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ABSTRACT 

AN ATMOSPHERIC PRESSURE PLASMA CVD PROCESS FOR 

DEPOSITION OF SILICON NITRIDE FILMS 

BY 

SHUNFU HU 

University of New Hampshire, September 2008 

Amorphous silicon nitride with incorporated hydrogen has been 

widely used as the anti-reflection coating for solar cells. However, current 

solar industry processes for silicon nitride are mainly deposited under 

expensive vacuum environments which are also batch type processes. 

Silicon nitride deposited in atmospheric pressure plasma is needed to 

reduce the cost of solar cells. 

A dielectric barrier discharge (DBD) can be used to deposit thin 

films under atmospheric pressure. In this thesis, a new atmospheric 

pressure plasma deposition system was built and silicon nitride films were 

deposited on 4 by 4 inches polycrystalline silicon wafers, 3 inches single 

crystalline silicon wafers and 1 inch KBr windows. 

Various series of experiments were conducted to determine the 

silicon nitride films properties as a function of process parameters. Finally, 

the silicon nitride films were analyzed by XPS, FTIR, and SEM. 

xii 



CHAPTER I 

Introduction 

Solar Cell Industry 

People are aware that we are experiencing an energy crisis. Oil 

prices have increased nearly 8 times from 1999 to 2006 as shown in Figure 

1. The price of crude oil was only $10 per barrel in 1999 while it reached 

$75 per barrel in 2006 ]. The cost of electricity is going up, and more and 

more people are considering using solar energy as an alternative. It was 

reported that the solar industry was around 20 billion dollars in 2006 and it 

was estimated it might expand to 60 billion dollars by 2010 2. 

However, the challenge for solar energy is to produce lower cost 

solar electricity. Currently, solar photovoltaic energy is still more expensive 

than the general electricity people buy from hydropower, nuclear power 

and so on. The solar electricity price was $3,741 per watt in June 2007 

while the general electricity in New Hampshire in June 2007 was only 

$ 1.395per watt3-4 . There are two chief obstacles that prevent the cost of 

solar energy from decreasing. One is the high cost of the silicon in solar 

cell. The other one is the need for efficient techniques to make solar 

panels. 

1 



In the current solar cell industry, the silicon nitride films used as the 

anti-reflection layer for solar panels are primarily produced in vacuum 

environments which are very expensive and time consuming. 

This project was mainly focused on the design of a novel 

atmospheric pressure plasma CVD process to produce the silicon nitride 

films. 
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Figure 1. Oil prices, 1994-2006 (from NYMEX) http://jaduncan.net/peak-oil-uk-

energy-security-in-the-21st-century. 

Literature Review 

Solar Cell 

A solar cell, also known as photovoltaic cell (PV cell), is a device 

designed to convert solar sunlight into electricity. Modern solar cells are 

fundamentally P-N junctions. As shown in Figure 2, holes and electrons are 

http://jaduncan.net/peak-oil-uk-


produced when the sunlight hits the P-N junction, generating electric 

current. 

P-N junction 

Pure single crystal silicon is considered to be a poor conductor. 

Dopants can be added to silicon with very low concentration and they 

greatly improve the electrical conductivity. 

When boron is added to silicon, the boron atoms which have three 

valance electrons will combine with silicon atoms which have 4 valance 

electrons. This creates "holes" in the valance band. The holes can be 

treated as positive charge and randomly move around. The silicon with 

such dopants as boron is called P-type silicon. 

On the other hand, when silicon is doped with atoms which have 

five valance electrons such as phosphorous, there are "extra" electrons in 

the valance band. This type of silicon material is called N-type silicon. 

At the junction of these two materials, electrons from N-type 

material will diffuse across the junction and they will combine with the 

holes in the P-type material. After the diffusion, the area of P-type material 

close to the junction becomes negatively charged since the electrons are 

pulled towards it, and the region near the N-type material is positively 

charged. This region is called depletion region. 

3 



Electrons and holes are spontaneously produced when the sun 

lights hit the surface of the cell. When a potential is applied to the P-N 

junction, the movement of these holes and electrons leads to electrical 

current. 
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Figure 2. Typical P-N Junction Solar Cell. 

Single Crystal Silicon 

In the solar industry, silicon is the basic material used for 

photovoltaic devices. The reason that people use silicon is that it has 

band gap energy of 1.08 ev 5 , corresponding to a wavelength of 1.15 x 10 

3 A. When photons have an energy greater than 1.08 electron Volts, they 

will be absorbed and release electrons. Note that, 1 eV is equivalent to a 

wavelength of 1.15 x 10 3 A. So generally speaking, most of the solar 

spectrum can be converted into electricity. 

Mechanism of Solar Cell 

4 



As mentioned above, a photovoltaic cell is built by building a thin 

layer of boron doped silicon together with another layer of phosphorous 

doped silicon. Electrons are released when sunlight hits the surface of the 

cell. 

Figure 3 shows a schematic silicon solar cell. 

Anti r e f l e c t i v e c o a t i n g 

\ 
Si l i con c i i o x i d e 

— c o n t a c t > c o n t a c t — c o n t a c t 

Figure 3. High Efficiency Commercial Single Crystal Silicon Solar Cell. 

Anti-Reflection Layer 

When the sunlight strikes on the surface of the solar cell, some light is 

partially reflected back to the atmospheric. The reduction of reflected 

light could be as high as 10% if the proper anti-reflection layer was chosen 

The refractive index of silicon is about 3.5 7 at wavelengths of 700-

800 7 nm. In equation 1, reflectance R measures the intensity of the 

5 



reflected light with respect to the incident light. A simple calculation of 

the reflectance in air show what percentage of the light is reflected back. 

The refractive index of air n air is 1, and the refractive index of silicon nSi is 

3.5. 

R (reflectance) = {!^ZlhLf = (L±ly = 0 . 3 09 
Hair ~T fts, 1 + 3.5 Equation 1 

From the result, over 30% of the sun light is reflected back and not 

available for conversion to solar electricity 7. 

Thin film anti-reflection coatings on the top of the solar cell could 

significantly reduce the loss of sunlight and greatly improve the efficiency 

of solar energy conversion. 
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Figure 4. Antireflection Coatings for Reducing the Intensity of reflected 

light. 
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In Figure 4, the index of refraction of air is 1, the index of reflection of 

silicon is 3.5 and index of reflection of anti-reflection layer is 1.9 7. When 

light hits the surface between air and the anti-reflection coating, some of 

it becomes reflected. In Figure 4, this is reflected wave A. This wave A 

performs a phase change with 180° due to the reflection. Meanwhile, the 

wave A also enters the anti-reflection coating and reaches the surface 

between anti-reflection coating and silicon. Since the refractive index of 

silicon is greater than that of anti-reflection coating, the wave also 

becomes partially reflected by this surface. In Figure 4, this is marked as 

wave B and it also faces a 180° phase change due to the surface 

reflection. When wave B catches up with wave A, it passes a distance 

two times the thickness of the anti-reflection coating marked in the 

diagram as d. So, the phase difference is equivalent to kc(2d), where kc is 

In 
the wave vector in the anti-reflection coating and defined as — , A is 

K c 

the wavelength of light within the anti-reflection coating, and the 

wavelength of light in the air i s l . According to equation 2, xc can be 

calculated: 

c ~ anti-reflection Equation 2 

The phase difference A0> between wave A and wave B can be 

obtained by equation 3: 

7 



A<D (kc ( 2 d ) ) = {2nnanti_reflection I l ) ( 2 d ) . Equation 3 

In order to generate destructive interference of waves A and B, the 

phase difference A<P must be ^ror its odd multiple o fm^. 

By the equation 4 below, the thickness (d) can be calculated. 

d = m{XI 4nanti_rejlectim) Equation 4 

Moreover, the amplitude of the wave A and wave B should be 

equivalent in order to obtain exact destructive interference. When the 

reflection coefficient between air and anti-reflection coating is equivalent 

to the reflection coefficient between anti-reflection coating and silicon, 

the amplitude of wave A is comparable with wave B. 

Yl i Yl ~ Yl I Yl \~)X Yl = ifl Yl 
air anti-reflection anti-reflection silicon anti-reflection v air s 

ilicon Equation 5 

So, according to equation 5, when the refractive index of the anti-

reflection coating is around V^5 or 1.871, it creates destructive 

interference. 

In solar cells, a thin film coating of dielectric material such as silicon 

nitride, SJ3N4, can be used as the anti-reflection layer, since the amorphous 

silicon nitride has a refractive index about 2.02 7. 

8 



Anti-reflection layer also can be used as to passivate dangling 

silicon bonds at the surface as well as in the silicon wafers. Hydrogen is 

incorporated in the anti-reflection layer coatings for this purpose. It was 

reported that it could increase the efficiency of solar cell panels by 

passivation of these dangling bonds 6< 8<9-10. 

9 



CHAPTER II 

LITERATURE REVIEW 

Properties of Silicon Nitride 

Bulk silicon nitride, SJ3N4, is a hard, dense and refractory material. As 

shown in Figures 5 and 6, the nitrogen atoms are tetrahedrally placed 

around the silicon atoms and the nitrogen atoms are surrounded by the 

silicon atoms at the vertices of a planar triangle. 

J j § p & l * -sfflst... 1 tM 

s£P*% v 
T l.« A 

Figure 5. Silicon nitride structure.7 

~- Angle-120* 

Figure 6. Silicon nitride structure.7 
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Amorphous silicon nitride films are widely used as a barrier material 

in the semiconductor industry to protect and insulate microelectronic 

devices , 0 . Comparing silicon nitride to other dielectric materials, its 

advantages include: less susceptibility to diffusion of molecular and ionic 

impurities such as slow diffusion of hydrogen and other positive Na+, K+ 

ions, lower permeability to moisture, high electrical resistivity, excellent 

stability and strong hardness as hard coating n . 

Density 

Molar mass 

breakdown field 

thermal conductivity 

Refractive index 

dielectric constant 

3 - 3.3 gm/cm3,solid 

140.28 g/mol 

typically a few TO6 V/cm 

0.15 W/cmK (bulk) 

around 1.9 

6-8 [depends on stoichiometry] 

Table 1. Properties of bulk silicon nitride. 

As shown in Table 1, bulk silicon nitride has a density about 3-3.3 

gm/cm3with molar mass 140.28 g/mol. It has poor thermal conductivity 

with 0.15 W/cm K (bulk) which is similar to that of ceramic. The dielectric 

constant is almost 6-8 depending on the stoichiometry of silicon nitride. 

11 



Generally, amorphous silicon nitride is produced by CVD. In the 

CVD process, the precursors used are usually silane and ammonia. So, 

hydrogen is inevitably part of the silicon nitride. In the amorphous silicon 

nitride, not all the silicon and nitrogen are positioned in the exact same 

structure. Many un-attached bonds are present. So, hydrogen atoms will 

gradually attach to these broken bonds. The coating can contain up to 

about 20 atomic percentage hydrogen from the conventional plasma 

process12. 

The stoichiometry of the plasma produced silicon nitride can vary 

dramatically. This is a very important characteristic of the silicon nitride 

since it is closely related to the refractive index which is a key issue for 

solar cell anti-reflection coatings 13. The refractive index can vary from 

1.93-2.08 on the deposition conditions14. 

Chemical Vapor Deposition of Silicon Nitride Films 

Chemical vapor deposition (CVD) is the chemical reaction of gas 

phase precursors to yield a solid deposit. This process involves the growth 

of a solid material from the gas phase employing a reactive mixture to 

deliver the active species onto a substrate. 
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This type of crystal growth process is widely used in the different 

semiconductor devices and for deposition of various protective coatings. 

There are various chemical vapor deposition processes such as: 

atmospheric pressure chemical vapor deposition (APCVD), low pressure 

chemical vapor deposition (LPCVD), plasma enhanced chemical vapor 

deposition (PECVD), photochemical vapor deposition (PCVD), and metal 

organic chemical vapor deposition (MOCVD) . 

Chemical vapor deposition has the following advantages for film 

deposition: It can bring good thickness uniformity across the substrate 

with easily controlled stoichiometry as well as composition. It can produce 

films with good purity and density and superior structure perfection. Also, 

films deposited using CVD have good electronic properties and 

outstanding adhesion with the substrate. 

Chemical vapor deposition includes the following steps as shown in 

Figure 7: 

1, vaporization and transportation of the gaseous precursors into 

the reactor 

2, chemical reactions in the gas phase 
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3, diffusion of the precursor molecules onto the substrate 

4, adsorption of precursor molecules onto the substrate 

5, decomposition of precursor onto the substrate and incorporation 

to the solid phase film and, 

6, recombination of molecular byproducts and adsorptions into gas 
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Figure 7. Basic chemical vapor deposition steps. 

Thermal Chemical Vapor Deposition of Silicon Nitride 

Chemical vapor deposition can be categorized as thermal CVD, 

laser assisted CVD (LCVD), plasma enhanced CVD (PECVD) and 
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atmospheric pressure CVD (APCVD) etc. Among these, thermal chemical 

vapor process is the most common technique broadly utilized 16. 

Thermal CVD silicon nitride films are widely used in semiconductor 

fabrication. It can be employed as the mask for (local oxidation silicon) 

LOCOS in the MOS/CMOS silicon technology. Deposited silicon nitride can 

be also used as the barrier to sodium diffusion to protect gate oxides ,5. 

Thermal chemical vapor silicon nitride can be produced by using a 

tube reactor under very low pressure, usually below 1 Torr and with high 

temperatures around 800 Celsius Degree. Precursors include silane SihU or 

dichlorosilane, SiCbHb, and ammonia, NH3, as the oxidant. 

The deposition rates of this process may reach 1.66 A/s. This 

throughput is decent and is very practical for the application where 

batch processing is needed. 

Plasma Enhanced CVD Deposition for Silicon Nitride 

Plasma enhanced chemical vapor deposition involves the 

presence of plasma during the film deposition. Thin films are deposited 

onto the substrate after the gaseous precursors are excited by the plasma 

and cause the chemical reaction. 
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The plasma consists of electrically positive and negative particles. 

During the plasma process, numerous electrons with energy ranges from 

lev to lOev are generated in the plasma. Gaseous precursors are 

therefore ionized and decomposed by these energetic electrons into 

electrons, ions, atoms and molecules in ground and excited states, as 

well as free radicals. Compared with thermal CVD, plasma CVD can 

occur at lower temperature. PECVD is an excellent alternative process to 

deposit thin films at a comparable lower temperature than that of thermal 

chemical vapor deposition with equivalent film quality. 

This approach is primarily used to deposit dielectric films such as 

silicon nitride, silicon dioxide and amorphous silicon. 

Chemistry of PECVD Silicon Nitride 

The silicon nitride film deposited under PECVD is usually 

nonstoichiometric and amorphous. Generally, the film holds a certain 

amount of hydrogen and has the formula SixNy:H. 

There are different precursors for the deposition of silicon nitride 

films. Silane with ammonia, or silane with nitrogen, and silane balanced 

with inert gas such as argon or hydrogen can be used. 
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The silane and ammonia are dissociated by the electrons in the 

plasma and generate the products shown below: 

SiH4 - * - SiH2+ H2 

SiH4 - ^ SiH+ H9+H 

SiH4 - *~ SiH3 + H 

SiH4 - » - Si + 2H 

NH3 - » - NH2+ H 

NH3 - » - NH+ H 

These radical molecules also recombine into SJ2H6 and N2H4: 

NH + NH2 - * - N2H4 

SiH2 + SiH4 -*~ Si2H6 
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The overall reaction can be summarized as below: 

NH3 + SiH4 - » - SixNy:Hz 16 

D.Smith has reported in 1993 that radical molecules Sihb, SiH319 are 

dominating the whole gas phase at low power and with small ammonia 

concentration. Also, the film deposited under this condition is rich with Si-

H. With increased plasma power and ratio of Nhb/SihU, the triaminosilane 

(SifNhbb) is produced in the gas phase and the amount of hydrogenated 

species in the film is greatly reduced. The film mechanism is summarized 

below. 

First, ammonia and silane react in the gas phase and produce tetra-

aminosilane and hydrogen in the plasma: 

4NH3 + SiH4-*- Si(NH2)4 + 4H2 16 

Second, the Si (Nhbb molecules are deposited on the substrate after one 

amino group is lost. 
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Finally, these molecules diffuse and condense, generating silicon nitride 

film plus volatile NH3. 

The amount of hydrogen in this amorphous silicon nitride film and 

the bonding are essential to quality of the film. The etching rate in the 

aqueous HF solutions is related with the concentration of the hydrogen 

concentration. Also, the excess amount of hydrogen in the silicon nitride 

film where the film is employed as the passivation layer can bring on the 

electrical instability in MOS (Metal oxide semiconductor) devices 17>18. 

Plasma Theory 

Plasma Physics 

There are four states of matter: solids, liquids, gases and plasmas. 

Plasma is known as the fourth state of matter and actually nearly 99% of 

the visible universe consists of plasmas. Plasmas are primarily ionized gas 

with charged species, neutrals and fields that cause collective effects. 

One important characteristic of the plasma is that it carries electrical 

discharges and creates magnetic fields. 

Plasmas can be divided into two categories, equilibrium and non-

equilibrium plasmas. In the equilibrium plasmas, the charged species have 

the same kinetic energy as the neutral species and the kinetic energy is 

equally distributed in these species. This type of plasma is mainly a high 
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temperature plasma and the temperature of this plasma is usually beyond 

4000K. Equilibrium plasma is also referred as a hot plasma. 

Where charged species have much higher kinetic energy than 

neutral species, a non-equilibrium plasma is created. There is a large 

difference in energy between charged species and neutral species, and 

the reason for this is that under the effect of the applied field, the 

charged species disappear faster by transferring their energy to the 

neutral species through collisions. This type of plasma usually happens at 

low pressure and under temperature ranging from 300-2000K. Since non-

equilibrium plasma happens at lower temperatures, it is also called a cold 

plasma. 

Glow Discharge 

Glow discharge is a basic type of plasma generated by applying a 

potential between two electrodes. Space between the electrodes is 

generally filled with inert gas and reactive gas with a pressure from a few 

mTorr to atmospheric pressure 20. When a large potential is applied to the 

electrodes, electrons will be emitted through the cathode and afterward 

accelerated by the electric field to the anode. These electrons will strike 

gas atoms or molecules and cause excitation, ionization and dissociation. 

The excited species will emit light by returning to their ground state and 

that is why a plasma is always luminous. When the atoms are ionized, they 
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will release more secondary electrons which can also be accelerated by 

the electric field and give rise to more collisions20. 

A schematic of a glow discharge is shown below: 

Cathode 

e" 
+ 
Ar 

e" AT + 2e" - ^ ~ 

A r e" 

Ar + e - + light 

Anode 

Figure 8. Schematic of glow discharge. 

Glow discharge is a very complicated gas mixture with numerous 

electrons, atoms or molecules, radicals, ions and excited species. 

Generally speaking, this type of plasma has a large quantity of neutral 

species. Glow discharge can be further divided into different groups 

according to the power applied. 

Dielectric Barrier Discharge 
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Dielectric barrier discharge is a type of non-equilibrium plasma 

which can operate at atmospheric pressure. This type of plasma can be 

generated by applying an alternating voltage to the electrodes which 

are covered by a dielectric material (glass, quartz, ceramic or polymers) 

or both. The gap distance of the two electrodes can vary from 0.1 mm to 

about several centimeters. This type of silent discharge can be run with 

an alternating voltage of l-100kv, and the frequency may range from 

several Hz to M Hz. After the applied potential reaches the breakdown 

voltage, the discharge will occur. The dielectric material is very important 

to this configuration. The reason is that due to the dielectric materials, the 

current flow between the electrodes is restricted and will not develop into 

an arc discharge. Consequently, the discharge of filaments with 

nanosecond duration is homogeneously distributed across the entire 

electrodes. 

There are two typical configurations of dielectric barrier discharge. 

One configuration is called volume discharge (VD) and the other is 

surface discharge (SD) 21<22. In the design of a volume discharge, two 

parallel plates are used. The discharge occurs between electrodes and is 

distributed over the electrode surface. See Figure 9. While in the 

arrangement of surface discharge, one electrode is covered dielectric 

material and on the reverse side of the dielectric material is another 

electrode. See Figure 10. 
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I 
Figure 9. Principle configuration of VD. 

Figure 10. Principle configuration of SD. 

In order to achieve a homogeneous plasma, the density of the 

electrons which remains in the gas before the next new discharge is very 

essential. And this density is significantly related to the amplitude of 

electric field. Experiment shows that at least of 106 - 107 of electrons/cm3 

is necessary for the homogeneity 23. 

Dielectric barrier discharge is widely used in various industries since it 

can be operated under high pressure and no vacuum system is needed. 

Applications of Dielectric Barrier Discharge 

Ozone Generation 
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Another application ot dielectric barrier discharge is ozone (O3) 

generation 24. Since DBD has a very high efficiency and is very inexpensive, 

it is considered to be a process for large scale ozone generation. By 

introducing the oxygen, air or N2/O2 mixtures into the DBD plasma, O2 

molecules will be dissociated by electron collisions and then react with N 

atom or excited N2 species. Ozone is produced in a three-body reaction 

including O and O225-

It is reported that ozone concentration can reach up to 5 wt. % 

from air and up to 18 wt. % from oxygen 26. Industrial ozone generation 

facilities can generate hundreds kilograms ozone within an hour at very 

low energy consumption (several megawatts)27-23. 

Dielectric Barrier Discharge Excimer Lamps 

Due to the simplicity, very high efficiency and low expense, 

dielectric barrier discharges could be used as lamps. These excimer lamps 

can generate high power, high efficiency and narrow band radiation 

near UV wavelength (wavelength=354nm) to the deep UV 

(wavelength=126). The basic lamp configuration includes two concentric 

quartz tubes, the outer and inner electrodes, and the high voltage 

generator. 
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Xe is typically used in this excimer lamp. The inner electrode 

covered with dielectric material is connected to the external discharge 

voltage. After breakdown occurs, the 172 nm photons can be emitted 

through the outer quartz tube which is transparent to the 172 nm radiation 

29, 24 _ 

Osram's Planon dielectric barrier discharge excimer lamp is the first 

DBD lamp introduced into the market. It is designed as a flat panel 

configuration, 8.5 mm thick. Two parallel glass sheets are arranged with a 

gap between them. Xenon gas is filled at very high pressure in the sealed 

space coated with phosphor. The radiation at 172 nm will stimulates the 

phosphor coating and it lasts about 100,000 hours29. 

Surface Treatment 

Dielectric barrier discharge can also be employed as a treatment 

of textile and polymers 30,31,32 A research group in France showed that 

polyester (PET) and polypropylene (PP) films can be modified using DBD 

plasma with air, helium and argon at 5.0 KPa 33. The PET film was placed 

into the gap on the lower ceramic plate. The modification of the surface 

with plasma leads to increase the O/C ratio from 34.9% to 47.9%33. New 
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oxygen-containing groups are formed on the polymer films after the 

treatment. These oxygen-containing groups are found to be C-0 and O-

C=0 group on the polymer surface by the XPS 33. 

Thin Film Deposition 

Gases mixture of silane (Sim) and N2O balanced with N2 can be 

used to deposit silicon oxide film which is widely used in microelectronic, 

optics and food packaging industries using dielectric barrier discharge at 

atmospheric pressure 34,35,36 |n f n j s experimental set-up, two parallel 

electrodes are both covered with the dielectric material. The silicon wafer 

was inserted into the gap on the lower electrode. The experiment is run 

under low frequency from 1-10 KHz. The average thickness of the film was 

measured using a Tencor profilometer. Chemical composition was also 

analyzed by XPS and FTIR instruments. From the XPS measurement, no N is 

observed in the film and O/Si is around 2.4. The FTIR studying also confirms 

that there are only Si-O-Si rocking, bending and stretching, while no Si-H 

and Si-N are observed 36. 

Hydrogenated amorphous carbon (a-C:H) films are also deposited 

using low-pressure dielectric barrier discharge with gap distance of 5 mm. 

The (a-C:H) film has properties, such as: superior hardness, chemical 
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inertness, and infrared transparency. These types of film are used as wear 

protective coating and scratch resistant coatings. In this study, 

hydrogenated amorphous carbon film is deposited on the silicon substrate 

using CH4 and argon as precursors. Pre-treatment with argon DBD plasma 

is employed in order to get rid of the SiC>2 layer on the silicon substrate. 

The surface roughness of the film was analyzed the atomic force 

microscopy. It was shown that, the hardness increases from 12 to 19 GPa 

when the Ar/CH4 concentration increases from 0% to 67% 37. 
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CHAPTER III 

Experimental Methods 

This project is focused on the plasma deposition of silicon nitride thin 

films at near atmospheric pressure using dielectric barrier discharge 

process. The equipment used for the thin film coatings process includes: (1) 

the delivery system which brings the precursors into the chamber and 

controls the flow rate of these precursors, (2) the chamber where the 

plasma is ignited and the substrates are positioned in the plasma area, 

and (3) the exhaust system which drives the byproducts of waste gases 

away from the chamber. 

Thin films were deposited after the design and assembly of the 

reactor. Afterward, these films were measured and analyzed to determine 

thickness, deposition rate, surface morphology, atomic composition, 

refractive index and bonding. Experiments were conducted to discover 

the effects to the film from varying the following parameters, such as: gas 

flow rates, temperature, and plasma power. In this chapter, the 

experimental system, deposition processes and film characterization 

techniques are discussed. 
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Apparatus 

The apparatus for this project consists of four subsystems including: 

(1) gas delivery system, (2) the chamber for the DBD plasma, (3) the electric 

power supply and (4)the exhaust system. 

Gas Delivery 

The gas delivery system sends the precursors into the chamber 

where the plasma occurs and deposition happens. These precursors 

include 2% silane balanced with hydrogen, ammonia and argon or 

helium. In order to bring these precursors simultaneously into the chamber 

via an injector, separate tubing lines were employed and then merged 

into one line. The inlet manifold consists of 4 stainless steel lines and every 

line has a MKS Mass-flo ® controller, and two valves (one is for MKS Mass-flo 

® controller and another is a gas bypass for pumping). They are 

connected by a 0.60 cm OD stainless steel tubing and VCR ® fittings. VCR 

® fittings are chosen in order to obtain high purity metal-to-metal seal with 

leak tight service. 

There were two types of injectors used in this project. As shown in 

Figure 11, the first type of injector was a welded stainless steel tube with 
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several holes. The second one shown in Figure 12 was made of two 

fiberglass sleeves and these were placed in between the lower electrodes. 

Gases come through tiny holes in the fiberglass sleeves providing more 

uniform gas distribution. 
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Figure 11. First Type of Injector. 

Figure 12. Second Type of Injector. 
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Figure 13. Schematic of Gas Delivery System. 

Figure 13 shows the schematic of the delivery gas system. 

Precursors from cylinders went to the mass flow controller in the middle 

manifold. Two valves were used to control the gases. One was for the 

mass flow controller and the other one was used for the by-pass line. The 

gases were brought into the chamber through the injector which was 

positioned near the DBD electrodes. 
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Exhaust 

The bottom of the chamber was connected to metal flexible hose. 

This hose was connected to an MKS capacitance Manometer and an 

MKS exhaust throttle valve. Exhaust gases were carried out to atmosphere 

using an Alcatel vacuum pump. 

Electrical Power 

The power supply consists of: (1) a Tektronix AFG3021 Function 

generator, (2)a Bey Electronics oil-cooled 1000 VA step up transformer, 

and (3) a Powertron model 500A RF amplifier. The output of the transformer 

was measured by a Tektronix digital Oscilloscope. 

The function generator produces sine waves at frequencies from 1 

u.Hz to 25 MHz with 5.6" display. The Bey Electronics transformer operates 

at a frequency range from 1 KHz to lOKHz at one phase, with maximum 22 

A and 22.5 V input and 0.2 A and 25,000 V output. Since it can generate 

significant heat, it was cooled in the Royal Purple Synthetic Transformer Oil. 

The Powertron 500A RF amplifier delivered an output from 0 to 22.5 V at 

various frequencies from 20 Hz up to 500K Hz. 
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Fuse 

Impedance 
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Transformer 

Vs 

.Ground 

DBD Reactor Cell 

Figure 14. Schematics of Electrical Circuit. 

As shown in Figure 14, the function generator and the power 

amplifier were connected to a transformer. An impedance matching 

network was used to match the transformer. The transformer was 

connected directly to the electrodes of the DBD. 

This power supply unit was connected to the main chamber reactor 

through two ceramic feedthroughs, using 12 gage copper wire. These two 

feedthroughs are connected to the DBD electrodes with 18 AWG 

(America Wire Gauge) size high voltage, high temperature silicone 

appliance wire. The appliance wires inside the chamber were covered 

with a Teflon tube, 1 /8 inch ID, % inch OD and again wrapped with Teflon 

tape to provide further insulation from the electric field generated inside 

the chamber. The wires inside the feed throughes were also covered with 
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Figure 61 shows FTIR peak ratios of N-H peak area to Si-N peak area 

and Si-H peak area to Si-N peak area. It shows that there was no 

significant difference within this series. The hydrogen bonding within the 

deposited films appeared to be almost the same at various frequencies. 
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Figure 62. XPS Depth Profile of Film Composition as a Function of 

Frequency at Frequency 1 K Hz. 
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Figure 62 shows at 1K Hz frequency, the film composition became 

approximately constant after 300A at Si 67% N 29% O 4%. The ratio of Si: N 

is 2.31. Before 300A, oxygen decreases from 45% to 4%. Silicon increases 

from 34% to 67% and nitrogen increases from 7% to 29%. 

Figure 63 shows at 1.5K Hz frequency, the film composition became 

approximately constant after 350A at Si 57% N 17% O 26%. The ratio of Si: N 

is 3.35. Before 350A, the film composition is Si 35% N 5% O 60%. This is mostly 

silicon dioxide. 

Figure 64 shows at 3K Hz frequency, the film composition became 

approximately constant after 200A at Si 60% N 35% O 5%. The ratio of Si: N 

is 1.7. Before 200A, oxygen decreases from 50% to 5%. Silicon increases 

from 27% to 60% and nitrogen increases from 7% to 35%. 

Frequency 

IK Hz 

1.5KHz 

3KHz 

Constant Film 

Composition 

Si 67% N 29% O 4% 

Si 57% N 17% 0 26% 

Si 60% N 35% O 5% 

Onset of Constant 

Composition 

300A 

350A 

200A 

Table 11. Constant Film Composition and Onset of Constant Composition 

of Films in Film Composition as a Function of Frequency Series. 
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Film Composition Using Nitrogen as Precursor 

In this series of experiments, the nitrogen was used instead of 

ammonia. Otherwise, the conditions were those of Table 3 except for 

temperature was 350°C. No argon flow was introduced in this series and 

the total flow rate was kept constant at 1000 seem. The silane to nitrogen 

ratios are listed in Table 7. 

Run# 

1 

2 

3 

Silane:N2 

1:75 

1:50 

1:200 

Silane (seem) 

8 

10 

4 

H2(sccm) 

392 

490 

196 

N2(sccm) 

600 

500 

800 

Table 12. Parameters of Precursors in Film Composition Using Nitrogen as 

Precursor. 

The plasma was very homogeneous when nitrogen was introduced 

at a silane: N2 ratio of 1:50; however, the plasma became unstable with 

an increase in the nitrogen gas flow rate. When the ratio of silane: N2 was 

1:200, the plasma is unstable and very weak. 
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Figure 65. FTIR Absorbance Spectrums with Ammonia and Nitrogen. 

Figure 65 shows that with nitrogen as the precursor instead of 

ammonia, no N-H stretching (near 3348 cm1) and N-H bending (near 1167 

cm-') peaks are observed in the FTIR spectrum. The Si-H peak (near 2143 

cm1) was very weak when nitrogen was used. 
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using Nitrogen as Precursor. 
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Figure 69 shows that the Si-H/Si-N ratio decreased when the 

nitrogen gas flow increased. This illustrates that when the ratio of nitrogen 

to silane/hb increased, the hydrogen bonding as Si-H decreased. 
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Figure 70. Film Deposition Rate of Films in Film Composition as a Function 

of Nitrogen Precursor. 

The deposition rate declined from 0.84 A/s to 0.69 A/s when the 

ratio of nitrogen to silane increased. However, in this series, the deposition 

rate of the silicon nitride film was very low compared to films made with 

ammonia (1.6 A/s). This is probably due to the chemical bond strength in 

N2 is greater than the nitrogen-hydrogen bonding in the ammonia. It is 

much harder for the plasma to break the nitrogen-nitrogen bonding than 

nitrogen-hydrogen bonding. 
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Figure 72 shows at S.iH4:N2=1:75, film composition became 

approximately constant after 25A at Si 86% Nl 1% O 3%. The ratio of Si: N is 

7.82. Before 25A, the oxygen decreased from 37% to 3%. The silicon 

increased from 40% to 86% and nitrogen increased from 2% to 11%. 

Figure 71 shows at SiH4:N2=l :50, film composition became 

approximately constant after 25A at Si 83% Nl 1% O 6%. The ratio of Si: N is 

7.55. Before 25A, the oxygen decreased from 37% to 6%. The silicon 

increased from 40% to 83% and nitrogen increased from 2% to 6%. 

Figure 73 shows at SiH4:N2=l :200, film composition became 

approximately constant after 75A at Si 78% N18% O 4%. The ratio of Si: N is 
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4.33. Before 75k, the oxygen decreased from 37% to 4%. The silicon 

increased from 40% to 78% and nitrogen increased from 7% to 18%. 

Ratio of N2:SiH4 

50:1 

75:1 

200:1 

Constant Film 

Composition 

Si83% Nl 1% O 6% 

Si86% Nl 1% O 3% 

Si78%N18%0 4% 

Onset of Constant 

Composition 

25A 

25A 

75A 

Table 13. Constant Film Composition and Onset of Constant Composition 

as a Function of Ratio of torSihU. 

From the above Figures of XPS depth profiles, the deposited silicon 

nitride films were silicon rich films. The silicon atomic percentage 

decreased from 86% to 78% as the ratio of nitrogen to silane increased 

from 75:1 to 200:1. The nitrogen atomic percentage increased 11% to 18% 

when the ratio of nitrogen to silane increased from 50:1 to 200:1. The ratio 

of silicon to nitrogen drops at higher ratio of nitrogen to silane. 

Film Composition with Varied Hb flow rate with silane/Argon and ammonia 

We already knew that the argon gas in the plasma played a 

significant role in plasma behavior as well as the deposited silicon nitride 

films. However, the investigation of hydrogen flow rate effect to the 
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plasma as well as the films was been undertaken. What's more, hydrogen 

molecules are also believed to have an essential effect to the plasma 

recombination, which means that ions in the plasma form new neutral 

atoms by capturing the free energetic electrons52. 

In this series, the gas used was 2% silane while the amount of argon 

was 98%. 

In this series, the ratio of silane to ammonia was constant at 25:1. 

The hydrogen gas flow rates were varied from 0 seem to 700 seem and 

the total gas flow rate was maintained at 1000 seem. The other 

parameters were those of Table 3. Table 8 shows: 

Run # 

1 

2 

3 

4 

5 

6 

7 

8 

Silane 

(seem) 

133.2 

131.2 

126.6 

120 

106.6 

93.2 

66.6 

40 

argon 

(seem) 

532.8 

524.8 

506.4 

480 

426.4 

372.8 

266.4 

160 

Ammonia 

(seem) 

333 

328 

316 

300 

266 

233 

166 

100 

Hydrogen 

(seem) 

0 

15 

50 

100 

200 

300 

500 

700 

Table 14. Parameters of Gas Precursors in the Film Composition as a 

Function of Varied H2 Flow Rate with Silane/Argon and Ammonia. 
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During this series of experiment, hydrogen content played an 

important role in the homogeneity of the plasma. The plasma became 

more and more homogeneous with the increased hydrogen flow rate. But 

the plasma was very filamentary when hydrogen flow rate was stopped. 

2500 2000 

Wsvemjmbers (cm-1) 

Figure 74. FTIR Spectrums with Utility of Silane/Argon and Silane/Hydrogen. 

Figure 74 shows two FTIR spectrums of deposited silicon nitride films. 

The upper silicon nitride spectrum was deposited using silane/Argon flow 

of 666 seem and an ammonia flow of 333 seem without any hydrogen. 

The lower silicon nitride spectrum was deposited using a silane/hydrogen 

flow of 400 seem, ammonia at 200 seem and argon at 400 seem. One 

noticeable difference is the NH2 scissors bending peak located at 
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wavenumber around 1545 cm-143. Plus, the N-H bending (near 1167 cm-1) 

and N-H stretching (near 3350 cm-1) peaks are stronger in the silane/argon 

film compared to the film deposited with silane/hydrogen and ammonia. 

The NH2 scissors bending peak became weaker and weaker along with 

the increase of hydrogen flow rate and it almost disappeared when the 

hydrogen flow rate reached 700 seem. 
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Figure 82 shows the peak ratios of N-H (s)/Si-N and Si-H/Si-N in this 

series. In this Figure, there was a very big change at 0 seem hydrogen flow. 

That confirmed that the hydrogen flow rate was very essential to the 

properties of deposited silicon nitride. Besides this critical point, both N-

H/Si-N and Si-H/Si-N ratios decreased when the hydrogen flow rate 

increased. 
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The silicon nitride film deposition rate was remarkable in this series. 

When a few seem of hydrogen was introduced into the plasma, the 

deposition rate reached nearly 2.7 A/s. It is almost 2 times the deposition 

rate of conditions in Table 3. However, the deposition rates dropped very 

quickly after the amount of hydrogen was increased. 

What's more, the uniformity of silicon nitride film was dramatically 

enhanced in this series compared to other series; especially when a few 

seem hydrogen flow rate was introduced, the film was very uniform. 

However, the uniformity of silicon nitride film deposited without 

introducing hydrogen was very poor. There were "worm like" spots all 
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cross the silicon wafers, and that was due to the very filamentary plasma 

when no hydrogen gas flow was established. These filaments stayed at 

the same positions for a long time and made these "worm like" films. 

e
rc

e
n
ta

g
e

 %
 

A
to

m
ic

 P
 

100-
9 5 -
90 ^ 
8 5 -
80-, 
7 5 -
7 0 1 
6 5 -
6 0 -
55 : 

5 0 -
4 5 -
4 0 -
3 5 -
3 0 -
2 5 -
2 0 -
1 5 -
1 0 -
5 -
n 

C 

W' 

k . 

K A 

} 

w 

m 

''A-.... 

i 

50 

w W-

• • • • 

'--A - A-. 

100 

w 

— A 

150 

f •••-••f -

- • • • • 

f -A 
r 1 

200 

Depth (A) 

• 

• 
A 

V 

•• w 

• 

A 
i 

25C 

C 1< 
N Is 
O 1: 

% 
% 

,% 
Si 2p3 % 

• f 

• 

-A 

f 

• 

-A 
i 

300 

Figure 84. XPS Depth Profile of Film in Film Composition as a Function of 

Varied Fh Flow Rate with SihU/Ar and Ammonia with H2=0 Seem. 

105 



6S 
ag

e 

r 
0) 
u 
<l> 
a. 

o
m

ic
 

< 

IUU-
9 5 : 
9 0 -
8 5 -
8 0 -
7 5 -
7 0 -
6 5 -
6 0 -
5 5 -
50-1 
4 5 -
4 0 -
3 5 -
3 0 -
2 5 -
2 0 -
15-
10-
5 -
0 -

C 

A 

L 

w 

1 

' • # . 

) 

T 

| | • - • — 

50 

A A 

w • 

n n 
100 

A 

w • 

* 
150 

Depth (A) 

,-._A— 

• f -

— • • • -

• • • • 

• 
f -

t 

M 

200 

C l s % i 
• N l s % | 

O ls% 1 
Si 2p3 %j 

w 

250 

Figure 85. XPS Depth Profile of Film in Film Composition as a Function of 

Varied H2 Flow Rate with SiFU/Ar and Ammonia with H2=15 Seem. 

6? 
<l> 
a> 
r 
41 
O 

0 

A
to

 

100-
9 5 -
9 0 -
8 5 -
8 0 -
75^ 
7 0 -
6 5 -
6 0 -
55-j 
5 0 -
4 5 -
40 : 
35 -
3 0 -
2 5 -
2 0 -
15-
10-
5 -
0 -

( 

A 

1 

r ', 

*... . 
• - • • 

) 
J» 

1 

50 

•A A 

100 

DeplhjA) 

• A 

w 

. . . . » • 

1 

150 

-•— 

• 
....jt.... 

• 

A-

If 

p. 

-C l s% 
N l s% 
O l s% 
Si 2p3 % 

m 
1 

200 

Figure 86. XPS Depth Profile of Film in Film Composition as a Function of 

Varied H2 Flow Rate with SiFU/Ar and Ammonia with H2=50 Seem. 

106 



fr° 
tt) 
0) 
n c 
0 
o (IS 
0. 
u 
E 
o 
< 

95 
90 
85 
80 
75 
70 
65 
60 
55 
50 
45 
40 
35 
30 
25 
20 
15 
10 
5 
0 

-V- V 
• W A 

f IF 

M. . m 

» C l s % 
• N l s % 
* O l s % 
• S i2p3% 

(&•' - ^ ® # 

# " • 
A ~ A A A 

n 1 r —' *i • ' -T——r. r— 
100 200 300 400 500 

Depth (A) 

Figure 87. XPS Depth Profile of Film in Film Composition as a Function of 

Varied H2 Flow Rate with SiHU/Ar and Ammonia with H2=100 Seem. 

&-0 

<B 

1 

e
rc

e
 

u. 

o
m

ic
 

< 

95-
90-
8 5 -
80 -
75-
70-
65-
60-
5 5 -
50-
4 5 -
40-
35-
30-
25-
20-
15-
10-
5 -
0 -

> 

• 

1 \ 

——-

..*-•+ 

w 

. • • 

A 

T W.-W W • -.-T • • 

, . . . . - • • - • • » * # # 

A ' A . . A A 
* ^ - • J t - - * - . . . . A . . . . . . . A 

« • • • 

• 
*>-
W 

v 

• -

A-

• C l s% 

N ls% 
-O ls% 
Si 2p3 % 

w • 

• • • • 

T*=A , 
100 200 300 400 500 

Depth (A) 

Figure 88. XPS Depth Profile of Film in Film Composition as a Function of 

Varied H2 Flow Rate with SihU/Ar and Ammonia with H2=200 Seem. 

107 



&•" 
a> 

ce
n
ta

g
 

<i> 

o
m

ic
 P

 

< 

1UU -

9 5 -
9 0 -
8 5 -
8 0 -
/b-
7 0 -
6 5 -
6 0 -
5 5 -
50 -
4 5 -
4 0 -
3 5 -
3 0 -
2 5 -
20 -
15-
1 0 : 
5 -
0 -

• 

i ; 

, \ •' 

A. 
';-

..- w -

m 

i • 

- • • 

• 

f 

• • • • • • 

m-r-

f 

#--

—n— 

» 

• 

z ^ 

-T" 

$ $ - • 

= A = 

[-•••—C i s % : 

! • N 1 s % 

| - J k - - 0 )$% 
\ f Si 2p3 % 

v f w 

0 # # 

" 1 — * 1 * T * ) ( 

50 100 150 200 

Depth(A) 

250 300 
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Figure 84 shows that at zero seem of H2 flow, the film composition 

became approximately constant after 50A at Si 60% N 37% O 3%. The ratio 

of Si: N is 1.62. Before 50A, the oxygen decreased from 42% to 3%. The 

silicon increased from 30% to 60% and nitrogen decreased from 12% to 

37%. 

Figure 85 shows that at 15 seem of H2 flow, the film composition 

became approximately constant after 25A at Si 37% N 3% O 60%. The ratio 

of Si: N is 12.3 and ratio of Si: O is 1.62. Before 25A, the oxygen increased 

from 51% to 60%. The silicon increased from 25% to 37% and nitrogen 

decreased from 20% to 3%. This film is mostly silicon dioxide. 
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Figure 86 shows that at 50 seem of H2 flow, the film composition 

became approximately constant after 25A at Si 34% N 1 % O 65%. The ratio 

of Si: N is 34 and ratio of Si: O is 1.92. Before 25A, the oxygen increased 

from 42% to 65%. The silicon increased from 22% to 34% and nitrogen 

decreased from 30% to 1%. This film is mostly silicon dioxide. 

Figure 87 shows that at 100 seem of H2 flow, the film composition 

became approximately constant after 275A at Si 577o N 35% O 8%. The 

ratio of Si: N is 1.63. Before 275A, the oxygen increased from 63% to 8%. 

The silicon increased from 27% to 577o and nitrogen increased from 5% to 

35%. The film composition before 275A is mainly O 657o Si 32% N 3%. The 

ratio of Si: O is 1:2 and this is mainly silicon dioxide at this range. 

Figure 88 shows that at 200 seem of H2 flow, the film composition 

became approximately constant after 100A at Si 57% N 35% O 8%. The 

ratio of Si: N is 1.63. Before 100A, the oxygen decreased from 47% to 8%. 

The silicon increased from 27% to 57% and nitrogen increased from 7% to 

35%. 

Figure 89 shows that at 300 seem of H2 flow, the film composition 

became approximately constant after 75A at Si 58% N 39% O 3%. The ratio 

of Si: N is 1.48. Before 75A, the oxygen decreased from 40% to 3%. The 

silicon increased from 30% to 58% and nitrogen increased from 15% to 39%. 
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H2 Flow Rate 

(seem) 

0 

15 

50 

100 

200 

300 

Constant Film 

Composition 

Si 60% N 37% O 3% 

Si 37% N 3% O 60% 

Si34%N 1%0 65% 

Si 51% N 35% O 8% 

Si 57% N 35% O 8% 

Si 58% N 39% O 3% 

Onset of Constant 

Composition 

50 A 

25 A 

25 A 

275 A 

100A 

75A 

Table 15. Constant Film Composition and Onset of Constant Composition 

of Films in Film Composition as a Function of Varied H2 Flow Rate with Sim/Ar and 

Ammonia. 

These XPS depth profile Figures show very interesting results. A 

decent silicon nitride film was produced with no hydrogen flow rate 

introduced. However, with a bit of hydrogen flow rate, mostly silicon oxide 

films were produced. This phenomenon was observed at both 15 seem 

and 50 seem hydrogen flow rates. There was almost 65 % of oxygen 

atomic percentage within deposited films. In addition, after the amount 

of hydrogen flow rate was increased, the silicon nitride film content 

increased. 
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Film Composition with Constant H2 flow rate with varied silane/Arqon and 

ammonia ratios 

In previous experiments where H2 flow was varied, very uniform of 

film was observed wifh little amounts of hydrogen flow such as 15 seem. It 

led to another series that varied the ratio of silane to ammonia while kept 

the hydrogen flow rate was constant at 15 seem. This silane was balanced 

with argon. Other conditions were those of Table 3. 

SilH4:NH3 

1:5 

1:10 

1:50 

1:75 

1:100 

SihU (seem) 

179 

164 

98.4 

78.8 

65.6 

Ar (seem) 

716 

656 

393.6 

315.2 

262.4 

NH3 (seem) 

90 

165 

492 

591 

657 

H2 (seem) 

15 

15 

15 

15 

15 

Table 16. Parameters of Precursors in Constant H2 Flow Rate with Varied 

Silane/Argon and Ammonia Ratios Series. 

The plasma was expected very homogeneous when the ratio of 

SihU: NH3 was 1:5. After the ratio lowered to 1:10, the color of the plasma 

became a bit greener due to more ammonia molecules inside the 

plasma. With further decreased SihU: NH3 ratio, the plasma became less 

homogeneous and the current needed to ignite the plasma was higher. 
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Also, more input current was needed in order to maintain the plasma. At 

SihU: NH3 ratio 1:75, the current needed to ignite the plasma reached 

about 12A, and the plasma was even less homogeneous. After the SihU: 

NH3 ratio reached 1:100, no plasma was obtained. 

From this series, we could conclude that the ammonia gas in the 

plasma played a significant role in the homogeneity of the plasma. Less 

ammonia leads to better homogeneity. 

In addition, the uniformity of the film decreased when the amount 

of ammonia gas increased. This was probably due to the homogeneity of 

the plasma. 
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Figure 90 shows that at ratio of SiH^Nhh equals 1:5; the film 

composition became approximately constant after 200A at Si 63% N 29% 

O 8%. The ratio of Si: N is 2.17. Before 200A, oxygen decreases from 40% to 

8%. Silicon increases from 32% to 63% and nitrogen increases from 10% to 

29%. 

Figure 91 shows that at ratio of SihUiNhb equals 1:10; the film 

composition became approximately constant after 250A at Si 60% N33% 

O 7%. The ratio of Si: N is 1.81. Before 250A, oxygen decreases from 45% to 

7%. Silicon increases from 31% to 60% and nitrogen increases from 7% to 

33%. 

Figure 92 shows that at ratio of SihkNhb equals 1:50; the film 

composition became approximately constant after 25A at Si 34% Nl % O 

66%. The ratio of Si: N is 34 and ratio of Si: O is 1:2. This film is silicon dioxide. 

Before 25A, oxygen increases from 54% to 66%. Silicon increases from 35% 

to 34% and nitrogen increases from 7% to 1%. 

Figure 93 shows that at ratio of SihkNhb equals 1:75; the film 

composition became approximately constant after 25A at Si 34% Nl% O 

66%. The ratio of Si: N is 34 and ratio of Si: O is 1:2. This film is silicon dioxide. 

Before 25A, oxygen increases from 54% to 66%. Silicon increases from 27% 

to 34% and nitrogen increases from 19% to 1%. 

Figure 94 shows that at ratio of SihU'.Nhb equals 1:100; the film 

composition became approximately constant after 25A at Si 34% N l% O 
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66%. The ratio of Si: N is 34 and ratio of Si: O is 1:2. This film is silicon dioxide. 

Before 25A, oxygen increases from 55% to 66%. Silicon increases from 27% 

to 34% and nitrogen increases from 18% to 1%. 

Ratio of SiH4:NH3 

1:5 

1:10 

1:50 

1:75 

1:100 

Constant Film 

Composition 

Si 63% N 29% O 8% 

Si 60% N33% O 7% 

Si34%Nl%0 66% 

Si34%Nl%0 66% 

Si34%Nl%Q66% 

Onset of Constant 

Composition 

200 A 

250 A 

25A 

25A 

25A 

Table 17. Constant Film Composition and Onset of Constant Composition 

of Films in Constant H2 Flow Rate with Varied Silane/Argon and Ammonia Ratios 

Series. 

As the ratio of silane to ammonia decreased, silicon nitride content 

in the film decreased. After the ratio of silane to ammonia achieved 1:50, 

the oxygen atomic percentage in the film was 667o. This is mainly silicon 

dioxide and there was little silicon nitride in the films. 
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CHAPTER V 

Conclusion 

In this project, silicon nitride films were successfully produced using 

dielectric barrier discharge at near atmospheric pressure under various 

conditions. Very homogeneous plasmas can be obtained by adjusting 

different parameters, and this is greatly related to the film uniformity. 

However, the uniformity of the film is still an issue due the limitation of 

chamber design as well as the gas delivery configuration inside the 

chamber. 

Film Composition as a Function of Temperature 

The temperature played very important role in the homogeneity of 

the plasma. 

The plasma was very filamentary with substrate temperature 100 °C 

and occasionally with some electric arcs in the plasma. The plasma 

became more homogeneous at 200 °C and no evident filament was 

observed. There were no significant different between substrate 

temperature of 300 °C and 350 °C, and plasma were very homogeneous 

and even more homogeneous than 200 °C. 

Based on the XPS depth profiles; Si: N decreases with increasing 

temperature. The oxygen atomic percentage decreases at higher 

temperature. The silicon and nitrogen atomic percentage increases at 
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higher temperature. The onset of constant composition starts at less 

shallow in film at higher temperature. 

The incorporated hydrogen content dropped with increased 

substrate temperature as shown by FTIR spectrum peak area ratios. 

Moreover, the incorporated oxygen content in the deposited film 

decreased with increased substrate temperature as shown by decrease 

of the silicon nitride peak wavenumber from 835.5 cm-1 to 830.8 cm-1. 

Films thicknesses were measured and the deposition rate 

decreased a bit with increased substrate temperature. They deposition 

rate at 200 °C was 1.6 A/s while the deposition rate lowered to 1.3 A/s at 

350 °C. This is probably due to a denser film at higher temperature. The 

SEM surface pictures suggest that with higher substrate temperature, the 

films became denser. 

The Si-N bonding was stronger at higher substrate temperature. At 

200 °C, the Si-N bonding was very weak and more than 60% of oxygen 

atomic percentage was observed in the film. With higher substrate 

temperature, the Si-N bonding was stronger. 

It is noticeable that 300 °C or higher substrate temperature is 

needed in order to produce better silicon nitride film. 

Film Composition as a Function of Residence Time 

There is no significant difference of plasma behavior in this series. As 

shown by XPS depth profiles, the ratio of Si: N only decreased a little with 
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increased total flow rate. The onset depth of constant composition stayed 

the same at 300A. The FTIR spectrums show that the hydrogen content in 

the deposited films were almost the same. However, the resident time of 

gas flow does have a slight effect to deposition rate of silicon nitride films. 

The deposition rate had a slight increase with decreased residence time. 

However, the difference was not significant. It only has 0.1 A/s variations. 

Film Composition as a Function of Argon Dilution 

The argon flow rate played an important role to the plasma. Plasma 

became more homogenous with increased argon flow rate. It was very 

filamentary when no argon flow was introduced and led to very poor 

uniformity of silicon nitride film. On the other hand, the Si-N bonding of 

deposited silicon nitride films became weaker when argon flow rates 

increased. At 1000 seem of argon flow rate, the deposited silicon nitride 

film suggests very poor Si-N bonding as shown by XPS data and the 

atomic percentage of oxygen reached about 50%. The silicon atomic 

percentage decreased with increased argon flow rate as shown by XPS 

data. The XPS data also shows the onset of constant composition slightly 

increased with increased argon flow rate except for zero argon flow rate. 

It was noticeable that the deposited rate was the highest in this series 

when no argon flow was introduced. The deposition rate became slightly 

decline after more argon flow was introduced to the chamber. It is 

probably due to the density of excited radicals reduced by more large 
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argon flow rate which contributed to the slight decline of the deposition 

rate. 

Film Composition as a Function of Stoichiometrv 

In this series, the plasma was significantly affected by the amount of 

ammonia precursors in the chamber. The plasma went weaker and more 

unstable when more amount of ammonia gas was introduced into the 

chamber. However, the plasma was very stable and homogenous at the 

50 seem of ammonia gas flow rate. But at 600 seem of ammonia gas flow 

rate, the plasma was very unstable and very filamentary. The Si-N bonding 

of deposited silicon nitride films became weaker with increased ammonia 

amount in the plasma according to XPS data. At 600 seem of ammonia 

gas flow, XPS data shows the incorporated oxygen was as high as 60% 

which indicates very poor Si-N bonding of silicon nitride. The onset of 

constant composition increased with increased ammonia flow rate from 

45 A to 750 A. The best film in this series is the one with 100 seem of 

ammonia flow rate. On the other side, larger deposition rate was gained 

with the increased ammonia gas flow rate. At 50 seem of ammonia gas, 

the deposition rate of silicon nitride film was only about 0.5 A/s showing 

sufficient ammonia free radicals for the deposition. The deposition rate 

got to 1.9 A/s at the 600 seem flow rate of ammonia. From this point of 

view, excess ammonia gas amount does play the considerable part in the 

deposition rate. What's more, the ammonia amount had vital effect to 
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the incorporated hydrogen content within silicon nitride film. The FTIR Si-N 

and N-H peak area ratios showed the hydrogen content decreased with 

increased ammonia gas flow rate. 

Film Composition as a Function of Frequency 

This was a very tough series in this project since several problems 

were met. 

First, the deposited silicon nitride films showed a void area in the 

center of silicon wafer about Vi size of the whole wafer. No such 

phenomena were observed at lower frequency at 1K Hz, or 800 Hz. 

However, these phenomena continued with higher frequencies at 2K Hz, 

3K Hz and so on. It was known due to leakage current in conductive wires 

and it was solved by enhanced insulation of wires. The reason of the 

leakage current is that due to poor insulation layer of the wires connected 

to the electrodes, part of current was lost to ground and cannot provide 

efficient current to the void area. The current for plasma goes through the 

surface of round electrodes, and if no current flow can reach at the 

center of the electrodes, the "void' will be left in wafers. The issue was 

solved by inserting wires into Teflon tube and using Teflon tape to wrap 

more than 20 layers onto the Teflon tube. 

Second, another issue happened in this series. After the deposition, 

there was a thin layer of black power attached to deposited silicon nitride 

films. This also happened at higher frequency. No such issue occurred at 
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lower frequencies. This issue was also learned and solved by noticing the 

conductive carbon paint on the surface of the silicon wafer which was 

used to creative step for measuring film thickness. The reason why this 

phenomenon appeared was still not known. Probably due to the higher 

frequency, high vibration rates of excited radicals strike to the conductive 

carbon paint and caused it dissolved. 

However, in this series, the plasma became more homogeneous 

with increased applied frequency. On the other hand, applied frequency 

cannot exceed 4K Hz due to limitation of equipment as well as power 

amplifier. So, at frequency of 3.5 KHz, plasma was very unstable and very 

filamentary. The best suitable range for this configuration of equipment 

was from 0.5 K Hz to 3 K Hz. 

The deposition rate was greatly influenced by the applied 

frequency. The deposition rate was only about 1.3 A/s at 1 KHz, however, 

nearly about 2.3 A/s deposition rate was achieved at 3 K Hz frequency. It 

was a linear correlation with applied frequency. Unfortunately, the 

uniformity of the deposited films deteriorated with increased applied 

frequency. 

XPS data shows that at 1.5K Hz, there is large amount of oxygen in 

the film, it reaches 26% which indicates poor Si-N bonding at 1.5K Hz. 

However, the oxygen atomic percentage is very small in 1K Hz and 3K Hz 

suggesting good Si-N bonding. 
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No significant effect to incorporated hydrogen content in the film 

was observed through the analysis of FTIR spectrums. The ratios of Si-H/Si-N 

and N-H/Si-N stayed almost the same in this series. 

Film Composition as a Function of Nitrogen Precursor 

Nitrogen gas was another widely used precursor to produce silicon 

nitride films in the industry. In this series, very homogenous plasma was 

obtained with ratio of silane/hydrogen to nitrogen equals 1:1. But plasma 

became unstable and very weak at 800 seem gas flow rate of nitrogen. 

There was a significant difference using nitrogen as the precursor 

compared with using of ammonia gas as precursors. As shown by FTIR 

spectrums, no N-H (s) and N-H (b) characteristic peaks were observed 

using nitrogen. However, these two peaks were very strong using 

ammonia as precursor. This explained that most hydrogen content 

incorporated in films was greatly contributed to the ammonia gas. Silicon 

nitride films with low hydrogen content could be produced by using 

nitrogen as the precursors. 

The deposition rate of silicon nitride film was very much reduced 

using nitrogen gas as precursors. The maximum deposition rate achieved 

in this series was only about 0.85 A/s which was very low compared with 

other series using ammonia as the precursor and it could reach about 2 

A/s. 
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As shown by XPS, the deposited silicon nitride films all showed very 

strong Si-N bonding and oxygen content was a few atomic percentages. 

The silicon atomic percentage in this series was very large and it reached 

about 80%. But the nitrogen was only about 11 % which suggested only 

much nitrogen was broken due to stronger N-N bonding. 

Film Composition as a Function of Varied Hydrogen flow rate with 

silane/argon and ammonia 

Hydrogen flow does play an important role for dielectric barrier 

discharge plasma. Plasma was very homogenous when hydrogen gas 

was introduced and it became more homogeneous with increased 

hydrogen gas flow rate. 

It was noticed that the deposited films showed very unique NH2 

scissor bending peak as shown by FTIR spectrum at zero seem of hydrogen 

gas flow rate. This suggests that the NH2 peak was mainly from the 

ammonia gas precursor. Nevertheless, this NH2 peak became weaker 

after hydrogen gas flow increased and almost disappeared at hydrogen 

gas flow of 700 seem. The FTIR spectrum also shows that ratios of N-H (s)/Si-

N and Si-H/Si-N deceased with increased hydrogen flow rate except for 0 

seem of hydrogen flow rate. 
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Deposition rates in this series showed very interesting phenomena. 

The deposition rate was very high and reached about 2.7 A/s with little 

amount of hydrogen gas flow at 15 seem or 50 seem. But the deposition 

rate dropped dramatically when hydrogen gas flow rate was increased 

beyond 100 seem. It was only about 1 A/s or even less. Thus, in order to 

produce high deposition rate of silicon nitride film, small amount of 

hydrogen gas flow rate was desirable. 

It was also noticed that the uniformity of deposited silicon nitride film 

was better at low flow rate of hydrogen. The reason for this phenomenon 

was still not known. Unfortunately, the deposited films at very small 

amount of hydrogen all showed very poor Si-N bonding as shown by XPS 

data. As large as 65% of oxygen atomic percentage was observed at 15 

seem and 50 seem. These films are mostly silicon dioxide. 
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