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ABSTRACT 

The objective of this project is to create a support 

which can measure the dark conductivity photoconductivity 

of hydrogenated amorphous silicon in thermal cycling 

period than the current system used in the lab. The 

system consists of thermal, electrical, vacuum 

instrumentation which allows the measurement of the 

conductivity over a temperature of 88 K to 373 K at 

pressures of less than 10-3 Torr. We find that using this 

apparatus on measurements on a-Si:H and a-Si:H,Cl yield 

results which are consistent with those made by others in 

the field. The construction of this apparatus allows for 

other experimental set-ups in the lab to be released to 

perform various other material characterization methods. 
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CHAPTER I 

INTRODUCTION 

The objective of this research is the construction 

and testing of a system which measures the dark 

conductivity and photoconductivity of hydrogenated 

amorphous silicon samples as a function of temperature. 

This system employs a combination of a cryostat and 

heater system which enables sufficient coverage of the 

temperature range prescribed for this experiment. The 

main advantage of this system over the present system 

used in the lab is the ability to cycle over a large 

range of temperatures in a much shorter turnaround time. 

In addition, the flexibility of the design enables an 

exchange of accessories which can reach temperature 

ranges that allow the annealing of hydrogenated amorphous 

silicon samples. 

Since the main thrust of this research is the 

measurement of the conductivity of hydrogenated amorphous 

silicon a review of the structure and electronic 

properties of this material is presented in Chapter II. 

In addition a brief discussion of the current industrial 

uses of this material is also presented. The next 

chapter presents a description of the apparatus and 

illustrations of the system layout. Chapter IV presents 
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the procedure used in the utilization of the apparatus. 

Here a detailed series of steps are offered which 

provides the user with an efficient method to take data. 

Chapter V reviews the results obtained from the 

conductivity measurements provided by the system. Data 

runs are illustrated in the form of Arrhenius plots which 

helps to interpret the different types of conductivity in 

the samples. Finally Chapter VI offers ways the system 

can be improved upon and suggests two specific 

alternatives. Also future modifications of the system 

are discussed which demonstrate the flexibility of the 

system design. 



CHAPTER II 

AMORPHOUS SILICON 

Introduction 

The physics of amorphous materials is a new field 

that has only recently begun to attract the interest of 

scientists. An enormous amount of research has been done 

in an effort to decipher the electronic structure of 

amorphous materials. A lack of long range order has 

forced solid state physicists to develop theories based 

on the disorder inherent in these materials. This 

disorder means the periodic lattice describing conduction 

in metals is not applicable to amorphous materials. 

Short range order, prevalent in amorphous materials gives 

rise to theories based on localized states theory. 

Hydrogen, when added as a constituent, eliminates the 

dangling bonds of the silicon atoms, and increases the 

photoconductivity yield of the material. Research in the 

field of hydrogenated amorphous silicon has attracted 

much scientific interest for two prominent reasons. The 

first reason is that no neat and precise mathematical 

model exists which describes the electronic properties of 

the material. Secondly, experimentalists have discovered 

properties in this material which have produced both very 

interesting and extremely profitable devices. 

3 



Electronic Structure 

Solid State Theory 
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The dominant characteristic of the successful 

predictions in solid state theory has been the 

periodicity of the crystalline lattice. Crystalline 

materials have long been theorized to possess infinite 

periodic lattices. From these lattices a periodic 

potential is conceived. A one electron wavefunction 

called a Bloch function can then be decomposed into a sum 

of traveling wave packets which represent electrons 

freely propagating in this crystal lattice being 

influenced by the ion cores. If the crystal is affected 

by an applied electric field, the electrons in the 

crystal are arranged into energy bands separated by 

regions in energy for which no wavelike electron orbitals 

exist. These forbidden regions are called energy gaps or 

band gaps, and they result from the interaction of the 

conduction electron waves with the ion cores of the 

crystal. The band gap is the difference in energy 

between the lowest point in the conduction band and the 

highest point in the valence band (see Figure 2.1). 

Thus, as the temperature of the crystal lattice is 

increased, electrons are thermally excited from the 

valence band to the conduction band. Both the electrons 

in the conduction band and the vacant orbitals or holes 
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left behind in the valence band contribute to the 

electrical conductivity. 

Localized States 

6 

Amorphous materials lack the long-range order 

inherent in a crystalline model. Parallels have been 

drawn in the construction of the amorphous electronic 

band structure, but the theories on conduction vary 

considerably. The most important concept in the 

electronic structure of amorphous materials are the 

localized states developed by P. W. Anderson. This 

concept is represented by a mathematical model of spin 

diffusion under inhomogeneous broadening of potential. 2 

The model used is the tight binding model in which a 

single band of energy levels form from s-like atomic 

orbitals with a certain bandwidth. One assumption which 

must be made is that there is a either regular or random 

distribution of sites in three-dimensional space. This 

array of sites is called a lattice. The next assumption 

is having entities occupying these states where they 

could be spin up or spin down electrons. Instead of 

considering a random variation of an overlap of the trap 

wave functions due to the amorphous structure,a potential 

energy having a random spread of values must be imposed 

(see Figure 2.2). The final assumption made is that 
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there is an interaction potential between the sites and 

that the spin can be transferred from one site to the 

next. If these mobile entities are thought of as up or 

down electron spins which can occupy various impurity 

sites then the random energies are hyperfine interactions 

with the surrounding nuclei. 4 The impurity band example 

would make the sites donors or acceptors, but the 

potential energy on each site would be the energy 

fluctuations of the donor ground state caused by Coulomb 

interactions with randomly placed charge centers. The 

moving entities are singly ionized donors. The 

fundamental theorem can be stated such that the 

interaction potential falls off at large distances faster 

than 1/r3 and if this potential is less than a certain 

critical potential then there is no transportation at 

all. This phenomena can be interpreted as a failure of 

the energies of neighboring sites to match sufficiently. 

The Role of Hvdrooen 

One of the problems in the physics of amorphous 

materials is the inability to control and understand the 

optical and transport properties. The lack of control 

can be directly traced to dangling bonds inherent in 

amorphous silicon. These dangling bonds are so numerous 

that photoconductivity is severely inhibited. When 
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hydrogen is added to the system an important change in 

the structure occurs. The dangling bonds receive the 

hydrogen and are removed from competition in the 

recombination process. This change increases the 

photoconductivity and makes the material much more useful 

in devices applications. 

Pinning the Fermi Level 

P~ong the novel features of amorphous materials are 

the overlapping conduction and valence band tails of 

localized states (see Figure 2.3). This means a valence 

band electron that is in some region of the material may 

have a higher energy than an extra electron in a 

nonbonding state in another part of the rnaterial. 3 These 

electrons from the top of the valence band tail fall into 

spatially distinct states in the lower conduction band 

tail. The Fermi level thus falls near the center of the 

gap where the total density of states is near its 

minimum. Conduction band states are locally neutral when 

unoccupied, and valence band states are locally neutral 

when occupied by an electron. These states above and 

below the Fermi energy act as efficient trapping centers 

when empty valence band tail states give rise to a random 

distribution of localized positive charges. These 

positive charges, in turn are neutralized on the average 
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Figure 2.3 
Amorphous band structure[5] 



by a corresponding number of localized negative charges 

associated with occupied conduction band tail states. 

Mobility Edoes 

ll 

The transition from extended band states to 

localized gap states occurs at a distinct energy for both 

the valence and conduction bands. At these mobility 

edges, the conduction process changes from a low-mobility 

band transport with finite mobility at T=O K to a 

thermally activated hopping between localized gap states 

which disappears at T=O K. 6 The mobility edges can be 

defined as the energy range between Ev < E < Ec and forms 

the mobility gap. The mobility gap in amorphous 

materials is the same as the forbidden gap in crystalline 

materials. The minimum amount of energy necessary for an 

electron to leave the mobility edge is termed the 

activation energy. Due to the inability to gain a deeper 

insight into the random nature of amorphous materials, 

theorists have been slow in meeting the wants and needs 

of experimentalists. Much work remains to be done before 

a clear understanding of the structural processes in 

amorphous materials is to be obtained. 
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Electronic Transport 

The concepts set forth in the theory of the 

electronic structure have laid the foundation for the 

theoretical development of the electronic transport 

properties. These transport properties include both the 

dark conductivity and the photoconductivity. Dark 

conductivity in hydrogenated amorphous silicon can be 

Divided into several categories. Electrical transport in 

the extended states is the first form of conductivity to 

be examined. It occurs due to carriers excited beyond 

the mobility edge into states at or above the 

conductivity band edge (Ec) • The second form of 

transport is the conductivity which occurs in the tail 

states. This form of conductivity is prevalent in areas 

between the valence and conduction mobility edges. 

Hopping conductivity is the third type of transport, and 

occurs in the area between the band tail states of the 

conduction and valence bands. This area is the mid-gap 

which is primarily inhabited by localized states. Beside 

the fact that each of these categories of transport occur 

in distinct structural regions, they also conduct 

predominantly within respective temperature ranges. At 

very low temperatures conduction occurs through thermally 

assisted tunneling between states at the Fermi level. 

Higher temperatures show the charge carriers are excited 
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into the localized states of the band tails. These 

carriers are contributing to the electrical transport 

only through hopping. At still higher temperature 

carriers are excited.across the mobility edge into 

extended states. The mobility in the extended states is 

much higher than in the localized state. The fourth and 

final form of the electrical transport covered in this 

review is photoconductivity. This form of transport is 

characterized by the dissociation of electron-hole pairs 

by photoexcitation. 

Extended State Conductivity 

Conduction due to carriers excited beyond the 

mobility edge is called extended state conduction. The 

contribution to the conductivity made by carriers with 

extended wave functions is, 

a = -J < a ( 0) > 6 f dE ( l) 
e fJE 

which is called the Kubo-Greenwood formula where cr.(O) is 

the conductivity at T=O. Boltzmann statistics are used 

to describe the occupancy of states, 

(2) 

The Fermi level, E,, is situated near the middle of the 
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mobility gap and thus sufficiently far from the 

conduction band mobility edge, Ec, which is the energy 

that separates the extended states from the localized 

states. If we substitute the Boltzmann factor and 

integrate, this gives for equation (1), withE= Ec, at 

the mobility edge, 

[
-(E-E)l 

a=a 0 EXP -~T F , 
(3) 

and where cr0 is the minimum metallic conductivity. The 

minimum metallic conductivity is defined such that a 

system at T = 0 K, where the electrons are occupied up to 

Er, has the smallest non-zero value of the conductivity 

at T = 0 K. The minimum metallic conductivity can be 

written as, 7 

(4) 

where N(Ec) is density of states at the mobility edge, 

and ~0 is the mobility in extended states. Since the 

minimum metallic conductivity is not expected to be 

temperature dependent, the mobility in extended states is 

prop~rtional to 1/T. It has been shown that if in 

equation (3) the term Ec-EF varies linearly as a function 

of T, then a plot of the natural logarithm of the 

conductivity against the inverse temperature will yield a 

straight line. This trend is called Arrhenius-type . 



behavior. Under the assumption of linear temperature 

dependence, 

Ec- EF = E ( 0) - y T 

thus the expression for the conductivity becomes, 

15 

(5) 

(6) 

where y is the change in the optical band gap due to the 

temperature dependence. 

Conduction in the Band Tails 

Band tails are a direct result of the stretching or 

the bending of a bond that tends to increase the energies 

of the valence-band states and decrease the energies of 

the conduction band states. Thus, the bond stretching or 

the bond bending has a tendency to introduce localized 

states into the mobility gap. Generated by the disorder 

intrinsic to amorphous materials, the exponentially 

decaying density of states lies in the energy ranges (see 

Figure 2.3) EA < E < Ec and Ev < E < E8 • If the wave 

functions are localized, conduction only occurs due to 

thermally activated hopping. Every time an electron hops 

from one localized state to another it will exchange 

energy with a phonon. The equation for band tail 

mobility is, 
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[ 
-W(E)] 

~hop = ~o Exp kT 
(7) 

where W(E) is the energy difference between states and, 

(8) 

where uph is phonon frequency, and R is the distance 

covered in one hop. Since the conductivity is an 

integral over all available energy states, if some 

arbitrary energy, Ez, is considered then the tail state 

conductivity can be written as, 

(9) 

If the mobility is included into the equation and the 

integration completed the resultant band tail state 

conductivity is obtained, 

(10) 

Honnina Conductivitv 

If the Fermi energy lies in a band of localized 

states, the carriers can move between states through the 

phonon assisted tunneling process. This type of 

conduction within the band gap region, EA < E < E8 , occurs 

either at low or high temperatures in materials that have 

a high defect density. Thus, for the conduction due to 
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electrons with energies near the Fermi energy, 

assumptions about the probability of jumps can to be 

made. The first assumption is the probability of finding 

a phonon with excitation energy, w, which is the 

difference between the energies of the two states. This 

probability is given by the Boltzmann factor expression, 

EXP(-W/kT). The second assumption included in the 

probability of jumps is that the phonon attempt frequency 

cannot be greater than the maximum phonon frequency,l0l 2 

to 10l3 s-l. The third assumption is a factor which 

depends on the overlap of the wave functions. This 

factor is given by EXP(-2aR) where R is the jumping 

distance which at high temperatures equals the 

interatomic spacing, and a is a quantity which represents 

for the rate of fall-off of the wavefunction at a site. 

If there is considerable overlap, the factor EXP(-2aR) 

will be of the order of unity. Thus the probability, p, 

that the electron jumps between two sites can be written 

as, 

(11) 

we then make use of Einstein's relationship which is 

eD 2 ~ = kT (1 ) 

and where D equals pR2 and is the diffusion factor. Thus 
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the conductivity can be written as, 

(13) 

Electrons with lower energies will on the average, need a 

higher a?tivation energy to hop to an empty state. If 

N(EF) is the density of states at the Fermi level then 

the number of such electrons contributing to the 
. 

conductivity is N(EF)kT. If the probability that an 

electron will hop from one localized state to another is 

inserted, the above equation becomes, 

(14) 

At low temperatures the number and energy of the 

phonons will decrease, and the energetic phonon-assisted 

hopping will become less favorable. Thus electrons will 

have a greater tendency to hop large distances in order 

to find sites with energy differences smaller then the 

nearest neighbors. This mechanism is known as variable 

range hopping. Thus since the factor EXP(-2aR-(W/kT)) 

will not have a maximum value for nearest neighbors, an 

optimization procedure was developed by Mott. 8 He showed 

that by maximizing this probability factor, the number of 

states with energy difference, w, within a distance R 

from a particular atom is given by (4n/3)R3N(W)W, where 

N(W) is the density of states per unit volume and per 
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unit energy. If R is large, the average energy spacing 

between the energies of states near the Fermi level is· 

represented by, 

(15) 

The jump probability now becomes, 

(16) 

By minimizing the exponent in the above equation Mott 

shows that the most probable jump distance is, 

(17) 

which yields a jump frequency of the form, 

(18) 

where, 

(19) 

This leads to a temperature dependence for the 

conductivity of the form, 

(20) 

This formulation is Mott' s T-114 Law which is applied to 
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conductivity in amorphous silicon at low temperatures. 

Instead of Arrenhius-type behavior at low temperatures, 

the graph of the natural logarithm versus T114 shows 

linearity and is an indicator to the presence of variable 

range hopping. 

Photoconductivity 

Wnen amorphous materials are exposed to 

electromagnetic radiation, light dissociates 

electron-hole pairs creating excess conductivity. This 

extra component in the conductivity is called 

photoconductivity. The expression for photoexcitation, 

a L = ( n + n0 ) e ~ n + ( p + P 0 ) e ~ P, (21) 

where n and p are the electron and hole concentrations 

under photoexcition, respectively, n 0 and Po are the 

thermal equilibrium concentrations in the dark and ~n and 

~ are the conductivity mobilities of electrons and 

holes. The photoconductivity can then be expressed as, 

O;:;n = aL -aD. (22) 

The excess density of electrons is equal to the electron 

generation rate multiplied by their average lifetime ~, 

(23) 

The converse of the above equation can be written for 
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hole generation. This excess density of charge carriers 

exists until the electrons disappear through one of the 

following processes: direct recombination of a free 

electron with a free hole, capture of an electron by a 

center in which a hole is localized, and capture of a 

hole by a center in which there is a bound electron. In 

the steady state the generation rate for carriers is 

equal to the recombination rate. 

At temperatures greater then 50 K, the band tail 

electrons dominate the conduction process and can either 

be remitted to the mobility edges or recombine with 

defect states or dangling bonds. The following sequence 

of steps annotate this recombination process. 

First, hopping among band tail states and tunneling of 

trapped electrons to a neutral bond generates a negative 

bond state. Second, the transition is from the negative 

dangling bond state to a trapped hole. 

Two distinct regions emerge in the plot of the 

photoconductivity versus 1/T which are separated by a 

maximum in the photoconductivity. It has been proposed 

that reducing the temperature lowers the emission 

probability of a trapped charge, leading to increased 

recombination at shallower states.~ A decrease in the 

photoconductivity at room temperature can generally be 

seen and may result from an enhancement of 



light induced dangling bonds which act as recombination 

centers. 

Device Applications 

22 

Amorphous silicon has been applied to many different 

aspects of technology. Some applications include 

amorphous semiconductors, such as transistors, 

opto-electronic devices, such as image sensors, laser 

light recorders, and, finally, solar cells. All of these 

applications are producing useful devices in and for 

industry. Hydrogenated amorphous silicon image pick-ups 

have recently been applied in the area of low power 

portable computers and small televisions. Properties 

such as low dark current and good photoresponse are 

necessary for effective use in this application. Optical 

recording uses of amorphous silicon revolve around its 

ability to be applied as an archival recording medium. 

The benefits this material offers as an optical recorder 

are negligible degradation on repeated readout, low cost 

of fabrication and long term stability. Use of 

hydrogenated amorphous silicon in solar cell fabrication 

offers the promise of some day being able use them to 

operate as a large centralized power plant. Many factors 

must still evolve before this prospect is realized, but 

with continued material optimization current trends 



indicate it is someday quite feasible. One drawback is 

the Staebler-Wronski effect which is a reversible 

degradation of the photoconductive properties of a 

hydrogenated amorphous silicon solar cell. Thus, these 

modes and methods will be presented in a effort to give 

the reader some scope of the immensity with which this 

field is growing. 

23 

Recently there has been a significant place in the 

market for amorphous silicon in the area of low power 

portable computers and small televisions. These devices 

employ hydrogenated amorphous silicon image pick-up 

tubes. In order to employ amorphous silicon, it must 

have simultaneously a photoconductivity and high dark 

resistivity required for storage of images. The image is 

focused onto a glass disk which carries a positive biased 

indium-tin oxide film. A n-type blocking layer prevents 

the injection of holes from the indium-tin oxide. The 

main part of the photoconductive plate consists of 

lightly doped a-Si:B. Additionally, to improve the 

resolution of the picture an electron blocking layer is 

used to cover the scanned photoconductive surface (see 

Figure 2.4). 

Hydrogenated amorphous silicon also is an effective 

optical recording medium used in archival recording. At 

the present time optical recording systems can store in 
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excess of 10l0 bits per disk. One approach to the 

archival storage is intrinsic gas sensitizing. Amorphous 

silicon has been used in this application because it has 

both chemical and mechanical stability. Hydrogenated 

amorphous silicon, though, is not likely to be used as an 

erasable optical recording medium. This is because the 

amorphous to crystalline phase transition is utilized to 

record information, but the crystalline to amorphous 

phase transition is difficult to achieve due to the high 

quench rate required for silicon. 

A solar cell is a device which converts sunlight 

directly into electrical power via the photovoltaic 

effect. It offers an attractive alternative to the 

current carbon-based fuels because of two outstanding 

characteristics. First, solar cells operate without 

pollution, and secondly, they potentially offer an 

inexhaustible source of energy. Solar cell research has 

thrived since the 1960's mainly as a result of their 

utilization in the space program. These solar cells are 

constructed of high quality single-crystal silicon and 

exhibit very efficient conversion of incident sunlight 

into electric power, but the high cost of production 

makes large scale power generation unfeasible. Thus, 

scientific interest has shifted toward a material which 

can combine the criteria of low cost of production and 
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high conversion efficiency of sunlight. This material, 

hydrogenated amorphous silicon, has emerged from the 

relative obscurity to a field in which several hundred 

scientists worldwide are investigating its properties. 

The major attraction of hydrogenated amorphous silicon is 

that it operates as a thin film which can be created 

quickly and cheaply when manufactured on a large scale. 

Yet in order for hydrogenated amorphous silicon to be 

employed the ratio of its incident light to electrical 

power must be improved. 

Stability is one of the major issues confronting the 

co~~ercialization of solar cells for large power plant 

applications. Many different types of amorphous 

materials degrade under normal operating conditions. 

Light induced effects in hydrogenated amorphous silicon 

was first studied by Staebler and Wronski in 1977.l0 They 

showed that both the dark conductivity and 

photoconductivity were both reduced by up to four orders 

of magnitude through prolonged illumination. Further, 

they observed that this was a reversible process when 

annealed at 150° C. These effects were theorized to be 

produced by trapped charges which do not communicate with 

the conduction band, as do electrons at states near the 

Fermi energy at any temperature where conduction is 

observed. The cause of this effect is as yet still 



undetermined, but a few hypotheses are that a Stokes 

shift (distortion of the surroundings), or that light 

exposure induces dangling bonds. 
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CHAPTER III 

INSTRUMENTATION 

Introduction 

The purpose of this thesis project was to create a 

system which was able to measure the electronic 

characteristics of hydrogenated amorphous silicon. This 

goal was realized through the utilization of many 

different technologies and ideas. In order to ultimately 

complete this project a combination of cryogenics, 

electronics, vacuum technology, computer programming, 

and, quite naturally, hydrogenated amorphous silicon was 

employed. Temporary setbacks contributed immeasurably to 

my knowledge in all these areas because many ideas which 

seemed to contribute positively toward the end p~oduct 

only muddled progress and reevaluation had to take place. 

Although daily concerns tend to cloud the big picture, 

any expertise obtained in these areas was only afforded 

due to these tribulations. What follows is a treatise of 

the components, no matter how minute, which contributed 

to the final product (see Figure 3.1). 

Electronic Measurement Instrumentation 

The electronic instruments of the measurement system 

were computer controlled by an IBM PC/AT. The 

28 
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instruments were interconnected to the computer by an 

IEEE-488 BUS and an RS-232C connector. Three instruments 

were interfaced with the personal computer. Two of them, 

the Keithly 485 Picoammeter and a Keithly 230 

Programmable Voltage Source, were connected via the BUS, 

an Omega CN-2001 Temperature Controller used the RS-232C 

conduit. Basic was the language used to write the 

program controlling these three instruments. 

A closed circuit was formed in order to measure the 

conductivity of the hydrogenated amorphous silicon 

samples (see Figure 3.2). This circuit consisted of the 

voltage source, the picoammeter, and the conduit 

connections leading to the sample itself. The sample was 

mounted vertically on a copper sample holder. 

Beryllium-copper contacts both held the sample in a 

vertical position and provided the path across which the 

conductivity of the sample could be measured. Contacts 

were placed on the sample itself in order to facilitate 

an external electrical connection. These contacts were 

made of silver oxide and were deposited on the sample. 

The beryllium-copper contacts were isolated from the 

sample holder through the use of teflon inserts (see 

Figure 3.3). These inserts screwed into the sample 

holder and contained copper bolt holes in the center 

which acted as a feedthrough for the conduction 
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measurements. The beryllium-copper contacts then screwed 

into the feedthroughs and applied a slight pressure on 

the sample, thus securing it. The feedthroughs also 

contained a metal post which extended out from the rear 

of the sample holder. Wires were soldered to the metal 

post and led to a BNC feedthrough (see Figure 3.4). This 

feedthrough mounted on the vacuum chamber and itself had 

metal posts which extended inside the chamber. The wire 

was connected to the BNC feedthrough post by the use of 

copper tubing. The wire was inserted into one end of the 

copper tubing and crimped while the other end of the 

tubing was crimped onto the BNC metal post. The tubing 

was used to provide easy maintenance and accessibility to 

the BNC portal. Four such set-ups were constructed to 

allowed two samples to be run at the same time. 

Providing the voltage for the sample was a Keithly 

230 programmable voltage source. It was connected to the 

BNC feedthrough by means of a standard BNC cable. 

Measuring the current developed across the sample was the 

Keithly picoammeter also connected by means of a standard 

BNC cable in the fashion indicated above. Completing the· 

closed circuit was the in-house ground, through the 

common set of wall plugs to which both Keithly 

instruments were connected. 
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Thermal Instrumentation 

Due to the fact the conductivity was measured as a 

function of temperature, a system was built to produce 

and maintain a wide range of temperatures. These 

temperatures varied from 88 K to 473 K. The first part 

of the system to be described is the cryostat vacuum 

system. The heart of the cryostat is the liquid nitrogen 

dewar system. The dewar was made out of a double-walled 

cylinder. The inner cylinder was made to one-eighth inch 

less in radius then the outer cylinder. They were 

constructed in this fashion to allow evacuation of the 

space between the two to provide thermal insulation {see 

Figure 3.5). The inner cylinder was made with a 

thin-walled aluminum sheet which was machine rolled and 

welded together. The outer cylinder was made of 

stainless steel one-eighth inch thick, and prefabricated 

at the mill. The two cylinders were wielded at the top 

to a common stainless steel ring. The bottom of the 

outer cylinder was welded to a flange which was bolted 

externally to the vacuum chamber. The inner cylinder was 

welded to a smaller flange. This smaller flange was 

exposed to the inside of the vacuum chamber. 

Welded to the vacuum side of the inner flange was a 

system which allowed the cooling the sample holder. This 

system centered around the inner welded stainless steel 
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flange through which pipes were inserted to the copper 

block (inside the vacuum chamber) and into the inner 

cylinder (on the air side) . In order to further 

facilitate the vacuum criteria, the pipes were welded to 

the vacuum side of the inner flange and the sample 

holder. In addition, the sample holder was hollowed 

somewhat which created a well inside it. Thus, when 

liquid nitrogen ~as added to the open air side of the 

inner dewar, it flowed into the smaller and shorter of 

the two pipes (which extended an inch from the bottom of 

the inne~ flange on the outside air side) and into the 

copper block (see Figure 3.6). The liquid nitrogen then 

evaporated through the longer second pipe and out-gassed 

to the air. One subtle of this set-up was that since a 

mechanical pump ~as used to initially evacuate the 

chamber, it had to be isolated from the cryostat before 

liquid nitrogen was added. The reason being is that at 

liquid nitrogen temperatures oil from the mechanical pump 

is drawn into the vacuum chamber and contaminates it. 

In order to accommodate the wide range of 

temperatures necessary in this experiment a modification 

was necessary in the flow system. The tube which allowed 

the liquid nitrogen to flow into the sample holder was 

equipped with a teflon stopper. This stopper enabled a 

measure of control over the flow rate into the sample 
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holder. In addition to the flow rate control, a heater 

system was constructed. This system was comprised of two 

cartridge heaters, one-eighth inch wide by one and 

one-quarter inches in length with a 25VDC maximum at 25 

Watts. Holes ~ere drilled into the sample holder to 

accommodate the insertion of the heaters. A power supply 

was then built to drive the heaters. 

The power supply worked in conjunction with a 

CN-2001 Omega Temperature Controller (see Figure 3.7). 

The power supply received from the temperature controller 

an analog 0-5 vue signal that was proportional to the 

difference between the programmed set point and 

temperature being read. A large difference between these 

t~o readings translated into a large output from the 

heater driver network in the temperature controller. The 

power supply basically consisted of two voltage 

regulators supplying a positive and negative bias to an 

LF 356 operational amplifier. The op amp was- given a 

gain of ten with the feedback loop going into the 

inverting input. The analog output of. the temperature 

controller entered the non-inverting input of the 

operational amplifier. The output of the operational 

amplifier then drove a Darlington pair transistor. The 

Darlington pair was connected in series with the heater 

(on its collector) and ground (on its emitter) . Thus 
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when bias was applied to the Darlington's base the 

heaters were driven. 
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A second set-up was constructed to accommodate 

thermal measurements in a temperature range of 293 K to 

600 K. This set-up had the same basic electronic 

measurement connections, where the only difference was 

that the teflon inserts were replaced with machinable 

alumina in order to withstand the higher temperatures. 

This material in its original form is very brittle and 

chalky, but after being machined into form, a required 

glazing was applied to harden the material. The material 

is then dried at 150°C, and subsequently cured at 600°C 

for two hours. This process further hardens the material 

and makes it electrically non-conductive. Two additional 

significant differences in this set-up were needed in 

order to attain these high temperatures. The first 

difference was a silver solder was employed that 

possessed melting point much higher then that used to 

construct the cryostat. Additionally the flange which 

bolted onto the top of the vacuum chamber did not need 

the cylinder structures which served as the cryostat. It 

was discovered that all structures above the flange 

simply added to the thermal mass of the system and 

significantly decreased the overall temperature response. 
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Sensing the temperature changes was a type K 

thermocouple. It was held in place on the sample by a 

beryllium-copper finger. A power feedthrough was used 

for the connections of the temperature controller and the 

power supply for both the thermocouple and the heaters, 

respectively, on the inside of the vacuum system. 

Vacuum Instrumentation 

In order to conduct the experiment in a vacuum, an 

aluminum rod nine inches in diameter and twelve inches in 

length was first milled into a square and then hollowed 

into a chamber. Drilled into each side of the vacuum 

chamber was a six inch diameter hole. This particular 

size for the holes was chosen because most of the 

purchased accessories mated with six inch flanges. Some 

flanges were made by the Physics shop depending on the 

physical requirements necessary for each accessory. Each 

of these six inch flanges bolted to the outer edge of the 

respective portals and were vacuum sealed by a Viton 

rubber gasket that fit in an o-ring groove one-eighth 

inch in width. 

Five of the portals on the chamber were utilized 

to facilitate some facet of the experiment. The sixth 

was equipped with a blank flange for possible future use. 

The top portal was equipped with the liquid nitrogen 
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dewar. As previously mentioned the outer cylinder had a 

flange that bolted to the vacuum chamber and also vacuum 

sealed with a Viton rubber gasket. 

The bottom portal was used for the vacuum pump 

system. This system began with a six inch flange 

constructed by the Physics shop to mate with an in-line 

feedthrough valve. h~en closed this valve prevented the 

backflow of oil from the mechanical pump when liquid 

nitrogen was added to the dewar. ~~ extension tube was 

welded to the vacuum chamber side of the feedthrough 

valve. The extension allowed for the addition of a 

vacuum gauge thermocouple. The thermocouple was screwed 

into a threaded hole in the tube and vacuum sealed with 

lead paint. 

The first of the three side portals was utilized for 

a BNC feedthrough. It was connected with a six inch 

flange because this item used a specific Conflat gasket 

system. This gasket system uses a knife edge that is 

constructed into each flange. When the portals were 

tightened against the flange, the knife edge dug into a 

copper gasket between them and provided the vacuum seal. 

The second of the three side portals was the thermocouple 

and power feedthrough which has been described previously 

(see Figure 3.8). The gasket seal between the 

feedthrough and the six inch flange was achieved through 
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the use of a Conflat gasket fit. The third and final 

side port contained a door in order to provide easy 

access to the sample holder. The door was vacuum sealed 

by a Viton rubber gasket fitted in a one-eighth o-ring 

groove. Regular household hinges facilitated the 

swinging motion of the door. The door also contained a 

quartz window which allowed the sample to be irradiated 

for the measurement of photoconductivity. The window was 

also vacuum sealed by a Viton rubber gasket. 



CHAPTER IV 

PROCEDURE 

The procedure employed in the utilization of this 

system begins with the installation of the sample into 

the sample holder and securing it with the application of 

the beryllium-copper fingers. These fingers are put on 

the silver oxides contacts and proper continuity was 

ensured through an ohmic check in which the sample is 

subjected to voltages ranging f~om 10-lOOv and ohmic 

behavior is observed for proper installation. The vacuum 

chamner is then evacuated to about 10-3 Torr. Once this 

pressure has been achieved liquid nitrogen is added to 

the dewar and the vacu~~ cryopumps to pressures lower 

than lo-s. 

As the sample is cooled to the desired temperature, 

the parameters of the experiment are entered into the 

program which automates the data run. These parameters 

include the start and stop temperatures of the data run, 

whether a manually controlled run is desired, and also a 

choice between a dark conductivity or photoconductivity 

data run. 

Once the sample reaches the lowest temperature 

desired, the program is initiated and the data run 

begins. To determine the temperature dependence of the 
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conductivity, the samples were cooled to liquid nitrogen 

temperature and then the temperature was raised at 10° 

steps up to 377 K. The dark current of the sample was 

measured at each temperature using the picoammeter. The 

details of the instrumentation are mentioned in Chapter 

III. A He-Ne laser (lOOmW) was used to measure the 

photoconductivy of the samples a different temperatures. 

Starting the data runs at the lowest desired 

temperature is necessitated by the fact that one of the 

critical features of the system is the cryopump which 

maintains a sufficiently low vacuum pressure without the 

aid of the mechanical pump virtually regardless of the 

sample temperature. 

... . . . . . . . . •... • .. • ••. l.-• ... 



CHAPTER V 

RESULTS 

Two samples were investigated in determining the 

operational capabilities of the system and to study the 

electrical transport in hydrogenated amorphous silicon 

thin films. The first sample was intrinsic a-Si:H, 

prepared at the University of Arkansas using glow 

discharge decomposition of silane. The ratio of 

photoconductivity (O'ph) to the dark conductivity (0'0) for 

this sample is -10 5 with AMl illumination which shows 

that is a device quality sample with low dangling bond 

density ( -lOu cm-==evl) at the Fermi level. The sample 

was prepared at Texas Tech University using a microwave 

electron cyclotron resonance (ECR) plasma system. A 

mixture of silicon tetrachloride (10%) and hydrogen (90%) 

was decomposed in an ECR system using a microwave power 

of 20W. The total gas flow rate was 3.85 mTorr and the 

substrate was kept at 255°C during deposition of 

chlorinated amorphous silicon film (a-Si:H,Cl). The 

crph/crD ratio for this sample was very low (-100) with Jl..Ml 

illumination which shows that the sample has a very high 

dangling bond density at the Fermi level. We selected a 

low defect density sample (GD a-Si:H) and a high defect 

density material (a-Si:H,Cl) in order to study the 
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various electrical transport processes in hydrogenated 

amorphous silicon. 

Electrical Transport in GD a-Si:H 
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The defect states in amorphous semiconductors can be 

divided into two parts: (a) states due to inherent 

disorder that lead to band tails; (b) point defects that 

lead to a mid-gap density of states. The critical energy 

of the conduction band edge separates localized from 

extended states. This leads to three basically different 

channels for conduction: (a) extended state conduction; 

(b) conduction in band tails; (c) conduction in localized 

states at the Fermi energy. The details about the 

various conduction processes are discussed in Chapter II. 

The transport in amorphous semiconductors occurs through 

all these possible conduction channels. The dominant 

transport over a given temperature range is determined by 

the density of states distribution of the sample. Figure 

5.1 shows the plot of log cr versus 1/T for the intrinsic 

GD a-Si:H sample. As can be seen in the figure, there is 

a change in the conduction mechanism at about 293 K. The 

whole temperature range can be fit with two straight 

lines each with a different slope for the high 

temperature region and for the low temperature region, 

respectively. Similar behavior has been observed in the 
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pastll for good quality a-Si:H samples. It seems that in 

this sample at higher temperatures (>293 K), extended 

state transport occurs via electrons excited beyond the 

mobility edge into states at or above the conduction band 

and the temperature dependence of the conductivity is 

given by equation (2-3) . For our sample, we have 

obtained an activation energy of .74 eV and a prefactor 

of 30.1 f.rlcm-l. These values compare very well with those 

obtained for a good quality intrinsic a-Si:H sample. It 

seems below 293 K, a change in the conduction mechanism 

takes place from extended states to thermally activated 

hopping conduction within the bandtail states. The 

conductivity in this regime is given by equation 

(2-10) . In the low temperature region (<293) where the 

predominant conduction was at the edge of the band tail 

states, we obtained an activation energy of .58 eV and a 

prefactor of 5.15 f.rlcm-l. The reduced activation energy 

in the low temperature region corresponds to (Ez-Ef+W) 

from equation (2-10). 

Electrical transnort in ECR a-Si:H,Cl 

Figure 5.2 shows the plot of the dark conductivity 

versus 1/T for a-Si:H,Cl sample. The graph can be 

divided into a high temperature regime (<313 K) and a low 

temperature regime (>313 K) . The high temperature region 



. 

DARK . CONDUCTIVITY 
a-Si:CI:H· .. 

'o ..... ~=--------------------------------------------------~ : ---. 
" 'o .---

: --- -
I -

5 -- .. 
I ·o 
E~~ -= 
>- -
}-

> 
}-~0 u ,_ 
~ .....-;. 

0 : z -
0 : 
u -

0 

·o~ 
---= : ---

.-

' ' 'Q' 
' ' 0 

' ' o, . ' ····K ·· .. 
'0. 
',·· 
.~. 
' 0· ' .. 
', b .. 

'c.. 
··b .. .. o .. 

··c:r .. .. 
·;;.. .. 

···,.... ........ .. 
··o .• 

·····o .. 
··. .. 

Q, .. 

~0~------~--------~------~----------~------~-------; .-- 2.s 3.o 3.s 4.o 
1 

. 4.s s.o s.s 
1000/T (K- ) 

Figure 5. 2 

Arrhenius plot of chlorinated samp~e 

52 



gives a very good fit of log cr versus 1/T with an 

activation energy of .54 eV and a prefactor of 
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79.4 f.rlcrn-l. For this region, the conductivity occurs via 

extended states similar to that observed in the GD a-Si:H 

sample. In the low temperature region (<313 K) log cr 

versus 1/T fit did not provide a straight line fit of the 

data. Since we know that this material has high defect 

density, we used the transport equation for hopping of 

carriers between localized states situated in the mid-gap 

region to fit our data in the low temperature region. 

The transport equation is given by 

[ 
T ]~'' a =a EXP --0 

o T 
(24) 

The details about the hopping transport at the Fermi 

energy for a highly defective material is mentioned in 

Chapter III. Figure 5.3 shows the plot of log cr versus 

T-l/.t. A good straight line fit of these data proves that 

the dominant conduction mechanism in the low temperature 

region is hopping conductivity at the Fermi level. In 

the transport equation, T0 is given by, 

(25) 

where N(E) is the density of localized states, k is 

Boltzmann's constant and a is the decay of the electron 
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wavefunction. Assuming a.-1 - 10 A, 12 we have obtained an 

estimate of the density of states at the Fermi level to 

be 1. 6 x 10111 cm-1 ev-1 • This value seems quite reasonable 

for a highly defective material. 

Temoerature Deoendence of Photoconductivity 
in GD a-Si:H 
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The temperature dependence of photoconductivity is a 

valuable tool for the study of the transport mechanisms 

and defect states in semiconductors. Figure 5.4 shows 

the plot of cr;:>h versus 1/T for the GD a-Si: H sample in the 

temperature range 87 K to 376 K. Similar results have 

been obtained in the past for good quality a-Si:H films. 12 

At very low temperatures (<180 K) the photoconductivity 

versus 1/T plot could be fitted with a straight line with 

an activation energy of .07eV. This behavior of the 

photoconductivity is because of the activated temperature 

dependence of the drift mobility of the carriers given by 

the relation, 

[ -rl] J.l.o = J.lo EXP kT , (26) 

where ~0 is the extended state mobility, ~ is the drift 

mobility controlled by traps and W is the activation 

energy for the carriers hopping between localized states 

at very low temperatures. 
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As the temperature is increased above 180 K, the 

slope of crph versus 1/T curve decreases and there is a 

decrease in the photoconductivity above 230 K. The 

photoconductivity increases again above 350 K. The 

decrease in photoconductivity in the temperature range 

230 K to 350 K is because of thermal quenching. This 

thermal quenching sets in near 180 K when with rising 

temperature the minority carrier (hole) traps are 

thermally emptied." By using the formula Et ~ 2SkT0 , a 

rough estimate for the activation energy, Et, can be 

obtained: Et ~ 0.38 eV. At very low temperatures 
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(<180 K), the capture of minority carriers by traps which 

have low capture probability for majority carriers leads 

to an increase of the majority carrier lifetime, and thus 

to a higher photosensitivity of the material. The break 

from high to low photosensitivity in the temperature 

dependence of cr~h occurs when with rising temperature the 

hole demarcation level moves from below to above the 

trapping level. The holes are thermally emitted to the 

valence band. They finally recombine with the electrons 

reducing their lifetime and quenching the 

photoconductivity. 



CHAPTER VI 

CONCLUSIONS 

Two conclusions can be drawn from this project. The 

first is that different types of conduction were observed 

in testing the operational capabilities of the apparatus. 

The second concerns the perfection of the design and 

implementation of the cryostat vacuum system. In testing 

the apparatus we found that the results obtained are 

consist with those found by others .n.l2 These results 

included two separate regimes of conduction for both the 

intrinsic a-Si:H sample and the chlorine-doped a-Si:H,Cl 

sample. In the intrinsic sample, it was determined that 

in the lower temperature regions the type of conductivity 

observed was hopping in the band tails. In the higher 

temperature regions (<293 K) the electrical transport 

changed to conduction in the extended states. This 

change was shown in both the slope the log cr versus 1/T 

and the activation energies. These values were 

consistent with those obtained for device quality 

material. In the chlorine doped sample, electrical 

conductivity observed in the higher temperature regions 

(>313) was through the extended states. This was 

demonstrated by a good linear fit of log a versus 1/T. 

In the lower temperature regions (<313), a linear fit of 
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the data was obtained by graphing Log a versus (T)-~4 • 

The type of electrical transport consistent with this fit 

is variable range hopping between the localized states at 

the Fermi level. This behavior is consistent with 

materials that have a high defect density. 

The design of the cryostat system is intrinsically a 

good one allowing the user quick access to both the 

sample holder set-up and any temperature range within the 

parameters of the apparatus. The main area of concern is 

maintaining the integrity of the vacuum. The silver 

solder did not provide a stable seal at the joining of 

the sample holder-flow system to the double ~alled 

cylinders because the thermal expansion coefficients of 

the stainless steel and the silver solder were too 

dissimilar. Leaving the mechanical vacuum pump running 

is not considered a viable option because at liquid 

nitrogen temperatures oil has a tendency to backflow into 

the vacuum chamber. Thus, in modifying this design a 

material must be chosen which can both withstand sudden 

changes in temperature as when liquid nitrogen is first 

added and maintain a seal for a vacuum-tight seal. 

One solution to this problem involves simply welding 

together any part which may succumb to the repeated 

thermal cycling. The major difficulty of this option is 

that any unforeseen problem with the flow system or the 
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sample holder creates a situation where the whole 

cryostat system must be totally broken down and 

reassembled. The second option which offers the most 

promise of combining maintenance flexibility and the 

ability to withstand repeated thermal cycling is the use 

of an indium o-ring. This indium o-ring would be seated 

between the dewar and the sample holder and be secured by 

stainless steel bolts (see Figure 6.1). Indium is 

sufficiently malleable through liquid nitrogen 

temperatures and can be reworked if the seal is broken. 

This maintenance flexibility is stressed simply because 

it is inevitable that the wide range of temperatures 

cycled through in this experiment will cause fatigue in 

any means used to secure the dewar and the sample holder. 

Some future plans for this apparatus includes the 

exchange of the cryostat system for a system with less 

thermal mass in order to achieve temperature ranges much 

higher then the present system allows. This proposed 

system will permit annealing of the sample to 

temperatures in excess of 600 K in order to compare the 

effects dehydrogenation has on a sample. 
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