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C H A P T E R I 

I N T R O D U C T I O N 

During the past 40 years, crystalHne semiconductor physics has undergone 

t remendous development. The invention of the p-n junct ion and junct ion 

transistor led to a revolution in solid-state electronics. Semiconductor based 

electronic devices are now almost everywhere and play impor tant roles in our 

life. All these developments are based on the understanding of crystalline 

semiconductors. The huge success of crystalline semiconductor based technology 

may be one reason that the non-crystalline (or amorphous) semiconductors were 

ignored before the 1960's. However, since the outs tanding work of Mott [1] and 

Anderson [2] in the 1960's, a lot of progress has been made in unders tanding 

these materials and in engineering amorphous semiconductor based devices. 

The impor tant difference between crystalline and amorphous semiconductors 

is tha t the amorphous semiconductors do not have the long-range order. The 

lack of a periodic s t ructure eliminates most of the common theoretical tools of 

solid s ta te physics. This also makes it much more difficult to separate defect 

s t ructures from normal material for amorphous systems. We are then left wi th 

those experimental methods which are predominantly sensitive to the short-range 



order to t rea t the defect s tates under consideration. In both crystalline and 

amorphous semiconductors, an experimental technique capable of providing very 

detailed information about electronic defects is electron spin resonance ( E P R ) . 

In 1969, Brodsky [3] used E P R to investigate a-Si. The signal observed had a 

g value of 2.0055. The linewidth was 7.5 G at room tempera ture and narrowed 

to 4.7 G at 77 K and 4.2 K. The E P R signal intensity t ransla ted to a defect spin 

density of lO^^cm"^. The g value, line shapes and Hnewidths of the spin 

resonance signals are similar to those of the electron states observed in the 

surface regions of the crystalline form. However, in the amorphous films, the 

s t rength of the signal is proport ional to film thickness, indicating tha t the states 

are dis t r ibuted throughout the bulk of the material. 

In addi t ion to the dark E P R signal, two kinds of optically induced E P R 

signals, wi th g=:2.004 and 2.01. have also been detected at low tempera tures [4]. 

The origin of the optically induced E P R signal in undoped a-Si:H has been 

indirectly identified with conduction-band-tail electrons (2.004) and 

valence-band-tail holes (g=2.01) [5]. 

In order to unders tand the light-induced phenomena in amorphous solids, 

R. Street and N. Mott [6] introduced a model based on charged defect s ta tes , 

first used in chalcogenide glasses. They supposed tha t there are more bonding 

s tates t h a n pairs of electrons, but tha t all such states are either doubly occupied 

or empty. They assumed that a dangling bond may be occupied by zero, one or 
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two electrons and all defect centers are either positively or negatively charged 

and D only occurs by excitation. They used this model to provide a unified 

description of many electrical and optical properties of chalcogenide glasses. 

They also proposed tha t the E P R active centers are singly occupied D°, induced 

by t rapping of free electrons and holes. 

By using a similar concept, Elliott [7] suggested the existence of spin-paired 

defect centers in amorphous silicon. A novel mechanism which makes spin-paired 

states energetically favourable in this material has been proposed, and consists 

essentially of the negative centre dehybridizing from sp^— to p—like bonding, 

with a resulting bond-angle relaxation. 

Yamasaki et al. [8] reported that the origin of the optically induced E P R 

signal in undoped a-Si:H is identified to be a locaHzed state with s t ructure 

similar to a singly occupied dangling-bond state from a ^^Si hyperfine study. 

The dominant E P R active defect in a-Si is generally agreed to be a singly 

occupied danghng bond. When hydrogen is present, most of these dangling 

bonds are te rminated , greatly reducing the defect density and making the 

hydrogenated materials suitable for electronics applications. 

The reason people become more and more interested in a-Si:H is tha t it can 

be doped bo th n-type and p-type and its room temperature conductivity can be 

made to vary over more than ten orders of magni tude. These properties make 

possible the fabrication of thin-film electronic devices using a-Si:H. 
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The objective of the current work is to use electron paramagnetic resonance 

(EPR) measurements to analyze the properties of defects in a-Si:H and measure 

the defect density. The temperature dependence of the intrinsic and fight 

induced defect densities, and the time dependence of the EPR signal upon 

exposure to light have been studied for a standard glow discharge deposited 

a-Si:H film. The analysis of these measurements is the primary topic of this 

thesis. 



CHAPTER II 

EPR THEORY AND EXPERIMENT 

E P R (Electron Paramagnet ic Resonance) is a branch of magnetic resonance 

dealing with ions or atoms (or other locaHzed electronic "centers") in which the 

total electronic angular momentum number J is different from zero. One may 

employ the E P R spect rum to identify an unknown transi t ion-metal ion or latt ice 

defect, or to distinguish among several valence states of the same ion. The E P R 

spect rum frequently identifies the lattice site and symmetry of the paramagnet ic 

species, particularly if single crystal data are available. Considerable information 

can be obtained about the nuclei in the immediate neighborhood of the 

absorbing spin, and sometimes relaxation da ta can detect long-range effects. 

Diffusion constants , correlation times, and the type of hydrat ion can be 

determined from the E P R spectra of solutions. Chemical bonds in molecules and 

crystals sometimes may be characterized by E P R studies. The spin densities can 

also be determined by E P R . In E P R spectroscopy, transit ions are observed 

between energy levels which depend on the s trength of a magnetic field. In this 

chapter we are going to discuss E P R theory, the equipment to detect the E P R 

signal and our experimental procedures. 



2.1 E P R Theory 

2.1.1 Magnetic Dipole Moments—Classical Treatment 

A paramagnet ic substance consists of atoms (or ions) which have permanent 

magnet ic moments . In the absence of an external field such dipoles are randomly 

oriented, but the application of a field results in a redistribution over the various 

orientations in such a way tha t the substance acquires a net magnetic moment . 

Such an atom, (or ion), with angular momentum J , will produce a magnetic 

dipole ^ and the two have the relation [9], 

where 7 is the gyromagnetic ratio. If this spin is free and located in an external 

magnet ic field H . the H will produce a torque r on the magnetic dipole, 

r = / 2 x H . (2.2) 

The equat ion of the motion of the dipole is. 

— =r = fixH, (2.3) 

that is 

§ = - ( J x H ) . (2.4) 
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The solution of this differential equation shows that the magnetic dipole would 

precess about H , remaining at fixed angle with it [9], as shown in Fig. 2.1. The 

angular velocity of the precession will be 

a; = - 7 H . (2.5) 

The u; is called Larmor frequency. The negative sign means tha t the pression is 

in the direction of a left-handed screw advancing along H if 7 is positive, and 

vice versa. So, without energy loss, a magnetic dipole in a magnetic field H 

precesses about H . with angular velocity w. 

The interaction energy of the dipole with H is 

I U = - / £ - H (2.6) 

If the magnet ic dipole is not in free space but in a solid, the net energy is more 

compHcated, since several additional terms have to be concerned. In the 

following section, we are going to discuss those terms in a crystal solid. 

2.1.2 Zeeman Interaction 

In q u a n t u m mechanics, the magnetic moment can generally be wri t ten in the 

form /£ = —gj/3J and the interaction energy (Hamiltonian) between this free 

moment and the magnetic field H is [10] 
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Figure 2.1: Precession of a magnetic dipole with an
gular momen tum J about an appHed magnetic field 
H . 



i f „ = - ( / X j . H ) = ^ j / 3 ( H - J ) (2.7) 

which is called the Zeeman interaction. Here gj is Lande factor; J = L 4- S and 

3 is the Bohr magneton. 

In a crystalline solid a paramagnetic ion is by no means free. It is surrounded 

by other ions. These ion's have a strong interaction with the paramagnet ic ion, 

which produces a strong electric field or "crystal field." The symmetry of this 

crystal field reflects the symmetry of the i o n s immediate surroundings. Because 

of this crystal field, the Zeeman energy in a solid no longer follows Eq.(2.7). To 

solve this problem, the concept of "effective spin S" is introduced. S is a fictions 

angular m o m e n t u m such that the degeneracy of the lowest electronic energy 

levels, which are split magnetically, is set equal to (25-1-1). Though this spin is 

not real, it gives a correct description of the behaviour of the energy levels in 

terms as concise as those for a free ion. So Eq. (2.7) is modified as 

i J „ = ^/3(H . S) (2.8) 

The Zeeman interaction is not only dependent on the angle between S and H 

but may also be dependent on the angle between H and certain axes defined by 

the local symmetry. To deal with the most general case, a more general form of 

Eq.(2.8) is [10] 
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H^, = 3{H-g-S) (2.9) 

where g is the gyromagnetic tensor. 

2.1.3 Hyperfine Interaction 

The existence of nuclei with magnetic moments other than zero produces a 

spHtting of the Zeeman levels from Eq.(2.9). This is due to the fact tha t the 

nuclear spins also contr ibute to the local magnetic field. Thus the ion 

experiences the combined effect of the external magnetic field and a field at the 

ion due to the nuclear magnetic moments . These nuclear spin effects are 

represented by the t e rm :10] 

H^,f, = S•A•l (2.10) 

where S and I are the effective electron spin and the nuclear spin vector 

operators , and A is the hyperfine coupling tensor. This t e rm is usually much 

smaller than the Zeeman t e rm and is normally considered as a per turbat ion . 

2.1.4 Total Spin Hamiltonian 

The total ionic spin Hamiltonian in a crystalline paramagnet ic solid can be 

wri t ten as ;10) 

H = H,,- H^fs = (S • g • H ) ^ (S • A . I ) . (2.11) 
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In non-crystal l ine or amorphous solids, the local symmetries are randomly 

oriented, and the observed E P R spectrum is an average over all possible 

or ienta t ions . Such an average is called a powder pat tern, when applied to 

poiycrystaUine samples. The results of Eq. (2.11) also need to be averaged over 

local or ientat ions for amorphous sohds. leading to similar broad pa t te rns unless 

g and A are isotropic. 

2.1.5 Electron Paramagnet ic Resonance 

From the previous discussion, we can see that the splitting of the energy 

levels in a paramagnet ic system is described by the spin Hamiltonian. 

Transit ions between the magnetic energy levels can be induced by an addit ional 

oscillating electromagnetic field H i of the appropriate frequency v. If the 

photon energy hv matches the energy-level separation AIU. then 

\W = hv. (2.12) 

This resonant absorption is called EPR. Paramagnetic resonance is a form of 

spectroscopy in which an oscillating magnetic field induces transit ions between 

the magnet ic energy levels of a paramagnet ic system. 



12 

2.2 Experimental Principles 

We have briefly discussed E P R theory. In the present section, our purpose is 

to descnbe the operating principles of the various electromagnetic wave 

components and a typical E P R spectrometer. 

2.2.1 Electromagnetic Wave Components 

The major electromagnetic wave components include electromagnetic 

waveguides, microwave resonance cavity, klystron and magic T. We are going to 

describe t hem separately. 

Electromagnetic Waveguides: Electromagnetic waves can propagate inside 

rectangular waveguides when appropriate boundary conditions are met . By the 

well-known Maxwell's equations, we have 

(9B 
V x E = - — (2.13) 

V x H = J + ^ r - . (2.14) 
at 

There are two types of wave configurations, namely, transverse electric (TE) 

wave, and transverse magnetic (TM) waves in the waveguides. They have the 

following properties: 

TE E, = 0,H,^0 (2.15) 
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TM H, = O.E,j^O (2.16) 

where z is the propagat ing direction. A representation of the fields inside the 

wave guide from the solution of Maxwell's equations for transverse electric 

modes is shown in Fig. 2.2 [11]. 

Microwave Resonant Cavity: In order to increase the sensitivity of E P R 

spectroscopy, microwave resonant cavities are used in E P R spectrometer 

systems. A microwave resonant cavity is a box fabricated from high-conductivity 

metal with dimensions comparable to the wavelength. At resonance, the cavity 

is capable of sustaining microwave oscillations, which form a standing wave 

configuration from superimposed microwaves multiply reflected from the cavity 

walls. Each part icular cavity size and shape can sustain oscillations in a number 

of different standing wave configurations, called modes. 

The O value of a resonant cavity is very important for E P R measurements , 

because the higher the Q value, the better the sensitivity of the spectrometer. 

The Q value of the cavity is a measure of the sharpness of response of the cavity 

to external excitation, defined as 27r times the ratio of the time-averaged energy 

stored in the cavity to the energy loss per cycle: 

Q=^o = § (2-17) 

where E is stored energy in the cavity and W is power loss. 
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Rectangular resonant cavities can support both TEmnp modes and TMmnp 

modes, where the subscripts m. n and p are the number of half-wavelength 

variations in the standing-wave pa t te rn in the x, y and z directions, respectively. 

Klystron and AFC: In our experiment. Microwave power in the frequency 

range of 9-10 GHz is generated by a klystron. To find very accurate values for 

the g-factor, we need to stabilize the frequency of the klystron. 

In the automat ic frequency control (AFC) system, the frequency of the 

klystron is compared to the resonant frequency of the cavity, and when a change 

occurs in the klystron frequency a small error voltage is produced . This error 

signal is amplified and applied to the klystron in such way as to bring the 

frequency back to its initial value. 

Attenuator: An a t tenuator can reduce the ampHtude of the ratio frequency 

signal incident on the load. This reduction in power is expressed in the uni ts of 

dB and can be defined by [11] 

R = 1 0 1 o g , „ ( | ^ ) (2.18) 
J 2 

where Pi is the power in the absence of the a t tenua tor and P2 is the power when 

it is in place. 

Magic T: A magic T can divide the microwave power equally. It has four 

arms. At balanced conditions, a wave incident on any a rm will split equally 

between the two adjacent arms, while no power will be reflected back or enter 
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the opposite arm. The resonant cavity and a balanced load are ordinarily placed 

m opposite arms, with the detector and klystron terminates the remaining two 

arms, as suggested in Fig. 2.3 [11]. The function of the load is to balance the 

magic T and dissipate half of the power from the klystron. When reaching the 

magic T from arm 3, the power is divided into two par ts , half going into arm 1 

which has an adjustable phase and balanced load to control the bridge balance. 

the other half going into the cavity through arm 2. The power reflected back 

from the balanced load has a phase shift of 180°. The power reflected back from 

bo th the cavity and the balanced load is recombined and is sent into the 

detector a rm. If the resonance condition is not satisfied for the sample in the 

cavity, then the reflected power from the two arms will cancel each other. The 

magic T is then said to be balanced and no power goes to the detector. If the 

resonance condition occurs, par t of the power which goes into arm 2 will be 

absorbed by the sample, and the magic T becomes unbalanced, in this case the 

output from the T will not be zero and will be detected by the crystal detector. 

2.2.2 E P R Spectrometer System 

In order to increase the sensitivity of the spectrometer, lock-in phase 

sensitive detection and magnet ic field modulat ion are often used. This technique 

greatly improves the signal-to-noise rat io. The simple picture of this technique is 

tha t a sinusoidally varying field (200 Hz) of amphtude much less than that of 
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Figure 2.3: The use of a magic T in an EPR spectrometer bridge. 
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H i . IS superimposed on H . The effect of this field is to produce an ac resonance 

signal, which is then amphfied by a narrow band ampHfier and phase-sensitively 

detected. The recorded amphtude in this scheme is not the signal but its first 

derivative. 

A block diagram of our E P R spectrometer system is shown in Fig. 2.4 [12;. 

The spectrometer uses a Varian klystron and operates in the 8.5-10.2 GHz 

X-band microwave frequency range. The microwave power generated by the 

2K25 klystron is first sent through a ferrite isolator, which only allows the wave 

to pass forward. After passing the 20 dB coupler, it goes into an a t tenuator , 

which can control the power level into the T. As discussed before, half of the 

power goes into arm 1 and the other half goes into arm 2 and to the cavity. The 

power reflected back from the cavity and balanced load is being "selected" and 

only the signal absorbed by the sample will be sent to arm 4 and to the detector. 

This detected power is a direct measurement of the E P R absorption by the 

sample in the cavity. The output of the detector is fed into a coupling 

transformer to separate the magnetic resonance signal and the 10 kHz Automat ic 

Frequency Control (AFC) signal. The main output signal containing the E P R 

resonance information then goes into a low-noise preamplfier, which is connected 

to the lock-in ampUfier. The output from the lock-in amplifier is proport ional to 

the derivative of the resonance line and is recorded on a strip chart record. 
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The stat ic magnetic field is provided by a Varian V-3400 electromagnet. The 

magnet ic field modulation is obtained from a pair of auxiliary coils mounted on 

the pole surface of the magnet. The coils are operated through an audio power 

ampHfier driven by the reference oscillator of the lock-in ampHfier. 

To take da ta , the static field from the main magnet is swept across the range 

of interest with the modulation field ampHtude set at a small fraction of the E P R 

linewidth, so tha t the lock-in output gives an accurate derivative lineshape. 

2.3 Experimental Procedures 

The working principle of our E P R resonance cavity and spectrometer has 

been discussed. In our experiment, we need to take E P R measurements at Hquid 

nitrogen t empera tu re , 77 K. But at room temperature , a "clean"' resonance 

cavity might become very "dirty" at 77 K, tha t means it might show some E P R 

signals at such low temperature . To remove all of these unwanted signals is 

difficult. The easier way is to record the locations of these extra signals, 

therefore later we would know which signal is from our sample. Another problem 

is tha t at low tempera ture molecules of H2O in the air would frozen on the 

cavity, and would destroy the Q of the cavity and causing loss of the signal. 

Therefore our cavity system was located inside a vacuum chamber, which was 

immersed in liquid nitrogen, as shown in Fig. 2.5. 
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Figure 2.5: The system of the resonance cavity. 



22 

The intrinsic a-Si:H thin film used in this study was grown by glow discharge 

decomposit ion of silane at University of Arkansas. The thin film of Si was 

deposited on a glass substrate . The film thickness is 0.7 fim. The a-Si:H sample 

was mounted on the wide waH of the cavity, with a tempera ture sensor on the 

outside wall just opposite the sample. The Q value of the cavity is very sensitive 

to the posit ion of the sample inside the cavity. So before we took the E P R 

measurements , the sample position was adjusted to get the maximum 0 value. 

To get l ight-induced EPR, we need to illuminate the sample inside the cavity. 

A 20 mW neon laser (A=623.8 nm) was been used as our Hght source. The laser 

was guided into the cavity by a fiber optic. We first annealed the sample at 

170°C to remove any historical optical effects. To avoid errors introduced by 

varying the position of a sample in the cavity, annealing was performed inside 

the cavity itself without removing the sample. 

To prevent the nitrogen from evaporating too fast, and to keep the cavity at 

low t empera tu re , a stainless waveguide and chamber were used because of their 

low thermal conductivity. 

Relative signal s t rengths were determined by comparison with a stable 

s tandard , copper sulphate. Copper sulphate has been used as s tandard before. 

Because the g-value of copper sulphate is far from the g-value of a-Si:H, the 

cooper sulphate and a-Si:H were put into the cavity in same time. 
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When the tempera ture dependence experiment was carried out, we needed 

the sample t empera tu re to change slowly from 77 K to 200 K. As the Hquid 

nitrogen evaporated from the dewar, the temperature of the cavity would 

increase from 77 K to 200 K. Because the tempera ture increased slowly enough 

(about six hours from 77 K to 200 K) , the system was assumed to stay at a 

constant T during the time we were taking any given sweep through the fine. 

The microwave power and modulat ion ampHtude were adjusted to get the 

max imum intensity undistorted Hne shape. The sweep ranges of magnetic field 

were set to 30 G for a-Si:H and 500 G for copper sulphate. In order to get the 

highest sensitivity, we set the sweep time to 2.5 minutes and the time constant of 

locke-in amplifier to 4 sec. for a-Si:H. When the resonance condition was 

satisfied, the resonance signals were recorded on a chart recorder. 

Several records of the E P R spectra as a function of tempera ture were 

recorded for bo th no Hght and light-on conditions. All of these records showed 

similar behavior, however in most cases the noise levels were too large to allow 

accurate intensity variation measures. In chapter IV we discuss our 

measurements for the least noisy conditions and compare to restilts published for 

other samples. 



C H A P T E R III 

H Y D R O G E N A T E D A M O R P H O U S SILICON 

Before we discuss hydrogenated amorphous siHcon (a-Si:H), it is bet ter to 

have some idea about crystalHne and amorphous siHcon. This wiU provide the 

basics to unders tand the major effects from the introduction of hydrogen into 

amorphous silicon. 

3.1 Crystalline Silicon 

The crystal s t ructure of siHcon is a diamond lattice s tructure which has 

te t rahedral bonding in which each a tom is surrounded by four equidistant 

nearest neighbors s i tuated at the corners of a te t rahedron, as represented in Fig. 

3.1 [13]. T h e bond between two nearest neighbors is formed by two electrons 

o 

with opposite spin. The lattice constant of silicon is 5.43 A. 

Because of the long-range order, the silicon crystal potential is periodic, tha t 

is Uk{x) = Uk{x 4- T). By the Bloch Theorem, the wavefunction can be defined as 

il3l 

i;^ = e'^u,{x) (3.1) 

24 
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Figure 3.1: Atomic positions in the cubic ceU of the 
diamond s t ructure project on a cube face. Fractions 
denote height above the base in units of a cube edge. 
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where it^(x) has the period of the crystal lattice. This leads to typical solid s tate 

band features—the energy levels of electrons split into weU-known conduction 

and valance bands, with an energy gap (1.11 eV for Si) in between. 

The energy of an electron near the bo t tom of the conduction band '13] is 

typically represented as parabolic using the effective mass approximation 

E = E , ^ ^ (3.2) 

where E^ is the energy at the conduction band edge, and m^ is the effective mass 

of an electron. The total number of conduction band states with energy < £' is 

then 

V = Z.f^f/2^ (3.3) 

dN The density of states for the conduction band at E is given by -j^, 

Similarly, the density of hole states in the same approximation is 

ME) = :^/-^r{E. - EY" (3-5) 

where E^ is the energy at the valance band edge. This weH-known result for the 

density of s tates in a semiconducting crystal is shown in Fig. 3.2 [13] and serves 

as the s tar t ing point for our discussion of an amorphous semiconductor. 
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Figure 3.2: General features of the electronic state distributions 
g(E) and crystaUine siHcon. 
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3.2 Amorphous SiHcon (a-Si) 

3.2.1 Band Tails 

In a crystaUine semiconductor, band states can be occupied by electrons that 

are described by nonlocalized Bloch wavefunctions as discussed in the section 

3.1. In amorphous semiconductors, the simple reciprocal space band picture is 

not viable since k is no longer a good quantum number. One way to approach 

this question 114] is to change from a strictly periodic potential , representing a 

crystal and yielding bands separated by gaps in the classical sense, to a 

pe r tu rbed potent ial , which can be made less and less periodic, and analyze the 

resulting eigenfuctions. Let's consider applying this model to a periodic latt ice 

potent ia l , however, with changes from the strict periodicity, introduced by 

changing the interatomic distance or the potential well depth . Anderson 

superimposes a r andom potential V with a spread of i r A F / 2 onto the average 

well depth I Q , as shown in Fig. 3.3, and consequently obtains a broader energy 

level distr ibution with tails beyond the original band edges. These band-tai ls , 

which do not exist in crystal silicon, extend into the bandgap and represent 

s ta tes more strongly localized in the deeper weUs. 

When AV is very small compared to the well depth, only small deviations 

from the periodic Bloch-type solutions occur. These result in some scattering of 

essentially free Bloch electrons within this band, with a mean free pa th given by 

^15] 
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Figure 3.3: Anderson model. (A) periodic potential 
and resulting level distribution; and (B) Anderson po
tential with random potential V added to potential weU 
depth and resulting level distribution. 
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' = ^ ( A F ) - ^ i ^ (3-6) 

with v^ = -^k. 
m 

When A > > a, ah levels are extended band levels. The fluctuating potential 

results only in a sHght per tu rba t ion of the band edges. 

3.2.2 Dangling Bonds 

Amorphous silicon does not possess the long-range periodic arrangement of 

a toms found in the crystalHne s ta te . But the structure does show short-range 

order (SRO), extending over a few atomic spacings around a given reference 

a tom [16]. In a-Si, deviations of the bonding angle and coordination number can 

also result in a change in the type of bonding between neighboring atoms. An 

sp^ — . an 5p^-hybrid, or a p"^-configuration produces a neutral , positively, or 

negatively charged dangling bond, while a 5"p^-hybrid produces a twofold 

coordinated Si a tom. These bonds may be formed to relieve some of the stress 

produced by distortions from the crystalline atomic arrangement. The 

corresponding bond angles are 109.5° (5p^),120° (^p"), and 95° (p^ and s^ and 

. V ) [17!. 

E P R can yield information about dangling bonds. When a dangling bond 

possesses a single unpaired electron, its magnetic moment can be picked up by a 

E P R experiment. The frequency and line shape of the resonance is influenced by 



31 

the immediate neighborhood surrounding the danghng bond and yields detailed 

structural information in crystalHne soHds. The hyperfine structure is washed 

out in amorphous semiconductors. However, from the density of unpaired spins, 

we stiU obtain valuable information on the density of various defect states. 

3.3 Localized States 

From Eq. (3.11) we see that the mean free path decreases with increasing 

spread of the fluctuating potential. When the mean free path is reduced to the 

distance between the wells, all states within the band become localized. An 

estimate for the relative mean free path can be obtained from Eq. (3.11), using 

the classical formula for g{E) [13] 

g{E)dE = ±^i^Y'^VEdE (3.7) 

yielding 

^ = 3 2 . ( ^ r (3.8) 

where I = ( l / e ) V and a is distance between the waHs. LocaHzation occurs when 

A/a = 1- The electron is no longer free to move within the band but is locaHzed 

within the radius of any one atom. As we have seen, besides these band tail 

states, a great number of dangling bond states exist in the middle of the 

bandgap. In amorphous siHcon their density is about 10^^ - 10^°/cm^. These 
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danghng bonds are considered '"defect" states and are fully localized, as shown 

in Fig. 3.4. They act as t raps removing a charge carrier from the band-Hke 

states whenever a dangling bond state is occupied. 

3.3.1 Hydrogened Amorphous Silicon (a-Si:H) 

If hydrogen is added to a-Si, an alloy, a-Si:H is created. Like a-Si. the 

structure of a-Si:H also has only short-range order. Differences between the two 

are due to strong Si-H bonds, which easily replace the weaker Si-Si bonds and 

also readily terminate dangling bonds. The density of gap states in a-Si:H is 

thus dramaticaUy reduced from that of a-Si. As the density of localized states 

decreases and the resulting E P R signal decreases. Fewer active traps give a-Si:H 

an advantage in most applications, because with fewer locaHzed states. a-Si:H 

can be doped into p-type or n-type and can be fabricated as solar cells and other 

semiconductor devices. 
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GS 

Figure 3.4: General features of the electronic sate distributing g(E) in 
a-Si. VB, valence band; CB, conduction band: TS, band tail states: 
GS, gap states: ES, extended states. The shading indicates that these 
are locaHzed states. 



C H A P T E R IV 

RESULTS AND DISCUSSION 

In this chapter , our experimental results about spin density of a-Si:H, 

Hght-induced E P R and temperature-dependence of E P R of a-Si:H are going to 

be shown and discussed. 

4.1 Spin Density of a-Si:H 

Since 1969, a lot of work has been done to measure E P R signals from both 

a-Si and a-Si:H [18]. A neutral , threefold coordinated siHcon a tom with a 

danghng bond is the first candidate for the paramagnetic defect with g=2.0055 

[14]. A dangling bond has one unpaired electron and is the simplest 

paramagnet ic defect in a r andom network. The spin density thus primarily 

measures the density of danghng bonds. 

It is widely accepted tha t one role of hydrogen in a-Si:H is to saturate silicon 

danghng bonds otherwise present in a-Si. The incorporation of hydrogen reduces 

the danghng bond density of a-Si from ~ 10^^/cm^ to ~ lO^V^"^^ ^^^ a-Si:H. 

In our experiment, the E P R signal of a-Si:H was found at Hquid nitrogen 

t empera tu re (77 K), with AHpp=3A G. As mentioned previously, we choose 

CUSOA • 5H2O crystal as our spin density s tandard, which was suggested by 

34 
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Table 4.1: Experiment Data of a-Si:H 

Linewidth Aifpp 
Area under the derivative curve 
Mass or volume 
No. of spin or spin density 

CuSO^ • 0H2O a-Si:H 
96G 3.4 ± 0.2 G 
4432 28 
0.1 mg 1.4 X 10-^cm^ 
2.4 X 10^^ 4 X lO^^cm-^ 

Yariv [19]. We can consider tha t there is one effective electron in each chemical 

unit of CuSO^ • 0H2O. So the mass of CuSO^ • DH2O divided by the mass of 

chemical unit is equal to the spin number of our CuSO^ • 5H2O. 

It is actually the area under the absorption curve that is a measure of the 

number of ionic moments present in a sample. This area may be est imated from 

the l inewidth times the area under the derivative curve [20]. So by comparing 

the area under the derivative of CuSO^ • 5H2O with that of a-Si:H, we can 

determine the spin density of our sample. Our results are shown in Table 4 .1 . 

Spin density of a-Si:H is vary sensitivity to the details of how the material is 

prepared and can very by several orders of magnitude. In our experiment the 

spin number was around 10^^. In this region, the signal-to-noise ratio of our 

spectrometer was not high. The noise sources were possibly from vacuum tubes , 

detector and cavity vibrations, etc. The accuracy of our the deternunat ion of the 

spin density is est imated to be about 20%. 

ExperimentaHsts agree tha t the g=2.0055 E P R Zeeman Hne in a-Si appears 

structureless and isotropic, major disagreements have arisen concerning the spin 
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density, Hnewidth. Hne shape, sa turat ion power levels, and behavior of the signal 

after annealing. AH of these quanti t ies seem to vary a lot from one sample to 

another , depending on deposition conditions. 

4.2 Light-induced E P R Signals 

As shown in Fig. 4 .1 . the Hght-induced E P R signal, with AH^ = 3.4 ± 0.2G, 

was found at 77 K with the equipment discussed previously. The increment of 

spin number is subHnear in iHumination time, and satisfied the foUowing 

equation 

/ = 4 n-0.2 • t°•«^ (4.1) 

as shown in Fig. 4.2. After iUumination for about 10 minutes, the signal 

sa tura ted . When the laser was cut off, the signal decayed to the normal value. 

The decay curve, as shown in Fig. 4.3, fits following formula 

J ^ g y . ^ - U . M (4 2) 

Several models have been introduced to interpret the light-induced 

metas table s tates in a-Si:H [13, 21 , 22]. In our case, the light intensity was not 

high enough ( < 5 mWcm"^) and illumination time was not long enough ( < 40 

minutes) to break Si-Si bonds to form metastable danghng bonds. So we can not 

use the s t andard model of two-level systems [13] to explain our experimental 

process. In order to interpret the Hght-induced non-metastable phenomena in 
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process. In order to interpret the light-induced non-metas table phenomena in 

a-Si:H, additional charged defect s tates have been postulated [7]. In this model 

positively and negatively charged locaHzed centers play a very impor tant role in 

the Hght-induced E P R process. The energy levels of these charged centers are 

shown in Fig. 4.4. 

In the Fig. 4.4 a T^ is a normahy bonded Si s ta te , and T^, T^" and T j are 

danghng bond centers, which have zero, one and two electrons, respectively. 

Only T3 centers can be picked up by E P R measurements , because each of them 

has one unpaired electron, while all electrons are paired for the other two. 

We shall use this model to interpret our light-induced E P R process. Because 

T j centers have higher energy than T J and T^ centers, they are unstable. We 

therefore assume that local lattice distortion occurs when the electron 

occupation of the danghng bond changes and tha t the interaction is sufficiently 

strong for the reaction [7̂  

2T^ -^ T^ J- r3- (4.3) 

to be exothermic. Many defect centers are therefore either positively or 

negatively charged. This reaction sharply reduces the concentration of unpaired 

spin number . When there is a light excitation, as shown in the Fig. 4.4, the 

electrons in the valance band can be excited to the conduction band, as in 

transit ion a, then captured by T j , transition 6; or electrons are directly excited 
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Figure 4.4: Energy levels of charged de
fect centers in a-Si:H. Subscripts indicat the 
type of bonding tha t is predominant . 
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from the valance band to T^ . t ransi t ion c. Both processes would change T3" into 

T3, which is active to EPR. Trapping of holes from the valence band on T 7 , 

t ransi t ion d, also creates the active T° s ta te . Due to these processes, the spin 

number wiU increase under the Hght excitation. After iHuminating the sample 

for a certain t ime, the E P R signal sa turates as seen in Fig. 4 .1. This may occur 

when all T j and T^ centers are occupied, so the number of danghng bonds 

would not change any further. Alternatively, after the numbers of T^ and T^ 

are over a certain value, the rates of capture and excitation of electrons are the 

same, so total number of T^ remains constant. After the Hght is cut off, the 

charge-transfer reaction described in Eq. (4.3) would dominate again, causing 

the numbers of charged centers to increase and danghng bonds to decrease. The 

tota l spin number therefore would decay back to the original value as observed. 

4.3 Temperature-dependence of E P R of a-Si:H 

If the spin number of a paramagnet ic system is a constant, theoretically the 

intensity of an E P R signal or the net absorption of energy per second between 

levels of energy \\\ and Wj, induced by an oscillator field of amphtude Hi and 

angular frequency LJ is [23] 
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For a certain osciUation strength the net absorption between two certain 

energy levels has the form 

dW _ C 

~dr~T' (̂ -̂ ^ 

Compared with the theoretical intensity Hne, as shown in Fig. 4.5, the dark 

E P R signal intensity of a-Si:H decreased faster in the temperature region from 

. / K to 100 K but in the higher temperature region the data follow the 

theoretical intensity curve. 

This suggests tha t in the higher temperature region {T > 100 K) the spin 

number is a constant and in the lower temperature region (T < 100 K) the spin 

number decreases as the tempera ture increases. 

This in terpre ta t ion impHes that there are two different kinds of active E P R 

centers—a low tempera tu re one, TL, that is temperature-dependent and a 

tempera ture- independent one. T^, that becomes dominant at higher 

t empera tu re . In the low tempera ture region, as temperature decreases, the 

density of T^ centers increases very fast and at 80 K T^ and T^ densities are of 

the same order. Because we carried out our experiment in the Hquid nitrogen 

region, the behavior of Tf, centers at even lower temperatures (< 77 K) is not 

clear, and should be pursued with additional measurements. 
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Figure 4.5: EPR temperature dependance 
of a-Si:H. 



CHAPTER V 

CONCLUSIONS 

We have used EPR and Hght-induced EPR measurements to analyse the 

defect characteristics of a-Si:H. A temperature-dependence study of EPR 

intensity was performed, and a study of the time-dependence of the build up and 

subsequent decay of the Hght-induced EPR signal was carried out at 77 K. The 

results of these studies can be summarized as follows: 

1. With EPR measurements, a dangHng bond density of about 4 X lO^^cm""^ 

was found in our intrinsic hydrogenated amorphous siHcon at 77 K. 

2. At 77 K, the dependence of the dangling bond densities of a-Si:H on 

(A = 623.8 nm) illumination time was studied. For illumination times of less 

than 10 minutes, the dangHng bonds density increased as t^'^^. The density 

saturated at about 10 minutes. When the illumination was cut off, the EPR 

intensity decreased toward the intrinsic level as t~°-^^. We have used the charged 

states model to interpret this light-induced EPR process. This model looks 

preferable to creation of metastable states in explaining our results. 

3. The temperature-dependence of the EPR intensity of hydrogenated 

amorphous siHcon was studied. In the low temperature region (77 K-lOO K). the 

45 
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spin density apparently decreased as the temperature increased. This suggests 

tha t there are two different kind of active centers—one is found to be 

tempera ture-dependent . Hi, and the other one is temperature- independent , T^. 

At higher t empera ture , TH becomes dominant: as tempera ture decreases, the 

density of Ti increases very fast and at 80 K Ti and TH densities are of the same 

order. 

According to what we have observed, the following additional experiments 

are suggested. 

1) Because the signal-to-noise ratio of our equipment was not good enough 

for our purpose , especially for spin density less than 10^^, a low noise E P R 

spectrometer and higher Q resonance cavity are necessary if good numbers are 

needed, particularly at higher temperatures . 

2) A high accuracy gauss meter and microwave frequency meter are needed 

to determine the g value of the samples more accurately. 

3) Sometimes we felt tha t the speed of our chart record was not slow enough 

to get be t t e r resolution of the spect rum and the chart record was not very 

convenient. So if we can computerize the da ta record and plot the da ta 

automatical ly at a slower speed, it will certainly improve the signal quality. 

To explore further the light-induced and temperature-dependence of a-Si:H, 

carrying out E P R measurements at different light intensities (20 mWcTn~*"-2 

WcTTx"^) and different tempera ture ranges, down to 4 K especially, would 
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provide a much more complete set of da ta and may aUow the processes involved 

to be identified. 

Because the dynamics of an E P R signal yield more information than just the 

spectrum, the temperature-dependence of the spin-lattice relaxation time Ti for 

dangHng bond electrons in hydrogenated amorphous siHcon should be measured. 

This can help us to unders tand more about the interaction between dangHng 

bond electrons and their environment. 

There are much higher defect densities in doped a-Si:H and silicon carbon 

aUoy films (a — Sii-xCx - H). Comparing the E P R da ta from these samples with 

those from intrinsic a-Si:H would be a logical extension. A number of such films 

are on hand and the E P R characterization should be completed. 

This work has just taken the first steps in studying the Hght induced E P R 

effects in a-Si:H films. We have measured the defect densities for the as grown 

films and looked at the addit ion of dangHng bond defects by light absorption a 

few conditions. In order to carry this work on properly, a more sensitive E P R 

spectrometer should really be used. 
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