
Photoelectric properties of amorphous silicon
deposited by the pyrolytic decomposition of silane

Item Type text; Thesis-Reproduction (electronic)

Authors Raouf, Nasrat Arif

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 16/05/2023 14:10:03

Link to Item http://hdl.handle.net/10150/557803

http://hdl.handle.net/10150/557803


PHOTOELECTRIC PROPERTIES OF AMORPHOUS SILICON 

DEPOSITED BY THE PYROLYTIC DECOMPOSITION OF SILANE

by

Nasrat A rif Raouf

A Thesis Submitted to the Faculty of the

COMMITTEE ON OPTICAL SCIENCES (GRADUATE)

In Partial Fulfillment of the Requirements 
For the Degree of

MASTER OF SCIENCES

In the Graduate College

THE UNIVERSITY OF ARIZONA

1 9  8 1



STATEMENT BY AUTHOR

This thesis has been submitted in partial fu lfillm en t of re
quirements for an advanced degree at The University of Arizona and is 
deposited in the University Library to be made available to borrowers 
under rules of the Library.

Brief quotations from this thesis are allowable without special 
permission, provided that accurate acknowledgment of source is made. 
Requests for permission for extended quotation from or reproduction of 
this manuscript in whole or in part may be granted by the head of the 
major department or the Dean of the Graduate College when in his judg
ment the proposed use of the material is in the interests of scholar
ship. In a ll other instances, however, permission must be obtained 
from the author.

SIGNED

APPROVAL BY THESIS DIRECTOR

This thesis has been approved on the date shown below:

Professor of Optical Sciences



>

To the memory of my father9 

from whom I learned patience

i i  i



ACKNOWLEDGMENTS

I would like to express my gratitude to the following people, 

whose much appreciated advice and assistance facilita ted .th e  successful 

completion of this work: Professor B. 0. Seraphin, for suggesting this

problem and for his c ritic a l discussion of the subject, which helped to 

mold me into a young scientist; my other committee members, Professors 

W illis Lamb, J r ; , and Angus Macleod, for the ir patience and personal 

support; Dr. Akinola Salau, my former coworker, for his contribution in 

in itia tin g  some of the measurements; the Solar Energy Group as a whole, 

from whom I obtained great support. Special thanks to my former 

coworker Dr. Don Booth, who offered valuable insight on the subjects, 

and for the information cited from his dissertation; Liz Chain, for her 

time spent coating some of the samples with molybdenum; and Peter Hey, 

for helpful discussion on amorphous silicon.

I am specially grateful to Richard Lamoreaux for his contribu

tion in helping me set up the experiment, with valuable suggestions for 

designing and improving much of the electronics in the experiment; and 

to Dr. Mike Jacobson, for his everlasting personal support during the 

time of this work.

I would also like  to thank the U.S. Department of Energy, Solar 

Energy Research Institu te , for providing funding for this program under 

subcontract XS-9-8041-8, of which this work is a part.



TABLE OF CONTENTS

Page

LIST OF ILLUSTRATIONS . . . . . . . . . . . . . . . . . . . .  v l i i

I  ^5  ^  "IF  L» o o o o " o o o o o o o o e o o o © e © o © ^  1

ABSTRACT .......................         x i i i

CHAPTER

1. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . .  1

2. AMORPHOUS SILICON . . . . . . . . . . . . . . . . . . . .  5

2.1 Preparation of Amorphous Silicon . . . . . . . .  5
2.2 Properties of CVD Amorphous Silicon . . . . . .  12
2.3 Photoelectric Properties of CVD Amorphous

Silicon ... . . . . .  . . . . . . . . . . . . . .  12

3. THEORETICAL BACKGROUND . . . . . . . . . . . . . . . . .  16

3.1 Introduction . . . . . . . . . . . . . . .  . . . 16
3.2 Non-Crystalline Materials . . . . . . . . . . .  18
3.3 Temperature Dependence of the DC Conductivity . 21
3.4 Conductivity of Amorphous Semiconductors

under Illumination . . . . . . . . . . . . . . .  22

4. INSTRUMENTATION . . . . . . . . . . . . . . . . . . . .  . 28

4.1 Background of the Experimental Set-up . . . . .  28
4.2 Modification of the Source Chamber . . . . .  . . 32
4.3 Modification of the Monochromator . . . . . . . 34
4.4 Modification of the Universal Flange . . . . . .  37
4.5 Modification of the Electronic Processing 

Equipment . .   . . . . . . . . . . .  37
4.6 Calibration of the Spectrometer for the

Photon Flux . . . . . . .  . . . . . . .  . . . .. 38

5. SAMPLE PREPARATION . . . . .  . . . . . . . . . . . . 45

v



vi

TABLE OF CONTENTS — Continued

Page

5.1 Variation of the Deposition Parameters . . . . .  45
5.2 Sample Masking and Etching . . . .  . . . . . . .  46
5.3 Electrical Contacts . . . . . . . . . . . . .  . . 48
5.4 Temperature Sensor . . . . . . . . . . . . . . .  49
5.5 Sample Mounting . . . . . . . . . . . . . . . . .  49

6 . MEASUREMENT TECHNIQUES . . . . . . . . . . . . . . . . .  52

6.1 Ohmic Character of Contacts to the Sample . . . 52
6.2 Dark Current "Measurements . . . . . . . . . . .  53
6.3 Photo-Current Measurements . . . . . . . . .  . . 56

7. EXPERIMENTAL RESULTS . . . . . . . . . . . . . . . . . .  62

7.1 Introduction . . .... . . . . .  . . . . . . . . 62
7.2 Conductivity of Undoped Amorphous Silicon

CVD Films . . . .  . . . ... . . .  . . . . . . 63
7.2.1 Dark Conductivity . . . . .  . . . . .  . . 63
7.2.2 Effect of Film Thickness on

Conductivity . . . . . . .  . . . . . . . 71
7.2.3 Photoconductivity of Undoped Amorphous 

Silicon Films . . . . . . . . . . . . . .  75
7.3 Conductivity of Doped Amorphous Silicon

CVD Films . . . . . . . . . . . . . .  . . . . . 75
7.3.1 Dark Conductivity of the Doped CVD

a-Si Films .. . . .  . . .  . . . . . . . . 76
7.3.2 Influence of Illumination on Doped

CVD a-Si Films . . . . . . . . . . . . . 88
7.3.2.1 Photoconductivity of the

Doped CVD a-Si Films . . . .  . . 88
7.3.2.2 Spectral Response of Some

CVD a-Si Films . . . . . . . . .  103
7.3.2.3 Rise and Decay Times of

CVD a-Si Doped Samples . . . .  . 103

8 . DISCUSSION . . . . . . . . .  . . . ; . . . . . . . . . .  107

8.1 Introduction . . . . . . . . . . . . . . . . . .  107
8.2 Undoped CVD Amorphous Silicon . . . . . . . . . 107

8.2.1 Alteration of Film Thickness . . . . . .  108
8.2.2 Alteration of Substrate Temperature . . . 109

8.3 Doped CVD Amorphous Silicon . . . . . . . .  . . 113



V I 1

TABLE OF CONTENTS — Continued

Page

8.3.1 Room Temperature Conductivity, aRT,
as a Function of the Gas Ratio . . . . .  114

8.3.2 Activation Energy Ê  as a Function
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ABSTRACT

The electrical and some of the optical properties of CVD amor

phous silicon have been investigated. By the proper control of the 

preparation parameters (substrate temperature, reactant gas composition 

and flow rate, and the thickness of the film ) electrical properties and 

photoresponse of amorphous silicon films can be modified for possible 

use as a photovoltaic solar converter.

Amorphous silicon films were prepared using chemical vapor 

deposition (CVD). This deposition technique is important because of 

the possibility of depositing thin films from gaseous compounds at 

atmospheric pressure using pyrolytic decomposition.

Undoped amorphous silicon films were prepared at the two thick

nesses, 1 pm and 0.5 pm. The substrate temperatures (Tg) varied from 

525 °C to 650 °C in steps of 25 °C.

Variation of the substrate temperature (Tg) changed the hydrogen 

content from 0.2 (at.%) at T = 650 °C to 0.8 at.% at 525 °C. Conse- 

quently, variations of the hydrogen content affected the electrical 

properties through a termination of the dangling bonds in the amorphous: 

silicon structure. Doped amorphous silicon films were fabricated by 

adding PH3 and BgĤ  to the silane gas (SiH^).

Both phosphorus and boron doped amorphous silicon films were 

found to exhibit higher conductivity, lower activation energies and 

lower values of pre-exponential factors compared with parameters for the

x i i i



x i v

undoped amorphous silicon films. Further, a significant photoresponse 

was measured for these films under white ligh t illumination. Photocon

ductivity was found to be slightly higher, activation energies lower, 

and the pre-exponential factors also lower as compared to measurements 

of the same samples under no illumination.

A limited number of measurements for rise and decay times of 

the photoresponse using a 30 mW He-Ne laser were performed. Both rise 

and decay times are composed of two branches, one very fast (in m il l i 

seconds), and the second slow, extending to over 100 sec.

Spectral response of the photoconductivity starts to decrease 

from a plateau around 0.65 pm and cuts o ff around 0.85 pm.

The doping level to exhibit optimum photoresponse for the sam

ples under study ranged from 1.5 to 3 at^% for phosphorus and from

0.08 to 0.15 a t . % for boron doping.



CHAPTER 1

INTRODUCTION

Over the last two decades, much attention has been given to 

thin films of amorphous semiconductors as promising materials for low- 

cost converters of solar energy. For photovoltaic conversion, an 

amorphous alloy of silicon and hydrogen has been made into solar cells 

of promising conversion efficiency (Wronski and Carlson, 1977).

Hydrogenated amorphous silicon used in photovoltaic cells is 

normally deposited with RF assistance in a glow discharge (Chittick, 

Alexander and Sterling, 1969), or is sputtered (Moustakas, Anderson and 

Paul, 1977; Brodsky et a l . ,  1970) in a hydrogen-containing asmosphere. 

Substrate temperatures ranging from 100' °C to 450 0C permit incorpora

tion of large amounts of hydrogen in the form of SiH, SiHg, and SiHg 

complexes into the growing film  (Brodsky, Cardona and Cuomo, 1977).

Solar cells have been made from amorphous silicon films fab ri

cated by each of the above methods. Their promising electrical per

formance resulted from presence Of hydrogen in the silicon la ttice  

which terminates the dangling bonds normally existing in the amorphous 

silicon. The electronic states associated with these dangling bonds 

otherwise trap the photo-generated carriers and reduce photoconductivity 

in the amorphous silicon. However, the incorporation of hydrogen into 

the amorphous silicon to passivate the dangling bonds w ill at the same

1
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time change the structure of the matrix of amorphous silicon, giving 

rise to defects which w ill in turn affect the electrical properties of 

the amorphous silicon.

Because of these considerations; experimentation in the past 

few years at the University of Arizona Optical Sciences Center has 

determined that amorphous silicon can be deposited by the pyrolytic 

decomposition of si lane (SiH^) without the assistance of an RF glow 

discharge. The necessarily higher substrate temperature--typically 

600 0C--results in a material with the following properties:

1. The amorphous silicon contains hydrogen in amounts less than 

; U  (Seraphin, 1973-1976).

2. The amorphous silicon is anneal-stable up to the crystallization  

temperature at 650 °C (Janai et a l . ,  1979).

While working with amorphous silicon as a converter of solar

energy (Janai et a l . ,  1979), research was in itia ted  in the photovoltaic 

properties of the pyrotechnically decomposed Chemical Vapor Deposition 

(CFD) amorphous silicon.

This photovoltaic research proceeded in three main directions. 

The f ir s t  focused on the study of the electrical properties of CVD 

amorphous silicon. This included the study of effects of the prepara

tion of CVD amorphous silicon and of substitutional doping of phosphorus 

and boron on electrical properties, as la ter described in Chapters 7

and 8 . The work described is concerned with this f ir s t  aspect of the

research.



The second direction involves measurement of the density of 

localized states by fie ld  effect. Such research is presently under way 

and has shown very promising resultss which were presented separately 

in Hey, Raouf and Seraphin, 1981.

The third direction of research, also in progress at the Optical 

Sciences Center, involves fabrication of solar cells and the attempt to 

study the ir photo-electrical properties.

This report presents the electrical properties of the amorphous 

silicon films deposited by the pyrolytic decomposition of silane using 

the Chemical Vapor Deposition (CVD) method, f ir s t  giving, in Chapter 2, 

an overview of the methods of depositing amorphous silicon films, con

centrating on the CVD method.

To better explain the conductivity mechanisms in amorphous 

silicon, a general theoretical background is included in Chapter 3, and 

the distinction between crystalline and non-crystalline materials is 

described to illu s tra te  the conduction mechanism in amorphous silicon.

Chapter 4 is devoted to the instrumentation used during this  

study and describes the modification added to the Modulation Spectro

meter used in the electroreflectance experiments for the dark and photo

conductivity measurements of thin film  samples.

In Chapter 5, sample preparation techniques are discussed, from 

the point the sample is deposited to that when the sample is ready for 

measurements.
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Chapter 6 is devoted to the experimental techniques used in 

the dark and the photoconductivity measurements of thin films of amor

phous silicon.

Chapter 7 deals with results of studies of the electrical 

properties of amorphous silicon films, f ir s t  with electrical proper

ties of undoped amorphous silicon films and effects of changing the 

preparation parameters on their electrical properties, and second the 

changes in electrical properties brought about by doping the amorphous 

silicon films with either phosphorus or boron. Further study of 

conductivity of these films under white ligh t illumination (photoconduc

t iv ity )  also w ill be presented.

Chapter 8 discusses results shown in Chapter 7, and Chapter 9 

summarizes the study and provides conclusions reached.



CHAPTER 2

AMORPHOUS SILICON

2.1 Preparation of Amorphous Silicon

In this chapter, existing methods of preparing amorphous silicon  

are reviewed, with emphasis on the Chemical Vapor Deposition (CVD) 

method. There are two classes of methods for producing thin films of 

amorphous silicon. In the f ir s t  class, methods proceed by physically 

removing atoms from a source material and directing them onto the sub

strate. Within this class of producing thin film s, sometimes called 

Physical Vapor Deposition (PVD), are two methods: evaporation and 

sputtering.

The evaporation method uses thermal heating of the source 

material (s ilicon, in this case), (Grigorovici and Vancu, 1968); at a 

certain temperature, atoms w ill start to boil o ff the surface of the 

source material. These atoms are then directed to a substrate where 

they form a thin film  of the source material. To accomplish the evapor

ation method, the operating parameters are a vacuum of 10*^ torr or 

better and substrate temperatures ranging from room temperature to 

300 °C.

The second method in the PVD class is the sputtering method in 

which thin films are formed by ionic bombardment of the source m aterial, 

forcing atoms to be ejected from the surface of the source material

5
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rather than by heating the source material, as done in the evaporation 

method.

Operating parameters in the sputtering method are a low pres- 
- 1 - 3sure of 10 -10 to rr and a glow discharge in an argon gas atmosphere.

Sputtered amorphous silicon films almost always contain argon 

as an impurity in amounts as large as 1 at.% as well as other impurities 

incorporated in much smaller amounts (Brodsky and Lurio, 1974;

Moustakas et a l . g 1977). For both the evaporation and sputtering 

methods, the process parameters play major roles in determing both 

optical and electrical properties of amorphous silicon films.

A second class of methods for making amorphous silicon proceeds

by deposition of silicon from the gas phase. Among the prominent 

methods in this second class is the Chemical Vapor Deposition (CVD) 

method, which starts from a gaseous compound containing the silicon  

rather than from the pure silicon its e lf  as used in Physical Vapor 

Decomposition (PVD) method. There are two commonly used CVD methods 

for the deposition of amorphous silicon, both of which use si lane 

(SiH^) as the source compound in the gas phase.

The f ir s t  method in the CVD class is the Glow Discharge (GD) 

method. In the GD-assisted decomposition technique, energy of an elec

tr ic  or magnetic fie ld  (RF) is employed to assist decomposition of the 

silane gas molecules. I t  is possible that incomplete decomposition of 

the silane may result in some radicals of the silane, such as (SiH), 

(SiHg), or (SiHg) being deposited, with films containing significant



amounts of incorporated hydrogen varying from 5 at.% to 50 at.%, 

depending on the substrate temperature. This hydrogen incorporated 

into the film  may play an important role in modifying both the elec

trica l and optical properties of GD films (Chittick, 1970; Tasi and 

Fritzsche, 1979).

The second technique in the CVD class of producing amorphous 

films is the pyrolytic decomposition method in which the thermal energy 

of a hot substrate is employed to break apart the si lane rather than 

the RF fie ld  as in the glow discharge method.

I t  was found that the substrate temperature in the pyrolytic 

decomposition method must be over 525 °C, as the thermal energy provided 

by the substrate to assist in decomposition of the si lane is the sole 

source of energy for decomposition (Booth, 1980). Also, the pyrolytic 

decomposition proceeds at thermal equilibrium, where i t  is believed that 

the si lane molecules strike the surface of the substrate and absorb 

just enough thermal energy to break apart to silicon, which decomposes 

on the substrate and hydrogen. The hydrogen w ill evolve and find its  

way out. The film  produced from this method, therefore, contains very 

l i t t l e  incorporated hydrogen. I t  is also believed that the film  growing 

from this method contains minimum distortion and stress.

To summarize some of the properties of the pyrolytic decomposi

tion method, the following points are made.

1. The deposition of amorphous silicon requires re lative ly  high 

temperatures on the order of 525 °C to 650 °C.



2. The pyrolysis .proceeds at atmospheric pressures as well as at 

reduced pressure--an advantage that none of the other methods 

can claim.

3. Because of the pyrolytic nature of the decomposition, the grow

ing film  is at thermal equilibrium with the substrate.

4. Because of the high substrate temperatures, atoms reaching the 

substrate surface have sufficient mobility to permit them to 

find sites with optimal bonding parameters and minimal stress 

between the old silicon atoms and the new incoming ones (Booth, . 

1980).

5. The film  produced by this method contains very l i t t l e  incorpor

ated hydrogen—less than 0.8 at.% at 525 °C to less than 0.2 

at.% a t 650 °C (Figure 2.2, p. 14) (Booth, 1980).

A note on terminology to be used: although we have referred to

glow discharge decomposition as a form of CVD, the term "CVD" w ill

herein be reserved for the pyrolytic decomposition technique. When the

discussion concerns deposition methods, three major types are identified: 

physical vapor deposition (PVD), glow discharge (GD), and chemical vapor 

deposition (CVD). In addition, there is one other useful classification  

scheme that concerns the purity of the amorphous silicon film . "Pure" 

amorphous silicon films are produced from the PVD under very clean con

ditions. "Hydrogenated" amorphous silicon films contain a significant 

amount of hydrogen that may be accidentally or intentionally driven into 

the film . GD film  is considered as hydrogenated because of the incomplete



decomposition of silane in the glow discharge process. For the evapo

ration or sputtering techniques9 hydrogenated amorphous silicon can be 

produced from low pressure hydrogen or hydrogen/argon ambient(s). 

Although CVD films contain hydrogen at less than 0.8 at.% at high sub

strate temperatures (at 650 C), they must be included in the hydro

genated amorphous silicon category because even the small amount of 

hydrogen present in these films is sufficient to give to these films 

properties much different from "pure" silicon films.

The CVD system used in preparing samples (Booth, 1980) in the 

ongoing studies is described as follows:

The CVD reactor system used for a ll silicon depositions is an 

Applied Materials, Inc. AMH-704 mini-reactor; an atmospheric pressure 

cold w all, radiation heated, with a horizontal system. Figure 2.1 

(Booth, 1980) is a schematic drawing of the deposition system including 

gas sources and reaction chamber.

The four parameters used to control the deposition of amorphous 

silicon in our CVD system are the following: (1) the substrate tempera

ture to be varied from 525 °C to 650 °C; (2) the flow rate of helium, 

kept at 4/t/m in, corresponding to (3) the silane concentration fixed at 

0.5 at.% of this flow rate; and (4) the reactor vessel, kept at atmos

pheric pressure.

Preparation of the amorphous silicon films was divided into two 

main processes. The f ir s t  created those films which may be called non

alloyed amorphous silicon films containing only hydrogen bonds silicon.
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Figure 2.1. Schematic diagram of CVD deposition system including 
reactor and gas system.
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The second process produced amorphous silicon films called alloyed 

amorphous silicon films. In this process, doping compounds are per

mitted to decompose with the-silane..

Gases used in preparation of these films form the core of the 

CVD process, as they are the only active elements of the deposition pro

cedure and determine completely the composition of the formed films.

The gases used in CVD preparation of amorphous silicon films may be 

categorized as carrier gases and reactant gases.

In the deposition system, helium acts as a carrier gas, as i t  

had been determined previously (Seraphin, 1973-1976) that a helium 

carrier produces films with superior optical qualities. In some cases, 

a helium-8.5%-hydrogeh mixture has been used to suppress gas phase 

decomposition of the silane (Booth, 1980).

An important physical parameter of a thin film  is its  thickness. 

This parameter is used to calculate conductivity of each sample under 

study. Thickness of the sample (parameter) also enters into the evalua

tion of the optical measurements (Booth, 1980).

All samples were deposited on 1/2 x 1/2-inch quartz substrates. 

Thickness of the samples was determined optically. F irs t, a gap was 

etched into the film  a fter deposition. The depth of this gap into the 

amorphous film  was measured optically by a double beam Mirau in terfer

ence objective mounted on a Leitz microscope. The method of measuring 

the depth of the gap in the amorphous silicon film  is based on equal 

path interferometry of the Michel son type with a relative accuracy of 

2%.
' . .J
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2.2 Properties of CVD Amorphous Silicon

Essentially, CVD amorphous silicon is created by transferring 

just enough energy from the heated substrate to the si lane molecules at 

the surface of the growing film  to break the silicon-hydrogen bonds 

while silicon-silicon bonds are forming. This is a more gentle process 

and leads to a better-connected film  structure than does either sputter

ing or GD-assisted silane decomposition, where sufficient electronic or 

kinetic energy must be imparted to the silicon source material to break 

silicon atoms loose and to transport them to the growing film .

Previous work has shown that amorphous silicon can be made into 

a nearly-ideal amorphous state (Theye, 1976) by a suitable process called 

anneal stable state (Seraphin, 1973-1976). This process involves anneal

ing the samples at a temperature s lightly  below that of crystallization. 

During this annealing process, the physical properties that depend 

strongly on preparation condition w ill converge toward common values 

(Booth, 1980). The samples used in this work were not annealed, in 

order to evaluate the electrical and the optical properties of these 

samples as deposited.

2.3 Photoelectric Properties of 
CVD Amorphous Silicon

Thin films of amorphous silicon have recently received great 

attention as candidate materials for low-cost converters of solar 

energy. For photovoltaic conversion, an amorphous alloy of silicon and 

hydrogen deposited with GD or sputtered methods has been made into solar



cells of promising conversion, efficiency (Wronski and Carlson, 1977).

To fu lly  understand and improve the photovoltaic performance of solar 

cells, analysis of the electric and photo performances of thin film  

amorphous silicon is of great importance. Electrical properties of 

semiconductors are found from the temperature dependence dark (dc) and 

photoconductivity measurements. The dark conductivity measurements may 

provide information about different conduction mechanisms occurring in 

the semiconductor as a function of temperature.

The above measurements were made in this Study, and also the 

effects of changing the temperatures of the substrate upon deposition 

on conductivity of the samples. For the non-alloyed amorphous silicon  

films, in general, conductivity increased as the substrate temperature 

increased, perhaps due to reduction of the hydrogen content in the 

film .

The hydrogen content for nonalloyed amorphous silicon as a 

function of substrate temperature was determined by SIMS for samples 

used (Figure 2.2). Acknowledgment is made to C. W. Magee of RCA for 

these measurements. Also, the.activation energy of the dark conduc

t iv ity  of the non-a11oyed CVD amorphous silic ion films was found to 

d iffe r significantly for samples deposited at different substrate 

temperatures.

As for the study of alloyed amorphous silicon film s, the tem

perature dependence of the conductivity was found to give quite promis

ing information; for instance, room temperature conductivity increased
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Hydrogen content by SIMS 
for nonalloyed a-Si
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Figure 2.2. Hydrogen content of undoped amorphous silicon films as 
function of substrate temperature determined by 
Secondary Ion Mass Spectroscopy (SIMS). - -  T is 
temperature of crystallization . c
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by four to five orders of magnitude as concentration of the dopant gas 

Was increased from 0.1 at.% to 5 at.%, for both boron and phosphorus. 

Activation, energies calculated from the curves of the conductivity 

versus 1/T of the doped samples decreased as the doped gas concentration 

increased, attributed to the Fermi level moving near the conduction band 

while doping in the films was increased.

The photoconductivity measurements gave encouraging information 

concerning CVD amorphous silicon film  as a promising photovoltaic solar 

converter, in that the alloyed CVD amorphous silicon films showed a 

photo-response with a few hundredths of a second in rising and a few 

hundred seconds in decay time.

The temperature dependence of the photoconductivity of CVD amor

phous silicon showed an increase in conductivity as the ratio of doping 

gas to si lane increased. More details are found in Chapter 7.



CHAPTER 3

THEORETICAL BACKGROUND

3.1 Introduction

In this chapter some of the theories concerning the conductivity 

in amorphous films are reviewed. The importance of the amorphous films 

among the solid materials in general f ir s t  must be recognized. Figure

3.1 shows an overall picture of materials and also the position of 

amorphous films with respect to the other solid materials.

I t  is also important at this point to distinguish the difference
v

in conductance of the various materials.

As shown in Figure 3.1, solid materials generally are either 

crystalline or noncrystalline. In crystalline solids, the conductivity 

mechanism can be understood from a model presented by Wilson in 1930, 

in which each electron can be described by a Bloch wavefunction (assum

ing perfect crystal structure and neglecting the scattering due to 

phonons in the crystal)

ijj = u(x,y,z)exp e^'^V^ (3.1)

where u(x,y,z) has the periodicity of the la ttic e , k is the quantum 

number for the electron, and r is the position vector. In this model 

there w ill also be allowed energy states Ê  fa lling  into bands separ

ated by energy gaps. The crystalline solid material is considered

16
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Figure 3.1 . Schematic diagram of position of CVD amorphous films 
among non-crystalline materials.
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non-metal i f  at zero temperature a ll bands are either fu ll or empty, 

while in the metal these bands are partly occupied. Further, the crys

ta llin e  material is considered an intrinsic semiconductor i f  an energy 

gap separates occupied bands from empty ones. Crystalline material is 

considered an extrinsic semiconductor i f  the sol id contains impurities 

which provide shallow states of donors or accepters. On the other hand, 

among the non-crystalline materials (as seen in Figure 3 .1 ), the material 

is divided into liquid metals, semiconductors, glasses, and amorphous 

films deposited by different methods. (CVD amorphous silicon films, 

exemplify one of these deposition methods.) The following section pre

sents differences between the crystalline and non-crystalline materials.

3.2 Non-Crystalline Materials

As shown previously, for crystalline materials, Bloch's theorem 

indicates that a ll states in a crystalline solid are extended states; 

each electron would have to have an equal probability of existing in the 

v ic in ity  of any equivalent atom in the material. This w ill enforce the 

fact that the extended nature of the electronic states requires that the 

carrier mobilities be high in crystals (Adler, 1980).

In non-crystalline materials, the Block wavefunction does not 

necessarily have the same equation form as Equation 3.1 (Mott and Davis, 

1979). At this point, the non-crystalline materials no longer have the 

uniform rigid array of atoms that the crystalline materials systems 

have. The scattering effect by each atom is very strong in non

crystalline materials so that a new phenomenon not found in crystalline
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materials is seen, namely, for a given energy E, a ll wavefunctions ^  

are localized (Mott and Davis, 1979). This was f ir s t  recognized by 

Anderson (1958). This localization in non-crystalline materials allows 

both f in ite  and continuous density of states N(E), in which a ll states 

are localized to co-exist, a feature not found in crystalline materials. 

Furthermore, i t  is anticipated that, according to this localization, the 

carrier mobilities would be smaller than those in crystalline materials.

A model for the density of the states in the amorphous semi

conductor helps explain the conductivity mechanism in the amorphous 

semiconductor in general; Figure 3.2A shows the CFU Model for the den

sity  of states suggested by Cohen, Fritzsche and Ovshinsky (1969) in 

which they suggest that localized states extend into a ta il  in the gap, 

due to the lack of long-range order in the solid (Mort and Pai, 1976). 

And, according to a suggestion made by Mott (1966), a real gap in the 

amorphous semiconductor may be obtained from the definition of the 

"mobility edges" Ec and Ey which separate localized from extended states, 

shown in Figure 3.2B.

The nature of the non-crystalline materials to contain imper

fections such as impurities or dangling bonds, or micro-voids, causes 

these impurities to rise as charged states within the gap. The over

lapping of these states (according to the CFO Model) gives expectations 

of a model as shown in Figure 3.2C (Mott and Davis, 1979). This figure 

also shows that these charged states appearing near the middle of the 

gap w ill pin the Fermi level.
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3.3 Temperature Dependence of 
the DC Conductivity

In amorphous semiconductors a model was presented for the den

sity of states and the mobility edges. Several mechanisms of conduction

exist according to the appropriate range of temperature, as

1. Conduction by carriers excited beyond the mobility edges (Ec

and Ey) into the extended (non-localized) states: conduc

t iv ity  for electrons is given by Mott and Davis, 1979 in the 

equation

where (called Oq̂  in this report) is the pre-exponential 

factor and may represent the conductivity at an in fin ite  

temperature at which point a ll carriers are in the extended 

states; Ec - Ep is the activation energy, E(ev). This can be 

obtained i f  In a is plotted as a function of 1/T; a straight 

line w ill give Ec - Ep (labelled Ey in this report). In Equa

tion 3.2 k is the Boltzmann constant and T is the temperature 

in degrees K (°K ).

2. Conduction by carriers excited into localized states at the 

band edges (E  ̂ and Eg) and also by hopping conduction of the 

carriers between states near Ê  and Eg. The conduction in this 

case is given by

(3.2)

EA + W1 " EF a = a-, exp(- - —  kj  ■ — (3 .3 )
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(Mott and Davis, 1979); o^ is also the pre-exponential factor 

associated with the hopping conduction (ô  is labeled c ^ ) .

- . Also, W-j in this case is an activation energy associated with

hopping conduction. + W-j - Ep is labeled as Ê  in this 

report.

should be smaller than aQ by several orders of magnitude. 

This is expected, as both the density of states and the mobility 

of carriers near Ê  are smaller compared with those near E ,̂ 

respectively.

3. At very low temperatures, i f  the density of states at Ep is 

f in ite , there w ill be a major contribution to the conductivity 

from carriers with energies near Ep. The carriers with these 

small activation energies w ill hop between localized states, in 

which case, the conduction is given by

o = exp(-B/T1/4) (3.4)

B = 2{a3/k N(Ep) 1 /4  , V 1  ̂ 10 A

(Mott and Davis, 1979) and the hopping w ill be between a 

variabTe-range of the form of Equation 3.4.

3.4 Conductivity of Amorphous 
Semiconductors under 111umination

This section reviews some of the models concerning the photo

conductivity of amorphous semiconductors. Generally, electronic tran

sitions found in photoconductors are divided into three categories 

(Bube, 1960):
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T. Absorption and Excitation.. Absorption by atoms of the solid 

produces a free electron and hole for each photon absorbed.

I t  is possible that the absorption occurs at a localized state 

producing a free electron and a hole bound in the localized 

state.

2. Trapping and Capture. When electrons and holes are freed by 

absorption of a photon of a sufficient energy9 they w ill remain 

free until captured by capturing centers9 for example at the 

localized states (trapping centers) (Bube9 1960).

3. Recombination. I t  is possible that the recombination process 

can occur between a free electron and a free hole in the exten

ded states, but the probability of such transition is very low. 

More frequently, transition between extended states and a 

localized state is through a recombination center; either an 

electron is captured by an excited center containing a hole, or 

a hole is captured by an excited center containing an electron. 

All three transitions may be radiative. Experiments for meas

uring these radiative transitions are called photo!uminescent 

experiments.

A model is presented for the possible recombination transactions 

that may occur in the amorphous semiconductor, which may also account 

for the photoconductivity mechanism that occurs in the amorphous silicon. 

This model, put out by Simmons and Taylor (1974), of the recombination 

process that occurs in amorphous semiconductors accounts for the



24

experimentally observed activation energies in the photoconductivity 

measurements. This model, seen in Figure 3 .3 ., shows a schematic energy 

level of the recombination transition in the steady state. According 

to this model, transition both between localized states and between 

localized and extended states is possible. I t  was also suggested in 

this model that E ,̂ Ex, or may be involved in the recombination pro

cess (Spear and LcComber, 1976).

For the different temperature ranges, the following can be 

extracted from this model.

1 . At very high temperatures, region a, transition can take place 

between Ep and E .̂ In this case, the photoconductivity can be 

given as Op = n^ep^, where n̂  is the density at the conduction
p

states and pc is the electron mobility which can be 5-10 cm 
- 1 - 1S V , making f  = K^n^Py, where f  is the generation rate 

(cm~3S~ )̂ ,  and is the recombination constant; and p̂  =
o O

exp -(Ep - E)kT where N is the density (cm)™ of the centers

at Ey.

So, a can be rewritten (Spear and LcComber, 1976) as 
P

efy
ap = i y f exp (EF - Ey)/k T '

This kind of transition is very hard to observe experimentally, 

because of the excess of free carriers at the extended state 

which dominate the conduction at the high temperatures.

Other transitions are possible, also, between Ê  and E .
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Figure 3.3. Schematic diagram showing distribution of density of
states in Figure 3.2, and recombination transitions
for different temperature ranges (from Mort and Pai,
1 976).



In the temperature range b above 250 °K the photocurrent, and
( ' •

consequently the photoconductivity, leads to activation energies

of approximately (E ■— In this case, the photogenerated

carriers ending up above E.c w ill lead to a higher density of

carriers compared with those in the absence of illumination.

This, in e ffect, w ill move the Fermi levels toward E» and EH y
states. States near the Fermi levels w ill now become depopu

lated and the charge is consequently n̂  -  p .̂ Because the 

states near Ê  and Ey become relative ly  more populated at high 

ligh t intensity the transition path Ê  to Ê  is a more lik e ly  

one. I t  is assumed that the localized negative and positive 

charge densities are highly concentrated at Ê  and Ê  (Spear 

and Lecomber, 1976).

Using the condition -  p̂  w ill lead us again to an equa

tion of conductivity in the form

a p = e ( 4 ) 1 / 2  " c i f  exP " < EC -  EA ) / kT <3 - 6 >

I t  can be shown that recombination between Ec and Ê  would 

lead to (1/2)(EC - E^).

Other recombination paths are possible in region b, such 

as that between Ê  and Ep, which occurs when very low intensity 

ligh t is used. The conductivity in this case is given as



At very low temperatures, region c, there again w ill be a 

change in the conduction mechanism to a hopping conduction be

tween localized states. In this case, the photoconductivity 

is given by

^p = e(l^ ) 1 /2  (uH) exp( “w/ kT) (3.8)

where W is the activation energy for the hopping conduction.



CHAPTER 4

INSTRUMENTATION

4.1 Background of the Experimental Set-Up 

Equipment used throughout the conductivity and the photoconduc

t iv ity  measurements of amorphous silicon films is described in this 

chapter. This equipment was used before5 as a modulation spectrometer, 

by Kottke (1974) and Rock (1976). The original set-up of the modulation 

spectrometry consisted of five  parts: (1) the source chamber; (2) the 

monochromator; (3) the sample chamber; (4) detectors; and (5) signal 

processing equipment.

A block diagram representing the modulation spectrometer is 

shown in Figure 4.1. This modification of instrumentation is discussed 

in the following sections of this chapter. These modifications were 

necessary to adapt the instrumentation of the old modulation spectro

meter to measure dark or photoconductivity and the rise and decay 

times of the photo response of the amorphous silicon films. Such 

measurements were not possible using the old set-up because i t  was not 

calibrated to measure the photon flux , a calibration established with 

the new set-up. Another weak feature of the previous design was that 

no provision was made for measuring the temperature dependence of the 

conductivity. Such capability has been included in the new set-up.

28
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Figure 4.1. Schematic diagram of ligh t path and experimental arrange
ments for electroreflectance set-up.



The original source chamber has three ligh t sources which cover the UV, 

to IR part of the electromagnetic spectrum. These ligh t sources are

1 . a hydrogen lamp that covers the range 0 . 2  ̂ - 0 . 4y;

2 . a 100-watt tungsten quartz-halogen lamp that covers the visible

and the near IR part of the spectrum for 0.4  - T.lym;

3. a glowbar lamp that covers the near and far IR from 1.0 - 1.4ym.

The source is focused into the entrance s l i t  of a SPEX Model

1702 3/4-meter Czerny-Turner monochromator. The ligh t path of the 

spectrometer is shown in Figure 4.1. Two gratings were available for 

use with the monochromator, one blazed for UV radiation at 0 . 3y and the 

other for the IR radiation at 1.0 ym. Both gratings are ruled at 600 

grooves per millimeter.

The diffracted ligh t is spread in a spectrum across the exit 

s l i t ,  with the spectrum consisting of contributions from several orders 

of diffraction. To separate out the desired orders, a series of long- 

pass optical f ilte rs  was used. Generally, the f ir s t  order diffracted  

1ight is used.

Widths of the entrance and ex it s lits  act as a spectral band

pass, rather than a mechanical slit^width. This bandpass is a function 

of the reciprocal linear dispersion which depends on the wavelength, 

the grating constant, the focal length of the instrument (in this 

instance i t  is 3/4-meter), and the spectral order. For this reason, 

the slit-widths were kept at 2 mm so the spectral bandpass would be

0.16 ev at a photon energy of 6 ev, and the spectral bandpass would be 

about 0.0002 ev at a photon energy of 0.05 ev.
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From this exit s l i t  of the monochromator,, the ligh t is focused 

onto the sample Surface using a focusing concave mirror. The sample 

is mounted on a copper heat sink that can be cooled to the temperature 

of liquid nitrogen. The copper block is in thermal contact with the 

liquid nitrogen reservoir. The sample holder is composed of the copper 

block, the liquid nitrogen reservoir, and a universal flange through 

which a ll the electrical leads go from the sample to the outside con

nection through vacuum feedthrough. The sample holder is housed inside 

the vacuum chamber. The vacuum chamber has a 3-inch diameter and a 

1/ 2-inch thick quartz window installed in front of the sample holder.

The sample in the modulation spectroscopy experiment can be exposed to 

the ligh t beam arriving from the monochromator through the quartz window.

The vacuum chamber consists of two states. The f ir s t  stage is

an Ultek Model 236-1500, a molecular sieve forepump. The reason for

using such a pump is that i t  contains no moving mechanical parts and

uses no o il ,  eliminating backstreaming of oil and other contamination to

the sample. The second stage of the vacuum system is the D -I* Ultek
-6Model 202-2000 Ion Pump, which can provide a pressure of 10 torr or 

better in less than 30 minutes, at the rate of 20 It/sec . Again, this 

pump introduces no contamination as would a diffusion pump.

In the modulation spectroscopy experiments previously performed 

using this equipment, the modulated ligh t reflected o ff the sample was 

re-imaged onto the appropriate detector, so that a comparison was made 

between the incoming ligh t onto the sample and the modulated reflected 

beam o ff the sample under study.



Three detectors were used to image the reflected ligh t from 

the samples. These detectors were used according to the spectral 

region. In the visible and u ltrav io le t, an EMI Model 9558QA Photo

m ultiplier Tube was used; in the region from 800 nm to 1000 nm, a UDT 

Model 500 PIN Diode was used; and for longer wavelengths, a PbS cell 

was used.

In the modulated spectroscopy, the normalized modulation re

sponse AR/R was the factor to be measured. The modulation spectrometer 

was equipped to measure that ra tio , either directly or indirectly. The 

modulated signal from the various detectors was measured, using either 

a PAR Model 124 or an Ithaco Model 391 lock-in amplifier. Both instru

ments gave about the same signal-to-noise ratio . Results were plotted 

either on a Houston Instruments Model 2000 or a Hewlett-Packard Model 

7000 AM x-y recorder.

A series of modifications was implemented on the modulation 

spectrometer to measure the dark and photoconductivity o f the amorphous 

silicon films. Modifications are described in the following sections.

4.2 Modification of the Source Chamber

A 13 Hz chopper was bu ilt and mounted inside the source chamber 

(Figure 4 .2 ). The 13 Hz chopper was used with the pyroelectric detector 

to calibrate the spectrometer to measure the photon flux fa llin g  on the 

sample. More details are provided in the section describing calibra

tion of the spectrometer.



Figure 4.2. Modified source chamber a fter installing two choppers.
(UV) = Hg lamp source; ( I)  = Tungsten lamp source; (R) 
Glowbar lamp source; (13Hz) = 13Hz chopper; (1 kHz) = 
1000Hz chopper.
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A Ik Hz chopper was also added to the source chamber prior to 

the photoconductivity measurements. Reason for adding the Ik Hz chop

per was to use the chopper with the HgCdTe detector, which was added 

to the detector section of the modulation spectrometer before beginning 

the conductivity measurements.

Two ligh t sources were added, as a final modification, to the 

light sources of the modulation spectrometer; the f ir s t  was a 30 mW 

He-Ne laser, SPECTRA PHYSICS Model 134, mounted outside the source 

chamber so the Tight beam from the laser would fa ll d irectly onto the 

sample through the quartz window of the sample chamber (labeled ES, or 

"external lig h t source" in Figure 4 .3 ). The He-Ne laser source was 

used in order to measure rise and decay times of the photoresponse of 

some of the amorphous silicon films. The second ligh t source added was 

a 500 W white lig h t source used in measurements of photoconductivity of 

the samples.

4.3 Modification of the Monochromator

Two more IR gratings were purchased to extend the capabilities 

of the spectrometer to lOp. The f ir s t  grating is blazed at 4p with 

150 gr/mm; the second, at lOp with 75 gr/mm. Also, additional optical 

f ilte rs  were added to cut the overlapping of orders.

The chart (Figure 4.4) shows the use of the combination of ligh t 

sources, gratings, f i l te rs ,  and orders. Separating the order is very 

important in the photoconductivity measurements, as knowing the actual 

photon energy is important to understanding the photoconductivity spec

tra l response of the amorphous silicon.
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Figure 4.3. Schematic diagram of new optical path for monochromator 
after modifications in source and detection chambers. - -  
(M-j, M2, M3 , M4) are fixed mirrors; (RM) is a rotating 
mirror; the ligh t sources are (UV) for the Hg lamp, (T) 
for the tungsten lamp, (R) for the glowbar lamp; (Ch) is 
the chopper position; (F) is the position of the f ilte rs ;  
(SI and S2) are the entrance and the exit s lits  of the 
monochromator; (G) stands for the position of the grating 
in the system; ( P) is the pyroelectric detector; (QW) is 
the quartz window; ( ES) is the position of an external 
ligh t source, in this case either the He-Ne laser source 
or a 500 W white light source; (S) is the position of the 
sample in the system.
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0 .3 zHg ( F ilte r :O rd e r:G ra tin g :L ig h t Source )
C :1:1 :T

Y :1:1 :T 
• i
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R: 1 :1 :T
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Figure 4.4. Chart showing use of the 1702 SPEX monochromator system. - -  
The symbols used in the chart represent, respectively. 
F ilte r: Order: Grating: Light Source. The f ilte rs  used 
in the system marked (C), can be used in the UV region 
and part of the visible region; (R) and (KGS) are both 
used in the visible region, ( R), (Si),  and (Ge) are f ilte rs  
which can be used singly or a combination of them in the IR 
region. The orders used in the combination are either the 
1st or the 2nd order. They are marked (1) and (2), respec
tively.  The gratings used in the system are marked accord
ing to their ruling wavelengths. For example a (0.3) micron 
grating can be used in the UV region, a (1) micron grating 
can be used in the visible and the near IR region, (4) and 
(10) micron gratings both can be used in the IR region.
Light Sources are a hydrogen lamp marked as (Hg), a tung
sten lamp marked as (T), and a glowbar lamp marked as (G).
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4.4 ■■ Modification of the Universal Flange

Measurement of conductivity of amorphous silicon requires 

measuring the current that passes through the sample upon application 

of a given voltage across the electrodes of the sample. Temperature 

of the sample should be monitored to obtain a curve of conductivity 

versus the temperature of the sample. For a ll of the above reasons, a 

universal flange was bu ilt and mounted to the sample holder assembly. 

This flange provides for the passage of electrical wires between the 

vacuum chamber and connections to the measuring devices. These elec

trica l wires monitor the current passing through the sample, voltage 

across the electrodes of the sample, temperature of the sample through 

the platinum temperature sensor, and the power to the capsulated heater 

that provides heat to the sample.

4.5 Modification of the Electronic 
Processing Equipment

6CVD amorphous silicon has res is t!c ity  of the order of 10 to
1210 ĉm, depending on the sample's temperature. In order to measure 

conductivity of the CVD amorphous silicon, a precise and accurate method 

is needed to measure current of the order of 10"  ̂ to 10"^ amps. For 

this reason, three different electrometers are used in measuring con

ductivity of amorphous silicon, Keith!ey Models 61 OB, 640, and 642.

Current through the samples is measured with one of the above 

electrometers depending on the range of current under study. These 

electrometers are operated in the feedback mode to give the,advantage 

of having a low input impedence and to prevent low input voltage.
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Working with the feedback mode also eliminates problems of 

current leakage in the interconnecting cables and improves speed of 

response from the electrometers. The current noise characteristic of

Keithley Model 610B is 10’ "*̂  amps rms, while for Keith!ey Models 640
=  17and 642, the current noise characteristics are 4 x 10” amps rms.

This makes the 640 and 642 better electrometers for low current meas

urements. The best signal-to-noise ra tio  obtained from the electrometer 

is with the feedback resistance equal to or smaller than the sample 

resistance.

Another modification was the use of special low noise coaxial

cable for measurements of very small currents passing through the sample,

as mentioned previously. For this purpose, two kinds of cables were

used; a low noise RG-58 coaxial cable (current noise lO- ^  amps), and a

General Radio A irlin e  674 rig id  coaxial connection system (current noise 
-15~ 10 amps).

In addition, voltage across the sample was monitored, using a 

Fluke Model 8000 d ig ita l voltmeter and a 602 Keithley Electrometer.

Figure 4.5 shows a schematic of the interconnection between the sample 

and the measuring equipment.

4.6 Calibration of the Spectrometer 
for the Photon Flux

To understand the photoelectric performance of the amorphous

silicon , a knowledge of the response of the amorphous silicon to the

photon flux fa llin g  on i t  is necessary. Onde the photon flux arriving
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• u p p ty E le c tro m e te r

Vacuum

Figure 4 .5 . Schematic block diagram of photoconductivity experiment, 
emphasizing interconnection between sample and measuring 
equipment.
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at the sample is known, i t  is possible to evaluate the spectral re

sponse of the material under study and to evaluate i t  in meaningful 

units of photoconductivity, rather than in a rb itrary  units as used by

many authors of artic les  on amorphous silicon. The spectral response

w ill provide information about (1) the absorption edge, and (2) in fo r

mation about the lim it* of which carriers are not being produced by 

photon energies below certain lim its . We therefore need a method to 

determine the photon flux fa llin g  on the sample.

Light fa llin g  onto the sample has a spectral shape because

1. the spectral output of the lamp,

2. transmission of the f i l t e r s ,

3. absorption processes in the relay optics between the ex it s l i t  

of the monochromator and the sample,

4. d ifferen t orders of the gratings.

To make the calibration , a calibrated detector with a f la t  response was

chosen to eliminate the need to correct the detector output for 

wavelength-related responses. A Molectron Pyroelectric Detector Model 

123 was used. The spectral response of this detector is shown in 

Figure 4.6 as the upper black line response.

To measure the photon flu x , detector output and responsivity

is needed. To obtain the detector output, replacement of the sample 

would be necessary with the detector inside the sample chamber, and 

output of the detector measured while exposing i t  to lig h t of certain 

wavelengths. However, this is not possible because of problems switching
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Figure 4.6. Relative spectral response of MOLECTRON pyroelectric
detector Model 123. — Used in calibrating the monochro
mator so that i t  is possible to measure the photon flux 
density arriving to the sample under study. Note: We 
used the detector that has special CC absorbing black 
optical coating producing the upper response in this 
figure.
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the detector and sample inside the vacuum chamber for each spectral 

point measured. Instead, the detector is mounted so i t  can be flipped  

into and out of the lig h t beam at the monochromator e x it s lits . Other 

deterrents are a focusing mirror and the quartz vacuum window between 

the ex it s lits  and the sample (Figure 4 .2 ). Therefore, a calibration  

curve was made of the output of the pyroelectric detector at the s lits  

versus the pyrodetector installed at the sample position.

During the above calibration , a ll parameters used were kept 

constant to obtain the f i r s t  spectral output of the detector at the 

sample position, namely, power supplied to lamps, gratings, and f i l t e r s ;  

chopper speed; and the same s l i t  widths. The following information was 

obtained in making the calibration:

1. The spectral output of the pyroelectric detector at both the 

sample and the ex it s l i t  position of the monochromator.

2. The responsivity of the detector given by Ry = c}>(A)/Vs(X ), 

where <i>(A) is the power and VS(A) is the output voltage of the 

detector measured at the same wavelength. The power was meas

ured using a second detector (model EG&G power meter).

The pyroelectric detector was le f t  at the ex it s l i t  position to be 

switched in and out of the lig h t path between the ex it s l i t  and the 

sample for future checking of the power variation in the system. These 

power variations may modify the calibration of the monochromator for  

the photon flux arriving at the surface of the sample.

The same technique used for the photon flux calibration was used 

for calibration of both the laser and white lig h t sources. The only
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difference in making the calibrations was in the relay optics between 

these external sources and the sample. When the laser source was used, 

the relay optics became the 1/2-inch quartz window covering the vacuum 

chamber.

A new block diagram for the experiment is given in Figure 4.5$ 

showing the overall instrumentation of the experimental set-up and 

details of the optical path which were shown in Figure 4.2. F inally , 

a photograph of the entire set-up is provided in Figure 4.7.



Figure 4.7. Entire experimental set-up for conductivity experiment.



CHAPTER 5

SAMPLE PREPARATION -

5.1 Variation of the Deposition Parameters 

I t  has been mentioned previously that there are certain prepara

tion parameters for control of the growth of CVO amorphous silicon films

(Booth, 1980). these parameters are

1. carrie r gas type and flow ra te ,

2. si lane flow rate and net concentration in the total flow,

3. any additional dopant gas flow rates and th e ir  concentrations 

re la tive  to si lane, and

4. substrate temperature.

For the work on the photo and e lectrica l study of CVD amorphous s ilico n , 

a f i f th  parameter was added; that is ,

5. thickness of the sample.

For a ll depositions reported here, the nominal carrier rate was fixed  

at 4 &/min of helium. The si lane concentration varied from 0.2% to 

1.0% of the total gas flow. For normalized film s, changes in the con

centration affected only the deposition rate and a ll films fabricated 

at given substrate temperatures for non-alloyed films varied in 25 0C 

steps from 525 °C to 650 °C. Although film  deposition did occur for 

substrate temperatures lower than 525 0C, the rate was very slow, with
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a typical value of less than 1 %/sec, compared to rates of 5 to 30 .. 

%/sec for higher substrate temperatures.

Alloying was accomplished by introducing e ither BgHg (fo r boron 

doped amorphous silicon) or PHg (fo r phosphorous doped amorphous 

s ilico n ). Table 5.1 summarizes the substrate temperatures, carrier  

flow rates, si lane flow rates, allpyant source gas, and flow rate for 

the amorphous silicon alloys studied.

Table 5.1. Summary of deposition parameters.

Type of
<<h (1/min)

SiH^ Rate 
(% of He)

A11oyant 
Source

Alloyant Rate 
{% of SiH4 )

a-Sr 525-650 4 0 .2-1 .0 —-a

a-Si :B 600 4 0 .2 -1 .0 B2H6 10"1 - 4.7

a-Si :P 650 4 0 .2 -1 .0 PH-s 10'3 - 3.25

For the non-alloyed film s, two thicknesses were made (0.5 pm 

and 1.0 pm) to study the influence of thickness on the conductivity of 

the amorphous silicon films and to see whether we have surface of bulk 

conductance across the film . The alloyed samples were prepared at 

only 1 pm to allow influence of the alloy to show its  e ffec t on the 

conductivity of the sample film .

5.2 Sample Masking and Etching 

The amorphous silicon film  was deposited on 1/2" x 1/2" quartz 

1 mm thick substrate, as described in previous work (Booth, 1980). To



put conducting electrodes on the sample's surface, the following pro

cedure for placing the electrodes was established.

1. The sample of amorphous silicon film  was f i r s t  coated with a 

1000 % molybdenum film  (mo1y-oxycarbide) at the top of the 

amorphous silicon film , using the CVD reactor to make the 

e lectrica l contacts.

2. A fter coating the sample with "moly," i t  was removed from the 

reactor and individually cleaned with acetone, then with iso

propyl alcohol, and subsequently blown dry with dry a ir .

3. From this point, clean samples had to be handled only with 

tweezers to protect th e ir surfaces from a ll contamination.

4. The samples then were placed on a clean surface and about 2 mm 

wide strips of scotch tape put along the surface of the samples 

as the next step was to etch o ff  that part of the samples not 

protected by the scotch tape strips.

5. The samples were ready fo r etching at this point, and were 

immersed in the etching solution, prepared from 92 gm of 

KgFe(CN)g, 20 gm KOH, and 400 ml Ĥ O. Those areas of the sur

face of the samples not covered by the scotch tape were etched 

o ff in a few seconds. The etching process can be assisted by 

agitating the solution with a Q-tip around the surface of the 

sample.

6. The samples were removed and rinsed under de-ionized water fo r  

a few seconds. Meanwhile, the tape remaining on the samples' 

surfaces was removed by the flow of the de-ionized water.
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7. The samples were blow-dried with dry a ir ,  and were kept clean 

for the next steps.

5.3 Electrical Contacts 

In order to measure the conductivity of the amorphous silicon  

film , the poly-oxycarbide contact was placed on top of the amorphous 

silicon (a -S i) film . The ideal contact is that which introduces no 

resistance to the flow of current from the film  through the contact in 

either direction of current flow.

For metal-semiconductor contact, ohmic contacts were obtained 

by choosing the metal with a work function smaller than that of the 

n-type semiconductors, but larger than that of the p-type semiconductors 

(Bube, 1960). To satisfy  th is , moly-oxycarbide films were chosen as 

the e lec trica l contact. We know how to deposit moly-oxycarbide films 

by CVD; and we obtain good and rig id  contacts on the surface of the 

a -S i. The films thus obtained have a 4.58 eV work function, compared 

to a work function of 4.8 eV for the n-type Si and 4.5 eV for the p-type 

Si (Michaelson, 1976).

The samples at this point were ready for contact with e lec trica l 

leads made of copper wire. These wires provided e lec trica l contact 

between the "moly" contacts on the samples and the e lectrica l terminals 

mounted on the copper block. These terminals were isolated e le c tr ic a lly  

from the copper block i ts e lf .  Permanent leads connect the copper-block- 

terminals to the inner part of the universal flange. Other leads are 

placed between the copper block and the flange to provide power to the
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heater and to connect the temperature sensor to the read-out devices. 

Electrical wires were connected to the "moly" strips using s ilver con

ducting paint (GC #22-246). The copper wires were la id  along the length 

o f the "moly" s trips , with two s ilve r contact points for each s tr ip , 

and with the wires connected e le c tr ic a lly  to the surface of the "moly" 

s trip .

5.4 Temperature Sensor 

Temperature of a sample can be measured by an Omega 3/10 36-100 

platinum th in -film  sensor. The sensor is mounted and glued to a surface 

of the sample by two mixtures of resin and hardener (Torr Seal) or 

vacuum grease. The two leads of the sensor are connected to an Omega 

RT-100 Temperature Read-out through a compensation copper lead w ire, as 

shown in Figure 5.1. The temperature range in this set-up is between 

-170 °C and 240 °C, with 1 °C resolution.

5.5 Sample Mounting .

For reasons of temperature uniformity, the samples were mounted 

on the copper block heated by a Firerode 100-watt Cartridge Heater 

inserted into a cavity in the block. The copper block is in thermal 

contact with a reservoir f i l le d  with liqu id  nitrogen for cooling the 

sample below room temperature. -

To mount the samples, insuring good thermal contact with the 

copper block, the sample was glued on with Torr Seal mixture or with 

vacuum grease. Figure 5.2 shows a sample mounted and contacted to the 

e lectrica l leads, and the temperature sensor.
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o o
—2 0 0  C — 3 0 0  C

TEMP. READOUT

1 C RESOLUTION

3 C

3 /1 0  SG —lOO

TEMP. SENSOR SAM RLE

Figure 5.1. C ircuit diagram of compensation copper wires for tempera 
ture read-out.
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COLD FINGER

TO TEMPERATURE READOUT

TO ELECTROMETER, VOLTMETER 
AND POWER SUPPLY

COPPER BLOCK

Figure 5.2 . The sample, mounted and contacted to e lectrica l leads and 
to temperature sensor.



CHAPTER 6

MEASUREMENT TECHNIQUES

6.1 Ohmic Character o f Contacts to the Sample 

After each amorphous silicon sample 1s mounted inside the sample
\

chamber, the e lectrical wires are connected to the electrometer and the 

power supply terminals. At room temperature, a-series of voltages are 

applied across the sample and the current that passes through the 

sample is measured for each voltage applied. The voltage is increased 

in steps of one v o lt, from zero to 25 volts.

From the current-voltage measurements, an I-V  curve is obtained 

for each sample. The lin e a r ity  of the I-V  curve shows i f  the contacts 

of the sample used were ohmic contacts, because for non-ohmic contacts, 

the I-V curve would show a non-linear behavior.

The reason for the non-ohmic behavior of the e lectrical contact 

can be attributed to one or more of the following reasons:

1. Improper matching of work function between the metal contact

and the amorphous silicon film .

2. Presence of surface states on the amorphous s ilico n , producing 

an in trin s ic  surface b a rrie r.

3. Presence of a thin layer of a th ird  material (such as oxide)

which in turn causes barriers for either of the two preceding

reasons (Bube, 1960).

52
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Such barriers usually demonstrate the ir existence by giving 

rise to a .re c tific a tio n  e ffe c t, i . e . ,  flow of current in one direction  

and a resistance to the flow of the current in the reverse direction.

By measuring the samples, i t  was found that the moly=oxycarbide 

exhibits an ohmic contact.

6.2 Dark Current Measurements

Dark conductivity requires measurements of the dark current of 

the sample at d ifferent temperatures. The term "dark" indicates that 

measurements were performed in the dark, i . e . ,  in the absence of Tight. 

Therefore,' during the dark conductivity measurements the quartz window 

was covered to prevent lig h t from getting to the sample. The sample 

was allowed to s it  in the dark for at least one hour before any meas

urements were taken to allow for any recombination processes that might 

occur.

Temperature of the sample was raised to about 240 °C, using the 

heater inside the sample copper block. . The heating process was slow, 

to prevent any thermal shock to the sample, and usually took two hours. 

Upon reaching 240 °C the heater was turned o ff and the sample was a l - 

1 owed to cool down.

Then, measurements of both current and voltage of the sample 

were taken at intervals of 10 °C while the sample was cooling. To 

cool the sample the reservoir of the sample holder was f i l le d  with 

liquid nitrogen, allowing the cooling process to be very slow, again 

to prevent thermal shock to the sample.
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For the photocurrent measurements„ the same techniques used for 

the dark conductivity measurements of heating and cooling the sample 

were repeated when current measurements were taken, except the sample 

was allowed to "see" lig h t, either from the SPEX monochromator or from 

the He-Ne laser, which were focused on the sample while measuring the 

current.

I t  should be mentioned that when the sample temperature is

raised to 240 °C, the sample chamber is then under vacuum to prevent

oxidation of the sample. When the sample is cooled with the L/Ng, the 

temperature drop is equal to about -130 °C. During the changing- 

temperature process, the sample chamber is kept at 10=® to rr or better 

to prevent water-vapor condensation on the sample when measuring the 

current at low temperatures.

Conductivity o f the sample was obtained by measuring the current 

passing through the sample upon application of certain voltage across 

the contacts of the sample. Two c ircu its  were used to measure conduc

t iv i ty  of the amorphous silicon film s, depending on the re s is tiv ity  of 

the sample under study; for example, undoped samples of amorphous silicon  

films have re s is tiv ity  of the order of 10^  - 10^  (fi cm), while doped 

samples of the same films with phosphorus or boron might have a resis

t iv i t y  of 10® - 10® (ft cm).

The two c ircu its  to measure conductivity are

1. Two probe contacts for which the equivalent c irc u it is found in

Figure 6 .1 . In this c irc u it the current that passes through
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Figure 6.

Sample

Equivalent c irc u it diagram for the two 
points pro be method for measuring conduc 
t iv i ty  of a sample.
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the sample was measured. This c irc u it was used only for samp

les with very high resi stance 1 O./'T - 10^4 ( f i ) .

2. Four probe contacts for which the equivalent c irc u it is found 

in Figure 6.2. This c irc u it was used to measure the current 

passing through the sample and also the potential drop through 

certain lengths of the sample. This c irc u it was used when the 

samples had resistance below 10® (ft cm).

6.3 Photo-Current Measurements 

Further details of the photo^current measurements are discussed 

in this section. In this experiment three lig h t sources were used.

1. A 30 mw He-Ne laser source was used extensively to measure the 

rise and decay times of the photoresponse of the doped amor

phous s ilicon film  samples, with a Leads & Northrup Model 655 

to record these times ( Figure 4 .5 ) .

Steps for measuring the rise and decay times o f amorphous 

silicon films are

a. Allow the sample under study to s it  in the dark (no external 

illum ination) for about 15 minutes.

b. At the same time, turn on both the lig h t source (He-Ne laser) 

and the chart recorder which w ill display the rise time as 

the current going through the sample increases, as i t  is 

recorded as a function of time.

c. The recorded current as a function of time w ill show a p la t

eau as the illum ination w ill cause no additional carriers; 

therefore the current seems to have a constant value.
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I . Equivalent c irc u it diagram for the four 
points probe method for measuring conduc
t iv i ty  of a sample.



d. After the rise time has been established, the lig h t source , 

(He-Ne laser) can be turned o ff . The chart recorder, s t i l l  

turned on, records the decay time while the sample is kept 

in the dark (Figure 4 .5 ).

e. The end of the decay time can be recognized when the current 

recorded as a function of time has the same value as the 

current established when no illumination is used on the 

sample.

The chart recorder w ill show another plateau correspond

ing to the current that passes through the sample with no 

illum ination. See Figure 4.5 for the experimental set-up.

The measurements of both rise  and decay times are conducted 

at both room temperature and at lower temperatures ranging 

between -100 °C and -160 °C.

The 1702 monochromator was used to measure the spectral response 

of the amorphous silicon film s, with the following steps estab

lishing the measurements:

a. The sample under study is mounted inside the sample chamber.

b. The sample is cooled to a low temperature, usually between 

-100 and -160 C, depending on its  response to the lig h t 

source illum ination.

c. At no lig h t source illum ination, a certain voltage is applied 

across the electrodes of the sample, establishing a fie ld  of 

500 V/cm to 1000 V/cm; the dark current is recorded at each 

point, making any changes in the f ie ld .



d. With the proper choice of Tight source, f ilte r ,.a n d  the 

grating o f the monochromator, the spectral output of the 

monochromator can be determined (Figure 4 .4 ).

e. The lig h t leaving the ex it s l i t  of the monochromator is 

focused on the surface of the sample inside the sample 

chamber.

f . Keeping a certain f ie ld  across the sample under study, the 

current passing through is recorded as a function of wave

length. I t  is important, here, to establish the photon flux  

arriving at the sample surface. This can be found from pre

vious calibration of the monochromator for the calculation  

of the photon flu x . Measurement is taken of the output of 

the pyro-electric detector mounted at the ex it s l i t  of the 

monochromator which can be swung in and out of the s l i t .

The output of this detector is used to calculate the photon 

flux arriving at the sample, as explained in Chapter 4.

A 500 watt lig h t source was used to measure the photoconductivity 

of the amorphous s ilicon film s. The technique of measuring the 

photoconductivity is as follows:

a. The sample under study is mounted inside the sample chamber, 

and the quartz window of the chamber is covered (Figure 4 .5 ).

b. The dark current and voltage across the sample is recorded

at room temperature. '



The sample chamber is put under vacuum pressure using the 

procedure mentioned in Section 4.1. The vacuum should be 

at least TO" before going to the next step.

The sample under study is heated to 210 °C while the vacuum
-=3is s t i l l  in force. The vacuum might go up to 10" , due to 

heating of the chamber, but f t  is best to keep the vacuum 

as low as possible at this stage, using both the liqu id  

nitrogen and ion pumps, as explained e a rlie r .

The dark current and voltage across the sample are recorded 

again at this high temperature a fte r  the heating process is 

stopped.

The quartz window cover is removed and the 500 watt white 

lig h t source turned on.

At the same time, the photocurrent, voltage and temperature 

of the sample are recorded a t this high temperature.

The same technique is employed to record the photocurrent, 

voltage, and temperature of the sample at intervals of 10 °C, 

while the sample is cooling down.

When the sample reaches room temperature, i t  is recommended 

that liquid nitrogen be used to bring i t  to lower tempera

tures while taking the photocurrent measurements. The 

liquid nitrogen is poured into the special opening at the 

top of the sample chamber, taking care not to thermally 

shock the sample by using an excess of liqu id  nitrogen.

I f  thermal shock occurs, the s ilver contacts may lose th e ir
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proper contact with the moly s trip  deposited on the surface 

of the sample, or i f  the shock is severe, the sample i t s e l f  

might crack.



CHAPTER 7

EXPERIMENTAL RESULTS

7.1 Introduction 

This chapter is a detailed account of experimental results 

collected over the past year, in performance of both dark- and photo

conductivity measurements on CVD amorphous silicon film s. The term 

"dark conductivity measurements" here refers to those measurements 

conducted in total absence of lig h t. In the photoconductivity measure

ments, samples are exposed to lig h t while the conductivity is measured. 

Light of e ither a single wavelength (fo r example, laser source or lig h t  

generated at the SPEX monochromator) or white l ig h t, for example, was 

used. Wavelength and the incident intensity o f the lig h t is given in 

discussing photoconductivity measurements.

The influence of the preparation conditions on the conductivity 

of the non-intentionally doped CVD amorphous silicon has been previously 

presented in this report. The preparation parameters, varying as men

tioned in both Chapters 2 and 5, are the substrate temperature and the 

thickness of the films. A more detailed discussion of these parameters 

is in Chapter 8.

The second part of this report deals with the conductivity of 

doped CVD amorphous silicon film .

62
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Effects of varying the concentration of phosphorus and boron 

in the a-Si film  on its conductivity were investigated. For both doped 

and undoped samples, dark- and photoconductivity measurements were made.

7.2 Conductivity of Undoped Amorphous 
Silicon CVD Films

7.2.1 Dark Conductivity

Variation of two preparation parameters, namely, the substrate 

temperature (TV) and film  thickness ( t f ) was studied. The substrate 

temperature varied from 525 °C to 650 °C in 25 °C steps.

For each substrate temperature, there were two sets q f samples 

fabricated with 1 pm and 0.5 pm thickness. Samples at low substrate 

temperatures were fabricated at 0.25 pm and 0.13 pm, because of a very 

small deposition rate.

As discussed in Chapter 3, the plot of logo as a function of 

1/T, where T is the temperature of the sample under study, w ill result 

in a curve with at least two straight line  portions, each straight 

line having a d ifferent slope. D ifferent e lectrical parameters can be 

extracted from this curve. For example, the intercept of Togo at 300 °K 

w ill give the room temperature conductivity o^y, while the activation  

energy can be found from the slope of the f ir s t  straight line of the 

curve which occurs at higher than room temperature. For that reason, 

the activation energy w ill be marked as , H referring to the High 

temperatures. In the same manner, the second straight line  portion w ill 

give a second slope. The activation energy calculated from the second 

slope w il l  be marked E ,̂ I  referring to the low temperatures.
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Between these two straight lin e  portions of the curve and at 

about room temperature, a "knee" can be seen in the curve joining the 

two straight lines. This "knee" in the curve occurs where the high 

temperature, extended-state conduction mechanism joins a d ifferent 

conduction mechanism, that is , the 1ow-temperature hopping conduction 

mechanism. This "knee" was observed in the glow discharge amorphous 

silicon films (Spear and LeComber, 1976a), in the sputtered amorphous 

silicon films (Hansen, 1976), and in the CVD amorphous silicon films

(Hirose, Taniguchi and Osaka, 1 979).

Intercepts of both the straight lin e  portions of the curve with 

the ordinate of the plot logo versus ( l /T ) ,  give the pre-exponential 

factors Oq  ̂ and o ^ , respectively.

Plots of the dark conductivity as functions o f the reciprocal 

temperature ( l/T )  for undoped samples deposited at d iffe ren t substrate 

temperatures R$ and at d ifferent thicknesses are shown in Figures 7.1

and 7.2. The following points may be deduced from the p ro file  of the

curves of Figures 7.1 and 7.2:

1. Room temperature conductivity, o^j, as a function of the depo

sition temperature for a given thickness increases with the 

deposition temperature. This resu lt, shown in Figure 7.3, may 

be due to the effect o f reducing the hydrogen content in the 

silicon as Tg increases.

2. The activation energy, E^, as a function of the substrate tem

peratures of the CVD a-Si films (Booth, Raouf and Seraphin,
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Figure 7.1. Temperature variation of conductivity (a) of undoped 
CVD amorphous silicon films at d ifferent substrate 
temperatures (T ). - -  All samples shown are 1 ym 
thick.
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Figure 7.2. Temperature variation of conductivity (a) of undoped CVD 
amorphous silicon films at different substrate tempera
tures (T ). - -  All samples shown are 0.5 pm thick.



67

Figure 7.

)

(Q .c m )
h

o*

>-

>
t—u
3
Q
Zou
$  10  
3
*<
06 
LU 
Q.
5

- 7  _

O  10

575 6 0 0  6 2 5  6 5 0 (°C )
SUBSTRATE TEMPERATURE L

3. Room temperature conductivity (aRT) of undoped CVD 
amorphous silicon films as a function of substrate 
temperature (T$).
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1980) decreases as the substrate temperature increases, as 

Figure 7.4 i l lu s tra tes .

3. The pre-exponential factor, 0^ ,  represents the conductivity 

when the temperature T goes to in f in ity .  The plot of as a 

function of the substrate temperature (Ts) shows that an in

crease in the deposition temperature results in a decrease of 

ff0H This is shown in Figure 7.5. Both and are given 

in Table 7.1 together with the ir  dependence on (Ts).

4. Density of states near both the extended states and the Fermi 

level can be estimated from the curves shown in Figure 7.1. 

Density of states associated with the extended states can be 

estimated, using the expression (Mott and Davis, 1979),

: N<Ec > = i ^ r -

where uc is the mobility at the conduction edge, e is the elec

tron charge, k is the Boltzmann constant, and T is the tempera

ture of the sample under study. Results are tabulated in 

Table 7.1.

Density of states near the Fermi level N(Ep) can be estimated

by

ct = c^expC-B/T1/ 4) ,

1where aQ is a pre-exponential factor associated with hopping 

conduction, B = 2(a^/N(Ep))^4 , where cf^ = TO % stands for 

amorphous silicon (Mott and Davis, 1979). The density of states
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Figure 7.4. Activation energy ( E )̂ as a function of substrate tempera
ture (Ts) of undoped CVD amorphous silicon films.
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temperature (Ts) of the undoped CVD amorphous silicon films.



N(Ep) in this case can be found by plotting logo as a function 

of (1/T1 /4) .  The plot w ill result in a curve having a straight 

line with a specific slope from which the density of states 

near the Fermi level can be estimated. Results are given in 

Table 7.1. Both N(E^) and N(Ep) obtained from this interpreta

tion are only estimates and do not necessarily represent the 

exact values of the density of the states for the undoped amor

phous silicon films. Field effects, on the other hand, have 

been demonstrated as superior tools in evaluating the density 

of states for our CVD amorphous silicon films (Hey et a l . ,  1981)

5. The Pre-expenential factor as a function of the activation  

energy Ê  for the undoped amorphous silicon samples is plotted 

in Figure 7.6. This figure shows a linear relationship at 

both high activation and high pre-exponential factor values. 

Further discussion on this subject is found in Chapter 8.

7.2.2 Effect of Film Thickness on Conductivity

At this point, results from comparing the conductivity of two 

samples of different thicknesses (1 um and 0.5 pm) are provided. Both 

were prepared at one particular substrate temperature (Ts ) of 650 °C.

Figure 7.7 shows logs of the dark conductivity for the two d i f 

ferent samples as functions of the reciprocal temperature (1 /T ). I t  is 

evident from this figure that the thinner amorphous silicon film is a 

better conductor than that of greater thickness. Further discussion of 

this phenomenon may be found in Chapter 8.



Table 7.1. Summary of electrical parameters of undoped samples of CVD a -S i.

TS(C) a RT ( f i cm ) -1 EH( e v )
1 1 

■E-Jew) aoh (ficrn) "  o oL. (f icm)~ N J E )

575 3 ;k 10™8 0.78 0.18 7 x 103 4.6 x 10™5 1 X 1023 6 .8 x 1018

600 6.3

001oX 0.76 0.2 6 x 103 3.6 x 10“5 8. 7 X 1022 3,, 7 x 1018

625 2,15 x 10"7 0.69 0.18 2.3 x 103 8 x 10"4 3. 3 X 1022 1 ,,17 >c 1018

650 ' 3.9 x 10™7. 0.6 0.17 . 2.2 x 102 . 4 x 10~4 3. 2 X 1021 4,,8 x 1017

6X3



73

1

410

210
0.60.4 0.8

Activation Energy

Figure 7.6. Pre-exponential factor (oq^) as function of activation 
energy (Ey) of undoped CVD amorphous silicon films at 
different substrate temperatures (T$).
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7.2 .3 Photoconductivity of tin doped 
Amorphous Silicon Films

We exposed to the output of various light sources a set of non- 

intentionally doped samples previously used in the dark conductivity 

measurements and attempted to detect a subsequent increase in the con

ductance. Monochromatic l igh t generated by the SPEX proved too weak to
i 2

generate changes greater than our noise level of 10" (amps'-rms). The 

red line of a He-Ne laser also fa iled to give an observable increase, 

as did the fu ll spectrum o f a flashlight for which the result was also 

negative. Variation of the sample temperature between 100 °K and 500 °K 

did not change the lack of a photoresponse, so i t  can be concluded that 

undoped CVD amorphous silicon films do not show a photoresponse under the 

foregoing conditions.

x 7.3 Conductivity of Doped
Amorphous Silicon CVD Films

Chapter 2 discussed the method of incorporating dopants such as 

phosphorus and boron into the f ilm s. The effects of these dopant 

materials (P or B) on the conductivity of the amorphous silicon CVD 

films, both in the dark and under illumination, are given here.

All the samples doped with phosphorus (a-Si:P) were deposited at 

650 °C, with a film thickness of 1 pm. The samples doped with boron 

(a -S i: B) were deposited at 600 °C, with also a film thickness o f 1 pm.

The substrate temperature (T ) was chosen for a-Si:P and a-Si :B
v

to be 650 °C and 600 °C, respectively, because at these temperatures i t  

was possible to fabricate the samples at an optimum flow rate and time
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of growth (Booth, 1980). Table 7.2 l is ts  the samples used in this study 

and gives the ratio of the dopant gas, in this case BgHg or PHg with 

respect to the si lane gas, SiH^.

The calculated (at.%) of the dopant into the film is also given 

in Table 7.2. This (at.%) is roughly three times the value of the gas 

ratio P H g / ( S i + PHg) for phosphorus and 0.2 times the value of the gas 

ratio B2Hg/(SiH4 + BgĤ ) for the boron.

The values of the (at.%) indicated with an asterisk in Table 7:2

were evaluated by the electron micro pro be technique with about +10% 

error between the values calculated and those measured by the electron 

microprobe.

7.3.1 Dark Conductivity of the 
Doped CVD a=Si Films

The measurements of the dark conductivity of the doped CVD a-Si 

films as well as the extrapolation of the room temperature conductivity 

Cpy, the activation energy E^, and the pre-exponential factors from 

the plot of log cr versus the reciprocal temperature (1/T) were obtained 

in the same manner as were the undoped CVD a-Si film samples discussed 

in Section 7.2.

The following points may be deduced from the different plots of

log cr versus (1/T) for d ifferent samples of CVD a-Si at different doping

levels (P or B).

1. The room temperature conductivity cr^ as a function of gas ratio

is given in Figures 7.8 and 7.9 from which the following observa-
.

tion can be made:
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Table 7.2. Samples used in study of doped amorphous silicon films

Sample 

a -S i:P

■Si :B

PV8 002 

PVB 001 

DB 004 

PVB 005 

PVB 006 

PVB 003

Substrate Temperature 
TS(C)

Gas Ratio 
Pf-L

600

600

600

600

600

600

(pHg + SiH4  ̂ x 100

^B2H6 + S iH^)  X 100

0.082

0.46

0.97

1.0

2.50

4.70

Calculated
(at.%)

PVP 003 650 0.00033 0.001*

PVP 002 650 ' 0.0033 0.01*

PVP 001 650 0.033 0.1*

PVP 006 650 0.168 0.509

DP 003 650 0.18 0.545

PVP 007 650 0.668 2.02

PVP 008 650 i 3.25 9.85

0.0164

0.094

0.1 94

0.2

0.50

0.94

* Indicates these (at.%) have been measured by the Ion-Microprobe. 
Results show accuracy of + 10% compared with calculated values.
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a. There was no or very l i t t l e  change in the of the

80
}

l igh tly  doped over the undoped CVD a-Si films in the range 

of the doping levels of 10™® to 10~^, and 10”  ̂ to 4 x 10”^

for a-Si:P and a=Si:B, respectively.
in-4For CVD a-Si :P- films doped at about 10"^, the aor seems to

decrease s lightly  below 6 x 10" (5cm)" and reaches a mini-

mum of about 4 x 10” (5cm)” at a doping level o f  10” ,.

This decrease in cr^ was not observed in CVD a-Si :B films 

at the same doping leve l,  

c. The room temperature conductivity cr̂ y shows a significant 

increase of about six orders o f  magnitude over the minimum 

of cr̂ y observed in a a-Si:P. Such an increase in o^y starts  

at a doping level of 10” and extends to a doping level of 

2 x 10" for a-Si:P. A sim ilar increase is shown in a-Si:B 

with a^y over the value of cr̂ y obtained at the l ig h tly  doped 

a-Si:EL In this case, the increase of o^y starts at a
«,3

doping level of 7 x 10" and extends to a doping level of 

1 x 10”1 .

Figure 7.10 shows the activation energy Ey as a function of the 

gas ratio for both a-Si :P and a-Si :B, in  addition to the value 

of the activation energy for the undoped samples.

In Figure 7.10, the undoped samples of CVD amorphous silicon  

films have an activation energy Ey equal to 0.66 ev. Increasing 

the doping level (by increasing the gas ra tio ) for both phosphorus
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Figure 7.10. Activation energy (E^) as function of gas ratios 
((PH3)/(PH3 + SiH4 ) and (B2H6)/(B2H6 + SiH4 )) for 
both a -S i: P and a-Si:B, respectively. — The middle 
portion of the graph shows the undoped a-Si values 
for the activation energies.
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and boron from about 10 ® to 10~  ̂ and from 10~  ̂ to 6 x 10”  ̂ for  

phosphorus and boron doping, respectively, w ill result in no 

significant changes of the activation energy compared to the 

activation energies calculated for the undoped samples.

Beyond the aforementioned points, is a significant drop in 

the values of E^, which seem to reach a minimum of about 0.12 ev 

and 0.15 ev at a gas ratio of 2 x 10"^ and 5 x 10“  ̂ for a-Si:P  

and a-Si:B, respectively.

3. The pre-exponential factor as a function of the gas ratio  

for both a -S i: P and a -S i:B is plotted in Figures 7.11 and 7.12. 

The following points can be made:

a. The pre-exponential factor CTĝ  does not change significantly  

for the Tightly doped samples in comparison to the values of 

c7qH of the undoped samples, and tends to be about 6 x 10”  ̂

(ncm)” and 3 x 10" (5cm)" for a-Si:P and a-Si;B, respec

t iv e ly . This observation can be extended to the gas ratios  

of 1 x IQ"5 to 2 x 10”  ̂ and 1 x 10”5 to 6 x 10"^ for a -S i: P 

and a-Si ;B, respectively.

b. When the gas ratio is increased beyond the above-mentioned 

values, Oq|| decreases gradually until i t  reaches a minimum 

of 3 x 101 (5cm)"^ and 8 x 10  ̂ (5cm)“^. At these points
O

o’qh l evel s o f f  at a gas ra tio  of 10“ for both a -S i: P and 

a-S i:B .

4. Log OqH was plotted as a function of the activation energy Ê  

for both a-Si :P and a-Si :B, as seen in Figures 7.13 and 7.14,
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Figure 7.11. Pre-exponential fac tor  (cqh) as funct ion o f  gas ra t io
((PH3)/(PH3 + SiH4 )) fo r  a-Si:P.
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Figure 7.14. Pre-exponential factor (anH) as function of activation 
energy ( E^) for a -S i:B .
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respectively. The following points can be made from these 

figures:

a. There seems to be a linear behavior between log and E ;̂ 

consequently, a straight Tine can be drawn through the 

origin.

b. On the one hand, the maximum experimental point value ob

tained for OqH at the highest point of activation energy,

Ep|, may correspond to the undoped sample having maximum 

values of Oq̂  and E .̂ On the other hand, the minimum experi

mental point value obtained from at the lowest point of

the activation energy Ê  may correspond to the highly doped

a-Si film samples. These observations have also been made 

about GO a-Si films (Fritzsche, 1980). Further discussion 

of these observations is in Chapter 8.

5. In estimating the size of the mobility gap (Ec-Cv ) ,  from Figures 

7.13 and 7.14, i t  is possible to find the maximum value of Ey. 

This E|_| is 1/2(EC-EV), assuming the maximum Ê  is associated 

with the undoped samples; consequently, the Fermi level is ha lf

way between Ec and Ev- A more accurate accounting for the 

mobility gap (EC™EV) is suggested by LeComber and his co-workers 

(1976a). The mobility gap (E^-E^) is given by

(Ec -Ev> = <Ec"Ev>o -

(LeComber et a :l., 1973). This is only true above T - 200 °K 

and where yc -  Yv -  4.6 x 10"^ (ev/K). So ( E c -E  ) s' 1.452 ev, 

using the above values.
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7.3.2 Influence of Illumination on .
Doped CVD a-Si Films

The measurements of conductivity under illumination, or as i t

is usually called, photoconductivity (OpH) is defined as the difference

in conductivity of the sample with and without illumfnation from a Tight

source. The light sources used, as discussed in Chapter, 4* were three:

1. A 500 W white ligh t source used for measurements of the photo- 

current through the sample, from which the photoconductivity 

was calculated.

2. The SPEX 1702 monochrometer l ig h t  source used to generate l ig h t  

with the spectrum spread over the v is ib le  and the near infrared 

so that the spectral response of the CVD a-Si films could be 

evaluated.

3. A 30 mW He-Ne laser ligh t source used to measure the rise and 

decay times of the CVD a-Si films when the samples were il lum i

nated with chopped laser l igh t source.

In the following, results of the three d ifferent measurements of the 

doped CVD a-Si films are provided.

7.3.2.1 Photoconductivity of the Doped CVD a-Si Films. Photo

conductivity results were achieved by measuring photocurrent as a func

tion of temperature of the samples in which the temperature varied from 

200 °C to 110 0 C. From these measurements a plot of the photoconductivity 

log versus reciprocal temperature (1/T) results in a curve of straight 

line segments seen in Figures 7.15 and 7.16. The following electronic 

properties can be extracted from these two figures.
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1. The room temperature photoresponse was obtained by the following 

procedure: conductivity o f the sample under illum ination was 

plotted as a function o f reciprocal temperature, which gave a 

value of conductivity at room temperature; then the room tem

perature photoresponse for the same sample was obtained from the 

difference between this value and the dark-room temperature con

ductiv ity  (o^y) for the sample, as previously obtained ( i . e . ,

AOph -  ap - crRT, see Section 7 .3 ). Note that both CTp and oRy 

were obtained at room temperature, except that Op was obtained 

under illumination while dRj  was obtained under NO illum ination  

( i . e . ,  dark conductivity), while AOp̂  is the excess of conduc

t iv i t y  due to illum ination only.

2. The activation energy associated with the photoconductivity can

be obtained from the slope of the straight lin e  segments described 

above. .

3. The pre-exponential factors associated with the photoconductivity 

can also be obtained by intercepting the ordinate of the plot of 

the photoconductivity log versus the reciprocal temperature, 

with the extension of the straight line segments of the curve 

obtained from this plot.

Conductivity under illum ination of two sets of samples was 

measured and their electronic properties were evaluated as described 

above. These two sets of samples consisted of CVD a-Si film  samples 

doped with phosphorus and boron, respectively. Plots of the photoconduc
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t iv ity  log (Op )̂ as a function of the reciprocal temperatures (.1/1). of 

the samples are given in Figures 7.15 and 7.16. The two sets of figures 

and the electronic properties obtained from them illu s tra te  the e ffec t 

of the white lig h t illum ination on conductivity of the samples for d i f 

ferent doping levels of phosphorus and boron, respectively. The elec

tronic properties are:

1. Room temperature photoresponse as a function of gas ra t io . The 

difference in room temperature conductivity with and without 

illum ination is defined as Ac^ = (a - a^ j )  as a function o f 

the gas ra t io , and is given in both Figures 7.17 and 7.18$ from 

which the following points may be observed for each.
g “3

a. In the gas ra tio  range ICf to 10" , there is very small 

increase in the room temperature photoresponse AapH compared 

to the room temperature photoresponse of the undoped samples, 

which showed very small or no photoresponse.
3 i 1

b. In the gas ratio  range from 10™ to TO" $ the room tempera

ture photoresponse AOp̂  shows a s ign ificant increase from 

the room temperature photoresponse seen in the gas ratio  

range from 10"® to TO"3.

c. For both figures, and at gas ratio  values above 10" , the 

room temperature photoresponse AapH reaches a maximum at a 

gas ratio  of approximately 1 0 " \  Further discussion on 

the room temperature response may be found in Chapter 8.

2. Activation energy as a function of the gas ra tio  for both dark 

and photoconductivity measurements of the CVD a-Si films is
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Figure 7.17. Room temperature photoresponse (apH) p lo t ted as function
of gas ra t io  ((PHg)/(PH3 + SiH^j) fo r  a -S i :P .
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given in Figures 7.19 and 7.20, and the following points can be 

deduced.

a. In general, the values of the activation energy associated 

with the photoconductivity measurements seem to be less than 

those associated with the dark conductivity measurements.

b. For both phosphorus and boron doped CVD amorphous silicon  

film s, the activation energy associated with the photoconduc

t iv i ty  seems to have a constant value throughout the gas 

ratio  range 1 Cf® - 2 x 10”  ̂ (phosphorus) and 10~® - 3 x 10™̂  

(boron). This behavior was also noticed in the case of the 

dark conductivity measurements, where the activation energy 

in that case also suffered no change with respect to the 

activation energy of the undoped samples, as seen.in both 

Figures 7.19 and 7.20.

c. Further increase in the gas ratio  indicated in point (2) 

resulted in a decrease in the activation energy from the con

stant value mentioned in point (2 ).

d. I t  seems that the decrease in the activation energy as the 

gas ra tio  increases for both phosphorus and boron doped

films w ill end up in another constant value, but this time
-2this happens at a gas ra tio  of approximately 5 x 10" and

-=21 x 10" for the phosphorus and boron doped amorphous silicon  

film s, respectively.

The pre-exponential factors as a function of the gas ratio  for 

both dark and photoconductivity measurements of the CVD a-Si
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films are shown in Figures 7.21 and 7.22. The following points

can be made from the two figures.

a. In general, the values of the pre-exponential factors asso

ciated with the photoconductivity measurements seem to be 

less than those associated with the dark conductivity meas

urements.

b. For both cases of phosphorus and boron doped CVD a-Si f ilm s , 

the pre-exponential factor associated with photoconductivity 

measurements seems to behave in a very sim ilar fashion to

those associated with the dark conductivity in the gas ratio

range of 10’ ® - 10"^.

c. I t  seems that at high values of the gas ra tio  of 8 x 10”^,

the pre-exponential factors associated with both dark and

1 photoconductivity measurements reach the same minimum of
- I  T

10” (5cm)’  . Further discussion on the subject may be

found in Chapter 8.

To learn the optimum doping levels and consequently the optimum 

photoresponse from the phorphorus and boron doped amorphous silicon  

film s, further analyses of both Figures 7.15 and 7.16 were considered. 

From the information provided, plots were made of the normalized d i f 

ference of the photoconductivity from the dark conductivity (normalized 

to the dark conductivity) as a function of the atomic percentage (at.% ) 

of both phosphorus and boron, respectively, as shown in Figures 7.23 and 

7.24. .
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I t  appears that the optimum photoresponse for the phosphorus 

doping occurs in the range of 1.5 to 3.0 (a t .%)„ while for boron doping 

the range is 0.08 to 0.15 (a t .%).

7 .3 .2 .2  Spectral Response of the CVD a-Si Films. Results are 

presented here of the spectral response of one of the samples. As men

tioned previously , the SPEX 1702 monochromator was used to generate a 

lig h t source with variable wavelengths. Figure 7.25 shows the spectral 

response calibrated to the photon flux density arriv ing at the sample 

as a function of the wavelength. The following points can be drawn 

from the figure.

1. The spectral response for this particular sample shows a maximum 

of about 0.65 pm.

2. The response starts to decrease gradually and Cuts o ff at about

0.85 ym afterwards.

Further discussion of this subject is found in  Chapter 8.

7 .3 .2 .3  Rise and Decay Times of CVD a-Si Doped Samples. Pre

sented here are some of the results of the measurements of both rise and 

decay times of the CVD a-Si doped films when the samples were illuminated 

with the He-Ne laser chopped lig h t source.

As described in Chapter 6, the dark current across the sample 

under study is f i r s t  measured while the chart recorder is recording the 

value of the current as a function of time. Then the sample is i l l  uni-  

nated with the He-Ne laser ligh t source. From this point, current 

recorded w ill be called the photocurrent; i t  appears in this experiment 

to increase from the dark current previously mentioned.
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The rise time of the sample under illumination may be evalu

ated, then, from the point in time when the photocurrent starts to 

increase from the dark current to the point in time when the photocur

rent reaches a plateau value.

In the second part of the experiment, the He-Ne laser lig h t

source is chopped o ff, at which point the photocurrent recorded seems 

to decrease from the saturated plateau value mentioned above, and the 

decay time of the sample then can be recorded from the point in time

when the photocurrent starts to decrease in value to that when the
\

photocurrent reaches a value approximately the same as the dark current 

o rig in a lly  measured before.

The results of our measurements are given in Figure 7.26.

We notice, in general, that both rise and decay times have two

branches of response, as shown in the figure; the f i r s t  branch seems to

go very fast (on the order of a few milliseconds), while the second seems 

to be much slower and may extend over 100 sec in the time scale. Further 

discussion on the subject can be found in Chapter 8.
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CHAPTER 8

DISCUSSION

8.1 Introduction 

This chapter discusses further the results presented in Chapter 

7. Comparison of results with CVD amorphous silicon films as reported 

here w ill be made with results of both glow discharge amorphous silicon  

films and a d ifferen t CVD amorphous silicon provided by Hirose et a l . 

in 1979. -

Section 8.2 of this chapter provides a discussion of the elec

tronic properties of undoped CVD amorphous silicon as a function of the 

deposition parameters; the next section deals with the effect of doping 

on the e lectrica l behavior of CVD amorphous s ilicon . Both dark- and 

photo-conductivity of the doped a-Si w ill also be discussed in section 

8.3.

8.2 Undoped CVD Amorphous Silicon 

We have found that the plot of log cr versus 1/T results in two 

straight lines of d ifferent slopes connected with each other by a "knee" 

which occurs around room temperature5 as seen in Figures 7.1 and 7.2. 

This "knee" has also been observed in glow discharge (GD) a-Si films by 

Spear and LeComber (1976). Beyer and Overhof (1979) have suggested 

that such a temperature pro file  can be interpreted in terms of one or 

more of the following reasons.
107
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1. Transport takes place simultaneously in extended and localized  

states.

2. The Tow density of gap states gives rise to a significant sta

t is t ic a l s h ift of the Fermi level .

3. The band edges s h ift with temperature.

4. The mobility is temperature-dependent.

5. Band bending at the film  surface leads to an accumulation layer.

From Figures 7.1 and 7.2 i t  can be ascertained what effects the 

preparation parameters o f CVD a-Si films have on the conductivity of the 

film s. The preparation parameters in question are a lteration  of the 

thickness of the films ( t^ ) ,  and change in the substrate temperature 

(Ts) during deposition.

8.2.1 Alteration of Film Thickness

Figure 7.7 shows a log o f the dark current for two d ifferen t  

samples of thicknessess 0.5 pm and 1.0 pm, as a function o f the recip

rocal temperature, (T /T ) . From this figure, i t  can be concluded that 

the thinner amorphous silicon film  is a better conductor than that of 

greater thickness; the thickness effect in our samples of CVD amor

phous silicon being, perhaps, due to the existence of conduction chan

nels in the thin films which provide better conduction than does that 

of the thicker film s. These conduction channels (Mott and Davis, 1971) 

may represent surface states, which in turn provide surface charges 

that help the conduction mechanism in thinner film s. These conducting
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surface channels exist, without regard for the thickness of the bulk 

behind the surface. As the conductance of both channels, surface 

region and the bulk path in p a ra lle l, is measured, i t  is evident that 

the overall conductivity is normalized with respect to the thickness 

decreases with i t .

8.2.2 Alteration of Substrate Temperature

The Chemical Vapor Deposition (CVD) method of fabricating the 

a-Si films requires control of the substrate temperature (Ts) ,  in which 

method the thermal energy of the hot substrate is employed to break 

apart the silane (SiH^), depositing the. s ilicon (see Chapter 2 for more 

d e ta ils ). Hydrogen is produced from this thermal reaction, leaving the 

silicon deposit on the quartz substrate.

I t  was found that a certain atomic percentage of hydrogen s t i l l  

remained in the amorphous silicon structure during the process of 

chemical vapor deposition of silane. This hydrogen content may be deter

mined by the Secondary Ion Mass Spectroscopy (SIMS) technique. For our 

CVD a-Si films i t  was found by using the SIMS test that the hydrogen 

atomic percentage (a t . %) was reduced from 0.65 at.% to less than 0.2 

at%, while the substrate temperature (T ) was increased from 550 °C to 

650 °C.

The hydrogen content found in these d ifferent films of CVD 

a-Si is very small compared to the hydrogen content usually found in the 

Glow Discharge (GO) a-Si films (about 18 at.% ), which were used in fafa

bricating solar ce lls . In the GD a-Si m aterial, the hydrogen content



no
was found to play an important role in coupling the dangling bonds found 

in the GD a -S i.

To explain the role of hydrogen in terminating these dangling 

bonds in the a-Si film , i t  was believed that measurement of the ESR 

signal for these films may have a correlation with the terminating of 

the dangling bonds of silicon ( Hasegawa, Kasajima and Shimizu, 1979).

For example, the ESR signal for the GO a-Si films was found to be 

5 x 1018 cm”8 compared to about 1 x 1 0 ^  cm"8 for the CVD a-Si film s. 

This difference in the ESR may be due to the differences in the hydrogen 

content of the GD and CVD a-Si film s, as discussed above. Although this 

may suggest that the GD method is a more e ffic ie n t method compared with 

the chemical vapor deposition in terminating the dangling bonds in the 

a-Si film s, the CVD method proves to be the more e ffic ie n t method in 

controlling the process of fabricating the a-Si film s, compared to the 

other methods, since the control provides better amorphous structure, as 

w ill be discussed below.

In the CVD method, films can be fabricated at much higher tem

peratures (525 °C to 680 °C) compared to the GD, for example, in which 

films are fabricated at much lower temperatures. The trade-o ff of 

depositing films at higher temperatures in the CVD method is that the 

hydrogen is reduced s ign ificantly  at high substrate temperatures, as 

discussed above.

I t  is believed that the a b ility  to control the preparation para

meters in the CVD method (gas flow and rate , gas mixture, substrate
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tem pera tu re , and thickness o f the film s) is the proper approach to 

produce "near id ea l" amorphous silicon in which the material has fewer 

structural defects. This w ill be demonstrated when we present the 

relation between (T^) and the e lectrica l performance o f the m aterial.

This is demonstrated in etc. The following electrical,

properties were found to be affected by the substrate temperature Ts :

1. Room Temperature Conductivity (oRj ) : As previously indicated in

Figure 7 .3 , oRj  increases from 3 x ICT^ (ficm)"  ̂ to approximately
■=*7 “14 x 10” (ficm)” when the substrate temperature Ts increases 

from 575 °C to 650 °C. This increase in the room temperature 

conductivity may be caused by the increase in the structural 

defects in the a -S i. These structural defects w ill cause the 

movement of the Fermi level from the middle o f the gap to a 

point closer to the band edge, allowing more carriers to move 

to the conduction band. This w ill increase the conductivity.

Note the following, point (2 ) .

2. Activation Energy (ER) : Figure 7.2 shows that Ê  decreases from

0.78 ev to about 0.60 ev when Ts increases from 575 °C to 650 °C. 

This change in the activation energy ER might be made by a move

ment of the Fermi level using the defin ition  Ep = - ER, where

Ep is the Fermi leve l, Eq is the band edge, and ER is the a c ti

vation energy. This means that the Fermi level Ep is moving 

closer to the band edge Er . Consequently, as this happens, the 

structural defects are increased.
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To understand the cause of this increase in structural 

defects, and consequently the reduction in the activation  

energy, the deposition principle of the CVD method is used in 

which the temperature of the substrate is the agent permitting 

the thermal energy to break down the silane (SiH^). I t  is pos

sible that at temperatures higher than 550 °C the thermal energy 

is more than enough to break the silane apart, as explained in 

Chapter 4. This excess energy may be the cause of these struc

tural defects in the amorphous silicon film s, causing the Fermi 

level to be closer to the band edge and also reducing the a c ti

vation energy.

3, 'Pre-exponential-'Factor-(ctq||) as a Function of the Substrate 

Temperature (Tg): In Figure 7 .5 , decreased from about 8 x
q m * o i

10 (ficm) to approximately 3 x 10 (ficm)" when Ts was in 

creased from 575 °C to 650 °C. The explanation for this behavior 

also refers to the idea of increasing the structural defects seen 

in the preceding point (2 ). In this case, however, that con

ductiv ity  represented at the extended states (ctqH) would have to 

decrease, as the increase in structural defects would re s tr ic t  

the a v a ila b ility  of carriers making the ir contribution in the

conduction in the extended states.
/ ■ ‘ ' ' '

4. The Pre-Exponential Factor OqH as a Function of the Activation

Energy E :̂ The plot of log Oĝ  as a function of Ey shows a linear  

relationship (Figure 7 .6 ). A model was presented by Spear et a l . 

(1980), which derived this linear relationship, as given by the 

equation:
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In^CQ^) = 1 n(N^eT-i)exp(— ) -  GE^ - Ep(0) f  GE^ , 

where

Nq is the density o f states at the band edge 

6f is a coeffic ient associated with the movement of Fermi 

level with temperature 

k is the Boltzmann constant

G is a function that depends on temperature and energy 

is the energy level below the band edge where the ta il  

-  states are contained

Ep(0) is the Fermi level at zero temperature

Ep| is the activation energy

Furthermore, they suggested that values can be explained by 

the distribution in the ta il  state width as defined by Eq(0) - E^. 

These ta il  states can be determined by disorder potentials or

structural defects which are lik e ly  to depend on the preparation

conditions of the a-Si films (Spear et a l . ,  1980).

8.3 Doped CVD Amorphous Silicon

In this section the. effects of doping with phosphorus and boron 

on the e lectrical properties of CVD a-Si are discussed. The discussion 

also includes a comparison of these results with those reported for both 

GO a-Si films (Spear and LcComber, 1976a) and a d ifferen t type of CVD 

a-Si films (Taniguchi et a l . ,  1 978; Hi rose et a l . ,  1980; Makino and 

Nakamura, 1978). As for the present results, the effects of doping the 

samples of CVD a-Si films with phosphorus and boron on the ir e lec trica l 

properties are demonstrated in the fo11owing.
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8.3.1 Room Temperature Conductivity, aR, ,  
as a Function of the Gas Ratio

Figures 7.8 and 7.9 show the effect of the gas ratio  on room

temperature conductivity, aPT. For example, in the case of a-Si:P , the
ph3

plot of aRT as a function of the gas ratio  (pp— -  ^  ) shows that aRT
6 g 4 _c

is unaffected for the range of gas ratios from 10” to 3 x 10” with 

respect to the measurements of aRy for the undoped samples. The value
7

of aDT at the above range remains approximately 8 x 10” (ton)”

With further increase in the gas ra tio  over 3 x 10" , aRj  seems

to decrease from the constant value previously observed, reaching a
Q 1 ^

minimum of about 8 x TO” ( cm)" around the gas ratio  value of 1 x 10”

This decrease in crRy with the increasing doping level seems to suggest

that doping with phosphorus at this level reduces the conductivity in 

the amorphous s ilicon film s. The conductivity measured was the room 

temperature conductivity which is , as previously discussed, the conduc

tion that is mainly determined by the hopping conduction through the 

localized states in the band.

I t  is believed that adding the phosphorus dopant to the a-Si 

films at the previously mentioned doping level may f i l l  in for some of 

these localized states and diminish th e ir a b ility  to help the hopping 

conduction. The room temperature conductivity, therefore, is reduced 

at the above-specified doping leve l.

With further increase in the gas ra tio  and in the range of
*=3 ”21 x 10” to 2 x 10” , the measured aRy starts to increase from the mini 

mum seen before, then extends to a high value of 1 x 10” (ton)" .
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This increase in the room temperature conductivity from the 

minimum observed could be due to one or both of the following reasons:

1. An increase of the incorporated phosphorus doping into CVD a-Si 

films may set the phosphorus atoms as donors, helping to increase 

the room temperature conductivity.

2. The phosphorus doping might f i l l  in for some of the defect- 

states, which may exist in the amorphous s ilicon film . These 

defect-states might act as traps for the carriers , in which the 

conductivity is reduced. Therefore, f i l l in g  o f these defect- 

states with phosphorus doping might increase the overall conduc

t iv i t y .

As for the boron-doped CVD a-Si film s, we have measured crDT as a
62H6 RT

function of the gas ra tio , (g-^— + ^ ^  ). The results were plotted in
2 6 4

Figure 7.9, where results show a sim ilar behavior to that seen in the

case of the a-Si:P , with the exception that room temperature conducti-
-5 -2v ity  measurements in the gas range from 10 to 10 show no significant 

changes from the measurements of Opy of the undoped samples. This beha

vior is in contrast to the observed decrease in dgy at the previously 

mentioned gas ra tio  in the case of a-S i:P .

This fa ilu re  of to decrease in the intermediate doping level 

as seen for the a-Si:P may be due to th e .in e ffic ie n t incorporation of 

boron into the a-Si film s. Consequently, the reduction in room tempera

ture conductivity is riot seen for the a-Si:B .

For high doping levels of a-Si:B , (10™̂  - 10 ^) (gas ratio  value), 

the room temperature conductivity measurements of the CVD a-Si:B films
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seem to behave in a very sim ilar way to the case of phosphorus doped 

film s, in which a^j measurements show significant increase from the crR̂  

measurements of the undoped samples.

This behavior can be explained in a sim ilar way to that for the 

behavior of the a-Si:P film s.

In the remaining part of this section on room temperature con

ductiv ity  measurements discussion, a comparison is made between the 

results accumulated on CVD a-Si and a set of results obtained from a 

different kind of CVD a-Si (Taniguchi et a l . s 1978; Hirose et a l . ,  1980; 

and Makino and Nakamura, 1978).

The comparison is extended by presenting the results obtained 

from the glow discharge (GD) a-Si films (Spear and LeComber, 1976a).

For purposes of comparison, the room temperature conductivity 

has been plotted as a function of the gas ra tio  for both phosphorus and 

boron doped a-Si film s. Figure 8.1 shows the results for the three 

cases. Present results were f i r s t  compared with those of the Japanese

group. Later on a comparison w ill be made between the CVD a-Si and the

GD a-Si films reported in Spear et a l . ,  1976a.

For the a-Si:P part of the graph, the following points are noted:

1. Both present results and those of Taniguchi et a l. (T978) for 

the measurements of of the undoped samples have approximately 

the same value o f 8 x 10™ (ficm)” .

2. Through the entire range of the gas ra tio , both present results 

of Opy and those of the Japanese group are very sim ilar. This
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s im ila rity  is particu larly  seen in two cases. In the f ir s t  

case, both results show a decrease in in the intermediate 

range of gas ra tio . In the second case, both results show aRy

started to increase from the minimum observed previously, and
1 1

that i t  reached a value Of approximately 1 x 1 0 “ (ftcm)” at a 

gas ratio  of 3 x 10“ . This s im ila rity  in the behavior of 

was expected, since both a-Si films were prepared in the chem

ical vapor deposition method.

3. The gas ratio  axis for the present results seems to be shifted  

to the right with respect to that of the Japanese group results. 

This s h ift is expected, since the Taniguchi group used a gas 

flow and concentration of 0.98 5,/m, and 1% SiH^, respectively, 

compared to those in the present study of 4 2,/m and 0.2 to 0.1% 

of SiH^, respectively.

As for the a -S i: b part of the graph (Figure 8 .1 ), neither Hirose et a l . 

(1 979) nor Taniguchi e t a l .  (1978) have presented any data useable for 

comparison. The only data available for comparative purposes were those 

obtained by Makino and Nakamura (1978).

Between present data for the CVD a-Si:B and those of Makino and 

Nakamura, a comparison shows the following points:

1. The results of crRy of the undoped samples for both sets of 

samples seem to be very close to each other (8 x 10“ ( cm)“ ) .

2. Further increase of the gas ra tio  in Makino and Nakamura's data 

results in a gradual increase in the oRT, while results of aRy
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for the present study CVD a-Si films show slower increase in 

crRp  and there is an overall sh ift to the right in Makino and 

Nakamura's data for the gas ratio  axis, compared with present 

results. A s h ift of some sort was expected, since Makino and 

Nakamura used partia l pressure in the ir calculation of the gas 

ratio  and a d ifferent gas mixture (SiH^ - BClg-Hg). The present 

study used the pressure as: given in Chapter 2 in calculating the 

gas ra tio  and the setting of gas mixture.

3. Both sets of results of aRj  show an increase from the value of 

the room temperature conductivity for the undoped samples at

high gas ra tio  levels of boron. The increase of oRy occurs in
“4 2the range of gas ratio  of 10™ - 10" and in the ratio  of

2 i
10“ -TO” for Makino and Nakamura's and present results, 

respectively.

This comparison also shows that present measurements of crRy for CVD a-Si 

films are very sim ilar to those of the Japanese group when the CVD a-Si 

films are doped with phosphorus and boron, respectively.

Comparison of room temperature conductivity measurements of the 

present study's CVD a-Si films with those of GD a-Si film s w ill be made 

at this point. The comparison is also obtained from Figure 8 .1 , where 

results are drawn from crRy as a function of the gas ra t io , those of the

Japanese group, (CVD a -S i) ,  and Spear et a l.  (1 976a, a-Si film s).

Between our results for a Ry for CVD a-Si films and those of GD

a-Si film s, results show the following points for the a -S i:P part of the 

graph:
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1. A difference in the value of for the undoped samples. For 

example, the cr̂ y for the undoped samples for GD a-Si is 6 x 10"^
 ̂f. ra*J

(ficm)= , compared with about 8 x 10“ (ficm)” for CVD a-Si film s„

2. A further increase in the gas ra tio  (10^  - 10”^); that is , the 

crR y  for the GD a-Si films showed a gradual increase and reached
“2 i

a value of 10" (ficm)" . As for the oRy of the CVD a-Si film s, 

there was no change in the room temperature conductivity fo r the
ye

undoped samples in the range of 10“ - 3 x 10" ; then oRy de- 

creased from its  constant value as the gas ra tio  reached 10“ , 

a minimum.

3. In the gas ratio  range of 10“ - 10“ , room temperature conduc

t iv i t y  of the GD a-Si films leveled o ff  around 10“  ̂ (ficm)"^,
-2but then decreased a l i t t l e  when the gas ratio  was over 10“

(Spear and LcComber, 1976a).

For the CVD amorphous silicon film s, oRy started to increase 

from the already observed minimum and reached a high value o f 1 

1 x 10“  ̂ (ficm)"^ around the value of the gas ra tio  of 3 x 10“^.

For the a-Si:B part of the graph, the following points can be observed:

1. For the GD a-Si film s , the o^y started to decrease from the value 

of oRy of the undoped samples and reached a minimum of 1.5 x

1 Cf1® (ficm)"^ when the gas ratio  increased from 10“® to 8 x 10"^.

2. Further increase of the gas ra tio  results in the measurement of 

the crRy  of the G D a-Si films showed an almost vertical increase 

from the minimum observed; i t  reached a value of 10~® (Ocm)“l
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at a gas ratio  of 1 x 10*^. This increase of for the GD 

a-Si film  continues at a slower rate , reaching a high value of
“3 iapproximately 8 x 10” (ton)- 9 which happened in the gas ratio  

range of 10”  ̂ to 8 x 10”^.
(

The behavior of of the GD a-Si films was substantially d i f 

ferent from that of the room temperature conductivity of the CVD a-Si 

films which showed an increase from the constant value previously

observed. In ,th is  case cr̂ y reached a high value of 1 x 10“  ̂ while the
o n

gas ratio  changed from 1 x 10” to 1 x 10 . The substantial difference 

in the behavior of GD a-SI films compared to the CVD a-Si films may be 

due to the fact that the two films are d ifferen t in th e ir e lectrical 

performance because of two quite d ifferen t methods of preparation of 

a-S i. In addition, the hydrogen content and the structural defects of 

both materials, presented e a r lie r , may be the reason for the substantial 

difference in the room temperature conductivity between the two materials

8.3.2 Activation Energy Em as a 
Function of Gas Ratio

The activation energy of each of the three groups is shown in

Figure 8.2. The figure shows Ê  as a function of the gas ratio  of both

phosphorus and boron, respectively.

In the comparison, we present our results, then those of the

Japanese group showing the following points:

1. For the undoped samples, both results of Ê  are approximately

the same within the accuracy of the two measurements.
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 ̂ 2. For the a™Si: P part of the graph (Figure 8 .2 ) , both results

behave in a similar manner where in both cases the lig h tly -

doped CVD a-Si films are unaffected by doping, compared to the
— 6r e s u l t s  of the undoped samples in the gas ra tio  range 10" -

10"3.

3. Further increase in the gas ra tio  in the a -S i: P part of the 

graph showed that both results of started to decrease from 

the previously observed constant value of 0.68 ev for the present 

study and 0.75 ev, reaching a minimum of 0.1 ev at a gas ratio  

of 1.5 x 10 . Both results (present and the Japanese group) of

Ey reach a plateau value of 0.1 ev at a high gas ra tio  over 

2 x 1Q~2 .

As for the a-Si:B part of the graph, the Japanese group provided

no data for activation energy of boron-doped CVD a-Si films to compare

with our present study data. The la t te r ,  for E ,̂ showed very sim ilar 

behavior to the case of a -S i: P, as seen in Figure 8.2 .

The overall comparison between data of Ê  and that by the 

Japanese group showed close s im ila rity  with respect to the doping with 

phosphorus, with one exception: data of Ê  seems to be shifted to the 

right in the gas ra tio  areas as compared to results by the Japanese 

group. This s h ift was expected and has also been seen in the case of 

the Opy compared results previously discussed.

To compare present results of Ê  with those of Spear et a l . 

(1976a) of GD a-Si film s, also shown in Figure 8 .2 , the following points 

illu s tra te  the comparison:
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1. For undoped samples, measurements of for results of both 

studies are approximately the same within the accuracy of both 

measurements.

2. For the a-Si:P part of the graph, the of the GD a-Si films

started to decrease from the value of of the undoped samples.

This decrease in occurs as early as 10”® (gas ratio  value)

and continued to decrease, reaching a minimum of 0.2 ev at a

gas ratio  value of approximately 10" . As for our CVD a-Si

film s, Eh was found to be unaffected with respect to Ê  of the

undoped samples over the range of gas ratios of 10" - 10" .

Then Ê  started to decrease from the constant value when the

gas ratio  becomes larger than 10"^, and i t  continued to decrease,
-2reaching a minimum of 0.1 ev at a gas ra tio  value of 10 .

3. For the a-Si:B part of the graph, the of the GD a-Si films

started to increase from the value of Ê  of the undoped samples.

This increase in Ê  occurs as early as 10"^ (gas ratio  value)

and continued to increase, reaching approximately 7 x 10"^
=>1 E

(ficm)" at a gas ra tio  value of 6 x 10" . Further increase in 

the gas ra tio  value showed the activation energy decreasing from 

the maximum as observed above and continuing to decrease to 

reach a minimum value of 0.2 ev at a gas ratio  value of 10"^, 

as seen in Figure 8.2 .

As for our CVD a-Si film s, activation energy was found to 

behave in a very sim ilar fashion to the case of a -S iP :, to be
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unaffected with respect to the of the undoped samples over
- » Pthe gas ratio  range of 10" - 10" . Then started to decrease

”2from the constant value when the gas ra tio  is larger than 10" , 

continuing to decrease until i t  reached a minimum of 0.1 ev at

a gas ratio  value of TO"

The las t comparison of results with the e lectrical properties of 

two d ifferent CVD a-Si films w ill be concentrated on the pre-exponential 

factor, aQH.

The data reported by Spear et a l . (1967a) showed no results for 

0qH, and we therefore were unable to make a comparison between our CVD 

material and that of the GD material *

8.3.3 The Pre-Exponential Factor, a0„, 
as a Function of Gas Ratio

Data is presented in a sim ilar way to the cases of data presen

tation of and E ,̂ and is shown in Figure 8.3 the pre-exponential 

factor Oq̂  for our CVD a-Si film s, for d ifferent CVD a-Si film s of the 

Japanese group, and for the GD a-Si films of Spear et a l . (1976). The 

figure shows as a function of the gas ratio  of both phosphorus and

boron. In the f i r s t  part of the comparison, present results of CTq  ̂

and those of the Japanese group are defined by the following points:

1. For the undoped samples, measurements of the pre-exponential 

factor for both results are approximately the same within the 

accuracy of both measurements.

2. For the a-Si:P part of the graph, the of both results shows 

no change with respect to the CTqH of the undoped samples over
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a - S i : B a-Si  ;P4
10

—  o -----

3
10

2
10

O "Our"CVD ^

The Japanes CVD 
(Taniquchi,M.,et al 1978)

1 - 5 5 3 110 "10 10 10 10
(B2H6 ) / ( S i H 4 ) G a s  R a t i o  (PH3) / ( S i H 4)

Figure 8.3. Comparison between results of d ifferent CVD material
film s. — (Taniguchi et a l . ,  1978; Hi rose et a l . ,  1 980). 
The comparison here gives the pre-exponential factor 
(agn) as a function of the gas ratios ( (PH3/SiH4 ) and 
(^H g /S iH ^ ) for a -S i:P and a-Si :B, respectively.
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the gas ratio  range of 10“ - 10“ for the Japanese group's

results, and 10"6 to 8 x 10“4 for the present study results.

3, Further increase in the gas ratio  for the a-Si:P part of the 

graph shows <JqH decreases from the constant value previously 

observed and continues to decrease, reaching a plateau value 

of 10”1 (ficm)”  ̂ at a gas ratio of 10“  ̂ and 1.8 x 10"^ for re

sults of the Japanese group and our results, respectively.

The two results d if fe r  only by a rig h t s h ift of our results 

with respect to those of the Japanese group.

For the a~Si;B part of the graph in Figure 8 .3 , the Japanese 

group provided no data for cr^ for comparison. Our results of OqH show 

very sim ilar behavior to that seen in the a-Si:P part.

To summarize differences in measurements of the room temperature 

conductivity (aRj ) , the activation energy (E^), and the pre-exponential 

factor (og^), between our CVD amorphous silicon films and those of the 

Japanese CVD amorphous silicon film s, i t  can be shown that results are 

sim ilar. For example, the undoped samples for both show very close 

values of the e lectrical properties mentioned above. Furthermore, the 

lightly-doped CVD a-Si films for both results show that and

Eh are unaffected with respect to cTqHs ctr t , and Er of the undoped sam

ples. Samples in both cases are affected at high doping levels. This 

s im ila rity  between our results and those of the Japanese group was 

expected, as both amorphous silicon films were prepared in the CVD 

method; therefore, they should show close resemblance in behavior.
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To summarize differences of room temperature conductivity 

activation energy (E^)» and pre-exponential factor (og^) between our 

CVD amorphous silicon films and those of the GD amorphous silicon film s, 

these e lectrical properties were very close for the undoped samples o f 

both cases. As for the lig h tly  doped samples of the CVD and the GD 

amorphous silicon films with phosphorus and boron, there were differences 

in behavior.

I t  appears that the GD amorphous silicon film  is more influenced 

with lig h t doping than are the CVD film s. As for the e lectrical proper

ties of the CVD film , they were unaffected as compared to those of the 

undoped samples. '

Further increase in the doping level shows both materials (CVD 

and GD amorphous silicon) behave sim ilarly  in affecting the e lectrical 

properties.

I t  is possible that the CVD amorphous silicon is a superior 

material as compared to the GD amorphous s ilicon . The former method 

(CVD) provides amorphous s ilicon film  with a better connecting matrix 

and fewer structural defects, compared to the la tte r  (GD). Fewer struc

tural defects in the material mean less po ssib ility  for lig h tly  doped 

material to a ffec t the e lectrica l properties seen in the CVD amorphous 

s il icon film s.

8.4 Conductivity of Doped CVD a-Si 
Films under Illumination

This section discusses results given in Chapter 7 for conduc

t iv i t y  under illum ination of the doped CVD a-Si film s..
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Both Figures 7.15 and 7.16 show plots of log conductivity as 

functions of reciprocal temperatures for d ifferent samples of a-Si films 

doped with d ifferent level s of phosphorus and boron, respectively. A 

general feature shared among a ll the plots is that the photoconductivity 

curves are higher than the dark conductivity curves.

This increase in the conductivity due to i 11 urnination with a 

white lig h t source can be explained by the excess conductivity over the

dark conductivity caused by the absorption of the radiation by which more

carriers (electrons and holes) are available to contribute to the con

ductivity. See Chapter 3 for more deta ils .

As previously explained fo r the dark conductivity results, cer

tain electronic properties can be extracted for the conductivity o f the 

a-Si samples under illum ination, as seen in Figures 7.15 and 7.16.

These are:

1. Rdom-Temperature Photoresponse. Figures 7.17 and 7.18 show the 

room temperature photoresponse = (c ^  - o ^ )  as a function ,

of the gas ra tio  of phosphorus and boron, respectively. These

two figures show that Acr increases over the constant value of 

AOp at the Tow values of the gas ratios (Tightly doped CVD 

amorphous silicon film s).

This increase in Ao^ at the high gas ratios may be explained 

as follows: At this high gas ra tio  a high incorporation of phos

phorus and boron is expected in the amorphous silicon structure, 

and the effects of these impurities on the band gap states is to
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impose more restric tion  on the carriers to move across the gap. 

PhysicalTy this w ill increase the recombination life tim e  T of 

the carriers, and consequently increase Aoy ( see Equation 3 .8 ).

The recombination life tim e  is defined as the life tim e  of the 

generated carriers; hence, i t  is the recombination process that termin

ates the effectiveness of carriers in the conduction process. What 

seems to happen is that low doping” levels of phosphorus and boron do not 

have much e ffec t on the photoconductivity. As soon as the gas ratio
a „ 3

reaches a certain value of approximately 8 x 10" and 1 x 10" for 

phosphorus and boron, respectively, AOp experiences a noticeable increase. 

At this point, the phosphorus and boron doping is at such high levels 

that i t  helps increase the recombination life tim e  of the carriers and 

consequently the photoresponse is increased.

With further increase in the doping of phosphorus and boron 

(above gas ra tio  values of 2 x 10" and I x 10" for phosphorus and 

boron, respectively), Ao seems to reach another plateau. At this point 

of high doping, the amorphous silicon material acts lik e  a metal, re

ducing its  photosensitivity.

2. Activation Energy associated with the Photoconductivity.

Figures 7.19 and 7.20 show activation energies associated with 

both dark and photoconductivity, plotted as functions of the gas 

ratios. The activation energy associated with the photoconduc

t iv i t y  (Ec - E )̂ measurements is seen to be below that associ

ated with the dark conductivity.
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The activation energy, associated with the photoconductivity 

is defined as (Ec - E )̂ where Ê  is an energy level between 

Ec and Ep. According to a model proposed by Simmons and Taylor 

(1974) and also by Spear et a l . (1 976b), at least two kinds of 

local ized states and two kinds of activation energies are found 

above and below the Fermi level to explain the photoconductivity 

results of amorphous silicon film s. Following this model, i t  

is assumed that localized states exist in bands above and below 

the Fermi level. At high lig h t in tensities , states near Ê  and 

Eg (the ta ils  of the band edges) become re la tiv e ly  more popula

ted with negative and positive charge densities, respectively. 

Consequently, the photogenerated carriers in these bands w ill 

find th e ir way to the conduction band, making the activation  

energy a t the point EA -■ E (fo r the electrons). E ffective ly , 

the photogenerated carriers w ill increase the general carrier 

density at Ê  (and Ev ) compared with the dark conductivity case. 

Also, the Fermi level e ffec tive ly  w ill be shifted nearer to Ê

(or to Eg).

The Pre-Exponential Factor associated with the Photoconductivity. 

As seen in Figures 7.21 and 7.22 and described in Chapter 7, 

the pre-exponential factor associated with the photoconductivity 

measurements is less than those associated with the dark conduc

t iv i t y .  According to the discussion in Chapter 3, the photo

conductivity equation given by Spear and LeComber (1976b) is
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M

. 0ph = /2uc( N )̂exp ~(Ec " EA1)/kT- . (8 -2)

The pre-exponential factor associated with the photoconduc

t iv i t y  w ill be proportional to

0r a0H(Flh) '  '

Here, (Nc/N^) is the ratio  of the density (cm"8) of the centers 

at Ec to those at N .̂ This ratio  may give an indication of how 

the efficiency of the carriers ends up in the conduction band.

In the dark conductivity measurements, cro is proportional 

only to N , In the photoconductivity, becomes more populated 

with photogenerated carriers , contributing to the conductivity.

An expression for OqH( ph) was obtained that is associated 

with the photoconductivity proportional to the Nc/N^. There

fore, agH(ph) should be less.

8.5 Spectral Response of One of the CVD Samples 

In Chapter 7, Figure 7.25 shows a spectral response curve for 

one of the samples of a-Si:P (1 a t . %). The curve reaches a maximum at

0.65 pm just before i t  starts to f a l l . This behavior is unexpected 

from a spectral response curve; instead, i t  is expected to be reasonably 

f la t  for high photon energy and to fa ll  from that plateau at low photon 

energy. I t  is possible that surface layers exist on top of the sample's 

surface and are responsible for this action; they may be acting as
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recombination or trapping centers for the photon-generated carriers , 

causing the reduction in the quantum effic iency.

At 0.65 pm (Figure 7 .25), the curve starts to f a l l , as expected. 

This can be explained by considering the energy required for these 

photon-generated carriers to contribute to the conduction.

8.6 Rise and Decay Times of CVD a-Si Films 

With chopped He-Ne laser lig h t as the source, some of the rise  

and decay times o f the a-Si samples have been measured. The measure

ments were obtained by recording the photocurrent when the sample was 

exposed to the lig h t source as a function of time, as presented in 

Chapter 7 ( Figure 7 .26 ).

The observed decay time is caused by the existence of the trap

ping centers in that m ateria l, in which case i t  is possible that the 

number of free carriers could be less than the number of the excited 

carriers in the m aterial. I f  the density o f free carriers is the same 

or less than that of the trapped carriers through the decay process, 

the thermal freeing of the trapped carriers through the decay process 

can prolong the decomposition when the measured decay time is longer 

than the actual recombination life tim e  of the free carriers.

Results obtained fo r the rise and decay times of the CVD a-Si 

film  show very noticeable features, summarized in the following points:

1. During the rise curve AB (increasing in the photocurrent), i t  

is expected that photogenerated carriers (electrons and holes) 

are produced. This rise  in photocurrent w ill then reach equi

librium at point 8.



Between points B and C the lig h t source is s t i l l  on.

When the lig h t source is chopped o ff at point C, the current

drops to D because of the recombination and emptying of shallow

traps.

Between D and E, the decay time continues. This may explain 

the existence of d iffe ren t types of traps which should be deep 

in the sense that the decay time DE is much longer than that 

for CD. To identify  the origin of these trapping centers in 

the CVD a-Si films is not a straightforward process, as there

are many possible reasons for the existence of these traps.

For example, in the crysta lline  materials, traps may be assigned 

to the small imperfections in the crysta lline  structure. In 

amorphous materials. On the other hand, this would not be 

possible. These trapping centers in the amorphous silicon films  

are thought to be due to the doping materials of phosphorus or 

boron in  the amorphous s ilicon .



CHAPTER 9

SUMMARY AND CONCLUSION

Some of the electronic properties of amorphous silicon films 

prepared by the chemical vapor deposition method have been investigated 

in this report.

Presented, f i r s t ,  was an overview of the four most widely used 

deposition methods for the fabrication of the film , which are: evapora

tion , sputtering, glow discharge, and chemical vapor deposition. Some 

of the e lec trica l and optical properties of the CVD amorphous silicon  

film  were then reviewed.

For a better understanding of the conductivity in amorphous 

s ilicon , a general theory of conductivity in noncrystalline materials 

was reviewed by presenting some differences and s im ila rities  between 

the crysta lline  and noncrysta11ine materials.

F inally , the conductivity of"amorphous semiconductor films 

under illum ination was reviewed.

A chapter on instrumentation used for the experimental work on 

the conductivity of amorphous silicon was presented. I t  discussed 

details of the experimental set-up orig in a lly  used in the electro

reflectance experiments and modifications to the new set-up used to 

measure the conductivity of thin film  samples in the dark and under 

illumination of d ifferent lig h t sources. At the end of this same

135 ■■
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chapter, discussion focused on the preparation of the thin film  sam

ples of amorphous silicon, how the samples were cleaned, masked, con

tacted e le c tr ic a lly , and then mounted in the sample chamber.

Attention has been given to the measurement techniques for both 

dark and photo-current that passes through the samples upon applying 

certain fie lds across the electrodes of the sample under study.

The results obtained from measuring the conductivity of both 

undoped and doped samples of amorphous silicon have been noted. In 

addition, the e lectrical properties that could be calculated from the 

conductivity were also shown. In this part, both dark and photoconduc

t iv i ty  of a ll the samples were presented. From such results i t  was 

found that for the undoped samples of a-Si the preparation parameter 

of substrate temperature and the thickness of the films themselves - 

have great influence on the e lectrica l performance of the a-Si film s.

As for the doped samples, various doping levels were chosen 

both for phosphorus and boron (by changing the gas mixtures going to 

the deposition chamber). By changing the doping levels of phosphorus 

or boron, i t  was determined that the e lectrica l properties change a 

great deal. For example, the room temperature conductivity increased 

6 orders of magnitude; the activation energy decreased about 0.55 ev; 

and the pre-exponential factor decreased for about 2 orders of magnitude, 

compared with values of room-temperature conductivity, activation energy, 

and pre-exponential factors of the undoped samples of a -S i.

The conductivity of amorphous silicon film  under illum ination  

showed that the undoped samples' photoconductivity was took weak to be
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detected with the modified instrumentation. As for samples doped with 

phosphorus or boron, the photoconductivity measurements showed further 

increase in the conductivity over the dark ones, and for such measure

ments, the activation energy and the pre-exponential factor values 

associated with the photoconductivity were found to have smaller values 

compared with those associated with the dark conductivity.

While the room temperature photoresponse measurements showed a 

small increase over that of the dark measurements, the spectral response 

of CVD a-Si was also tried  for one of the samples over the wavelength 

range from 0.4 pm to 0.9 pm.

The fina l measurements attempted for this report were the rise  

and decay times of the photoresponse of the a-Si films using the He-Ne 

chopped laser lig h t source. At least two types of trapping centers 

were suggested to exist in the a-Si m aterials, namely, both shallow and 

deep traps.

The fin a l chapter was reserved for the discussion of the above- 

mentioned results.

In conclusion, i t  was possible to control the electrical per

formance of amorphous silicon films by proper control of the deposition 

parameters (substrate temperature, gas mixture, and film  thickness).

For the undoped amorphous silicon film s, a change in the substrate 

temperature was found to a ffec t greatly the electrical performance.

For the doped amorphous s ilico n , the phosphorus and boron 

control the e lectrical performance. As a result a s ignificant photo

response is obtained from samples with high doping levels.
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