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CHAPTER I 

INTRODUCTION 

The increasing use of hydrogenated amorphous silicon and its alloys has been a 

boon to the optoelectronics industry. The most attractive aspects of these amorphous 

materials are their ability to be deposited over large areas at relatively low substrate 

temperatures. By alloying, films can be produced with a wide range of bandgaps. 

These features, and many others, have led to an intense study of amorphous silicon 

films and their many applications. 

The applications of hydrogenated amorphous silicon - silicon nitride (a-Si:H/a-

SiNx:H) have become as far ranging as the methods used to study thenL Thin film 

transistors (TFTs) made using these films have such diverse applications as the 

switching elements in active matrix, liquid crystal flat panel displays [1], in printing and 

document scanning [2] and logic devices [3]. Silicon nitride films deposited using 

plasma enhanced chemical vapor deposition (PECVD) have been shown to be ideal as 

the insulating layer in metal-insulator-siUcon solar cells [4]. Other uses include the 

gate dielectrics in metal-oxide-semiconductor (MOS) power transistors, and as the 

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

memory devices [5]. 

The PECVD technique for depositing a-Si:H and a-SiNxiH films has several 

attractive features which make it the preferred deposition technique. Films can be 
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deposited using substrate temperatures of 200-300°C compared to 700-900°C for 

otiier metiiods. PECVD has a respectable deposition rate of about 300 

angstroms/minute. Also, large areas can be deposited at once which is desirable fi-om 

a commercial standpoint [6]. 

The typical a-SiN r̂H film is deposited using silane (SitU) and NH3. The 

network is typically overconstrained if it does not incorporate enough hydrogen. The 

incorporation of hydrogen serves to terminate some of dangling Si and N bonds and 

relieve some of the stress in tiie network. Unfortunately, as much as 25-35% 

hydrogen can be incorporated into the network as Si-H and N-H bonds. It has been 

suggested that the Si-H bonds act as carrier traps when a-Si3N4:H is used as a gate 

dielectric in MOS devices [7]. Therefore, an attempt must be made to control the 

hydrogen content. 

It has been reported [7,8] that NF3 can be substituted for NH3 in the hopes that 

the Si-F bond, which is roughly twice as strong as the Si-H bond, will be substituted 

throughout the network. Stable films can be grown with F/Si < 0.5 that can withstand 

annealing temperatures of 640°C. These films can have 50% less hydrogen than films 

grown with NH3. 

Since these fluorinated a-SiNxiH films are relatively new, studies must be done 

to determine the nature of their defects. A previous study of these films presented by 

J. M. Shen [9] used several experimental techniques to study fluorinated a-SiN îH 

films, including electron paramagnetic resonance (EPR). In his dissertation, he 
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presented tiie EPR results of tiiree samples grown under different conditions. The 

EPR experunents were conducted at 77 K. To explain tiie structure of tiie EPR signal, 

a random occupational model (ROM) was presented and used in tiie fitting process. 

It is apparent, however, that the EPR spectra should be taken at more than just 

one temperature to determine the possibility of any temperature dependence in the 

spectra other than that expected from spin state populations. During the course of 

these experiments, several equipment upgrades to the EPR spectrometer itself were 

completed, including the construction of an automatic fi-equency controller and 

temperature controllable cavity. Also, a program was written to automatically take 

data during experiments. The purpose of this work is to give some background on the 

amorphous silicon nitride samples, give details on the system upgrades made, and 

present the temperature dependence and fits to room temperature data. 



CHAPTER n 

FLUORINATED AMORPHOUS SILICON NITRIDE 

Before a detailed discussion of sihcon nitride films can be started, some 

background material should be provided on crystalline and amorphous silicon. This 

background will be used in tiie discussion of silicon nitride itself. 

2.1 Crystalline Silicon 

When silicon forms a crystal, the structure is a diamond lattice formed by 

tetrahedral bonding (Fig. 2.1). Each atom has four equally spaced nearest neighbors 

which reside at the comers of a tetrahedron. The bond angle between the nearest 

neighbors is 109°28' and the lattice constant is 5.43 angstroms [10]. 

If we consider an infinite, perfect crystal, we guarantee long-range order, and 

- » - » - » 

thus a periodic potential. This periodic potential has the form û  (r) = û  (r+ R) and 

has the periodicity of the lattice. Using this potential and tiie Bloch Theorem, we can 

write the one electron wavefunction as 

H'..(r) = M.(r)exp(/A:r). (2.1) 

Solutions using tiiis wavefunction will yield tiie typical energy bands and energy gap 

characteristic of a crystalUne environment 



Figure 2.1. Tetrahedral bonding arrangement in the diamond lattice structure. 



We can use tiie results fi-om tiie above solutions to give tilings like energies and 

density of states. If we assume tiiat near a band edge, the band is parabolic, we can 

write the energy of an electron in the conduction band as [11] 

2m. 
(2.2) 

where Ec is tiie energy at tiie conduction band edge. The total number of states witii 

energy E<E/\^ 

N = 
(2rnE\ 

Z% 
e—c 

V ^' J 

(2.3) 

Using tiie fact tiiat D(E) = dN/dE, we can write tiie density of states for tiie 

conduction band and tiie valence band as 

DAE)^ 
1 r2m; \ 

27r 
iE-E,)' (2.4) 

^ ^ ^ ^ ^ = ^ 
(im^ -

\^ J 

(2.5) 
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where Ev is the energy at the valence band edge. For a perfect crystal, there are no 

states in the gap as shown in Fig. 2.2(a). As we move on to amorphous silicon, states 

are added witiiin tiie gap. This phenomena will be discussed next 

2.2 Amorphous Silicon 

Amorphous silicon is often described as a continuous random network of 

atoms. This randomness can leave clusters of atoms containing fewer than five atoms 

(one silicon bonded to four silicon nearest neighbors). Figure 2.3 shows what a small 

section of a continuous random network would look like and the different 

coordinations. 

There are three main features of the continuous random network [12]. The 

network typically has the short-range order of the parent crystal, but the long-range 

order of the parent crystal is completely lost. The preservation of short-range order 

gives the amorphous material electronic properties similar to those of the parent 

material. The loss of long-range order tends to spread the band tail states into the gap 

which affects electronic transport. The amorphous material will also have some 

coordination defects consisting of atoms witii one less (or one more) than tiie four 

expected nearest neighbors. These missing (or extra) atoms tend to give defect states 

deep in the gap. Defect states in tiie gap control trapping and recombination processes 

and are very tiius important Fig. 2.2(b) shows tiie changes in tiie density of states in 

an amorphous semiconductor. 
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Figure 2.2. Diagram of tiie density of states versus energy for (a) crystalline 
sihcon and (b) amorphous silicon. 



Coordination 
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Figure 2.3. Model of a continuous random network showing atoms with different 
bonding coordinations. 
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The electronic transport in an amorphous semiconductor is very different tiian 

in a crystal. The crystal solutions to Schrodinger's equation no longer hold since tiie 

potential is no longer periodic. The disorder causes tiie wavefunctions to lose 

coherence over one or two atomic spacings. This strong scattering causes a large 

uncertainty m tiie electron momentum. Through tiie uncertainty principle, it can be 

shown that AA: = A:; thus, momentum is no longer a good quantum number. 

With momentum no longer a good quantum number, we have several other 

considerations [12]. The energy bands are described by tiie density of states 

distribution as a function of energy only. The selection rules determined by 

conservation of momentum no longer apply. This takes away the distinction of direct 

and indirect transitions. Also, the carrier mobility is reduced due to scattering. 

A final area of consideration in amorphous semiconductors centers on the 

coordination defects. Often, an atom will be lacking just one nearest neighbor. This 

unoccupied, or "dangling" bond is the main source of carrier traps. In a-Si, these 

dangling bonds would trap all of the carriers and make the film insulating [13]. To 

combat this, about 10 at % hydrogen is incorporated to terminate many of the 

dangling bonds and thus, remove many of the carrier traps. A low substrate 

temperature must be used to keep the hydrogen from diffusing out of the film, so 

PECVD is used to grow high quality a-Si:H films. 
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2.3 Sihcon Nitrid .̂ 

2.3.1 Silicon Nitride Growth 

To make semiconductor devices out of amorphous sihcon, it would be 

advantageous to have an insulator made out of basically tiie same materials. SiUcon 

nitride fits tiiis bill. Amorphous silicon nitride (a-SiN îH) can be formed from tiie 

silane used to make amorphous silicon witii tiie addition of NH3 or NF3. It can be 

grown witii values of x from 0 (no NF3) to x=1.33 (stoichiometric) or more. 

As suggested [7,8], our samples were grown with NF3 with the hopes that the 

hydrogen content could be optimized. The samples were grown by rf glow discharge 

decomposition of silane and NF3 at the University of Arkansas. The PECVD 

technique is well known, and its details are described elsewhere [6]. All the films were 

grown on substrates at 250 °C, 200 mTorr gas pressure, 0.07 W/cm^ rf power, and a rf 

frequency of 13.56 MHz. The growth parameters are listed in Table 3.1. 

Film 

A 
B 

Table 2.1. Growth parameters for 
Flow Rate (seem) 

NF3 
8 
9 

Flow Rate (seem) 
SiH4 
26 
25 

tiie sihcon nitride films 
Deposition Rate 
Angstroms/min 

1547 
1530 

. 

N% 

14.4 
16.2 

Dr. Charles Barbour at Sandia National Laboratory performed Rutherford 

back-scattering (RBS) and elastic recoil detection (ERD) measurements on tfiese 

samples to determine tiie hydrogen, nitrogen and fluorine concentrations. The 

nitrogen concentrations are also listed in Table 2.1. The hydrogen concentration for 
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each sample was about 30%, and tiie fluorine concentration was below tiie detectable 

limit. It should be noted tiiat tiie hydrogen content is not yet optimized since tiie 

samples contain 30% hydrogen. 

2.3.2 EPR Characteristics of Silicon Nitride 

Altiiough several EPR experiments have been performed on various a-SiNxiH 

films [14,15,16], tiiere is at least some debate over the actual g-values and structure of 

the EPR spectra. Many of the discrepancies must come from the widely different 

sample composition and deposition methods. The percentage of nitrogen contained by 

the samples varies widely from x=0 (a-Si) to as high as x=1.6. The samples are also 

prepared at various substrate temperatures and pressures. This might lead to some of 

the slight inconsistencies in the g-value and peak widths. These differences will now 

be discussed. 

The g-factor has been reported to range from 2.0055 to 2.002 [14,15,16] in 

the various a-SiNx:H films. Most agree that these are the endpoints of a spectrum of 

values. The 2.0055 value is generally accepted as the silicon danghng bond Si 30 (one 

sihcon atom bonded to three nearest neighbor silicon atoms with the fourth bond 

unoccupied) [12]. It is also generally accepted tiiat the spectra with g=2.003-2.002 is 

caused by a siUcon-nitrogen dangling bond Si 03 (one sihcon atom witii tiiree nearest 

neighbor nitrogen atoms). There is not, however, any mention of any bonding 
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configurations in between such as the Si?^ bond (one silicon and two nitrogen nearest 

neighbors) or the Sijj bond (two silicon and one nitrogen nearest neighbors). 

Another point of interest would be the overall peak widths. It is also accepted 

that as the nitrogen increased from pure a-Si, the line width increases. The line width 

of a-Si is generally about 7.5 gauss [12]. This broadening was shown in the low 

temperature data. This would seem to suggest that there is more than just one defect 

that appears in the EPR spectra. The composition of the peaks will be addressed in 

Chapter IV by using a random occupational model. 
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EPR THEORY AND EXPERIMENTAL DETAILS 

EPR (Electron Paramagnetic Resonance) is a branch of spectroscopy from 

which information can be obtained about paramagnetic atoms, ions, and molecules. A 

substance is paramagnetic when the total angular momentum is something other than 

zero. This net angular momentum is often influenced by many environmental factors 

such as lattice sites in crystals and lattice defects. EPR can also be used to identify 

transition metal ions, and distinguish between different valence states of the same ion. 

Relaxation data can also give information about long range effects. Most importantiy 

for this work, EPR can be used to determine the relative spin densities of the studied 

samples. The purpose of this chapter will be the discussion of some basic EPR theory, 

all recent modifications made to the older spectrometer used in this work, and the 

details of the experiment itself. 

3.1 EPRTheorv 

3.1.1 The Spin Hamiltonian 

A good place to start tiie discussion of EPR would be to look at tiie 

Hamiltonian itself. The spin Hamiltonian of a paramagnetic ion can be expressed as 

[17] 

14 
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^ = ^efe. +//./ ^H^ +^55 +^Z.e +^y, +HQ+H^. (3.1) 

For EPR, we are mainly concerned witii two of tiiese terms, tiie Zeeman term (Hzee) 

and tiie hyperfine term (HHTS). The remaining terms modify tiie Zeeman and hyperfi 

terms, but tiiese two produce tiie main energy level sphttings monitored in EPR 

me 

3.1.2 The Zeeman Interaction 

In general, the Zeeman term is written as 

^zee = -\iH (3.2) 

where H is the magnetic field vector and \i is defined as 

\^ = 8^s (3.3) 

-* -* =» 

where fi is our magnetic dipole, s is the spin of the system, and g is a tensor 

containing the Lande g-factor. The g tensor can either be isotropic or anisotropic. If 

it is anisotropic, then g should be determined in its tensor form. In the isotropic case, 

it can be reduced to a constant. 
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3.1.3 The Lande g-Factor Tensor 

In many crystals, tiie g-factor must be left in its tensor form. This fact means 

tiiat one can deduce some information about tiie location of tiie paramagnetic ion. If 

we select H to be in the z direction, and we use tiie fact tiiat gij=gji we can write 

^z« = P'^z(^..5, +^^,S, +^„5J. (3.4) 

So, by properly designing tiie experiment, we can find gxz, gyz, and gzz [17]. 

In amorphous crystals, there is no long-range order, so there tends to be 

domains where the paramagnetic ion can be oriented in any direction. Therefore, we 

can only get one value for the g-factor, and it is often the average of more than one 

value. Curve fitting can sometimes be used to extract the separate g values, but no 

real positional data can be inferred from this. Thus, the Zeeman term of the 

Hamiltonian reduces to 

Hzee =g^Hs, (3.5) 

3.1.4 Electron Paramagnetic Resonance 

It is now useful to explain the interaction of a paramagnetic ion and a static 

magnetic field. In the typical EPR spectrometer, a sample is placed between the poles 
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of an electromagnet as in Fig. 3.1. This field causes a sphtting of tiie energy levels 

avaUable to tiie unpaired electron. This electron can eitiier be an unpaired valence 

electron or an unpaired mner shell electron. The electron can eitiier have its magnetic 

moment (spin) aligned witii tiie magnetic field or opposed to tiie magnetic field. An 

electron tiiat has its moment aligned witii tiie magnetic field will have a lower energy 

tiian if it has its moment ahgned against tiie field. 

This difference in energy between the s = ±— spm states obtamed from the 

Zeeman term is 

^E = g^H^. (3.6) 

The magnitude of the energy splitting varies with the strength of the magnetic field as 

seen in Fig. 3.2. Transitions can now be induced between the two energy levels by 

introducing a perpendicular oscillatory electromagnetic field with photon energy 

E,^u>n = hv . (3.7) 

Setting equations 3.6 and 3.7 equal, we get 

hv = g^H ^. (3.8) 

When the two sides are equal, we have resonant absorption of the photons, and tiius 
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Magnet 
H (static) 

(oscillating) 

Cavity 
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Figure 3.1. Diagram of tiie magnetic field directions in an EPR spectrometer. 
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E2 

El 

S=l/2 (antiparallel) 

S=-l/2(ParaUel) 

Figure 3.2. Diagram of the Zeeman splitting of the energy levels in a 
paramagnetic atom in a magnetic field. 
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EPR. It is clear tiiat tiiere are now two variables tiiat can be controUed here, and our 

choice is usuaUy dictated by tiie equipment. It is typicaUy easier to vary tiie magnetic 

field H^ tiian tiie photon frequency v . Inserting all tiie constants, we get 

.6 GHz y^=gH^' 1.3996 • 10' ̂ =^^^. (3.9) 
gauss 

The free electron g value is approximately 2, so typical values would be v =9.5 GHz 

and H^ =3400 gauss. 

3.2 The EPR Spectrometer 

Now that some basic EPR theory has been presented, the next logical area for 

discussion is the spectrometer itself. Figure 3.3 contains a block diagram of the major 

components of the spectrometer, and should be referred to when needed. This 

spectrometer has a typical configuration. 

3.2.1 Electromagnetic Wave Components 

The heart of our spectrometer is the source of the microwaves we use to 

induce transitions in a sample. A Varian 2k25 klystron is used for tiiis purpose. It can 

produce microwave energy in tiie X band at frequencies from about 8.5 to 10.2 GHz. 

To transport these microwaves, we must use some sort of waveguide. The chosen 

waveguide is standard rectangular waveguide (TEio). We want to solve Maxwell's 
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Figure 3.3. Block diagram of tiie EPR spectrometer 
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equations using tiie waveguide waUs for boundaries to determine tiie supported 

frequencies and modes. The Maxwell's equations tiiat must be solved are [18] 

V X ^ = L i - 2 _ + UL^J (3.10) 
c B t c 

V X £ = - l i i L . (3.11) 
c dt 

Luckily, we can also use some known boundary conditions to help us solve 

Maxwell's equations. It is known that a hollow waveguide at a constant potential can 

only support transverse electric (TE) and transverse magnetic (TM). It can not 

support a transverse electromagnetic (TEM) wave. Therefore, we know the waves 

have the following properties: 

TE Ez = 0, 
dBA 

= 0 (3.12) 
y dn 

TM B. = 0, (^zX=0- (3.13) 

From tiie solutions to Maxwell's equations witii tiiese boundary conditions, it is 

apparent that the dominant mode is the TEio mode. 

The microwaves propagate from tiie klystron tiirough a ferrite isolator which 

prevents reflected microwaves from reentering tiie klystron. Next, tiiey enter a 20 dB 
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coupler which shunts some of tiie microwave energy to a wavemeter. The wavemeter 

can be tuned to tiie microwave frequency, and tiiat frequency can be read off of tiie 

wavemeter dial. After leaving tiie 20 dB coupler, tiie microwaves pass tiirough a 

variable attenuator and then to a magic T. 

The magic T is a microwave device witii four ports or "arms." It is designed 

so tiiat microwave radiation entering any arm is spht in two witii half going into each 

adjacent arm, but none going into tiie arm across from tiie input In Fig. 3.3, tiie 

microwaves enter arm 1 and are spUt into arms 2 and 3. Arm 2 is connected to a 

tunable load and arm 3 goes to tiie resonant cavity. The phase and attenuation in arm 

2 is adjusted so that the power reflected back from the load arm has its phase changed 

by 180 degrees so that it cancels the waves reflected back by the cavity. The 

difference in power reflected in arms 2 and 3 is thus recombined in the T and exits arm 

4 providing the shght mismatch needed to bias the detector crystal. At resonance, 

power is absorbed by the sample so there is more of a mismatch and that signal is also 

present in arm 4. 

A resonant cavity is used to increase the amount of signal one can get from a 

minimum input of microwave energy. Microwave cavities typically have a very large 

quality factor (Q). This Q can be on the order of 5,000 to 10,000. They are also very 

easy to construct and use and they can be made either rectangular or cylindrical [19]. 

The cavity used in this spectrometer is a TE102 type (see Fig. 3.4). This cavity was 

modified so tiiat one has access to tiie inside of tiie cavity tiirough a slot in one side. 

Optical access is provided by a fiber optic attachment and prism on tiie opposite side. 



24 

Fiber Optic 
Holder 

y 7 

Right Angle 

Prism 

Cavity Access 
Slot 

Temperature Sensor 

Holder 

Heater Attachment 

Figure 3.4. EPR Cavity and its modifications. 
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The cavity is also equipped witii a heater and a temperature sensor so temperature 

dependent measurements can be performed. The sample is placed on tiie wall of tiie 

cavity m tiie very center where tiie magnitude of tiie magnetic field component of tiie 

microwaves is the greatest. 

The signal caused by tiie absorption of microwave energy by tiie sample is tiien 

detected by a crystal detector. The crystal detector is srniply a diode (1N415E) tiiat is 

sensitive to incident microwave energy. The detector will give a d.c. voltage 

proportional to tiie bias on it, tiie 20 KHz signal from tfie automatic frequency 

controller, and the EPR signal from the sample when we are at resonance. 

3.2.2 Automatic Frequency Control 

The automatic frequency controller (AFC) was constructed as part of this 

project. The AFC is responsible for keeping the frequency of the microwaves coming 

from the klystron at the resonant frequency of the cavity. This assures us of having 

the highest cavity Q, and thus having the highest output signal. It also reduces the 

signal to noise ratio and to some extent controls the output waveform's shape. The 

AFC has several important components (shown is Fig. 3.5) which will be discussed in 

detail. 

The heart of the AFC is the 10 KHz oscillator. This oscillator is responsible 

for modulating the klystron and also providing tiie reference signal to the phase 

sensitive detector. The oscillator is an amphtude stabilized, Wein-Bridge oscillator 

[20]. Part of the oscillator output is fed into a coupUng transformer that is wired in 
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Figure 3.5. Block diagram of tiie 10 KHz AFC 
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series witii tiie reflector voltage of tiie klystron. This a.c. signal changes tiie reflector 

voltage by a smaU amount and tiius changes tiie klystrons operating frequency by a 

small amount A frequency modulated signal is detected at tiie otiier end of tiie 

spectrometer by tiie crystal detector. The remainder of tiie oscillator output is fed into 

a 180 degree phase adjuster, ampUfied, and fed into tfie reference signal portion of tiie 

phase sensitive detector. 

As mentioned earlier, several signals are present at the detector output A 

couphng transformer is used to separate tiie 20 KHz AFC output from tiie EPR signal. 

The 20 KHz output from the detector is fed into the AFC along with the d.c. crystal 

bias. The couphng transformer also sends a differential output to the preamplifier and 

lock-in ampUfier (which will be discussed later). It is important to note that the both 

AFC signal and the ESR signal are available to the preamplifier, so some filtering is 

used. 

The AFC signal from the detector is amplified by two separate amplifiers. The 

first amplifier is a low gain operational amphfier witii a high input impedance. A high 

impedance amplifier was chosen to decrease the amount of load the AFC places on the 

detector signal. This preamphfied signal goes to tiie main amphfier (xlOO) and tiien to 

the signal input of the phase sensitive detector. 

The phase sensitive detector combines the reference and the detector signals in 

such a way that it wiU generate an error voltage proportional to the phase difference 

between tiie two input signals, much like a lock-in amphfier. The actual circuit is 

based on tiie Pound i.f. stabiUzer [21] pictured in Fig. 3.6, and gives us tiie error 
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Figure 3.6 Phase sensitive detector used to generate tiie error voltage in tiie AFC. 
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voltage we need to correct tiie klystron reflector voltage. The error voltage is also 

connected in series witii tiie reflector voltage. Ideally, we would like tiie error voltage 

to remain at zero, but many factors including temperature differences in various parts 

of tiie spectrometer cause tiie frequency to need constant adjustment by tiie AFC. 

3.2.3 Magnetic Field 

The magnetic field can be broken up mto two parts, the large static field and a 

small modulation added to it. The static field is provided by a Varian V2503 power 

supply and controller connected to a Varian V3400 9-inch electromagnet which has an 

air gap of 2.5 inches. The magnet and power supply together are capable of 

generatmg a variable field tiiat ranges from 0 to 10,000 gauss (1 Tesla). The 

controller is capable of varying the field sweep center position, the sweep width, and 

the amount of time required to complete one sweep. 

Since we wish to use lock-in detection, we must have some way to impress a 

reference signal on the output signal. It is common to modulate the static field so that 

our EPR signal will be modulated at a known reference signal. To accomphsh this, 

two modulation coils are placed on the pole faces of the electromagnet. These coils 

serve to add or subtract a small amount from the static field, and this signal is what is 

picked up. The modulation deptii is adjusted so that the smallest amount is used, 

typically 10% of tiie EPR spectrum's widtii (just enough so tiie output is not 

distorted). 
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3.2.4 Signal Detection and Processing 

Signal detection is accomplished by using lock-in detection. Lock-in detection, 

or phase sensitive detection is probably tiie single best way to clean up a noisy signal. 

If we can compress all tiie signal information into a narrow frequency band A/ , we 

can amplify it and reject everytiiing else outside of tiie frequency band A/ [22]. 

The particular lock-in amphfier used in tiiis experiment is an Itiiaco 391A. 

This model has variable frequency, variable phase internal oscillator which is used to 

drive a Mcintosh power amphfier which in turn drives tiie field modulation coils. The 

EPR signal from the detector is fed into an Ithaco 1201 narrow band pre-amplifier, 

and then into the lock-in amphfier. In this configuration, the lock-in output is the first 

derivative of the EPR signal as the static field is swept from its lower to upper bound. 

The output from the lock-in is then fed into the computer as the Y-axis as the EPR 

intensity data. 

The X-axis variable is derived from a linear variable resistor mounted on the 

back of the magnetic field sweep dial. A power supply is connected across the 

resistor, and a varying 0-5 volt signal is generated. This signal is fed into the computer 

and the data taken is an X-Y plot of these values. 

3.2.5 Temperature Control 

It is often desirable to take EPR measurements at temperatures other than 

room temperature. Sometimes, it is possible to detect a change in magnetic state 
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change m a sample. Often, tiiough, tiiis is done to increase tiie signal to noise ratio 

since the amplitude of tiie signal increases witii decreasing temperature T. This is due 

to tiie temperature dependence of the spin polarization with temperature, and will be 

discussed next 

If we look at the simple two state system (5 = ±—), we can relate the 

populations of the two states with a Boltzmann distribution [21] 

n = n, exp( ) (3.14) 
"'upper ""lower ^ "• tr \ ,,p f ^ ' 

where A £ is the Zeeman energy separation. Letting A f = h\ , we get 

n = n, exp( ) . (3.15) 
"^upper "-lower *"^ r v tj, ' 

Now, if we relate tiie population differences, we can write 

I ^ I ^^^o^'r ^ upper) ( 3 j ^ ^ 

y^ lower "*" ^ upper ) 

_ ( l - e x p ( - % ) (3 j , ^ 

°(l + exp(- ' '^r) 

/ = / t a n h f — I (318) 



where lo is tiie intensity of tiie EPR signal as tfie temperature goes to 0 K. In tiie 

limits, we get 
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t = h h\»kT (3.19) 

'^^"lE hv«kT. (3.20) 

Basically, if T is above 4 K, the temperature dependence goes as 1/T. So, 

often we can get significant increases in tfie mtensity of tfie EPR signal by gomg to 

hquid nitrogen or liquid helium temperature. This will make our EPR signal much 

larger than the noise which is always desirable. 

To accomphsh this experimentally, we use a cryostat (Fig. 3.7) that can be 

filled with either liquid nitrogen or hquid helium. The cryostat itself is constructed of 

stainless steel to minimize heat conduction to the cryogenic gasses. Stainless steel has 

a very low thermal conductivity. Internally, the cryostat has two chambers separated 

by vacuum jackets which decrease the conduction of heat by gas molecules between 

tiie chambers and the outside air. The outer chamber can be filled witii hquid nitrogen 

and tiie inner chamber can be filled witii hquid nitrogen, hquid heUum, or notiiing, 

depending on the particular equipment. The sample cavity and connecting waveguide 

fit tiirough tiie center of tiie cryostat. The space containing tiie sample is usually 

pumped out and backfilled witii a gas tiiat will not condense at tiie desu^d operating 

temperature. 



33 

Fiber optic 

Inner chambei 

Fiber optic* 

Temperature sensoi 

Heater. 

Temperature control 
wiring 

'̂ acuum valve 

-To vacuum pump 

.Outer chamber 

.Vacuum jacket 

Stainless steel 
"Waveguide 

Cavity 

^ ^ ^ ^ ^ ^ ^ ^ W l W i i i l 

Figure 3.7 Variable temperature system showing cryostat and all important 
connections 



34 
Different operating temperatures require different procedures. If tiie desired 

operating temperature is 4.2 K, tiie inner chamber should be fiUed witii hquid heUum. 

If we desire to operate at 77 K, we fill tiie mner chamber witii hquid nitrogen, ff we 

want to work at temperatures between 77 K and room temperature, we leave tiie inner 

chamber empty. This is because of tiie hmitations of tiie temperature controller, which 

will be discussed next 

The temperature controUer is a LakeShore Cryotronics model DRC-80C. This 

particular model controller uses a DT-470 temperature sensor. The controller has a 

temperature range of 1.4 to 330 K with this sensor. The DRC-80C unit also has 

outputs for a sample heater. The heater is capable of supplying 0-25 watts to a 25 

ohm heater coil. This low heater power is not enough to raise the temperature of a 

sample in direct contact with the cryogen, but is adequate if some separation is placed 

between it and the cryogen, hence not filling the inner chamber. The control wires 

plug in to a 10 pin plug mounted on the flange at the top of the cryostat, and then 

follow the waveguide to the sample. 

The temperature controller uses a feedback loop where it monitors the sample 

temperature and adds heat to the to tiie system as needed. The setpoint for tiie 

temperature is adjustable over tiie entire range, and can is adjusted witii tiie knobs on 

tiie controller. The current temperature is also displayed. 
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3.3 Experimental Techniques 

3.3.1 Preparing the System 

The EPR system, as witii any otiier experimental device, works best when aU 

components have had time to "settie." Several con:q)onents rely on vacuum tube 

technology and need time to warm up properly so tiiey remain stable. When operating 

at low temperatures, the cryostat must be prepared and allowed to reach its operatmg 

temperature. These steps take time, and should be performed in a semi-rigid order. 

This preparation order, as used m this experiment, will be presented next 

Step one involves turning all the equipment on. This procedure is generally 

outlined in the original operating manual written by P. J. Seibt [23]. The new AFC 

operates the same as the original model with the addition of an error voltage gain 

knob. This knob should be adjusted until the klystron is locked, but not so high that 

the waveform on the scope is severely distorted. As soon as the equipment is on 

(especially the klystron power supply and the modulation amplifier), we can move on 

and prepare the cryostat 

The preparation of the cryostat involves pumpmg out and/or backfilling the 

two vacuum jackets. Witii tiie cryostat in place and the cavity and waveguide clamped 

inside the cryostat, we can pump the an* out of the center of the cryostat. Once it is 

pumped out, it is backfilled witii dry nitrogen. This backfiUing is necessary to remove 

any oxygen or water vapor from tiie sample area. At 77TC, water is frozen and 

oxygen will condense around tiie sample. Botii of tiiese occurrences are detrimental to 
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taking good data since tiiey destroy tiie cavity Q and tiius tiie spectrometer sensitivity. 

After tiie center of tiie cryostat is pumped out and backfilled, tiie main vacuum jacket 

is pumped down to vacuum, after which tfie cryogen can be added. 

Some care should be exercised when adding tiie cryogen. One should make 

sure tiiat tiie backfiUing gas is shut off, since tiie shght overpressure will cause tiie 

nitrogen to condense m tiie cavity. This condensation can occur at or shghtiy above 

77°K. Care must also be used when tuning tfie AFC, since the changing temperature 

of tiie cavity will change the cavity Q and tiie resonant frequency. The frequency 

change is about 40 MHz from nitrogen to room temperature. 

3.3.2 Taking Data 

Data taking is almost automatic. A computer is used with software written 

especially to take EPR data. The data is typically X,Y pairs where the x coordinate 

represents the magnetic field and the y coordinate is the derivative of the absorption 

intensity. The computer asks for tiie starting and ending values of the magnetic field 

and then divides the magnetic field up into equally spaced bins. As the magnetic field 

is scanned, the intensity is placed into the appropriate field bin. At tiie end of a sweep, 

each intensity is averaged and the averages are displayed on tiie screen in botii 

derivative and integral modes. The files are saved in a standard format that can be 

used by any spreadsheet 
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3.3.3 Experimental Details 

Since tiie main tiirust of tfiis work is to extend tfie work done by J. M. Shen [9] 

and determine if tiiere is any temperature dependence of tiie EPR resonances. To 

accomphsh tiiis, measurements at several temperatures are needed. The most 

convenient temperature to try next would be room temperature. The previous work 

was done at 77°K. We should be able to discern any differences in tiie resonance hues 

between tiiese two temperatures and be able to attribute it to tiie standard 1/T 

dependence or some deeper reason. 

The room temperature measurements were carried out in tfie following 

manner. Each sample was placed in cavity on the side with tfie sht and temperature 

sensor. The samples were held in place witfi a small amount of Apiezone grease. A 

K3Cr08 [24] crystal is placed on the opposite wall of the cavity directiy opposite the 

sample. The K3Cr08 crystal is used instead of the DPPH standard for reasons which 

will be discussed in Chapter IV. This crystal is used as a g-marker (g=1.9428) and 

also as an intensity marker (Ns=lxlO^^ spins.) The sample cavity arm of the 

spectrometer was then reassembled, pumped out, and backfilled with nitrogen. 

After letting the equipment warm up, the data was taken using the computer. 

The number of bins and the size of the sweep was selected so that a resolution of 1/2 

Gauss would be obtained over the entire scan. The system was run continuously so 

that between 30 and 50 scans could be collected and averaged togetiier. A scan time 

of 5 minutes per scan was selected, along witfi a 400 msec time constant setting on tiie 

lock-in amphfier. These settings give fairly low noise after many scans are averaged. 



CHAPTER IV 

RESULTS AND DISCUSSION 

In tills chapter, we present our results from tfie EPR expermient Our results 

will include tfie defect densities at room temperature, tiie temperature dependence of 

the EPR signal, and tiie curvefits to tiie room temperature spectra using a random 

occupational model. 

4.1 Spm Densitv of a-SiNj!H 

To determine the spin density of a sample, we must compare the spectra to a 

known reference sample. In the past, a sample of 2,2-diphenyl-l-picrylhydrazl 

(DPPH) was used. It has one spin per molecule and an isotropic g-value of 2.0036. 

The only problem with using DPPH is its g-value overlaps the 2.0055 - 2.0028 we 

expect from our a-SiNx:H [14,15,16]. It is undesirable to have two samples with g-

values this close together in the same experiment, so we use K3Cr08. It also has one 

spm per molecule. Knowing tfie mass of the crystal, we can get the number of defects. 

The crystal we use has 1.0x10*^ spins. Its g-value of 1.9428 is far enough removed 

from our region of interest to be ideal for use with a sample having a g-value just 

above 2. 

The EPR spectrometer gives us tfie first derivative of tiie spectra, so it must be 

integrated before we can determine the area under the curve. The ratios of spin to 
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area are compared using tfie foUowing formula 

spinsjreference) spinsjsample) 
areaireference) area{sample) ' ^^'^^ 

The integration of tiie derivative line can be accomphshed numericaUy using tfie fact 

tfiat tiie first derivative is tiie slope of tiie actual absorption hne. So, tiie slope of a hne 

m = A _ > l (4 2) 
•^2 -̂ 1 

can be converted to a numeric algoritiim to convert our points m tiie derivative mode 

to the integral mode. The new function is 

yn^l ='"nU„-.l-^J + >'„- (4.3) 

The first derivative and integral spectra for the room temperature data are presented as 

Fig. 4.1 -Fig. 4.4. 

The area under each curve can then be computed using numerical integration 

of the actual data or the fit to the data. If the data is fitted, then the fitted area can be 

used. It may, however, be better to use something like the trapezoid rule to integrate 
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tiie data if tiie fits do not fit tiie data exactiy. The latter metiiod is used to determine 

tiie spin density, and the results are hsted in Table 4.1. 

Table 4.1. 
Sample 
K3Cr08 

A 
B 

Spin density for sample A, B, and the potassium perchromate marker. 
Area 
253 
.949 

2.413 

Spins 
1.0 X 10'^ 
3.8 X 10̂ ^ 
9.5 X 10̂ ^ 

Spin Density (cm'̂ ) 
N/A 

2.4 X 10'^ 
2.4 X 10'^ 

The total number of spins in our samples is very low, mainly due to the small 

sample volume. This causes some problems since we must operate almost at the 

detection Umit of the spectrometer. The background from tiie cavity must be fitted 

and subtracted from each spectra. The background is not visible when tiie intensity of 

tfie signal is large. An example of tfiis occurs when we take a cahbration spectra witii 

DPPH. The intensity of tiie DPPH hne is very large compared to tiie intensity of tiie 

sample spectra, and tiie background is barely visible. This accounts for tiie noise m tiie 

first derivative spectra. 

4.2 The Random Ocf "parional Model 

Recall from 2.3.2 tiiat tiie overaU g-value of tiie spectra from a-SiNxiH should 

shift from tiie a-Si value of 2.0055 to a lower value as tiie nitrogen content of tiie films 

is increased. The peakwidtiis should also increase as tfie nitrogen concentration is 

increased. To explain tfiese phenomena, a random occupational model is used. 
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In tiie random occupational model (ROM), we make tiie assumption tiiat as 

nitrogen is added to a fihn, nitrogen atoms randomly replace sihcon atoms creating a 

sihcon-nitrogen alloy. EPR can be used to detect tiie silicon danghng bond in a-Si 

(one sihcon atom witii tiiree nearest neighbor bonds and tiie fourtii bond danghng) and 

tiiat defect is what we look for. This standard silicon danghng bond is labeled SiĴ o. 

We tiien make tiie assumption tiiat some of tfie nitrogen wiU be bonded into danghng 

bond type defects such as a silicon atom bonded to two sihcon nearest neighbors and 

one nitrogen nearest neighbor witfi the fourtfi bond left danghng. If we replace tiie 

sihcon's nearest neighbors with nitrogen atoms, we get three more combinations 

labeled Si^^, Si?;,, and SiJ^ as illustrated in Fig. 4.5. 

To complete this model, we assume that the placement of nitrogen atoms in the 

film is completely random. This means that if we have 10% nitrogen in our film, there 

is a 10% chance that a nitrogen atom is occupying any one site. At any dangling bond 

defect site, we can expect that 10% of the time, a nitrogen wiU replace a sihcon 

independent of any other atom placements. Since we observe sihcon like dangling 

bonds, the central atom must remain a silicon. We could have this silicon bonded to 

one, two, or three nitrogen atoms. The probabihty distribution should look like [25] 

/> = — p'^q^^-"'^ (4.4) 
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FigiuB 4.5 Diagram of the four bonding configurations considered in tlie ROM. 
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where N is tiie number of sites (3), Ui is tiie number of sihcon nearest neighbors, and p 

and q are the probabilities of sihcon and nitrogen, respectively. 

A plot of each of the probabihties versus nitrogen content appears in Fig. 4.6. 

Since we know what the nitrogen content for each of tiie fihns is, we can compute tiie 

specific probabihties of each defect occurring in each sample. The probabihties are 

hsted in Table 4.2. 

Table 4.2. Calculated probabihties using the ROM. 
Sample 

A 
B 

N% 

14.4 
16.2 

o-O 

0.6272 
0.5885 

Si° 

0.3165 
0.3413 

Si° 

0.0533 
0.0660 

Si° 

0.0030 
0.0043 

These numbers would suggest that even at these nitrogen concentrations, the Si 30 

defect is stiU the dominate defect by approximately two to one. 

Now, we can use tfiese probabilities as weighting factors in our fits to the EPR 

spectra. We need tiiis extra information since tiie peak is broadened (as compared to 

a-Si), but still nearly featureless. From tfie model, we will assume tiiree gaussian 

peaks in our fits. The fourtii peak wiU be neglected smce it accounts for less than 

0.5% of the total peak. We also assume tiiat all tiiree peaks have tiie same constant 

widtii and tiiat tiie spacing between each peak is also constant The fits to tiie EPR 

spectra are shown as Figs. 4.6 and 4.7. 

From tiie fitted data, we can get several important parameters. These 

parameters include tiie positions of tfie individual peaks and tiieir g-values. The 
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parameters for tiie sum of tfie peaks can also be computed. These parameters are 

presented m Table 4.3 and 4.4. 

Table 4.3 Fmal fitting parameters for tiie individual peaks i 
Sample A Peak# 

1 
2 
3 

Position (G) 

3450.3 
3451.8 
3453.3 

AHpp (G) 

7.9 
7.9 
7,9 

itted to the data. 

g 
2.0055 
2.0046 
2.0037 

Sample B Peak# 

1 
2 
3 

Position (G) 

3407.5 
3409.0 
3410.5 

AHpp (G) 

8.0 
8.0 
8.0 

g 
2.0055 
2.0046 
2.0037 

Table 4.4 Final fitting parameters for the fitted peaks. 
Sample 

A 
B 

Position (G) 

3450.9 
3408.2 

AHpp (G) 

9.0 
9.2 

g 
2.0052 
2.0051 

We can see from the fits that as more nitrogen is incorporated into a sample, the 

g-value of tiie overaU peak shifts to a lower value and tfie AHpp increases from tfie 

expected values of a-Si. 

It should be noted that the integrated spectra are essentially featureless. Since 

tiie peaks are broader tiian tiie expected values for a-Si, we use tiie ROM as an 

educated guess for tiie internal features. If we did not care about tiie internal features, 

botii peaks can be fitted almost as well witii one or two gaussians. We believe, 

however, tiiat tiiere is no real license to do so, hence tiie fits witfi tfiree or four peaks. 
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Otfier considerations were also made during tfie data fitting. Several of tiie 

fitting parameters were held constant during tiie fitting process. It was discovered 

early on tiiat fitting tiiree gaussian peaks witii tiiree parameters per peak (nine total 

parameters) produced completely random results witii very large errors. The errors 

were often tiie same order as tiie parameters tiiemselves. Therefore, we constramed 

most of tiie parameters so tiiat tiie fits used an overall amphtude factor witii tiie 

probabihties of tiie ROM used as weighting factors to tiie amphtude, a single widtii 

parameter, and a constant spacing. These constramts were allowed witiiin tiie 

proposed model. This fitting method, however, may hide the information we wanted 

to look for. Data was taken at 77K (previously) and 300K so that it might be possible 

to see any differences in the individual peak intensities, and maybe get some 

information on the defect levels. With featureless peaks, this was not possible. 

A second point to consider is that in both of the data sets, we see a small 

shoulder that is not well fit This shoulder occurs near the basehne and is a small 

broadening of the spectra. InitiaUy, this shoulder was attributed to the hyperfine 

sphttmgs expected from ^̂ Si which has a natural abundancy of 4.7% and a spin —. 

This assumption is inconsistent, however, witfi tfie known hyperfine sphttings of 70 

gauss for ^^Si. Therefore, tiie shoulders could be attributed to noise since tiie room 

temperature data is noisy. This is plausible since tfie shoulders have about tfie same 

amplitude as the noise in the derivative spectra. 
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Fmally, tiie spin densities obtained m tiiis work are significantiy different from 

tiiose obtained previously [9]. The spin densities of about 2x10̂ ^ spins/cm^ are two 

orders of magnitude smaller than those obtained before on the same samples. It has 

been shown [26] that tiie EPR intensity decreases over time. The pubhshed time 

constant T is about two weeks. If we take our data and fit it to a single exponential, 

we can estimate the decay time constant and the initial intensity for our samples. The 

estimated decay time is 7.5 weeks and the extrapolated initial intensity was 3.3x10 

spins/cm .̂ 



CHAPTER V 

CONCLUSIONS 

We have used EPR to study tiie room temperature characteristics of two 

a-SiNx:H samples. During tfie course of tfiis study, several modifications to tiie EPR 

spectrometer were made and tiiese modifications were discussed m detail. The 

additional sensitivity was used to determine tiie defect densities of tfie a-SiNxiH 

samples as a function of nitrogen content. A random occupational model was also 

presented and used in the data fitting. 

At the conclusion of this experiment the foUowing results were gathered: 

1. The EPR measurements suggest that the defect density of each sample is 2.4 x 

10̂ ^ cm-̂  (N% = 14.4%) and 2.4 x 10̂ ^ cm"̂  (N% = 16.2%.) 

2. At room temperature, the data was fitted using the random occupational model, 

when this method is used, three peaks are fitted to each spectra. From the fits, we get 

a characteristic shift in the g-values from the 2.0055 value of a-Si to about 2.0051 with 

the increase of nitrogen in each fihn. We also get a characteristic broadening of tiie 

spectra from the 7.5 gauss widtii of a-Si to about 9 gauss for each sample. The use of 

tiiree peaks witii different bonding configurations associated witii each peak seems 

preferable to usmg a single peak when fittmg. 

3. The only real temperature dependence tiiat can be determined from the room 
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temperature fits and those gathered earUer at 77°K is the characteristic decrease in 

peak intensity. 

Witfi tfiese accompUshments in mind, several additional experiments should be 

completed and tiie results added to tiiis work. These experiments include: 

1. Smce tiie EPR spectra are essentially featureless, tfie experiment should be done 

again witii samples tiiat contain more widely varying concentrations of nitrogen. The 

suggested range would be 0 - 50% in 10% mcrements. 

2. The cavity was constructed so tiiat tight induced measurements could be 

performed rehably at all temperatures. These hght induced measurements should be 

carried out at several temperatures including 4°K. 

3. The temperature dependence of tiie EPR spectra should be determmed from 4*'K 

to 300TC. 

The completion of tiiese experiments should greatiy increase the knowledge about 

these samples. 

Even though the spectrometer was modified to increase the sensitivity and 

versatihty by the addition of a solid state AFC, computerized data acquisition, and a 

modified low temperature cavity, several more improvements can also be suggested. 

The first would be the addition of a high accuracy gauss meter that is accurate to at 

least four and preferably five digits. A nuclear magnetic resonance (NMR) probe 

could also be used to determine the strength of the magnetic field. Its accuracy is as 

good as the counter used to determine the resonant frequency, and is easily better than 
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tiie best gauss meter. An accurate determination of tiie magnetic field strengtfi would 

greatiy enhance tiie reproducibihty and accuracy of tiie g-values. The overall 

sensitivity of tiie spectrometer can be mcreased in tiie foUowmg two ways. The cavity 

should be plated in gold. This would not only increase tfie Q value of tfie cavity over 

tiiat of brass, but it would also alleviate any corrosion of tiie brass. Second, a 16 bit 

digital-to-analog board could easily be substituted for the motor driven X-axis driver 

on the magnet to get more control over tfie magnetic field. The data acquisition 

program could be rewritten to dkectiy control the magnet and take data at a certain 

field value until the average EPR signal reaches a certain error threshold. 

This work has only touched a smaU part of the EPR data that can be gathered 

from fluorinated a-SiNx:H. As suggested from the list of possible future experiments, 

much work remains to be done. A random occupational model was used to explain 

the EPR spectra, but a wider range of nitrogen content in the samples is needed to 

rigorously test this model. 
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