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4.4 Defect densities of fluorinated a-SIN îH films. 90 
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CHAPTER I 

INTRODUCTION 

Hydrogenated amorphous silicon and its alloys have become 

important because of their attractive optoelectronic applications. Most 

applications are based on the ability to deposit a-Si:H over a large area. 

The introduction of amorphous silicon as a large-area thin-film 

semiconductor with low-cost and low-temperature fabrication capability 

has not only given a new impetus to the field of optoelectronic devices 

such as solar cells, flat panel displays, image sensors or printer heads, 

but it now also forms the basis for large-area microelectronics. The 

discovery of the ability to control the optical gap energies by alloying 

silicon with other elements has introduced a new phase in the field of 

tetrahedrally-bonded amorphous semiconductors. The interesting 

properties, such as tailormade optical and dielectric properties, have 

attracted more solid state physicists to study the amorphous material. 

The development of large area amorphous semiconductors coincides with 

the Increased material demands arising form the rapidly growing field of 

information processing. It is therefore important for us to understand the 

physical processes which are present in amorphous materials and how 



these processes control the optical and electronic properties relevant to 

device applications. 

Hydrogenated amorphous silicon nitride (a-Sl3N4:H) and its alloys 

(a-SINjjiH) are the most important plasma-deposited dielectric in 

integrated circuit technology. While it is mainly used for passivation 

layers over silicon integrated circuits, other applications include its use 

as gate dielectrics for metal-oxide-semiconductor (MOS) transistors, as 

a charge-storage layer in metal-nitride-oxide-semiconductor (MNOS) 

nonvolatile memory devices [1], as an insulator between metal levels, as 

a coating for gallium arsenide circuit technology, and as dielectric and 

anti-reflection coatings for solar cells and photoconductors [2]. The main 

advantage of plasma-deposited silicon nitride over thermal chemical-

vapor-deposited nitride is that it can be formed at much lower substrate 

temperatures, 200-300 °C versus 700-900 °C. 

Conventionally a-SIN îH films are prepared from glow discharge 

decomposition of SiH4/NH3 or SiH4/NH3/N2 gas mixtures. These films 

usually contain as much as 25%-35% hydrogen [3], which is incorporated 

in the network in the form of N-H and Si-H bonds. It is understood that 

hydrogen in the a-SINĵ .H films can be a source of instability in MOS 

devices. Some researchers have suggested that Si-H bonds act as 

carrier traps in the a-Si3N4:H films causing serious problems for the 



application of the material as the gate dielectric in MOS devices [4]. In 

order to solve this kind of problem, many attempts have been made to 

optimize the hydrogen content and the local bonding configurations in the 

a-SiN^:H films. Among these, one approach is to substitute the stronger 

Si-F bond (5.60 eV) for the weaker Si-H bond (3.07 eV) in the network 

[4, 5]. Too much fluorine also causes severe problems, for instance, the 

films with F/Si > 0.5 and N/Si < 1.1 are unstable when exposed to 

moisture or air [4, 5]. The presence of excess fluorine in these films 

is believed to induce hydrolysis leading to oxygen incorporation. 

However, the films with F/Si < 0.5 are reported to be stable not only 

under different oxidation conditions, but also at an annealing temperature 

as high as 640°C [4, 5, 6]. In addition, the thermally stable fluorinated 

films have a hydrogen content 50% lower than conventional a-SiN îH 

films. These results show that the low concentration fluorinated a-SiNĵ :H 

alloy may be one of the promising materials to replace the regular a-

SiNĵ rH alloys in microelectronics applications. Although some groups 

have started to study this material, some important electronic and 

structural properties, such as the nature of defects, density of states 

(DOS) distribution, and density of defects, are still not known clearly; at 

least, not understood as well as in conventional a-SiN îH alloys. 



The samples studied in this dissertation were deposited for the first 

time using SiH4 and NF3 gas mixture without additional feed gases by 

Dr. H. A. Naseem and his group from the Electrical Engineering 

Department at University of Arkansas. Their studies [7] show that the 

deposition rate increases about a factor of eight with addition of 6% NF3. 

The photoconductivity decreases from 3x10"* to 6x10^ ohm '̂cm"' as the 

gas flow ratio, R=NF3/(NF3+SiH4), varies from 0% to 15% (see Fig. 1.1). 

The most interesting phenomenon is that the hydrogen concentration 

decreases and the film becomes more thermally stable with increasing 

NF3 content in the feed gas mixture [7] (see Fig. 1.2). The Si-H bond 

density calculated from Si-H stretching vibration mode intensity (see Fig. 

1.2) changes very little with annealing temperature as high as 400 °C for 

the films deposited with the flow ratio, R>6%. Although the 

characterization of these films is very basic, it shows that the new 

reactant gas composition in deposition effectively depresses the hydrogen 

content and leads to an increase of the thermal stability of the films. 

The main purpose of this work is to characterize the structural, 

electronic, and optical properties of hydrogenated amorphous silicon 

nitride alloys grown with fluorine in the reactive mixture. We hope to 

contribute to understanding the new alloy in four Important aspects: 1. 

clarification of the bonding configurations and film composition; 2. 
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Figure 1.1: Conductivity as a function of the flow ratio, 
R=NF3/(NF3+SiH4). 
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determination of the density of states distribution; 3. characterization of 

electronic defect states; and 4. study of the effects of nitrogen and 

fluorine on various important electronic parameters, such as the energy 

gap, Urbach energy and density of defects. The experimental 

techniques used in our characterization include UV-Visible absorption, 

infrared (IR) absorption, constant photocurrent measurements (CPM), and 

electron spin resonance (ESR). 

Our characterization results show that the defect densities in 

fluorinated SIN̂ îH films are higher than that in conventional silicon nitride 

films. Silicon-hydrogen clustered phases increase with an increase in N 

content and various silicon dangling bonds found in conventional a-

SINjjiH films are also present in fluorinated SIN̂ îH films. 

The next chapter gives an overview of the present understanding 

of the structural, electronic, and optical properties of amorphous silicon. 

Chapter III introduces the theoretical background for the main 

experimental techniques used In this work, and gives experiment details 

including sample preparation, experimental set up, and measurement 

conditions. Chapter IV focuses on the experimental data analysis and 

discusses the experimental results in detail. The final chapter presents 

our detailed conclusions and recommendations for further study. 



CHAPTER II 

THEORETICAL INTRODUCTION TO AMORPHOUS SILICON 

In this chapter, we briefly introduce the atomic structure, chemical 

bonding, and role of hydrogen in a-Si:H. We then discuss the effect of 

disorder on electronic properties and the relationship of the principal 

structural features to the optical transitions and absorption spectra of a-

Si:H. 

2.1 Atomic Structure and Chemical Bondino of a-Si:H 

2.1.1 Structural Features of a-Si:H 

Generally, there are three principal features in the structure of 

amorphous semiconductors; short range order, long range disorder and 

coordination defects. The bulk of our knowledge of the structure of 

amorphous silicon comes from X-ray and electron diffraction experiments 

[8, 9]. Radial atomic density distribution functions are obtained from 

diffraction measurements. These show that the nearest-neighbor 

environment in amorphous silicon is approximately the same as that 

found in its crystalline counterpart. The covalent bonds between the 

silicon atoms are much the same as in crystalline silicon, with the same 

number of neighbors and the same average bond lengths and bond 



angles. But, the correlation between atom positions decreases rapidly 

beyond a few interatomic spacings. These features lead to the 

continuous random network structural model [10] for the amorphous 

material. Figure 2.1 is a two-dimensional representation of a continuous 

random network [11]. Here, the crystalline structure is replaced by a 

random network. Each atom has a specific number of bonds with its 

closest neighbors. A random network has the important property that 

it can incorporate atoms having a different coordination because of the 

lack of the long range order. This permits an amorphous structure to 

accommodate atoms of greatly different size and chemical character. 

This opens the possibility of achieving desired optical and electrical 

properties by alloying a-Si:H with various elements, such as nitrogen, 

carbon or germanium. This is in marked contrast to the crystalline 

lattice in which incorporated atoms are generally constrained to have 

a similar size and coordination of the host atom because of the long 

range ordering of the lattice. 

In a crystal any departure from the perfect crystalline lattice is a 

defect. These imperfections might be a point defect, such as a vacancy 

or interstitial (see Fig. 2.1), or an extended defect, such as a dislocation 

or stacking fault [11]. In amorphous materials, defects take on a different 

meaning since the ability of the disordered network to adapt to differing 

8 
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atomic coordinations allows easy accommodation of an isolated atom 

with different bonding characteristics, which is not possible in a crystal. 

By analogy with the crystal, one can define a defect as a departure 

from the ideal amorphous network [10] in which all the bonds are 

satisfied. In ideal a-Si:H each silicon atom is four-fold coordinated and 

each hydrogen atom is singly coordinated. In other words, defects in 

amorphous semiconductors occur when an atom has either too many or 

too few bonds. If the local coordination of an atom is one greater or 

less than its ideal value, then the neutral state of that atom has an 

unpaired electron. Therefore, the neutral state of this type of defect is 

paramagnetic. The most common defect in a-Si, the three-fold 

coordinated silicon, results in a dangling bond which has an unpaired 

electron spin and a net paramagnetic moment. Such dangling bond 

defects in a-Si:H produce an electron spin resonance signal at g=2.0055 

and have corresponding states which lie very near mid gap for this 

material [12]. 

2.1.2 Chemical Bonding and Energy Gap of a-Si:H 

The continuous random network structural model places emphasis 

on the local chemical bonding of the atoms. The four valence electrons 

of an isolated silicon occupy two 3S and two 3P states, in addition to 

10 



the deeper core states which are not involved in the bonding. When 

the atoms combine to form a solid, the S and P orbitals form hybridized 

orbitals, known as SP^ and the electron interaction splits them into 

bonding and antibonding levels [11] as shown in Fig. 2.2. Chemical 

bonding occurs because the bonding state has a lower energy than the 

isolated atomic levels and the material has the lowest total energy when 

the maximum number of electrons occupy bonding states. Thorpe et al. 

[13] have applied a tight binding Hamiltonian, which is only related to 

the short range order bonding, to describe the SP^ hybrid orbitals of the 

tetrahedral silicon bonding, and have shown that the short range order 

indeed results in a band gap separating the conduction and valence 

bands irrespective of the long range order. The band of bonding states 

(valence band) is completely occupied with electrons and the antibonding 

band (conduction band) is empty. 

Compared with the band gap of a crystalline semiconductor, that 

of amorphous materials has some specific features. Figure 2.3 

represents a schematic of the density of states distribution showing the 

difference in the band gap between an amorphous and a crystalline 

semiconductor [11]. Here, the preservation of the short range order 

results in a similar overall electronic structure of the amorphous material 

compared to the equivalent crystal. The abrupt band edges of a crystal 

11 
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are replaced by broadened band tails extending into the gap in the 

amorphous system. The tails originate from deviations in bond length 

and angle due to the lack of long range order (see section 2.2 for 

detail). Even though the band tails are small, they are responsible for 

many effects since electronic transport occurs at the band edges. Any 

non-bonding silicon orbitals [13] are not split by the bonding interaction 

and give states in the band gap. Generally, the states within the gap 

come from variations from the ideal network, primarily due to 

coordination defects. These defects determine many electronic properties 

by controlling recombination and trapping. 

2.1.3 The Role of Hydrogen in a-Si:H 

Unhydrogenated amorphous silicon has a very high defect density 

(typically about 10̂ °-10̂ ^ cm^) [14], which reduces photosensitivity, 

suppresses the electronic effects from doping and impairs other desirable 

characteristics of a useful semiconductor. Chittick and his coworkers 

[15] first made hydrogenated amorphous silicon by using glow discharge 

decomposition of silane in 1969. The H concentration in a-Si:H depends 

strongly on the deposition conditions, such as substrate temperature, gas 

pressure, and RF power in the plasma. A suitable concentration of H 

in an amorphous silicon film passivates dangling bond states by 

14 



terminating silicon bonds and modifies a large fraction of the structure, 

making the overconstrained tetrahedral network of Si more flexible to 

satisfy most of the bonding requirements. The defect density in 

hydrogenated amorphous silicon made by glow discharge decomposition 

of silane can reach as low as 10̂ ^ cm^ [14] when the concentration of 

hydrogen is about 9%. In glow discharge a-Si:H, the H concentration 

appears also to be influenced by doping or alloying. As mentioned in 

Chapter I, the excess Si-H bonds in a-SiN :̂H act as carrier traps in the 

nitrogen alloy causing electrical instability. Optimization of the H content 

and its bonding configurations is still a crucial topic for improving the 

performance and reliability of a-Si:H devices. 

2.2. The Effect of Disorder 

The disorder inherent in amorphous semiconductors has a profound 

influence on their electronic and optical properties, yielding distinct 

differences between the disordered solids and their crystalline 

counterparts. Some important theoretical approaches, such as Bloch's 

theorem and the theory of lattice vibrations are based on the periodicity 

of the atomic structure and the lattice symmetry, and can not properly 

be applied to amorphous materials due to the lack of long range order. 

Therefore, it is necessary to apply a different theoretical approach to 

15 



deal with such problems. One such approach is known as "Anderson 

Localization." 

Anderson [16,17] has attempted to describe the disorder 

quantitatively by using a model of random varying local potentials. In 

his model disorder causes the amplitudes in an array of the potential 

wells to vary, leaving the spacing unchanged. His model, along with a 

crystalline counterpart, are represented in Fig. 2.4, where the additional 

random potential is given an average value of V̂  and maintains the 

same spatial periodicity as the original crystal potential. The interaction 

between atoms in the crystal broadens the corresponding band of 

electronic states to a width B. According to Anderson, if the ratio of V̂  

and B exceeds a value of about three, there is zero probability for an 

electron at any particular site to diffuse away, which is known as 

complete localization. When the disorder potential V̂  is small, the 

original extended Bloch wavefunction is only slightly perturbed and the 

effect is scattering of the electron from one state to another within an 

extended band theory. However, if the disorder potential is strong 

enough, frequent scattering results in the loss of the phase coherence 

in the electron wavefunction over just two or three atomic spacings. 

Figure 2.5 shows a schematic of the wave functions of extended and 

localized electron states in crystalline and amorphous semiconductors 

16 
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[11]. Comparing the extended states of the amorphous phase with that 

of the crystal, the phase coherence begins to degrade after a relatively 

short distance in the amorphous system. When the disorder increases 

further, the amorphous extended state transforms into a localized state 

where the envelope decays very quickly. 

The strong scattering causes a large uncertainty in the electron 

momentum, through the uncertainty principle, 

Aifc = — « J - « A: (2.3) 

where Ax is the scattering length and â  is the interatomic spacing. 

Since the uncertainty in k is on the order of k, k Is no longer a good 

quantum number and momentum is not conserved in electronic 

transitions. The loss of k-conservation puts a greater emphasis on the 

spatial location of the carrier than on its momentum. As an important 

result, the energy bands are not described by the E-k dispersion relation, 

but instead by an energy-dependent density of states distribution. 

According to Anderson's theory of localization, a very large 

disorder is needed to localize all the electron states. His criterion is not 

fully met in a-Si:H since in practice this amorphous semiconductor has 

a smaller disorder potential than the critical value [18]. Because the 

short range order restricts the distortions of the bands, only some of the 

19 



band states will be partially localized moving into the "gap" near the 

band edge to form "bandtail states." Tail states further from the edge 

are in general more localized spatially than those nearest the edge. 

2.3. The Optical Absorption Edges of a-Si:H 

The conservation of momentum selection rule breaks down in 

electronic transitions in amorphous materials, creating perhaps the single 

most important difference between the crystalline and amorphous phases. 

Certainly, it leads to large differences in characteristic optical properties. 

As an important consequence, the distinction is lost between a direct 

gap and an indirect gap. The distinction is most obvious in silicon 

which has an indirect gap in its crystalline phase but not in its 

amorphous phase. The optical absorption edge, which is a typical 

measure of the gap energy, can be easily defined experimentally for a 

crystalline semiconductor. The sharp rise in the optical absorption at a 

characteristic energy suggests the concept of an optical gap EQ [19]. 

In contrast to a crystalline semiconductor, the optical gap is difficult to 

define for an amorphous semiconductor directly from experimental 

measurement since there is often a wide variation in the sharpness of 

the edge. A further complication In defining the absorption edge is that 

20 



amorphous semiconductors synthesized under different conditions often 

exhibit large differences in their "as-grown" optical properties. 

Despite the differences mentioned above, a remarkable consistency 

exists for the shape of the optical absorption edge because of the 

presence of the short range order in amorphous semiconductors. A 

typical schematic of the absorption edge of a-Si:H [14] is shown in Fig. 

2.6. The absorption curve consists of three different parts, a shoulder 

in the low-energy, low-absorption region (part A), an exponentially rising 

regime in the middle (part B), and a slowly varying regime in the high-

energy, higher-absorption region (part C). All amorphous 

semiconductors, whether or not they are intrinsic, doped, or alloyed, 

have absorption edges with this basic shape which suggests that the 

underlying physics is essentially the same. The optical absorption edge 

of a-Si:H is of great practical interest because the position and shape 

of the absorption edge directly determine its performance in optical 

applications. The position and shape of the absorption edge determine 

the maximum short-circuit current in thin film solar cells of a-Si:H, and 

thus directly effect the efficiency of light-energy conversion [20]. 

Therefore, a good understanding of the optical absorption edge of a-Si:H 

is very important in the study of amorphous semiconductors. In the 

21 
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following, we will discuss the relationship among the optical transitions, 

the shape and the position of the absorption edge. 

Generally, optical absorption can be described in terms of the 

complex dielectric function, 

e(E) = e^iE)ne^(E) . (2.4) 

Since the real part 81(E) can be determined by Kramers-Kronig analysis 

from e2(E), we focus on the imaginary part of the dielectric function. 

Within the one-electron approximation, the imaginary part of the 

dielectric function can be expressed as [21] 

« 2 ( £ ) = [ ^ ] ' | E \r-P,jME,-E^-E) (2.5) 

where e is the electron charge, m is the electron mass, V is the 

illuminated volume of the sample, x is the polarization vector of the 

incident light, E, Ê , and Ê  are the absorbed photon energy, valence 

and conduction band-state energy respectively. P̂ ^ is the momentum 

operator given by Pvc=(c|P|v>» where |v) and |c> are the valence-band 

state and conduction-band state respectively. The delta function 

expresses conservation of energy and the summation In the equation is 

over all initial and final states. 

23 



Using commutator relation, p=(im/li)[H, R], one can obtain 

eJiE)=(2nefj^J^ \RJME^-E^-E) (2.6) 

where Rv.c=(v|r|c) is the dipole matrix element and r is the position 

operator. In crystalline semiconductors, the matrix element requires that 

both energy and momentum are conserved for direct transitions, and R^^ 

has non-zero values only for states of the same crystal momentum 

number. The momentum in indirect transitions is not conserved, but 

these require the simultaneous absorption or emission of a phonon to 

conserve the total momentum. In the case of amorphous 

semiconductors, as discussed in section 2.2, the random potential 

originating from disorder causes strong and frequent scattering of the 

electrons, resulting In the loss of both wavefunction coherence and 

momentum conservation. In other words, momentum is not a good 

quantum number, and the requirement of k-conservation is relaxed in 

amorphous systems. Allowed transitions in amorphous system then 

occur between any two states for which energy conservation applies [21 ]. 

Therefore, the matrix element can be reduced to an average R(E) over 

all pairs of states separated by energy E. Thus, equation 2.6 can be 

simplified as 
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, (2.7) 
e^iE)=4Ti^e^a^R\hv)jN^(E)N^(E+hv)dE 

where the integral is the joint density of states for which the energy 

difference is a constant. Substituting the simplified relation of the 

complex dielectric relation into the well known relation between 

absorption and the imaginary part of the dielectric function [22], 

a(E) = ? ^ (2.8) 
nX 

where X is the wavelength of the incident light, and n is the refraction 

index of the sample, we obtain: 

a{hv)=AR\hv)JNJiE)NJiE+hv)dE (2-̂ ) 

where A is a constant and hv is the photon energy. The shape of the 

absorption spectrum depends on the product of the energy dependence 

of the joint density of states integral and the average matrix element. 

Generally, in amorphous as in crystalline semiconductors, optical 

transitions between the "valence" and "conduction" bands are responsible 

for the main absorption band and are the primary measure of the band 

gap energy. The subgap transitions can be decomposed into two main 

types, band/tail and band/defect. The optical transitions of the first type 

(region B) can be used to extract information about valance band-tail 
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density of states. The transitions between the states within the energy 

gap and the extended states (region A) can be used to analyze the 

nature of defects. 

Region C in Fig 2.6 is mainly related to the band to band 

transitions [14]. However, there is no pronounced feature in the 

absorption edge which can be directly related to the optical parameter 

of most interest, the band gap energy EQ. The reason is that, as 

mentioned in section 2.2, there is no precise location of the band edges 

because the band-tail density of states decays continuously with the 

energy. So, the band gap can only be defined in terms of an 

extrapolation of the bands. Taking this approach, Tauc et al [23] 

introduced a simple model for the gap which assumed that the matrix 

element is independent of energy and the two band densities have 

simple parabolic forms. 

N,^,iE)~~iE-Ej . ^̂ -'̂ ^ 

This model leads through equation 2.9 to 

ahv=B(hv-E^f (2.11) 

where EG=EC-EV, and EQ is defined as the optical gap. B, which is 

related to the strength of the matrix element and the refractive index, 
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is called the "edge width" parameter. Its square root is the slope found 

in (ahv)̂ ^̂  versus hv plots. 

For region B of the absorption spectrum shown in Fig.2.6, many 

experimental results [19] have shown that a follows the relationship: 

a(E)=aj^xp(-EIE^ (2.12) 

where ô  is experimentally determined perfactor. EQ is known as the 

Urbach energy and is determined from the slope of the log(a) vs E plot 

in this region. Although there are many models which attempt to explain 

the empirical relationships yielding this equation, it has been widely 

accepted that region B reflects the broadening of the bands due to 

deviations in bond lengths and bond angles [14, 19]. The Urbach 

energy is therefore an important measure of band-tail broadening. 

Generally, the valence band tail is broader than the conduction band tail, 

and thus dominates the joint density of states. Therefore, the Urbach 

energy most closely reflects the shape of valence band tail. 

Regime A shown in Fig. 2.6, i.e., the absorption shoulder in the 

low energy region, is the feature which is most sensitive to preparation 

conditions. Furthermore, even after deposition of the materials, exposure 

to light or high temperature will effect the subgap absorption significantly. 

The origin of this subgap spectral feature is related to the defect states 
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within the gap. The optical absorption arising from transitions involving 

defect states is typically weak due to the low defect densities. Optical 

transmission techniques are not sensitive enough to detect the low 

density In the near infrared necessary to accurately determine the low 

absorption coefficients of this region. Highly sensitive techniques, such 

Photothermal Deflection Spectroscopy (PDS), Photoacoustic Spectroscopy, 

and the Constant Photocurrent Method (CPM) must be used to 

determine the defect density of states and the defect level energies. 

As discussed previously, the subgap absorption spectrum can be 

decomposed into two main types of transitions, band-to-tail and band-to-

defect. The first type is responsible for the exponential (Urbach) 

absorption edge, while the second shows up as the shoulder at low 

photon energies. From the subgap absorption, the information about the 

defects in a-Si:H can be obtained. The number density of defects can 

be estimated by separating the subgap defect absorption from the 

exponential edge absorption as described in Fig. 2.7. The excess 

optical absorption (the shaded portion in Fig. 2.7) â^̂  due to gap-state 

defect absorption can be calculated by 

where OCQ and EQ can be obtained from a fit to the exponential 
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Figure 2.7: Illustration of "excess absorption" represented 
by the shaded portion. 
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absorption. N. M. Amer et al. [24] postulated that with a constant 

optical matrix element, the integral of excess absorption in a-Si:H should 

be proportional to the defect density. The density of defects can 

therefore be calculated as 

K=cJaJE)dE (214) 

where Ng is the density of defects, Cg is a scaling constant. For CPM 

measurements, the constant Ĉ  for a-Si:H is 1.9x10̂ ® [25]. Here, it is 

worthwhile to mention that the scaling factor is obtained by calibrating 

CPM data with ESR results on intrinsic a-Si:H films. Hence, when using 

the scaling factor to calculate the defect density of heavily doped or 

alloyed amorphous silicon materials, a careful evaluation of the factor 

is necessary. OthenA/ise, it will very easily lead to a over- or under

estimation of the defect density. The question how to chose the factor 

correctly for Fluorinated a-SiNx:H will be discussed in detail in Chapter 

IV. 
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CHAPTER III 

EXPERIMENTAL TECHNIQUES 

Optical and electron spin resonance spectroscopies are among the 

important techniques that the solid state experimentalist routinely uses 

to gain information about a particular substance. Although the 

mechanism of absorption of energy is different in the ultraviolet-visible, 

infrared, and electron spin resonance regions, the fundamental process 

is the absorption of a certain amount of energy, which causes the 

transition from a state of lower energy to a state of higher energy. The 

energy absorbed is directly related to the frequency of electromagnetic 

radiation and is given by E=hv, where h is the Planck's constant and 

V is the frequency of incident light. Since atoms, molecules or ions 

have only a limited number of discrete, quantizing energy levels, the 

energy of the exciting photon must exactly match the energy difference 

between the two states of the absorbing species. Because these energy 

differences are unique for each species, a study of the frequencies of 

absorbed radiation provides a useful means of characterizing materials. 

In this chapter, we discuss the theoretical background of the three 

main experimental techniques used in this work and then introduce the 

sample preparation, experimental setup, and measuring conditions. 
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3.1 Theoretical Background of Experiments 

3.1.1 Infrared Absorption Spectroscopy 

Absorption of infrared radiation is confined largely to molecular 

species because small energy differences exist between various 

vibrational and rotational states. In order to absorb infrared radiation, a 

molecule must undergo a net change in dipole moment as a 

consequence of its vibrational or rotational motion. Only under these 

circumstances can the alternating electric field of the radiation interact 

with the molecule and cause changes in the amplitude of one of its 

motions [26]. The dipole moment is determined by the magnitude of the 

charge difference and distance between the two centers of charge. As 

a molecule vibrates longitudinally, a regular fluctuation in dipole moment 

occurs, and a field is established which can interact with the electrical 

field associated with radiation. If the frequency of the radiation matches 

the natural vibrational frequency of the molecule, a net transfer of energy 

into the molecule occurs. The result is an increase in the vibrational 

amplitude associated with absorption of the radiation. Similarly, the 

rotation of asymmetric molecules around their centers of mass results in 

a periodic dipole fluctuation; again, interaction with radiation is possible. 

Generally, the energy required to cause a change in rotational level is 
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minute and corresponds to a radiation of 100 |im and greater (< 100 

cm-̂ ) [27]. 

Molecular vibrations can be classified into the basic categories of 

stretching and bending. A stretching vibration involves a continuous 

change in the interatomic distance along the axis of the bond between 

two atoms. Bending vibrations are characterized by a change in the 

angle between two bonds and are of four types: scissoring, rocking, 

wagging and twisting. The various types of vibrations are shown in Fig. 

3.1. All of the vibrational modes shown in Fig. 3.1 may be possible in 

a molecule containing more than two atoms. In addition, interaction or 

coupling between these types of vibrations can occur if these modes 

involve bonds to a single central atom. The result of coupling is a 

change in characteristics of the vibrations involved as energy is 

transferred from one mode to another [26]. 

In the treatment of vibrations, it is usual to consider isolated 

vibrations with a simple harmonic oscillator model. In quantum 

mechanics, the possible energies of a harmonic oscillator are 

E = in^hhv^ = (w4) ^ A (3.1) 
2 '" 2 27̂ |̂ n 

where n, the vibrational quantum number, can take only positive integer 

values and zero; v^ is the vibrational frequency; |i and k are the 
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(b) Bending vibrations 

Figure 3.1: Illustration of the types of molecular vibrations. 
Note: + indicates motion from plane to reader; 
- indictes motion from plane away from reader. 
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reduced mass and the force constant for the bond, respectively. If the 

energy of the radiation exactly matches the difference in energy levels 

AE between the vibrational quantum states, transitions in vibrational 

energy levels can be induced by the radiation. In other words, the 

transitions will occur only if hv̂ adiation = ^E is satisfied. At room 

temperature, the majority of molecules are in the ground state. The 

energy difference between the ground and the first excited state is hv^. 

Thus, the frequency of radiation which will bring about the change is 

identical to the natural frequency of the oscillator. That is. 

«>«vJ« ^4m • ^ < * ' a*A 

k . _1v 1 

— or taicm *)=-radiation m / * „ \ ^ ' wv»^.,. / * '"^ _ 
271 \ [1 2TZC\ /WJ m 

1 1 k{-L.JL) (3.2) 
2 

where co(cm )̂ is the wavenumber of an absorption peak in c m \ c is the 

velocity of light, m̂  and mg are the masses of atoms 1 and 2. 

IR absorption spectra can provide a wealth of structural information 

about a molecule. IR absorption spectra of the films can be used to 

identify the bonding configurations of the constituent atoms. In the case 

of a-Si:H, the hydrogen content and information about silicon-hydrogen 

bonding can be obtained by performing infrared absorption 

measurements. Since the mass difference between silicon (msj=28.1) 

and hydrogen (mH=1) is large, the vibrational spectrum of a-Si:H can be 
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interpreted as largely due to the motion of hydrogen atoms. Generally, 

there are two prominent vibrational modes seen in the IR absorption 

spectrum of a-Si:H, which are at 2000 cm^ and 630 cm'\ The peak at 

2000 cm^ is assigned to a bond stretching mode in which the hydrogen 

moves along the direction of the Si-H bond [28]. The peak at 630 cm"" 

is due to a rocking vibration associated to the two perpendicular bond 

bending modes [28]. There are some weaker absorption features 

between 800-900 cm^ which are attributed to Sl-H^ (n=2, 3) 

configurations. The hydrogen content in a-Si:H film is proportional to the 

integrated absorption intensity of the 630 cm^ and 2000 cm^ peaks and 

can be obtained using [27] 

N{H)-A(^^di^ (3.3) 
^ 0) 

where N(H) is the hydrogen concentration and A is the oscillator strength 

for the specific vibrational mode. 

3.1.2 Constant Photocurrent Method 

The optical absorption coefficient a is one of the main physical 

parameters for characterizing the properties of amorphous semiconductor 

films. Conventional measurements of a and its variation with photon 
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energy provide information on the optical absorption edges, and to some 

extent, on the density of states distribution. 

The constant photocurrent method (CPM) is one of the highly 

sensitive techniques which allows one to reliably measure the value of 

ad down to a value about 10^ (where a and d are the absorption 

coefficient and thickness of the sample) and provides a very sensitive 

measure of absorption in thin films. The method was first used by 

Grimmeiss et al. [29] to measure the spectral dependence of ion 

scattering cross sections for deep impurities in crystalline semiconductors 

and to investigate the deep levels in GaAs. The basic idea of CPM is 

that, if the photocurrent is kept constant, then the recombination 

mechanism is unchanged and the free carrier lifetime is not a function 

of energy. 

Generally, photocurrent is influenced by sample, illumination 

geometry, and the type of electrical contacts. When ohmic contacts are 

used, the photocurrent measured is the secondary photocurrent (Igp̂ ). 

The secondary photocurrent results from electrons, holes or both of them 

[30]. When one electron, for example, reaches the electrode, another 

electron is supplied by the second electrode to retain charge neutrality. 

On the contrary, if blocking contacts are applied, extracted carriers are 

not replenished at electrodes, and the photocurrent is called the primary 
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photocurrent (IppJ. In this case the steady state current flows only if 

both electrons and holes are extracted. The electron part of the 

secondary photocurrent can be expressed [30] by 

h^ir eN{\-R)[\-^xv{-ad)\^^x,yxF (3.4) 

where e is the electron charge, N is the number of incident photons, r| 

is the quantum efficiency, x̂  is the free carrier lifetime, ii^ is the free 

carrier mobility, and F is the applied electric field. The term, N(1-R)[1-

exp(-ad)], represents the number of the photons absorbed in the sample 

with reflective index R, absorption coefficient a and thickness d. 

If ad « 1, equation 3.4 can be simplified to 

Ip^H''eNil-R^ad^^-z.r^F . (3.5) 

As concerned with the \IQ spectral dependence, the assumption that 

there is just one dominate transport path for the whole CPM spectral 

range is made. According to Kocka et al. [30, 31], who compared CPM 

results with other methods, such as Photothermal Deflection 

Spectroscopy (PDS), this assumption is plausible since, it is not 

important whether the transport takes place above the mobility edge or 

by hopping in the sharply decaying tail states in the CPM measurement. 

In order to have i^ = constant, the quasi-fermi levels must be stabilized. 

When the photocurrent Igp̂  is kept constant, and assuming one dominant 
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recombination center and one major type of carrier, both quasi-fermi 

levels are unchanged by the photoconduction process [31, 30]. These 

relationships can be clarified using the steady carrier concentration given 

by 

N = Nexpi-^^-^) (3.6) 

' KBT 

where N is the concentration of free electrons, Ê^ is the quasi-fermi 

level for electrons, and N̂  is the density of states at the band edge Ê ,. 

Kg and T are the Boltzmann factor and temperature. At a certain 

temperature, Ê  and N̂ , are stable. If the photocurrent is kept constant, 

N is a constant. Therefore the quasi-fermi level is stabilized and the 

number of recombination centers does not change under these 

conditions. Consequently, the same set of recombination centers 

governs the free carrier lifetime during the measurement, and x^ can be 

treated as a constant. For other parameters, the reflective index R is 

a weak function of energy and the quantum efficiency r| is approximately 

equal to 1 in the temperature range from 150K to 300K [32]. Thus, 

equation 3.5 can simplified to 

CONSTANT /o n. 
OLrPM "^ ;;: ^^-'^ 

^^^ N(E) 

where N(E) is the number of photons necessary to keep Igph constant. 
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In order to set the relative â p̂  spectrum to some absolute scale, 

it is necessary to understand which transitions CPM can detect. Since 

CPM measures only those transitions which contribute to the 

photocurrent, it is sensitive to transitions which create mobile carriers. 

These transitions in a Si:H are labeled in Fig. 3.2 as: (a) from the 

valence band to the conduction band, (b) from the valence band tail to 

the conduction band, and (c) from defect states in the midgap to the 

conduction band. These transitions are the only ones which excite 

electrons to the conduction band. They are the transitions important in 

CPM measurements because electrons dominate the photocurrent. In 

contrast to CPM measurements, both transitions a and b in Fig.3.2, can 

be detected by optical transmission measurements. Therefore, we can 

set the CPM spectrum to the scale a(E) cm"* in this region by matching 

the CPM spectrum to the result from the optical transmission 

measurement. 

3.1.3 Electron Spin Resonance Spectroscopy 

Electron spin resonance spectroscopy or ESR (also called electron 

paramagnetic resonance spectroscopy or EPR) is one of the few 

experiments which give structural information about defects. The 

technique of ESR is based on the absorption of microwave radiation 
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Figure 3.2: Illustration of possible transitions in a-Si:H. 
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associated with unpaired electron spins when exposed to a magnetic 

field. When a quantum state is occupied by a single electron, the two 

states of a Pauli pair are normally degenerate, but are split by a 

magnetic field. ESR is the result of the transitions between the split 

energy levels. If the separation of the two energy levels, E=gpHo, is 

matched to the energy of incident microwave radiation, resonant 

absorption will occur. The strength of the microwave absorption gives 

the density of the paramagnetic electrons and the ESR spectrum yields 

information about the local bonding structure. Generally, the g-value 

shifts a few percent from the free electron g-value of 2.0033. The 

microscopic origin of this g-shift is the coupling between the magnetic 

moments created by the electron spin and by the orbital motion of the 

electronic charge in a bound state. The g-shift is generally used to 

distinguish paramagnetic defects with different microscopic properties. 

In the a-Si:H case, all forms of undoped amorphous silicon, including 

crystalline silicon made amorphous by ion bombardment, pure amorphous 

silicon made by evaporation, sputtering and glow discharge deposition, 

have a paramagnetic defect with its ESR resonance signal at a g-value 

of 2.0055. In 1969, Brodsky and his co-workers [32] were the first to 

observe the 2.0055 line and to suggest that the ESR-resonance signal 

at g=2.0055 is due to a neutral defect with an unpaired electron, i.e., a 
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silicon dangling bond. Since then, their suggestion has been widely 

verified by many researchers using various experimental techniques and 

theoretical models [33, 34]. Heavily doping or alloying of a-Si:H has a 

marked effect on the g-value, generally shifting a few percent from the 

Si dangling bond g-value of 2.0055. For instance, the g-value for 

conventional a-SiN :̂H films shifts down from 2.0055 to 2.0030 as the 

nitrogen concentration x increases from 0 to 1.33 [35, 36]. This shows 

that the structure of the conventional silicon dangling bond with three 

nearest-neighbor silicon atoms changes into the silicon dangling bond 

with three nearest-neighbor nitrogen atoms [35, 36]. Since the g-shift 

is directly related to the nature of the defects, a good understanding of 

the microscopic origin of the g-shift is very important in the study of 

amorphous materials. In the following, we discuss the microscopic origin 

of the g-shift, and how electron spin resonance can be used for 

investigating defect structures. 

When there is a low density of isolated paramagnetic electrons, as 

in a-Si:H, the Hamiltonian describing the electron spin energy states [37] 

is 

H = g,\^fi^'S-\ijfI^\^g\S-Y W (3.8) 
i 

where ĝ  is the g-value (Lande factor) of the free electron, iig is the 
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Bohr magneton (|iB=eh/27cmc), HQ is the externally applied magnetic field, 

S is the electron spin. [Ag] is the interaction tensor of the spin-orbit 

coupling, Ij and Aj are the nuclear spin and hyperfine tensor respectively. 

The summation in the Hamiltonian is over all the contributing nuclei near 

the electron. 

The first term in Eq.3.8 is the Zeeman energy of a free electron 

with magnetic moment p̂  = gojieS in an external field, HQ. It is obvious 

that the term Is independent of the microscopic nature of the spin state, 

and therefore contains no information about the structure of the 

Investigated defect. However, the Zeeman interaction is very important 

because it usually is the dominating contribution to the spin Hamiltonian 

and allows the treatment of the other terms within perturbation theory 

[11, 37]. Moreover, by correct choice of HQ, the condition of electron 

spin resonance, 

hv = {mjH\m)-{m,-l\H\m^-l) = g^^i^^ (3.9) 

can be shifted into a range of resonance frequencies, v, which is 

convenient from an experimental point of view and which provides 

maximum sensitivity or spectral resolution. In Eq. 3.9, m̂  is the electron 

spin quantum number. 
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The second term in Eq.3.8 has the same form as the Zeeman 

interaction except replacing ĝ  by the tensor [Ag]. The microscopic 

origin of this g-shift is the coupling between the magnetic moments 

created by the electron spin and by the orbital motion of the electronic 

charge in a bound state. According to the Lorentz-transformation, an 

electron which moves with velocity V through an electric field E 

experiences a magnetic field in a coordinate system moving with the 

electron [38], 

H' = - I v x ^ . (3.10) 
c 

The interaction between H' and the magnetic moment associated with 

the electronic spin, Me=9oM̂ BS, gives rise to a spin-orbit term in the spin 

Hamiltonian, 

tiso-^.'H' = -^^SiVxE) (3.11) 

Within a solid, the electric field seen by an electron is mainly determined 

by the radially symmetric nuclear fields, E=E(r)r, where r is the radius 

vector. The product VxE in Eq.3.11 can be expressed as 

VxE = ^xEir)r = - ^ L (3.12) 
m m 

where L=rxP is the orbital momentum of the electron. Thus, equation 
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3.11 has the simple form 

H^f^= CLS . (3.13) 

This equation expresses the spin-orbit interaction in terms of local 

properties, the electron spin S, the orbital angular momentum L of 

electron around a given nucleus, and the atomic spin-orbit coupling 

constant, C. If considering the spin-orbital coupling as a perturbation of 

the Zeeman energy, the tensor [Ag] in the terms of the orbital angular 

momentum can be written as 

^ {0\L,\k} ik\L.\0) 
l^glj=-2CY: '' , '^ ' (3.14) 

k*0 ^k ^0 

where Lj and Lj are the components of the orbital momentum operator, 

|0) and |k) are the wavefunctions of the defect ground state and the 

exited state, EQ and Ê  are the energies corresponding to these states 

respectively. 

We have discussed the origin of the g-shift in the electron spin 

resonance spectra in some detail, because the value of g-shift contains 

detailed information about the local bonding structure of the defect. 

Here, it is worthwhile to notice that the form of Eq.3.13 is especially 

suitable for describing amorphous semiconductors since no assumptions 

about long range order are made. 
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The last term in Eq.3.8 is from the magnetic interaction (called 

nuclear hyperfine interaction) between the electronic spin, S, and nuclear 

spin, I. The nuclear hyperfine interaction splits the paramagnetic states 

of an electron when it is close to a nucleus with a magnetic moment. 

Although the hyperfine interaction is usually less than 10% of the 

Zeeman splitting [11], the hyperfine ESR data are valuable because they 

are the best measure of the electron wavefunction at the defect. 

Experimentally, the hyperfine spectrum can be resolved by using an 

extended magnetic field scan and by increasing the amplification by a 

factor of about 100 for the ESR absorption signal [11, 39]. 

3.2. Film Deposition and External Characterization 

The films of fluorinated a-SiNx:H in the present study were 

prepared by rf glow discharge decomposition of silane (SiH4) and 

nitrogen trifluoride (NFg) gas mixtures at the University of Arkansas. The 

details of the glow discharge apparatus can be found elsewhere [7]. All 

the films were prepared at 250°C substrate temperature, 200 mTorr gas 

pressure, 0.07 W cm^ rf power, and 13.56 MHz rf frequency. The 

nitrogen content of the films is varied by changing the gas flow ratio R 

(NFg/SIHJ, while keeping the total flow rate constant except for one film 
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(film 9). The flow rates of SIH^ and NF3 for each film and the 

corresponding deposition rate are listed in Table 3.1. 

Comparing with unfluorinated a-SiN,:H made under similar 

deposition conditions [36], we find that the deposition rate is higher than 

that of unfluorinated nitride alloys. This suggests that NF3 produces 

deposition precursors more efficiently than other nitrogen sources such 

as NH3 [36]. 

Table 3.1. Deposition Parameters 

Film no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Flow 
NF3 

0 
1 
2 
4 
5 
6 
8 
9 
9 

rate(sccm) 
SiH4 

34 
33 
32 
30 
29 
28 
26 
25 
15 

R=NF3/SiH4 
( % ) 

0 
3.0 
6.3 

13.3 
17.2 
21.4 
30.8 
36.0 
60.0 

Deposition rate 
A/min 

92 
516 
468 
765 
828 

1080 
1547 
1530 
1903 

The films were deposited on Corning 7059 glass for optical 

transmission and CPM measurements, on aluminum foil for ESR 

measurements, and on polished crystalline silicon wafers for IR 

absorption measurements. A pair of coplanar gold electrodes with a 

spacing of 0.5 mm was deposited on the films for CPM measurements. 
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The layer deposited on the aluminum foil is peeled off and is used for 

ESR measurements. 

Dr. Charle Barbour at Sandia National Laboratory performed 

Rutherford backing scattering (RBS) and elastic recoil detection (ERD) 

measurements on some of these films for determining their hydrogen, 

nitrogen and fluorine concentrations. The results of the concentrations 

of hydrogen and nitrogen are listed in Table 3.2 below. 

Table 3.2. Concentration of hydrogen and nitrogen 

Film no. 

1 
2 
3 
4 
5 

H content 
( % ) 

11.5 
24.6 
25.5 
29.0 
30.2 

N content 
( % ) 

0 
4.3 
8.5 

10.5 
12.5 

According to the report from Dr. Barbour, the concentration of 

fluorine is below the detectable limit for these films. 
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3.3. Experimental Details 

3.3.1 UV-Visible Absorption Measurement 

The UV-Visible absorption data of the fluorinated a-SiN,:H films 

were acquired using a conventional two beam spectrometer (Shimadzu 

model UV-256). For these measurements, films deposited on plain glass 

substrates were used along with a reference substrate. The effective 

range for the films is about 500-800 nm (1.6 eV to 2.5 eV). The 

spectrometer actually measures the absorbance, A, which is defined by 

the equation 

P 
A = -logT = log-^ (3.15) 

P 

where T Is transmittance of the sample, P̂  and P are the light intensity 

incident onto the sample and the light intensity transmitted through the 

sample, respectively. In fact, P̂  is the light detected after passing 

through only the substrate; the dual beam setup of the spectrometer 

insures that intensity fluctuations of the light source are automatically 

taken into account. The absorbance data can be transformed to optical 

absorption coefficient, a, using the Beer-Lampert's law, 

P = PjQxp{-ad) (3.16) 

Combining the Eq.3.15 with the Beer-Lampert law, the absorption 
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coefficient a can be expressed as 

a = A : ^ (3.17) 

where d Is the thickness of the sample. For the films deposited with 

lower flow ratio (R<0.30), since the reflection from the film surface is as 

high as about 0.20 of the Incident light, we use the formula, 

T=(1-R)2exp(-ad) (3.18) to calculate the absorption coefficient [11] . The 

reflective indices R of the films is estimated by measuring the intensity 

of the incident light and deflected light using a Neon laser as the light 

source. 

Another parameter that can be obtained from the UV-visible 

absorption spectrum is the index of refraction. Generally, in the longer 

wavelength region, interference fringes are present in the spectrum (due 

to the difference between refractive indices of the film and substrate). 

From the inference maxima or minima and the thickness of the film, the 

refraction index can be determined using 

^__^^M^ (3.19) 
A(X^-X^)d 

where the X^ and X^ are the two wavelengths at which the minima or 

maxima are seen and Af is the number of fringes between them. 
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3.3.2 Infrared Absorption Measurement 

For the IR absorption measurements, a Perkin-Elmer model 1600 

Fourier transform infrared (FTIR) spectrometer was used to carry out the 

measurements. The IR absorption spectra was recorded in the range 

of 400-4000 cm"" and corrected for the substrate absorption. In order 

to convert the transmittance, T, from IR measurement to the absorption 

coefficient a(co) and eliminate the shallow interference fringes due to the 

small difference In index of refraction between the substrate and the 

films, we use Brodsky's correction [40], 

j^_(JzKf_ (3.20) 

where a is the absorption coefficient, d the film thickness, and R an 

empirically determined interface multiple reflection loss. For a silicon 

substrate, we can set T=To=0.54 at a=0 to determine R [40]. Equation 

3.19 then becomes 

7^=___Il£I (3.21) 
(i+r/-(i-r/e-2«^ 

which can be solved for a in terms of the measured T. 
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3.3.3 The CPM System 

The experimental setup for the CPM measurement is shown 

schematically in Fig. 3.3. A 200 W Tungsten-halogen lamp is used as 

the excitation source. The light from the source is dispersed using a 

monochrometor (PTI model 1307) and then divided into two parts by a 

neutral beam spliter. One part of the light is focused onto the sample 

and another onto a liquid nitrogen cooled Germanium detector (EG&G 

J16D), which is used to monitor the light Intensity. Various filters are 

used to cut off the higher order diffraction lines. The photocurrent from 

the sample is measured by a picoammeter (Keithley model 485), and the 

output of the meter is recorded by computer. The computer controls a 

feed-back loop where the intensity of the exciting light source is varied 

via a programmable voltage supply (Hewlett 6635A) to keep the 

photocurrent constant with the change of wavelength of light. The 

computer records the response from a system consisting of the Ge-

detector and a low noise linear preamplifier, and corresponding 

wavelength. The preamplifier used with the Ge-detector is to raise the 

detection sensitivity. The response of the system from 700 to 1500 nm 

is obtained by calibrating with a thermopile detector (Oriel 71130) with 

a near-linear response in this region. 
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Generally, the CPM measurements are started at the long 

wavelength side because the photocurrent is smaller due to lower 

absorption in this region. This is for convenience in determining a 

suitable constant photocurrent value under the least sensitive initial 

conditions. In order to reduce the noise, the ratio of photocurrent (IpJ 

to dark current (1̂ ) should be kept as large as possible. In actual 

practice, the requirement is limited by some factors, such as the 

maximum intensity of the light source and the magnitude of 

photoconductivity of samples. In the measurement of fluorinated a-

SIN îH films, we found that the photosensitivity of the films decreases 

greatly with an increase in nitrogen content. It is very difficult to keep 

the ratio of Ip̂  to 1̂  above an order at room temperature. Therefore, the 

CPM measurements for films prepared with flow ratio R > 0.25 were 

carried out at 240 K. Since the dark conductivity is reduced much more 

than photoconductivity by lowering the temperature, this increases the 

ratio of photo-to-dark conductivity sufficiently to carry out the CPM 

measurements. 

3.3.4 The ESR Spectrometer 

Figure 3.4 shows a block diagram of the ESR spectrometer used 

in this research. The system uses a Varian klystron (model 2k25) to 
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produce microwave oscillation in the 8.5-10.2 GHz frequency range 

(X-band). The frequency of monochromatic radiation is determined by 

the voltage applied to the klystron. In order to stabilize the desirable 

frequency, an automatic frequency control (AFC) system is used. The 

heat generated by the klystron is removed by circulating water system 

through the klystron mount. 

The radiation output generated by the klystron passes though a 

ferrite isolator which only allows the wave to pass fon /̂ard and an 

attenuator into arm 1 of a "magic T." The attenuator can be adjusted to 

control the power level into the T. The "magic T" divides the Input 

power directing half into arm 2 which has a phase shifter and adjustable 

load and the other half into the arm 3 containing the sample cavity. 

The reflected power from arm 2 and 3 reenters the T and is recombined 

and passed into arm 4 through the second Isolator to a crystal detector 

(2N23D). The phase shifter is adjusted to recombine the reflected 

waves with a 180° relative phase reducing the carrier amplitude 

compared to the resonant absorption in the cavity. In order to raise the 

sensitivity of the system, a low noise, high gain preamplifier (Ithaco 

model 1201), and a lock-in amplifier (Ithaco model 319 A) are used with 

the crystal. The lock-in output is sent to a data acquisition system 

which will be discussed later. 
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The static magnetic field is provided by a Varian V-3400 

electromagnet and a regulated magnet power supply (Varian V-2503). 

In order to control the strength of the static magnetic field accurately, we 

used Varian's X-axis drive consisting of a stable voltage source and a 

highly linear potentiometer. This system is directly coupled to the motor 

controlling the sweep of static magnetic field. Thus, the voltage output 

of the X-axis drive varies linearly with the sweep of the magnetic field 

and can be used to indicate strength of the static magnetic field if the 

sweep range settings are known. 

Magnetic field modulation for phase sensitive detection (lock-in) is 

obtained from a pair of auxiliary coils mounted on the pole faces of the 

magnet. These coils are operated through a power amplifier (Mcintosh 

model 75) driven by the reference oscillator of the lock-in amplifier. The 

use of magnetic field modulation and phase-sensitive system signal 

detection greatly improves the signal-to-noise level. The modulation 

frequency for magnetic field oscillation is generally in the range of 

several hundred Hz. The lock-in phase is adjusted to yield the first 

derivative of the ESR absorption signal. 

The data acquisition system consists of a PC-AT computer and a 

multifunction data acquisition card. The data acquisition card is the 

PCL-711B PC-MultlLab card which has three subsystems, a 8-channel 
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analog-to-digital converter, one-channel digital-to-analog converter and 

one-channel digital I/O port. Two of the eight A/D channels are used to 

read the ESR absorption signal and the sweep voltage from X-axis 

driver which varies linearly with the strength of the static magnetic field. 

Since the conversion time of the A/D converter is very fast (< 25 ^s), 

an average value is recorded from measuring the data 3 times for each 

field bin. For a single full sweep, we typically used bins of a few tenths 

of a gauss each and recorded the sum 10 to 50 sweeps depending on 

signal strength. 

In our actual measure of the fluorinated a-SIN îH films, the 

frequency of the modulation was chosen from 300 Hz to 1 kHz, 

depending on where the strongest signal to noise ratio could be 

obtained. In order to raise the intensity of the absorption signal, the film 

with lower ESR signal intensity was performed at liquid nitrogen 

temperature, 77 K. Since the ESR signal intensity is directly proportional 

to the population difference An between the two Zeeman energy levels 

split by a magnetic field and An is inversely to the absolute temperature 

[41], the intensity of the absorption signal at liquid nitrogen temperature 

(77K) is approximately four times higher than at room temperature 

(300K). 
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CHAPTER IV 

EXPERIMENTAL RESULTS AND DISCUSSIONS 

4.1 Infrared Absorption Spectrum of Fluorinated a-SiN.:H 

In this section, we discuss the results from the IR absorption 

measurements of the fluorinated a-SiN,:H films in considerable detail 

since these data provide the most direct information relative to the 

bonding configuration of the constituent atoms. Information from the IR 

spectra is analyzed to determine the film composition for each of several 

deposition conditions. 

A typical Infrared absorption spectrum for a fluorinated a-SiN,:H 

film prepared by RF grow discharge decomposition of a gas mixture of 

SiH4 and NF3 is shown in Fig. 4.1. The IR absorption spectrum is 

recorded in the range of 400 to 4000 cmV The main features for 

fluorinated a-SiN,:H films consist of peaks at around 640 cm \ 850 cm \ 

1190 c m \ 2100 cm"̂  and 3340 cm\ There is a relatively large amount 

of literature dealing with the frequencies of the various SIH, NH, and SiN 

vibrations in silicon nitride alloys [42,43]. For the convenience of 

discussion, the frequencies of various vibration modes are summarized 

in Table 4.1 below. 
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Figure 4.1: Infrared-absorption spectrum of fluorinated 
a-SiN,:H. 
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Table 4.1 Vibrational Frequencies of Various Bonding Configurations in 
a-SiN,H 

Bonding 
config. 

SiN 
SIH 
SIH 
NH 
NH 
OH 

Motion 

stretch 
stretch 
wagging 
stretch 
bend 
stretch 

Frequency 
(cm-̂ ) 

830-890 
2100-2200 

640 
3340 
1195 
3650 

IR 
activity 

strong 
medium 
medium 
medium 
strong 
medium 

Reference 

42, 
42, 
42, 
42, 
42, 

r 

43 
43 
43 
43 
43 

Comparing the spectral features of fluorinated a-SiN îH films with 

those reported in the literature for conventional a-SIN îH films, we find 

that the basic absorption bands are similar. This suggests that the 

bonding configuration of the fluorinated films is similar to conventional 

films. Therefore, we can preliminarily assign these main peaks to Si-H 

wagging (640 cm^̂ ), Si-N stretching (850 cm'), N-H bending (1190 cm'), 

Si-H stretching (2100 cm'), and N-H stretching (3340 cm') vibration 

modes, respectively. In the following section, we will focus on these 

main absorption bands to extract more detailed information about 

bonding configurations in fluorinated a-SiN,:H films and discuss the 

changes observed in these bands with an increase in the NF3/SiH4 flow 

ratio R from 0 to 60 %. 
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4.1.1 Bonding Configurations of Fluorinated a-SiN,:H 

Figure 4.2 shows a plot of the IR absorption spectra in the range 

500-1300 cm'. It shows that, with the introduction of NF3 into the 

system, the intensity of the Si-H wagging (640 cm') peak increases. 

With a further increase in the ratio of flow rates R, the absorption 

intensity of Si-H wagging mode at 640 cm' decreases, but the intensity 

of Si-N stretching mode (850 cm') increases. Similar trends have been 

reported by other researchers [44, 45]. The main difficulty with the 

assignments of other possible peaks except the Si-N stretching peak in 

800-1000 cm' region is that fluorine (mp=:19.0) and oxygen (mo=15.9) 

(accidental contaminant, see below for detail) have relatively small 

differences in their atomic masses; thus the Si-X stretching mode 

vibration frequencies with silicon are very closely spaced. In addition the 

absorption due to the Si-Hg wagging (890 cm') and scissors (845 cm') 

modes also lie in this region [46]. As a result, it is difficult to separate 

the various contributions based solely on analysis of IR spectra. In the 

following we present our interpretation and justification for possible 

assignments. From the absorption spectra shown in Fig. 4.2, we find 

that all films except for the intrinsic film (sample 1, R=0) have a double 

peak superimposed on the SI-N stretching mode peak at 850 cm'. The 

locations for these peaks are 840 cm"' and 890 cm', respectively. 

63 



8000.0 

6000.0 

E 

.9. 4000.0 H 
CL 

O 
(/> 

< 

2000.0-

0 .0 -
500.0 700.0 900.0 1100.0 

Wavenumber (cm'') 
1300.0 

Figure 4.2: Infrared-absorption spectra of samples 1, 2, 
5, 7, and 9 in 500-1300 cm"' region. 
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Although Si-F (850 cm') and Si-Fg (870 cm') stretching modes have 

absorptions in the same region [14], we think that these peaks should 

be attributed to Si-Hg wagging and Si-Hg scissors modes, respectively. 

This is supported by the results from the Rutherford Back Scattering and 

Elastic Recoil Detection measurements which report that fluorine is below 

the detection limit for low nitrogen content films (see section 3.2). But, 

the important fact is that the aforementioned double peak structure still 

exhibits in the IR spectra for those films, and therefore supports our 

assignments. The contribution of these two peaks to the total peak is 

quite small and the Si-N stretching mode dominates the absorption. The 

peak at 1190 cm' due to the N-H bending mode does not appear until 

the flow ratio R reaches 17%. The intensity of this peak then increases 

with an increase of the ratio R. This phenomenon is similar to that 

reported for conventional a-SiN̂ îH [42]. 

Figure 4.3 shows spectra for 5 films in the range 1800-2350 cm'. 

The absorption peak shifts to higher wave numbers, and the absorption 

intensity first increases and then decreases with an increase in the ratio 

R of flow rates. This is consistent with a similar trend for the Si-H 

wagging absorption (640 cm') discussed earlier. The Intrinsic a-Si:H film 

(film 1) shows a peak at 2000 cm' which indicates that Si-H type 

bonding is prevalent in that film. With addition of nitrogen, the peak at 
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Figure 4.3: Infrared-absorption spectra of samples 1, 2, 
5, 7, and 9 in 1800-2400 cm"' region. 
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around 2100 cm"' dominates over the Si-H stretching absorption and is 

accompanied by an increase In the intensity of this absorption peak. 

With addition of more nitrogen, the peak shifts towards even higher 

wavenumbers, the shoulder at 2000 cm' disappears, and a shoulder 

develops on the high energy side. In order to assign this absorption 

band to relevant bonding configurations, we made a simulation analysis 

of the envelopes to these absorption bands. This band can be 

reproduced by a superposition of Gaussian components at around 2100 

cm', 2140 cm', and 2204 cm', respectively, for films with higher 

nitrogen content. Figs. 4.4a, 4.4b, and 4.4c show the spectra In this 

range separated into three Gaussian profiles for sample 5, 7, 9. With 

an increase of the ratio R, the peak at 2000 cm' which dominates this 

band in the intrinsic sample (sample 1, see Fig. 4.3) disappears and the 

peaks at around 2140 cm' and 2204 cm' grow. Since absorption 

peaks shift to high wave numbers with an increasing number of 

hydrogen atoms or other atoms with higher electronegtivity bonded to a 

specific Si atom, we assign these peaks to Si-Hg stretching (2100 cm') 

[46], Si-Hg stretching (2140 cm') [46], and 0-Si-H stretching (2204 cm') 

[47], respectively. The presence of the silicon-hydrogen clustered phases 

has also been found by using the proton magnetic resonance spectrum 

[44] to the fluorinated a-SiN,:H films deposited by RF grow discharge 
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Figure 4.4: Fitted spectra of samples 5, 7, 
and 9 in 1800-2400 cm"' region. 
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decomposition of the gas mixture of NF3, F^, SIH^ and He. The 

assignments for the first two bands are supported by the results that 

three absorption bands around 2000, 2100 and 2140 cm' have been 

observed in a-Si:H films [46] prepared by glow discharge deposition or 

sputtering. For the peak at 2204 cm', the source of the oxygen in the 

fluorinated a-SIN^ films might be from an impurity in the NF3 gas used 

for deposition and from etching of the inner wall and electrodes of the 

reaction chamber in the deposition process (see below for detail). 

Generally, the peak shift is directly associated with changes in the Si-H 

interatomic distance, DSJ.H, which result from modifications in the electron 

distribution about the silicon atom that is induced by the substituting 

atoms. As the electronegativity of the substituting species increases, the 

degree of S-character in the hydrogen-directed silicon orbital increases 

[48], shortening DQIH and increasing the effective force constant and 

vibrational frequency, VSJ.H- Although another possibility which would 

cause the absorption peaks to shift to higher wavenumber would be if 

a nitrogen atom replaces a hydrogen atom in the Si-Hg or Si-Hg bonding 

configuration, we doubt this possibility because, as shown in Fig.4.2, the 

Si-H wagging vibration mode at around 640 cm' does not shift 

significantly. 
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As discussed above, the phenomenon that the Si-H stretching peak 

shifts to higher energy with an increase of nitrogen content clearly shows 

that addition of nitrogen facilitates formation of clustered hydrogen 

phases and these phases increase significantly with the increase of 

nitrogen incorporated into the network. The growth mechanism of the 

formation of clustered hydrogen phase is not clearly understood. 

Although the principle of the RF grow discharge deposition is quite 

simple, the physical and chemical processes which take place are 

exceedingly complex, and it is difficult to identify the dominant reaction 

paths from many possibilities. One reason may be that the high 

deposition rate results in incomplete dissociation of silane to form the 

silane diradical (SiH2) and triradical (SIHg). Table 3.1 shows that the 

deposition rate for the fluorinated films increases about twenty times with 

an increase of NF3 gas content. In preparing intrinsic a-Si:H, the 

clustered hydrogen phase is also created and grows if the deposition 

rate is raised above the optimum (about 60-600 A/min) [14]. Generally, 

the high deposition rate causes a columnar morphology associated with 

large concentrations of SiH2 and/or SiHg, leads to a much greater 

surface roughness, and results in a larger defect density [14]. This point 

of view is supported by the results from CPM and ESR measurements 

(see sections 4.2.2 and 4.3.1 for details), which show that the defect 
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density of fluorinated a-SiN,:H films is much larger than that of 

conventional a-SiN,:H films with comparable nitrogen content. 

Figure 4.5 shows the IR absorption in the range 3200-3600 cm' 

which mainly consists of a band corresponding to the N-H stretching 

mode. With an increase in the ratio R, the intensity of this peak 

increases accompanied by broadening. There is very little shift in the 

location of the peak with an increase in nitrogen content. This implies 

that none of the nitrogen atoms are bonded to fluorine atoms. The 

reason is that the N-H bond energy is stronger than that of N-F. 

According to Chang et al. [49], N-H bond formation is much more 

extrothermic than N-F, so exchange reactions in which hydrogen replaces 

fluorine on a nitrogen molecule are favored. For the films with high R, 

there is an appearance of 0-H stretching absorption peak at 3480 cm' 

[5] which supports oxygen incorporation into the network. The purity of 

NF3 used for deposition is only 99.5% and it has oxygen contamination 

level of 0.125%. Thus, as the NF3 flow rate increases, there may be 

some oxygen incorporation into the films. Another possibility might be 

that, the strong etchant HF gas which is formed in the deposition 

process etches the electrodes and the inner wall of the reaction chamber 

to introduce extra oxygen contamination [50]. In the deposition of the 

fluorinated films, the reaction chamber is made of stainless steel, not a 
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Figure 4.5: Infrared-absorption spectra of samples 2, 4, 
7, 8, and 9 in 3200-3600 cm"' region. 
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fused quartz reactor. We have measured these fluorinated a-SIN,:H 

films several times at 2-3 month intervals and found that the IR spectra 

of the films are very stable. The reproducibility of the IR spectra of the 

films upon exposure to air suggests that there is no hydrolysis of the 

films and the oxygen content of the higher nitrogen content films is low 

but constant with time. 

4.1.2 Composition of Fluorinated a-SiN,:H 

As discussed in Chapter III, the integrated IR absorption under 

certain peaks can be used to calculate the concentration of constituents 

if the dominant bonding configurations and corresponding oscillator 

strengths are known. In our case, since the composition of the films is 

first explored, the initial necessary step will be to obtain the oscillator 

strengths for each main IR absorption band. According to the previous 

discussion, the assignments for the main IR absorption bands allow us 

to formulate the following relations for the number density of hydrogen 

and nitrogen atoms, respectively [42]: 

^ W = N,._j, -H N^_^ (4.1a) 

NiN) = I ( V ^ + Â .̂_̂ ) . (4.1b) 
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In formulating these equations all of the nitrogen atoms are assumed to 

be threefold co-ordinated and the number of hydrogen atoms bonded to 

oxygen is assumed to be small compared to the number bonded to 

nitrogen and silicon. The number density, Nj of a particular oscillator 

can be obtained by integrating under the corresponding absorption peak 

as 

N. = A, f^^di. = A, /, (4.2) 

where Aj is the oscillator strength and lj is the integrated absorption 

intensity under a particular band. In our calculation of the number 

density for the Si-H bonds, the Si-H wagging mode absorption band 

(around 560-720 cm') was used because the IR-wagging-mode 

absorption is proportional to the total hydrogen content and not very 

sensitive to the bonding configurations. Some reports [583] on intrinsic 

Si-H and its nitrogen alloys have shown that the oscillator strengths of 

the IR-stretching modes of monohydrides (Si-H) and polyhydrides (Sl-Ĥ ,̂ 

x=2,3) are different and should be dealt with separately. On the other 

hand, in the case of fluorinated a-SiNĵ :H films, the absorption band in 

the range of 1900-2300 cm"' is more complex than that of the intrinsic 

a-Si:H or its nitrogen alloy. As discussed in the previous section, the 

contribution to this IR absorption band comes not only from Si-H, Si-H2, 
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and Si-Hg stretching vibrations, and but also from the 0-Si-H stretching 

mode. So, it is impossible to find their oscillator strengths separately by 

using only the IR absorption intensities in the Si-H stretching vibration 

region. 

In our practical calculation, the oscillator strengths were obtained 

by fitting the following equations for the known hydrogen and nitrogen 

concentrations obtained from Rutherford back scattering (RBS) and 

elastic recoil detection (EDR) measurements (see Table 3.2), 

respectively: 

N(H) = ^si-i/si-H - V A - / P (4-3a) 

NW = I (As,.s^si-M - V//^-/.) . (4.3b) 

For the Si-N and N-H intensities the entire bands from 750-1000 cm"' 

and 3250-3450 cm' were used assuming that the Si-N and N-H 

vibrations are the dominant ones in the corresponding ranges. 

The oscillator strengths which yield the best fits according to 

Eq.4.3 are (1.5±0.3)x10'^ emptor the Si-H bond, (1.8±0.2)x10'° cm"̂  for 

the N-H bond, and (1.6±0.3)x10'^ cm^ for the Si-N bond, respectively. 

The value obtained for the oscillator strength of Si-H wagging mode is 

comparable to the value of 1.6x10'^ cm^ reported for a-Si:H films [51]. 
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The oscillator strengths for the Si-N asymmetric stretching mode and the 

N-H stretching mode are slightly larger than the (1.3±0.2)x10'^ cm' and 

(1.2±0.3)x10'° cm' reported by Bustarret et al. [42] for conventional a-

SIN :̂H films. The difference might be due to the change in surrounding 

matrix in fluorinated a-SiN,:H films due to small traces of oxygen and 

fluorine. 

The variation of Si atomic density is from 5x10'' to 4x10" cm^ 

with a change of nitrogen concentration from x=0 to x=1.3 in a-SiN,:H 

[42]. According to G. Sasaki et al. [52], the absolute silicon density 

drops near-linearly between 5x10" cm^ at y=0 and 4x10" cm^ at 

y/x=4/3 for amorphous silicon nitride alloy, a-Sî Ny. Therefore, for the Si-

rich fluorinated a-SINj(:H, a good estimate of the atomic percentage of 

hydrogen and nitrogen can be obtained from the ratio of the 

corresponding number densities when assuming a constant value of 

5x10" cm"̂  for the atomic number density of silicon independent of the 

nitrogen concentration. Figure 4.6 shows a plot of calculated atomic 

percentages of hydrogen and nitrogen in the films as a function of the 

ratio of flow rate R. As the ratio R increases, there is a steady 

increase in the concentration of nitrogen and the concentration of 

hydrogen initially increases and then decreases slightly for larger R. 

This indicates that using silane (SiH4) and trifluoride (NF3) as reactant 
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Figure 4.6: Calculated concentration of hydrogen (H%) and 
nitrogen (N%) as a function of the flow ratio R. 
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gases in the deposition effectively prevents additional hydrogen 

incorporation in the films. Although the reason for preventing H 

incorporation in the films Is not clearly known, we think that one reason 

may be that fluorine reacts with the hydrogen to form gas phase HF 

during the deposition process. This point of view is supported by the 

results from Livengood's group [5]. They have found that the hydrogen 

concentration in the fluorinated a-SiN,:H films deposited by RF glow 

discharge decomposition of gas mixture of SiH4, He, NH3 and NF3 

(1:9:5:5) Is depressed with HF formation. Of course, to solidify this point 

about the HF formation at the condition of lower NF3 gas concentration, 

the in-situ IR measurements during the deposition process is still 

necessary. 

4.2 Optical Absorption Spectrum of Fluorinated a-SINjH 

In this section, we discuss the results from UV-Visible absorption 

and CPM measurements. The relationship between some important 

parameters, such as the optical gap, Urbach energy, defect density, and 

nitrogen concentration is discussed in detail since they are directly 

related to the electronic properties of the films which will have possible 

applications In microelectronics. The density of states distribution in the 

band gap for the fluorinated a-SiN5̂ :H is discussed in detail in Sec. 4.2.3. 
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A typical spectrum of the fluorinated a-SiN,:H films from UV-Visible 

absorption measurement is shown in Figure 4.7. In the long wavelength 

region, there are some interference fringes which arise from the 

difference between refractive indices of the film and substrate. The 

absorbance data from the measurement are converted to absorption 

coefficient, a, by using Beer-Lampart's law or Eq. 3.18 to match CPM 

spectrum. 

Figure 4.8 shows the absorption spectra of the films from the CPM 

measurements. With an increase of nitrogen content, the absorption 

curve moves toward higher energy showing a systematic increase in the 

energy of the absorption edge. All films exhibit an exponential 

absorption regime or Urbach edge which becomes significantly broader 

as the nitrogen content increases. In the lower energy region, all films 

have a shoulder which shifts to the higher energy side with an increase 

in the nitrogen content. 

4.2.1 Optical Gap and Urbach Energy 

Figure 4.9 displays the variation of the optical gaps Eg with 

nitrogen content. The bandgap Eg (also called Tauc gap) of the film 

was obtained using the Tauc relation 
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Figure 4.7: Optical absorption spectrum of the fluorinated 
a-SIN-H film. 
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Figure 4.8: Absorption spectra of the fluorinated a-SiN,:H films 
from CPM measurements. 
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y/oE = y/B (E-E-) (4.4) 

In the high absorption region (a-IO'* cm'), where E is the photon energy 

and B is the edge width parameter. E04 (energy at which the absorption 

coefficient of the film reaches 10^ cm') is also shown in Fig.4.9 for 

comparison with the Tauc gap. The calculated data are listed in Table 

4.2 below. 

Table 4.2 The Tauc Gap (Eg). E04, and Urbach Energy (EQ) of 
Fluorinated a-SiNx:H 

Film No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Ea(eV) 

1.66±0.03 
1.79±0.03 
1.9210.03 
2.09±0.04 
2.13+0.05 
2.16+0.05 
2.19+0.05 
2.21+0.05 
2.34+0.05 

Eo4(eV) 

1.93+0.03 
2.06+0.04 
2.28+0.03 
2.47+0.04 
2.46+0.04 
2.49+0.04 
2.51+0.05 
2.57+0.05 
2.72+0.04 

Eo(eV) 

0.071+0.03 
0.085+0.03 
0.121+0.04 
0.140+0.04 
0.142+0.05 
0.143+0.05 
0.159+0.05 
0.168+0.05 
0.185+0.05 

In Table 4.2, the error bars are fron the calculation using the 

definition of the sample standard deviation. 

With an increase in nitrogen content Eg and E04 increase which is 

consistent with the expected increase in the Si-Si bonding energy due 

to the increase of the average number substituting N atoms for Si 

neighbor atoms. In a-Si:H, as discussed in chapter 2, the valence and 
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conduction bands are due to the bonding and antibonding states from 

SP^ hybridization. When an N atom is a neighbor to a Si-Si bond, the 

Si-Si bond energy will increase since the N atom is more electronegative 

than the Si atom (electronegativities are 1.8 for Si, 2.1 for H and 3.0 for 

N). As a result of the increase of the Si-Si bonding energy, the energy 

level of the antibonding state shifts upward and the bandgap energy 

increases as observed in the optical absorption. 

When compared to unfluorinared a-SiNĵ :H films, the increase in the 

bandgap observed here is larger than that for the same nitrogen content 

in conventional glow discharge films [3]. One possible explanation for 

the wider bandgap, aside from the different deposition conditions, may 

be the oxygen incorporation in the films. a-SiOx:H films show a similar 

increase in the bandgap with an increase in the oxygen content [53]. 

Thus, the Increase in the bandgap in high nitrogen content films could 

be due to the presence of both nitrogen and oxygen. Hence, it is larger 

than in unfluorinated a-SiNx:H films. 

The decrease in the edge width parameter B (also shown in 

Figure 4.9) supports a flattening of the conduction and valence bands 

with increased nitrogen content. Indicating more states partially localized. 

In other words, the degree of disorder increases as more N atoms are 

Incorporated into the amorphous network of the films. This can be 
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mainly attributed to an increases of stress in the amorphous network as 

N atoms incorporate into it. When an N atom replaces a Si atom at 

random, differences in the expected bond angles due to the SP^ 

hybridization for the Si atom and the SP^ hybridization [54] for the N 

atom, and the bond length differences between Si-Si and Si-N, induce 

an increase of the stress in the amorphous network. Comparing the 

width parameter of the fluorinated a-SiN,:H with that of conventional a-

SiN,:H films [3, 55], the value of B"̂  (x=0) decreases to half its value 

as the nitrogen content increases from 0% to 19% for the fluorinated 

films. However, to reach the same change of B'̂ ^ for conventional a-

SiNĵ :H films requires a nitrogen content near the stoichiometric ratio (a-

SIN ,̂ x=1.33). We think that the large difference between fluorinated 

and conventional films mainly comes from the different deposition 

chemistry. Generally, the hydrogen content in conventional a-SiNx:H 

alloys increases with x and can reach as high as 35%. But, for the 

fluorinated a-SiNx:H, the hydrogen content is nearly constant as the N 

content increases (see Fig. 4.6). Since H atoms can release stress in 

an amorphous network, the stress in conventional a-SiNx:H alloys is 

smaller than that of the fluorinated a-SiNx:H alloys. 

Figure 4.10 shows a plot of the Urbach energy (EQ) versus the 

nitrogen concentration of the films. The Urbach energy was extracted 
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Figure 4.10: Urbach energy Ê  as a function of nitrogen 
content. 
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by fitting the exponential region of the absorption (a ~ 10̂  cm') with the 

relation a = aoexp(-E/Eo). For comparable nitrogen content the Urbach 

energy for a fluorinated film is higher than the Urbach energy for an 

unfluorinated film [3, 55]. Since Urbach energy of a material is usually 

associated with compositional and structural disorder, it can be concluded 

that fluorinated films have more bond angle and bond length disorder 

than conventional a-SiN,:H films. This is consistent with the above 

discussion concerning variations in the edge width B. 

4.2.2 Defect Density of States 

As discussed in Chapter II, the shoulder region of the optical 

absorption below the Urbach edge is normally ascribed to transitions 

involving defect states. CPM is sensitive to only those transitions which 

contribute to the photocurrent. Since the photocurrent in silicon-rich a-

S\N^:H alloys is dominated by electrons due to their higher mobility, CPM 

detects only those transitions which create mobile electrons in the 

conduction band. The most dominant defect [54,56] in conventional 

silicon-rich a-SiN,:H is believed to be the silicon dangling bond. The 

singly occupied neutral dangling bond, usually denoted by S^^, and 

doubly-occupied negatively charged dangling bond, usually denoted by 

SI3, can both contribute an electron to the conduction band by absorbing 
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a photon of suitable energy. Therefore CPM can detect transitions 

originating from both of these defects as well as any other defect which 

can contribute an electron to the conduction band. 

The integrated intensity In the shoulder region can be correlated 

to the density of defects. As mentioned in Chapter II, in a-Si:H such 

a correlation yields the empirical relation 

N^(cm -^)=1.9xl0^^ I a^Jem -^)dE(eV), (̂ .5) 

where N̂  is the defect density and the excess absorption, aexc(E), is 

determined as 

The quantities a^ and Ê  are determined as described in the preceding 

discussion of Urbach energy. The scaling constant in Eq. 4.5 is 

obtained by calibrating CPM data with ESR results on intrinsic a-Si:H 

films. Investigating the origin of the scaling factor, we found that this 

factor should be proportional to the index of refraction of the material 

and inversely proportional to the effective charge of the defect [65]. 

Generally, in intrinsic amorphous silicon, the low frequency value of the 

refractive index varies with preparing conditions from 2.9 to 3.7 [57]. 

The refractive index of high-quality glow discharge films made from pure 
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silane is close to the crystalline value of 3.4 [57]. However, the 

refractive index for amorphous silicon nitride, is usually between 1.8 to 

2.2. For amorphous silicon nitride alloys, the index varies near-linearly 

with the ratio of Si-H bond and N-H bond densities [57]. Impurities can 

also cause a variation of the value of refractive index. For an example, 

oxygen contamination in films can cause a decrease of the index value. 

In order to obtain the defect density of fluorinated a-SiN,:H films, we 

used the interference fringes in UV-visible absorption spectrum and Eq. 

3.8 to calculate the index of refraction for all films. The calculated 

results are listed in Table 4.3 below. 

Table 4.3 Refractive Index of fluorinated a-SIN-H film 

Film 

1 
2 
3 
4 
5 
6 
7 
8 
9 

No. N% 

0 
4.0 
8.3 
9.0 

11.0 
12.5 
14.4 
16.2 
18.5 

Refractive 

3.34 
3.23 
3.14 
3.13 
2.92 
2.68 
2.43 
2.31 
2.29 

index 

Table 4.3 indicates that the indices of the films decreases as the 

nitrogen content increases. The refractive indices of fluorinated films 

are comparable with that of conventional a-SiNĵ :H films [58]. Under the 
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assumption that the value of the refractive index is 3.4 for intrinsic 

a-SI:H and the effective charge of the defect is the same as that for 

fluorinated a-SiN,:H films, we use the refractive indices in Table 4.3 as 

corrective factors and Eq.4.5 to calculate the defect density N̂  for each 

film. The results are listed in Table 4.4 below. The assumption for the 

effective charge is supported by the ESR results, showing the dominant 

defect in fluorinated a-SiN,:H films is still the same as the defect in 

intrinsic a-Si:H films, i.e., a silicon dangling bond with three nearest-

neighboring silicon atoms (see section 4.3 for details). However at 

higher N concentrations this may significantly alter the scaling factor. 

Table 4.4 

Film 

1 
2 
3 
4 
5 
6 
7 
8 
9 

No. 

Defect Density of the Films 

N% 

0 
4.0 
8.3 
9.0 
11.0 
12.5 
14.4 
16.2 
18.5 

Defect Density (cm )̂ 

4.05x10" 
1.23x10'^ 
2.07x10'^ 
2.16x10'^ 
2.49x10'^ 
2.53x10'^ 
2.65x10'^ 
2.69x10'^ 
2.82x10'^ 

The error bar for the defect density in Table 4.4 is estimated to 

be +15%. After using the refractive index to correct the scaling factor, 

we find that the defect density of the films is nearly comparable with the 
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results from the ESR measurements (see section 4.3 for details). In 

Figure 4.11, the defect density N̂  is plotted as a function of nitrogen 

concentration. The film with R=0 was deposited under the same 

deposition conditions as the nitrogen alloyed films for the purpose of 

comparison. These are not the optimum conditions for depositing device 

quality films and hence the R=0 film shows a higher defect density than 

device quality intrinsic a-Si:H. As N atoms incorporate into the network, 

the steady increase of the defect density can be correlated with the 

increase in the concentration of nitrogen because the concentration of 

hydrogen almost stays constant for the entire range. The nature of the 

defects will be discussed further in section 4.3.2. 

4.2.3 Density of States Distribution 

In order to obtain the density of states distribution from the 

absorption spectra, deconvolution of the relationship between the 

absorption coefficient and the joint density of states is necessary. The 

relevant relationship (Eq.2.9) was derived in Chapter II. According to 

Vannecek [30] and Jensen [58], for easy application to the CPM data, 

the absorption coefficient a(E) for the transitions form either extended or 

localized valence states N^(e) to the conduction band states with the 

density g^ie) can be written in another form, 
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Figure 4.11: Defect density N3 as a function 
of nitrogen content. 
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c a(E)=^ f NJie)g^(e^E)de, (4.7) 
^E,S 

where C is a constant which includes the unknown optical matrix 

element and the integration is over all pairs of initial and final states 

separated by an energy E. Equation 4.7 would allow a determination 

of Ny by combining a and da/dE if ĝ , were a constant. According to 

Connell [59], the density of states close to Ê  can be assumed to have 

the free electron value and vary as e'̂ .̂ Therefore, 

gJie)=e.7x^Q^\^eyl^ (4.8) 

where AE is the departure from the band edge [30, 59 ]. 

We now discuss how to solve the integration in equation 4.7 to 

obtain the density of states distribution numerically under only one 

assumption; that Ny(E) is a rapidly decreasing function of energy in the 

region around Ê -Ê ĵ , where Ê ĵ  is the lowest photon energy at which 

the absorption coefficient has been measured using CPM. 

Setting AiE)=—Ea(E), and differentiating both sides of Eq.4.7, and 

then using the Leibnitz's rule for the differentiation of an integral, we 

obtain 
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dA r ^,,,3gJie^Ei 
- I m^^%^de.Nj[E,-E)gJiE^ (4.9) 

dE EU 5^ 

Then 

NJ,E,-E)--4-^ - — L _ f NJie)^?^^<k . (4.10) 
gJ^E^dE g^(E^J^' dE 

For the lowest energy (E=E ĵn) at which the absorption coefficient was 

measured, the second term of the right hand of the equation 4.10 can 

be neglected because of the assumption that Nv(e) is rapidly decreasing 

function in this region. Therefore, equation 4.10 gives 

y V ^ E ^ - E , > - - L - ^ ^ . (4.11) 

Using equations 4.10 and 4.11 for N (̂ei), where ei=Ec-(Er̂ in+AE) and AE 

is an energy increment, we obtain 

5c(fJ (fE E,-(4*A£) ^^ 

1^d4(E.,„.Ae)^^^^ag^E.A^^^ (4.12) 
g; dE - - dE 

Continuously using equations 4.10 and 4.11 for different energies, we 

can obtain a recurrence equation as follows, 
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....2N^e^MEc^yj,El (4.13) 
ot 

where £, is equal to E,-(E^i,+n-AE). Combining the recurrence equation 

with equation 4.10, we can deconvolute the CPM spectra numerically 

and obtain the density of states distribution for each of the films. In our 

application, AE is set to a value of 0.05 eV and the constant C 

contained in A(E) is determined by using the experimentally measured 

value of the band-to-band absorption under the assumption that the 

valence and conduction bands have the specific parabolic dependence 

detailed in reference 30. 

The results of this deconvolution for 5 films are displayed in Fig. 

4.12. The density of states is plotted as a function of (E-EJ, where Ê  

is the conduction band edge. The undoped film (film 1) shows a peak 

around 1.0-1.2 eV below the conduction band, which is attributed to 

neutral dangling bonds. With an increase in the nitrogen content the 

density of neutral dangling bonds increases accompanied by a small shift 

of the peak towards the valence band. This is consistent with the 

theoretical prediction that the silicon dangling bond energy position does 

not change much with an increase in nitrogen concentration in a-SiNj(:H 
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Figure 4.12: Density of states as a function of E-E, 
for samples 1, 2, 3, 5, and 8. 
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alloys. Negatively charged Si dangling bonds are located closer to the 

conduction band than the neutral dangling bonds [54] in a-SiN,:H. As 

discussed in section 3.1.2, CPM is able to detect the transitions form the 

negatively charged defect states to the conduction band since they 

contribute to the photocurrent. We could not measure any photocurrent 

below 1 eV for any of the fluorinated a-SiN,:H films. This observation 

suggests that the contribution to the photocurrent from Sig" is either very 

small or they are not present In these alloys. This conclusion is 

supported by Robertson's model [54], which does not require the 

presence of any negatively charged dangling bonds In this regime of 

nitrogen concentration. Of course, to solidify this view about the nature 

of the defects, more experimental evidence is still necessary. Since the 

ESR experiment can give us more direct evidence about these defects, 

this question will be discussed again in the ESR results section. 

In addition to the peak due to neutral dangling bonds, at about 

10% nitrogen concentration a peak develops at around 1.4-1.5 eV from 

the conduction band. The density of states corresponding to this peak 

is almost 10'^ cmVeV, which is much higher than the defect density 

deduced from CPM spectra (see section 4.2.2). Hence, we can 

confidently determine that this peak is not related to the neutral defect 

states. The net densities associated with this peak for film 3, 5, and 8 
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are roughly larger than that of the peak at around 1 eV by a factor of 

two. The origin of the peak at 1.4-1.5 eV is not clear. We think that 

one possibility may be related to the silicon-hydrogen clusters in the film. 

This is supported by the fact that as the nitrogen concentration increases 

the peak density at 1.4-1.5 eV reaches a maximum for a nitrogen 

content of 15% and then decreases for higher nitrogen content, and the 

variation of the peak density is similar to the intensity variation of Si-H 

stretching vibration deduced from the IR absorption spectra used to infer 

cluster formation. 

4.2.4 Valence Band Tail of Fluorinated a-SiN,:H 

Without making any a priori assumptions about the form, we find 

that the valence band tail does have an exponential form for all films 

from the density of states distribution (see Fig. 4.12). In order to 

separate the contribution from incorporated nitrogen atoms to the 

conduction and valence band tails, we compare the results of optical 

absorption spectra and density of states distribution. The inverse slope 

of the valence band tail (EQ )̂ obtained from the density of states 

distribution is compared to the Urbach EQ as a function of the nitrogen 

content in Figure 4.13. With an increase in the nitrogen content, EQ̂  

increases similarly to EQ. On comparing the values of Eg and EQ ,̂ it is 
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clear that the major contribution to EQ is from E^. Since the valence 

band tail states are believed to be due to weak Si-Si bonds, it follows 

that the number of weak Si-Si bonds in a-SIN,:H increases with addition 

of nitrogen and unintentional oxygen due to non-optimal bond lengths 

and bond angles. As discussed in Chapter II, the absorption spectrum 

is a convolution of the density of states from the valence band and the 

conduction band. So the difference between the Urbach energy and EQ̂  

can be related to the inverse slope of the conduction band tail (if we 

assume that the conduction band tail has an exponential form). 

Although the exact relation may be more complicated, for the sake of 

a qualitative description we associate this difference with the inverse 

slope of the conduction band tail, EQ^. In Figure 4.13, EQ-EQ^ is plotted 

as a function of the nitrogen content. As can be seen from the figure, 

this difference also increases with an increase in nitrogen content. 

Thus, the above argument implies that the conduction band tail also 

significantly broadens with an increase in nitrogen content. However, the 

inverse valence band tail slope (EQ )̂ is much larger than the inverse 

conduction band tail slope (EQJ in a-SiNx:H alloys. This results in a 

significant enhancement of hole thermalization rates as compared to 

electron thermalization rate in these alloys supporting conclusions from 

time-resolved photoluminescence measurements [60]. 
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4.3 ESR Absorption Spectrum of Fluorinated a-SiN.:H 

In this section, we discuss the results from the ESR absorption 

measurements for fluorinated a-SiN,:H film 6, 7, 8 (Since the volume of 

the other films is very small, the total spin number of those films is 

below the detection limit of the ESR spectrometer). We focus our 

discussion mainly on the g-shift since it provides the most direct 

information relative to the nature of the defects In the films. 

The derivative and absorption signals for the ESR spectrum of 

films 6, 7, 8 are shown in Figures 4.14, 4.15, 4.16, 4.17, 4.18 and 4.19, 

respectively. The absorption signal is obtained from the derivative 

spectrum using Simpson's integration method. The ESR absorption 

spectrum of DPPH (2,2-Diphenyl-1-picrylhydrazyl, g=2.0036), which has 

one spin for each molecule, is also shown in these figures. The 

purpose using DPPH is to determine the g-value and the ESR spin 

number for each film by comparing with the known g-value and spin 

number of DPPH [61]. The results of these ESR measurements are 

summarized in Table 4.5. In Table 4.5, N% is the nitrogen 

concentration, AHpp is the peakwidth and Ng Is the spin density. The 

error bar for the g-value, peakwidth and spin density is estimated to be 

±0.0002, ±0.1 G, and ±10%, respectively. For convenience of 
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Figure 4.18: ESR derivative absorption signal of sample 8 
and DPPH. 
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Figure 4.19: E$R absorption signal of sample 8 and DPPH. 
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discussion, the defect densities (N )̂ of films 6, 7, and 8 obtained form 

CPM measurements are also listed in the table. 

Table 4.5: ESR signal parameters and spin densities 

Film NO. N% g AHpp(G) N3 (cm') Nd(cm-') 

6 12.5 2.0051 6.8 1.68x10^^ 2.53x10^^ 
7 14.4 2.0051 7.0 1.77x10 '̂ 2.65x10^" 
8 16.2 2.0051 7.4 1.79x10^^ 2.69x10^^ 

The g-value for each of these films is 2.0051, which shifts down from 

the g-value of the a-Si:H neutral silicon dangling bond (g=2.0055). The 

peakwidth (AHpp) increases with nitrogen concentration. These 

phenomena in the fluorinated a-SiNĵ :H films are similar to that reported 

for conventional a-SiN,:H films [62]. Generally, for conventional a-SiN,:H 

films, the g-value shifts down from 2.0055 to 2.0030 and AHpp increases 

from about 6 to 13 gauss as the nitrogen concentration x increases from 

0 to 1.33. The reason for this g-value shift is the change of structure 

of the silicon dangling bond from having three nearest-neighbor silicon 

atoms to three nearest-neighbor nitrogen atoms [63]. In the following, 

we will discuss the relationship between the spin density and N content, 

and analyze the g-shift in detail. In order to identify possible types of 

the silicon dangling bonds with different nearest-neighbor configurations 

and to determine the defect nature of fluorinated a-SiN,:H films in 
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fluorinated a-SiN,:H films, a random occupation model is presented and 

discussed. 

4.3.1 ESR Spin Density of Fluorinated a-SiN,:H 

Comparing the ESR spin density (N3) with the defect density (NJ 

from CPM measurements, we found that the difference between N̂  and 

Ng for film 6, 7 and 8 is smaller than a factor of two. Comparing the 

difference with the results reported [64], although the difference is in a 

reasonable range, we think that it is still significant to discuss possible 

origins which cause the difference because it can help us to clarify 

possible defects in the films. We think that there are two possibilities 

which can cause the difference in density between ESR and CPM 

measurements. The first one is that, as the nitrogen concentration 

increases, some new types of defect are created and the higher defect 

density from CPM measurements might come from these new defects 

which may not be detected by ESR. However, based on analyzing the 

possible defects in the fluorinated a-SiNx:H, we think that this might be 

unlikely. Generally, there are four kinds of defect which might be 

probably present in the amorphous silicon nitride and its alloys besides 

the neutral Si dangling bond Siĝ . They are a negatively charged silicon 

dangling bond, S\\, a positively charged silicon dangling bond, Sî g, a 
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neutral nitrogen dangling bond, H\ , and a negatively charged nitrogen 

dangling bond, N 2 [54, 56]. The last two types of defects are reported 

to only be present in stoichiometric silicon nitride (SIN,, x=1.33) or near 

stoichiometric case (SIN,, x >1) [54]. Therefore, it is not necessary to 

consider these defects in our silicon-rich alloys. Since the positively 

charged silicon dangling bond is diamagnetic, ESR measurement will not 

detect this type of defect. On the other hand, as discussed in section 

3.1.2, CPM is only sensitive to those defects which can contribute 

electrons to the photocurrent, and cannot "see" the positively charged 

dangling bond either. In other words, if positively charged dangling 

bonds were present in these films, that could not cause the difference 

in the density between CPM and ESR measurements. The result from 

CPM measurements clearly shows that the number of the negatively 

charged silicon dangling bond is either small or they are not present in 

these alloys (see section 4.2.3). Therefore, the first possibility could be 

taken out of consideration. The second possibility is that, although the 

scaling factor in Eq. 4.5 is corrected using the refractive indices of the 

films, the factor is still not completely suitable for fluorinated a-SiN,:H. 

As discussed in section 4.2, the factor is not only proportional to the 

refractive index, and but also inversely proportional to the effective 

charge of the defect. In the fluorinated Si-rich a-SiN,:H, although the 
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conventional silicon dangling bond is the dominant defect, the silicon 

dangling bond with one or more nearest-neighbor N atoms indeed is 

present in the films (see the next section for details). No doubt the 

nearest-neighboring N atoms will have a large effect on the effective 

charge although many factors, such as local ionic and electronic 

polirizability, the local field, and so forth [65] are also important. 

Therefore, we can conclude that the main origin of the difference 

between ESR and CPM measurements is still from the scaling factor in 

Eq.4.5. 

4.3.2 Discussion of the g-Shift 

As listed in Table 4.5, the g-value of these three films is 2.0051, 

which shifts form the g-value of 2.0055 for the conventional silicon 

dangling bond, and the peakwidth increases as the nitrogen content 

increases. Generally, the peakwidth of the dangling bond ESR signal 

(AHpp) is an Indication of disorder [63] in the films. The increase in AHpp 

implies that the films Increasingly become disordered with an increase 

in nitrogen content. This result agrees with that in the discussion of the 

Urbach edge in section 4.2. The microscopic origin of the increase in 

AHpp is attributed to an increase in the hyperfine interaction of the spin 

with neighboring nitrogen nuclei (̂ '̂ N with spin, 1=1) [63]. The g-shift 
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implies that the structure of the defect, a three-fold coordinated neutral 

Si dangling bond, may change with nitrogen incorporation into films. In 

order to clarify the origin of the g-shift, we initially used the Marquardt 

method to fit the ESR absorption spectrum with two Gaussian peaks, 

which are shown in Figures 4.20, 4.21, and 4.22. The fitting result and 

calculated g-value corresponding to each peak are listed in Table 4.6. 

Table 4.6 Fitting Parameters 

Film No. 

6 

7 

8 

Peak Position(G) Height 

Peak 1 
Peak 2 
Peak 1 
Peak 2 
Peak 1 
Peak 2 

3132.3 
3134.4 
3132.2 
3134.6 
3132.2 
3134.9 

0.281 
0.078 
3.306 
1.967 
4.476 
3.899 

Peakwidth(G) 

6.78 
9.34 
5.41 
6.34 
6.36 
6.68 

g-value 

2.0055 
2.0041 
2.0055 
2.0039 
2.0055 
2.0037 

The error bars for the peak position, peakwidth, and g-value are roughly 

±0.5 G, ±0.2 G, and ±0.0003, respectively. The reasonable peakwidth 

and small error bars from fitting show that replacing the ESR absorption 

curve with two Gaussian peaks is significant. The interesting 

phenomena is that the first peak corresponding to the g-value of 2.0055 

seems to be fixed in a certain position for all films and another peak 

corresponding to a g-value (g < 2.0055) shifts toward higher strength of 

magnetic field as nitrogen concentration increases. The relative height 

of the second peak also increases with an increase of nitrogen 
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Figure 4.20: Fitted ESR absorption spectrum of sample 6. 
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Figure 4 .22: Fitted ESR absorption spectrum of sample 8, 
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concentration. These results strongly indicate that the neutral dangling 

bond found in Intrinsic a-Si:H Is still present in the fluorinated a-SiN,:H 

films, the structure of a part of defects in the films changes, and these 

defects are still paramagnetic although their structures are different from 

that of the conventional three-fold coordinated Si neutral dangling bond, 

Si°3. These ESR results may be explained in terms of Morimoto's model 

[66] in which two typical types of silicon dangling bonds at different sites 

are assumed, type one is a Si dangling bond with three nearest-neighbor 

Si atoms, giving a g-value of 2.0055 and type two is a Si dangling bond 

with three nearest-neighbor N atoms, corresponding a g-value of 2.0030. 

Any other type of Si dangling bond, such as when one or two nearest-

neighbor silicon atoms are replaced by nitrogen atoms, should then have 

a g-value between 2.0055 and 2.0030. Apparently, the fitting results 

indicate that there are two types of silicon dangling bond in these 

fluorinated a-SiNĵ :H films. One is the conventional silicon dangling bond 

which has three nearest-neighbor silicon atoms, and another is the 

silicon dangling bond also with three nearest-neighbor atoms but 

consisting of both N and Si atoms. Furthermore, as listed in table 4.4, 

the g-factor corresponding to the second ESR peak shifts to smaller 

values as the nitrogen content increases in fluorinated a-SiNjj:H films. 

This observation suggests that as the nitrogen concentration increases, 
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more silicon dangling bonds with two or three nearest-neighbor nitrogen 

atoms are created since the g-value decreases with the increase in the 

average number of nitrogen atoms surrounding a specific silicon atom 

[62, 66]. 

In order to qualitatively investigate possible defects with different 

numbers of nearest-neighbor nitrogen atoms, we present a "random 

occupation model" under the assumption that all of neighboring atoms 

to the silicon having a dangling bond are randomly Si or N with a ratio 

equal to the overall mix. We label these defects as Sigô , Siĝ ,̂ Sl^J^ 

and Sio3° where the first and second subindex indicates the number of 

the nearest-neighbor Si atom or N atoms, respectively. Under this 

assumption, we obtained the probabilities of the four types of Si dangling 

bond defects above by using the Polya method applied to a 4-atom 

cluster. This yields 

P^^AXKA-XI (4.14) 

\ 4 / 

where x=0, 1, 2, 3 corresponds to the number of nearest-neighbor N 

atoms for a specific silicon; N ,̂ Ngj, and N-r are the number density of 

N, Si, and total atoms to form various silicon dangling bonds; and 
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\n)~J~f~ ^"^ "̂m or n =ni! (n!) In the equation. Since N ,̂ Ngj and N^ 
n m-n 

are very large, the equation can be simplified to 

^ ^ 4!(A/J'(A/er-' 

Using this mathematic model to calculate the probability, the error 

for the probability only comes from the situation of four N atoms forming 

a defect, which is Impossible in real bonding configurations of any silicon 

nitride alloys, and the error will be smaller than 0.001 if the total defect 

density is not larger than 10̂ ^ cml In our practical calculation, N̂ - is 

from the ESR spin density, N^ and Ngj are separated from N̂  by using 

the nitrogen concentration as the proportional factor for each film. The 

calculated probabilities for the four kinds of defects are listed in the table 

below. 

Table 4.7 The Probability of Various Defects in Fluorinated a-SiNx:H 

Film No. N% P(Si3o°) P(Si2/) P(Sii/) P(Sio3°) 

6 12.5 0.586 0.335 0.0718 0.0068 
7 14.4 0.537 0.361 0.0912 0.0102 
8 16.2 0.493 0.381 0.1106 0.0143 
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The calculated probabilities show that although the conventional Si 

dangling bond Is still the dominant defect, various silicon dangling bonds 

with nearest-neighbor N atoms, especially Si^/ and Si, 2°, also increase 

significantly as N content increases in fluorinated a-SiN,:H films. The 

results are consistent with that discussed earlier. 

In order to investigate the corresponding g-value for various silicon 

dangling bonds, we fit the ESR absorption curves with four Gaussian 

peaks. In the fitting process, we fixed the peak corresponding to Sigô  

signal at 2.0055, used the calculated probabilities as weighing factor for 

the amplitude. We fit the ESR absorption curves into four Gaussian 

peaks for each film under the assumption that the peakwidth is the 

same for each line and the corresponding positions shift linearly with the 

number of N atoms. Certainly the data could not yield a full set of 

parameters for these many lines. This fit has a total of only three free 

parameters; namely, an overall amplitude, a single width parameter, and 

the g-factor step size per N atom. The fitting results are shown in 

Table 4.8 below and the fitting Gaussian curves for these films are 

shown in Fig. 4.23. In Table 4.8, AHpp and A are peakwidth and overall 

amplitude, and the g-value for each peak listed in the table is calculated 

from the peak position corresponding to Siĝ ,̂ Si,2°' "̂̂ 1̂ Sio3° dangling 

bonds. 
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Table 4.8 Fitting Results for Silicon Dangling Bonds in Fluorinated 
a-SIN "H films 

Film 

6 

7 

8 

No. A 

0.337±0.06 

5.003±0.964 

8.130±01.630 

AHpp(G) 

6.158±1.120 

6.382+1.536 

6.780±1.346 

Position(G) 

3133.39±0.11 
3134.6010.11 
3135.80±0.11 

3133.42±0.10 
3134.64±0.10 
3135.86±0.10 

3133.49±0.10 
3134.78±0.10 
3136.02+0.10 

g-Value 

2.004710.0004 
2.003910.0004 
2.003110.0004 

2.004710.0003 
2.003910.0003 
2.003210.0003 

2.004710.0003 
2.003810.0003 
2.003010.0003 

The g-values listed in Table 4.6 are in good agreement with the 

existing literature [67, 68], implying that the "random occupation model" 

is significant and strongly indicating that these three types of silicon 

dangling bonds with different numbers of nearest-neighbor N atoms are 

present. The silicon dangling bond with three nearest-neighbor Si atoms 

is the dominant defect for N content smaller than 19%. The other 

silicon dangling bond structures with nearest-neighbor N atoms increase 

as more nitrogen atoms incorporate into the amorphous network. 
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CHAPTER V 

CONCLUSION 

Fluorinated a-SiN,:H (0<X<0.19) alloys prepared using glow 

discharge decomposition of NF3 and SiH4 have been characterized using 

UV-Visible absorption, infrared absorption, the constant photocurrent 

method, and electron spin resonance spectroscopy. 

From the reproducibility of the IR-absorption spectra over a long 

period of time, we conclude that, in this composition range, these films 

are stable on exposure to air. The infrared-absorption spectra indicate 

that the number of Si-N, and N-H bonds increases with an increase in 

nitrogen content replacing Si-Si and Si-H bonds, respectively. The 

remaining Si-H bonds in the material are predominantly in the form of 

Si-Hg- and Si-Hg-type clusters. We find that the oscillator strength of the 

Si-H wagging mode vibration is comparable to unfluorinated silicon nitride 

alloys, while the oscillator strengths of Si-N stretching and N-H stretching 

vibration are slightly larger than those in unfluorinated films. In these 

samples, very little fluorine is incorporated into the network and its main 

role is to control the hydrogen content in the film during deposition. For 

the higher nitrogen content films, the IR spectra indicate the presence 

of a small quantity of oxygen, mainly from unintentional contamination of 
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NF3. The incorporation of nitrogen leads to an Increase in the band 

gap, an increase in the Urbach energy, an increase defect densities, and 

a decrease in the curvature of the bands. We suggest that for high 

nitrogen content films the presence of oxygen leads to larger band gaps 

and Urbach energies as compared to unfluorinated a-SiN,:H films with 

same nitrogen content. From the density of states distribution, we find 

that the valence band tail in these alloys has an exponential form and 

is much wider than the conduction band tail. 

The ESR signal for fluorinated a-SiN :̂H films is at 2.0051 and the 

peakwidth of the ESR absorption for the films increases as more 

nitrogen atoms are incorporated into the films. In these films, the 

conventional silicon dangling bond with three nearest-neighbor Si atoms 

is the dominant defect, other silicon dangling bonds with one, two, and 

three nearest-neighbor nitrogen atoms are present, and these types of 

dangling bonds increases with N content. The total density of negatively 

charged silicon dangling bonds is very small or they are not present in 

these alloys. The "random occupation model" indicates that silicon and 

nitrogen atom combine to form dangling bond in a random way. For the 

difference of defect density between CPM and ESR measurement, we 

suggest that the difference is mainly from unsuitable estimation for the 

effective charge of defect in CPM calculation. 
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Since the films used in this study are deposited with a low gas 

flow ratio (R<0.6), this results In very little fluorine incorporation into the 

films. Comparing with other groups, generally, the flow ratio (fluorine 

based reactant gas/silicon based reactant gas) reaches at least a factor 

of two, even as high as 6. Therefore, the contributions from fluorine to 

the optical and electronic properties of the films are very small and can 

not be clearly observed. On the other hand, the defect densities of the 

films reach as high as 10̂ ĉm"̂  suggesting that the deposition conditions 

must be optimized. OthenA/ise, such high defect densities in the material 

will severely impair possible applications in microelectronics or other 

fields. 
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