%. 
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The overall reaction for the oxidation of silane and phosphorus by nitrous oxide 

are assumed to be [39, 40] 

For the SiH4  and O2  reaction, the overall reaction can be summarized as [41] 

The reaction between silane and excess oxygen forms SiO2  by heterogenous 

surface reaction. Homogenous gas-phase nucleation also occurs, leading to small SiO2 

particles that form a white powder on the reaction chamber walls which may potentially 

cause particulate contamination). 

Several techniques have been used to determine the phosphorus concentration in 

phosphosilicate glasses. A.0 Adams and S.P. Murarka[46] have compared and 

contrasted seven different techniques for determining phosphorus concentration in the 

films. Four of the measuring techniques are mutually independent: chemical analysis 

[47]; neutron activation; infrared absorption; and electron microprobe. The remaining 

three methods must be calibrated using one or more of these independent methods. A 

previous analysis of phosphosilicate films by neutron activation required chemical 

separation of the radioactive phosphorus before counting. A new technique based on 

refractive index was reported by A.C. Adams and S.P.Murarka [46]. 
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Curves relating the refractive index, etch rate and sheet resistivity to the 

phosphorus content at constant temperature was given. A.S Tenney and M. Ghezzo [48] 

related the ratio of the P=O infrared absorbance band at ~1325 cm-1 to that of the Si-O 

band at ~1050 cm-1  to the composition of the vapor deposited phosphosilicate glasses. 

2.3 Properties and Applications 

Thin films for use in VLSI fabrication must satisfy a large set of rigorous chemical, 

structural and electrical requirements. Very low densities of both particulate defects and 

film imperfections such as pinholes, become critical for small linewidths, high densities, 

and large areas necessary for VLSI. In general, the deposited oxide films must exhibit 

uniform thickness and composition, low particulate and chemical contamination, good 

adhesion to the substrate, low stress to prevent cracking, good integrity for high dielectric 

breakdown, conformal step coverage for multilayer systems, low pinhole density, and 

high throughput for manufacturing 

Table 2.3 : Properties of silicon dioxide deposited by different methods. 

FILM TYPE THERMAL PECVD APCVD SiCl2H, + N2  TEOS 

Deposition 
Temp(°C) 

800-1200 200 450 900 700 

Step Coverage conformal good poor  conformal conformal 

Stress (x 109  
dynes/cm2) 

3C 3C-3T 3T 3T I C 

Dielectric 
Strength (106  
V/cm) 

3-6 8 10 10 

Etch Rate 
(A/min); (100:1, 
H2O:HF) 

400 60 30 30 
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comprehended. However, the data was not verified by carrying out the experimental run 

to reproduce the data. 

Figure 5.14: Density vs. phosphorus content. 
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5.3.4 Stress Analysis 

Stress was determined using a Laser Stress Analyser. Stress determined was plotted as a 

function of phosphorus concentration and is shown in figure 5.13. It was observed that 

the stress became more and more compressive as the phosphorus content in the film 

increased. Phosphorus has a very high coefficient of thermal expansion. This causes the 

residual stresses to be compressive. 

Figure 5.15: Stress vs. phosphorus content in PSG. 

5.3.5 Refractive Index Analysis 

The refractive index seemed in increase with phosphorus content. Silicon dioxide 

containing small amounts of phosphorus are frequently used in silicon integrated circuits 

as the physical properties are improved with this small addition of phosphorus. The 
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slightly higher refractive index of phosphorus is useful because it can be used in the 

fabrication of the optical waveguide for the Mach Zehnder interferometer. A plot of the 

refractive index as a function of phosphorus concentration is shown in figure 5.16. 

Figure 5.16 : Refractive index vs. weight percent phosphorus in PSG 

P2O5  present in silicate glasses behave as network modifiers and cause a change in 

structure. This could possibly account for the increase in refractive index. 

5.3.6 Optical Transmission 

The optical transmission for the phosphosilicate glass was measured using a UV-

spectrophotometer( Figure 5.15). The result showed that a near perfect transparent film 

was obtained. Optical transmission is an important property to be considered for building 

the interferometer. A 99 percent transmission at 630 µm wavelength showed that the 
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phosphosilicate glass obtained from vapor deposition of DTBS, TMP and oxygen was an 

excellent core material for the waveguide 

Figure 5.17: Optical transmission spectrum for phosphosilicate glass. 

5.4 Summary of Results 

The following tables show a summary of results of the experiments carried out to 

fabricate silicon dioxide and phosphosilicate glass thin films. The optical transmission 

was almost 99% in both the cases. The FTIR spectrum for SiO2  showed peaks for the 

Si-O bond at 1060, 800 and 440 cm-1  corresponding to stretching, bending, and rocking 

modes respectively. The FTIR spectrum for the phosphosilicate glass showed a peak for 

the NO bond at 1323 cm* 
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Table 5.1 : Summary of results for silicon dioxide thin films by CVD of DTBS and 
oxygen 

Deposition 
Temperature 
(°C) 

Flow Ratio 

(DTBS:O,) 

Deposition 
Rate (A/min) 

Stress (MPa) Refractive 
Index 

700 50:10 	 107 -25 1.462 

750 50:10 113 -12.5 1.463 

800 50:10  98.7 3.2 1.479 

850 50:10 

73.2 

 10.5 1.489 

700 100:10  107.51 -5.7 1.452 

750  100:10  122.5 2.5 1.461 

800 100:10  115 12.5 1.469 

850 100:10 109.49 23.2 1.478 

Table 5.2 : Summary of results for phosphosilicate glass thin films by CVD of DTBS, 
TMP and oxygen 

Wt. % 
Phosphorus 

Stress (5:1), 

(MPa) 

Stress (10:1), 

(MPa) 

Deposition 
Rate 

(10:1), 
(A/min) 

Density 
(gm/cc) 

(10:1) 

Refractive 
Index 

(10:1) 

2.4 -8.856 -8.5 102.4 2.56 1.423 

5.5 -.845 0.03 107.8 2.78 1.452 

6.09 -.86 1.56 116.8 1.458 

7.4 10.26 4.98 120 2.73 1.51 

16.6 28 28.96 162.1 2.868 



CHAPTER 6 

CONCLUSIONS 

Silicon dioxide and phosphorus doped silicon dioxide thin films processed in this study 

were amorphous and uniform. The undoped oxide showed increasing refractive index 

with increasing deposition temperature and was probably carbon rich at higher deposition 

temperatures. The stresses were very low tensile(-25 MPa) and became compressive as 

the temperature increased. In the case of binary glass, the refractive index and density 

increased with increasing phosphorus content. The stresses were compressive and tended 

to become progressively compressive with increasing phosphorus content. The optical 

transmission was almost 99% at 700°C for both undoped and doped oxides. The 

refractive index for the undoped oxide at 700°C was 1.459 and for the doped oxide with 

7.5 % by weight of phosphorus, it was 1.483. This refractive index difference was 

optimal for the fabrication of the Mach Zehnder interferometer. 

The exact phosphorus content should be measured by other techniques. An 

empirical method was adopted to measure the phosphorus content in our study. 
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