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ÀBSTRÀCT

The electrical and optical properties of hydrogenated

amorphous silicon, fabricated for the first time by acti-
vated reactive evaporation(ene), have been measured for
various partial pressures of hydrogen employed during depo-

sition. Incorporation of both molecular and atomic hydrogen

is implied by the behaviour of the dark conductivity, which

decreases f rom approximately 10-4 S cdl , to less than

1O-8 S cm-l with a corresponding increase in the optical gap

from 1.4 to 1.7 eV. The incorporation of atomic hydrogen is
appreciably enhanced by increasing the reaction probe

voltage. High deposition rates (0.04-0.1 pm/min) and excel-

Ient, film uniformity make ARE an attractive alternative
fabrication technique to conventional radio-frequency glow-

discharge deposition, provided the deposition parameters and

unwanted irnpurities can be controlled.

The use of hydrogenated amorphous silicon as an archival
storage medium by means of hydrogen exo-diffusion has been

demonstrated. Changes in optical reflectivity of hydrogen-

ated amorphous silicon films of up to 90eo have been induced

by argon Iaser processing. Accompanying changes by more

than 4 orders of magnitude in resistivity also provide a
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mechanism for
e Iec t ron-beam.

interrogation of the stored

Storage densities as high as

for optical recording and 101r bíts/ínz for

electron beams are predicted on the basis of

data by an

toe uits/ín2
recording with

these results.

À mechanism for in-situ monitoring of hydrogen incorpora-

tion into amorphous silicon has been demonstrated. Based on

temporal changes in reflectivity during the growth of hydro-

genated amorphous silicon fiIms, this mechanism is shown to

provide for an accurate determination of the degree of

hydrogen incorporation¡ ôs well as the growth rate of the

growing fiIm. This mechanism is described experimentally

and modelled phenomenologically, and is expected to provide

a basis for in-situ correlation of hydrogen incorporation

with process parameters.
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Chapter I

INTRODUCTION

Empirical research in amorphous semiconductors has

progressed as a naturar extension to the work performed on

crystalline semiconductors. However, due to the random

nature of amorphous materials, the understanding of the

basic physics has progressed rather slowry. Àlthough the

history of amorphous materiars research dates back nearly 50

years, it has only been in the last 10 years that interest
in these materials and particularJ.y in amorphous siricon
(a-si) has accererated. This is evidenced by the number of
papers pubrished in the area of amorphous silicon:
pre-1 970, 94 ¡ 197 0-1 979 , 1229; 1 980-1982, 1 383.

Although the primary methods of fabrication are by the

glow-discharge technique, it is in the pursuit of arternate
techniques for the fabrication of high-quarity hydrogenated

amorphous silicon (a-si:H) that the activated reactive
evaporation (ene) method has been deveroped [1]. other
developments presented in this thesis are nevr techniques for
the apprication of a-si:H for archival storage devices lz,3l
and a novel nethod of in-situ firm-growth monitoring for use

in process optimization and control [4,3].
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1.1 HYDROGENÀTED ÀMORPHOUS SILICON: AN OVERVTEW

Àmorphous silicon (a-Si) is characterized by a short

range ordering of up to the third or fourth nearest neighbor

atoms whereas ).ong range order ing i s not ma inta ined. I t i s

due to the short range ordering tbat the a-Si exhibits many

characteristics common to crystalline silicon (c-Si). Pure

a-Si is permeated by dangling bonds with a concentration on

the order of 1019 "*-3. 
The dangling bonds produce states

within the energy gap and contribute to electrical conduc-

tion and optical absorption processes. Further, these

states often act as carrier traps or recombination centers

and thereby reduce the mobility or carrier Iifetimes. In

addition, the J-arge density of states makes it difficult to

affect the energy of the Fermi }evel, êffectively elimi-

nating doping capabilities.

The first report on the incorporation of hydrogen into

the a-Si network was by Chittick et.41. in 1969 tsl and was

performed by glow-discharge deposition. This was signifi-

cant for two reasons. Firstly, aI] previous work in a-Si

was hampered by the high density of states due to dangling

bonds, resulting in an undopable material, unsuitable for

semiconductor applications. These materials were shown to

have a very low dark conductivity ( o¿. 10-10S cm-l) and a

significant photoconductivity. It was not immediatly known

nhy this material had these qualities until it was shown by

2



the f ield ef f ect method 16,7I tt¡at hydrogen reduced the

density of states within the energy gap. Subsequent thermal

annealing studies confirmed these results. Secondly, the

report by Chittick lras the first to demonstrate the use of

the glow-discharge technique in a constructive manner for

a-Si fabrication. In fact, until 1976, very littIe research

was performed with respect to glow-discharge systems. The

resulting materials are defined as hydrogenated amorphous

si l icon (a-Si :H) which in some cases contain up to 35eo

atomic hydrogen.

Spear and LeComber in 1975 t8l and 1976 t9l reported the

first successful attempts at substitutional doping using

diborane and phosphine. This success in doping directly
affected the success of applications-oriented research. As

a result, the first p-n junctions [10] and photovoltaic

devices [ 11 ] nere reported in 1976. Although the prirnary

thrust of applications research has been towards the devel-

opment of photovoltaic devices, many other applications have

been and are being developed. These include Schottky

barrier devices in 1976 112J, image sensor ICs in 1980 t13l

and charge coupled devices (cco) in 1982 [14].

The a-Si:H research can be divided into four main catego-

ries. These are characterization, fabrication, applica-

tions, and basic physics. Many of the characterization

techniques have been adopted from those developed for c-Si

3



research and as a result this is not a particularly active

area. The amount of research concerned with the development

of fabrication techniques is stiIl fairly significant.

Prior to 1970, most fabrication was performed by electron-

beam evaporation without the incorporation of hydrogen.

However, since the early 1970s, much work has been performed

on the use and understanding of the glow-discharge and sput-

tering techniques. Work yrith chemical vapor deposition
(Cw) systems has been an area of interest since 1978.

Recently, several groups have returned to the electron-beam

evaporation technique with the purpose of incorporating

atomic hydrogen during or following film deposition by

hydrogen plasma techniques or ion implantation.

As already stated, the study of applications has followed

the successful demonstration of substitutional doping and as

a result has flourished since 1977. It is the ability to

produce large-area depositions at low cost which makes

a-Si:H a targeted material for photovoltaic purposes.

However, for the same reason, this material has been found

to be suitable for thin film transistors, xerography, CCDs,

image sensors, and as an archival storage medium.

Research into the physical properties of a-Si¡H has been

slow in its development. Due to the random nature of the

material, modeling of physical phenomena has proved diffi-

cult. However, this has been a very active research area

4



over the last 7 years. PreSent research areas include theo-

retical modeling, Structural measurement techniques (elec-

tron spin resonance (gsR), infrared (rn), naman/x-FâY,

nuclear magnetic resonance (NUR), secondary ion-mass spec-

trometry (SfUS), Auger, Photoemission, deep IeveI transient

spectroscopy (Of,tS) , f ield ef f ect transistor (f'et), etc. ),

transport phenomena (conductivity, time-of-fli9ht, thermo-

power, etc. ) , phot.orespon". (absorption, photoJ"uminescence,

photoconductivity, Staebler-Wronski effect ) and other

studies (thermal annealing, interface states, recombination,

etc. ) .

It is apparent that a-Si:H wilI gain significant staÈus

as a new electronic and optical material for many applica-

tions. It is expected that in the near future, the volume

of a-Si:H solar cells wilt be surpassed by other applica-

tions.

1.2 AMORPHOUS MÀTERIÀLS RESE ÀT MDRL

The Materials and Devices Research Laboratory (UOnf,) at

the University of Manitoba has been active over the past few

years in developing a research program on amorphous

materials. The primary areas of study have been in fabrica-

tion, materials (amorphous semiconductor aIloys), and appli-

cat i ons .
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Microwave sputtering techniques t,o fabricate a-Se [15,16]

and microwave glow-discharge systems for a-Si:H deposition

[17r18] have been developed within our laboratory.
RecentIy, a method of activated reactive evaporation (¡ne)

for a-Si:H deposition has also been developed [1].

Amorphous Si:Ge aIloys have been characterized for their
use in photovoltaic applications [19,20]. with the collabo-
ration of several Japanese researchers, a-SiN*:H alloys have

also been characterized 121,22). As mentioned above, the

deveJ.opment in our laboratory of a-Si:H as an archival
storage medium has been reported 12,3) , as has been the

development of an in-situ film growth monitoring technique

for the determination of dynamic atomic hydrogen incorpora-

tion and film thickness [4,3].

Present research is many faceted. Continuing work

includes the microwave glow-discharge system development for
a-Si:H fabrieat.ion, a-Sj:H based arehival storage media, and

activated reactive evaporation with the incorporation of

other elements such as nitrogen. In paralLel with the ÀRE

deposition technigue is the study of hydrogen-ion implanted

a-Si with the cooperation of the Department of Physics,

University of Manitoba. Of particular recent interest is
the development of a laser-driven chemical-vapor deposition
(CVO) system for VLSI interconnection technology based on

programmable wire depositions [23].

6



1.3 ORGÀNIZÀTION OF THIS THESIS

This thesis has begun with a general introduction to

amorphous semiconductors and to amorphous silicon in partic-

ular. Àn overview of present research in the area of amorp-

hous siticon was followed by a description of the amorphous

semiconductor research within the Materials and Devices

Research Laborat.ory (ul)nr,) at the University of Manitoba.

Chapter 2 reviews thin-film amorphous silicon fabrica-

tion techniques including a novel fabrication technique.

This technique, developed at ¡{DRL, consists of plasma-

activated reactive evaporation of a silicon source in a

hydrogen environment to produce hydrogenated amorphous

silicon.

ChapÈer 3 describes our introduction of a-Si:H as a high

density archival storage medium using a new approach to data

storage. This chapter also includes a description of

present storage techniques nove used in optical storage

systems

Chapter 4 reviews process control and monitoring tech-

niques in the fabrication of a-SitH thin fiLms and describes

an ín-situ monitoring method to determine film thickness and

quality. FiIm quality refers to the degree of atomic

hydrogen incorporation, necessary for the passivation of

dangling bonds.

7



Finally, chapter 5 reviews the results of this work and

provides conclusions and recommendations for future work in
amorphous silicon-based materials and devices.
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Chapter I I

FABRTCATTON OF À_SI:H THIN FILMS

In recent years, efforts have been made to produce a-Si:H

films with a sufficiently low density of bandgap states such

that their conductivity can be controlled over a wide range

by chemical doping. Ef f orts by Madan 17), Okamotol,24l ,

Taniguchi [25], Dias 126l and others have demonstrated the

importance of ttre deposition conditions with respect to the

resultant electrical and optical properties of the films.

Their results have shown that given the proper deposition

conditions, it is possible to obtain a-Si:H alloys with a

low density of bandgap states, high photoconductivity and

well defined conduction paths.

The rnost important deposition meLhods are gJ.ow-discharge

deposition (direct current, radio frequency, microwave) ,

sputtering, chemical vapor deposition, and vacuum evapora-

tion. For detailed descriptions of these and other fabríca-

tion processes, the reader is referred to Refs. 127,28,29f.
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2.1 PRÔPERTI oF À-SI:H DEPOSI BY ÀRE

Electron-beam evaporation is inherently an attractive

deposition technique due to its high deposition rate, film

thickness uniformity and flexibility in incorporating other

elements by cO-evaporatíon. However, evaporaÈiOn also has

several important timitations including lack of control over

unwanted impurities and the difficulty of atomic hydrogen

i ncorporat i on .

Evaporated amorphous silicon is characterized by a large

dangling bond density and a correspondingly high ESR spin

density [30]. These films are unsuitable for device appli-

cations as compared to glow-discharge prepared fiIms. The

presence of hydrogen improves the optical and electrical

properties of the material by the reduction of the defect

state density due to dangling bond termination.

Due to the low cost and high deposition rate common to

evaporation systems, it is desirable to produce a-Si:H films

with a low density of bandgap states by this method.

RecentIy, several investigators have begun t'o explore tech-

niques by which hydrogen can be incorporated into evaporated

a-Si films. These techniques have included in-situ and

post-fabrication processes. Kubler et. aI. [30'31 ] have

studied evaporation in an NHg ambient with an attempt to

incorporate both hydrogen and nitrogen. Others [32'33] have

used hydrogen-ion guns direeted at the Erowing film. Some

10



results by this method indicate a dark conductivity
<10-10 S cm-1. Post fabrication H incorporation has been

performed by either ion implantation or ion diffusion. Ion

implantation [34] has developed in some areas due to the use

of ion implanters for doping. The method of ion diffusion

[35,36] is rather new and therefore has not been fully

exploited. These studies have had Iimited success and much

work must still be performed on the development and opti-

mization of evaporated a-Si:H fabrication.

An alternative evaporation method is proposed in an

attempt to overcome these di f f iculties. This method

consists of activated reactive evaporation (eRe). Àctivated

reactive evaporation has been used previously for the incor-

poration of C in TiC lll1, O in À12 03 [ 38 ] and N in

TiNx t39l deposits. No previous reports in the Iiterature

indicate the use of ARE for the incorporation of H in

a-Si:H. The techniques and results presented in this

chapter indicate that ARE reduces the difficulties associ-

ated with conventionat Si evaporaLion sysLems and qualita-

tively demonstrates the capability of incorporating molec-

ular or atomic hydrogen.

2.1.1 Activated Reactive Evaporation

The reactive

mater ial in

evaporation process

the presence of a

cons i st s

reactant

of evaporating

gas. In thea

11



present study, the evaporant is high purity silicon and the

reactant gas is hydrogen. The reaction between the silicon

and the hydrogen reactant gas can take place at the subs-

trate, in the vapor region or on the evaporant surface.

OnJ.y the first two reaction sites are considered useful

since the temperature at the evaporant surface wilI prohibit

an effícient process. In any of these cases, three factors

are considered: (a) an adequate supply of reactants, (b)

collision between the reactant species, and (c) reaction

between the colliding species [38].

The mean-free path of the reactant species is inversely

proportional to the hydrogen partial pressure and to the

source-substrate distance. Therefore, íf the source*

substrate distance is shorter than the mean free path, reac-

tions can take place at the substrate only. On the other

hand, if the partial pressure is high' reactions wiIl be

possible in the vapor phase also and with sufficient reac-

tants available, high deposition rates are possible.

Therefore, for high deposition rates' vapor phase react.ions

are necessary"

Although collisions of reactant species is necessary' it

is not sufficient. The efficiency of a collision is deter-

mined by the probability that a reaction has occurred.

Factors influencing this efficiency include the chemical

nature of the species, stability of the reactant 9as, Èhe

12



free energy of formation of the compound, the dissociation

pressure and temperature of the compound, the substrate

temperature, etc. [38]. The efficiency of the collisions

can be enhanced by activating one of the reactants. This is

often necessary when high deposition rates are required.

This explains the process being referred to as activated

reactive evaporation.

2.1.2 Experimental Techniques

Electron-beam evaporation of silicon was performed in a

vacuum system which consisted of a diffusion pump and a

cryogenic trap. Metal seals y¡ere used except for the work

chamber which was a glass beII jar sealed by viton L-gaskets

and several electrical and mechanical feed-throughs sealed

by viton O-rings. This system had a low ultimate pressure

(=2^10-7 torr), a high pumping speed and demonstrated

convenience of operation. The main disadvantage ltas the

200oC temperature limit to which the bell jar could be pre-

ba ked.

High-purity potycrystalline silicon yras used as the

evaporant. The siLicon nas heated in a steel crucible by

electron bombardment. The subtrates employed were soda

glass, quartz or crystalline silicon. The substrate temper-

ature was controlled by a filament heaterr rtâintained such

that the entire chamber was at equilibrium during deposi-

tion. The souree-substrate distance Yras 10 inches.

13



The silicon source was heated from an electron-beam

source in a hydrogen partial pressure of 10-4 to 10-3 torr.

To enhance the atomic hydrogen incorporationr ârl electrode

Ìras placed in the reaction zone as shown in Fig. 2.1, The

probe, held at a positive potential (0-500v)' draws primary

and secondary el.ectrons into the reaction zone, ionizing and

activating the reaction gas. It is also believed that a

process similar to corona discharge enhances the ionization.

For the

deposition

results presented in this chapter, the following

conditions l¡ere employed:

e-beam current: 200 qrÀ at 4000V potential
base pressure ¿ 4x10-I torr
probe voltage: 0 or 200v
irydrogen paitial pressure:. 10-4-10-3 torr
sübstiate- temperature: 200oc

14
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Figure 2.12 Schematic of ÀRE deposition system

2.1 .3 Experimental Results

Methods used for film characterization included scanning

electron microscopy with x-ray microanalysis, infrared and

visible spectrophotometry, ellipsometry, temperature-

dependence of conductivity, photoconductivity, Raman spec-

troscopy and thermal annealing techniques.
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Figure 2.2 illustrates the dependence of the deposition

rate upon the hydrogen partiaÌ pressure. The deposition

rate was found to be invariant to the probe voltage. The

variation in the deposition rate at a given partial pressure

of HZ has been attributed to the properties and size of the

melt, and to the variations in thermal conductivity at the

interface between the melt and the crucible. Excellent fil-m

uniformity rúas obtained when a 10 inch separation was main-

tained between melt and substrate as evidenced by spectro-

photometry results. This lras corroborated by a well-defined

extinction in ellipsometry measurements.

Figure 2.3 shows the typical dependence of the dark

conductivity and the extended-state activation energy of the

a-Si:H films upon the partial pressure of Hz, for samples

prepared at probe potentials of 0 and 200 V. Intermediate

resuLts are obtained at lower probe voltages. The dark

conduct.ivity and activation energy associated with the ARE

fabrication process at a partial pressure of H2 = 6 x 1O-4

tôrr ârF .--ômrlårahl e tô r- f " olow-discharoe nroduced f il-ms.2--.'-r--

This correspondence provides evidence of effective activa-

tion of the reactant gas with subsequent incorporation of

atomic hydrogen in the growing fiIm. A similar correspon-

dence has been demonstrated between ARE-fabricated films and

H íon implantation of e-beam evaporated films.
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Although the results are not shown here ¡ è significanÈ

reduction rras observed in the photoconductivity as compared

to r.f. g3.ow-discharge films. Investigations of the absorp-

tion bands at 640 cm-1 and 1050 cm-1 by IR spectroscopy

indicaÈe that significant oxygen is incorporated into the

films when the H partial pressure is high. The degree of O

incorporation is observed to increase as the partial pres-

sure of HZ increases.
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of the heat generated by the eLectron-beam. In our results,

the degree of oxygen incorporation increased with H2 partial

pressure, aLthough a depth profiIe of the oxygen content nas

not available. This can be attributed to a combination of

the deposition rate and system outgassing. When the partial

pressure is increased, the number of collisions increaSes,

resuLting in a reduced deposition rate. Therefore, the

deposition time was longer, p€rmitting increased amounts of

outgassing to occur. Due to the 200oc bakeout limit, the

system could never be completely outgassed. This nas corro-

borated by íncreased contaminant partial pressure measured

by a Varian partial-pressure gauge. Methods to alleviate

this problem yrere taken in the form of a pre-deposition

evaporation. Preliminary evidence indicates an improvement,

although the problem was never completely eliminated.

Figure 2.4 illustrates the dependence of the refractive

index (n) at relatively long wavelengths (2.5 um) upon the

partial pressure, again for samples prepared with probe

voltages of 0 and 200 v. The initial decrease in n' is

attributed to the saturation of dangling bonds with a corre-

sponding decrease in the ESR signal [40]. Due to the excep-

tionally high defect density of 'e-beam evaporated a-Si [41 ] '
almost any element or compound incorporated into the growing

film wiII reduce the long wavelength refractive index. For

films prepared with zero probe voltage, there is a signifi-

cant decrease in n below 3.0 for films evaporated in a
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pärtiäI pressure of H, greater than 4 x 1O-4 torr. This

evidence supports arguments that substantial oxygen lZll is
being incorporated into the growing film and plays a major

role in deÈermining the characteristics of the films. On

the other hand, for films prepared at a 200 V probe poten-

tial, the refractive index tends to a value of 3.0, compa-

rable to r.f. gì.ow-discharge produced films. These results

offer evidence Èhat the probe is effective in incorporating

atomic hydrogen into the growing film. Thus it can be

argued that, ôs expected, atomic hydrogen is much more

effective than molecular hydrogen in suppressing the effects
of impurities such as oxygen.

From spectrally-resolved ellipsometry and spectrophoto-

metry results, we have inferred the value of the optical
energy gap E opt, by assuming parabolic bands for the

extended states in the form of l27l

(I _ Bz(hv-Eor,)z
hv

(2 .1)

The dependence of Eopt upon the hydrogen partial pressure

and probe voltage is shown in Fig. 2.5. The films prepared

in the reactive atmosphere (probe voltage of 200 v) consis:

tently demonstrated a Iarger opticaL gap than their counter-

parts prepared with zeto probe voltage" The difference in

"oO. 
in t,he two cases, ãt a gíven partial pressure of ry. ,
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provides additional evidence that atomic hydrogen is being

incorporated into the films. This can be compared with the

usuaL value of Eon, for a-Si:H between 1.6 and 1.8eV whereas

EoO. = 1.25eV for a-Si films. Qualitatively, the Si-H bonds

are expected to be somewhat stronger than a network of

Si-H -Si or Si-Si bonds and are responsible for the observed

difference in Eop.. One always observes an increase in Eopt

when alloying adds stronger bonds to the amorphous silicon

network. This is true for silicon-hydrogen aIloys since the

Si-H bond energy is 77.2 kCal/mole whereas that of a Si-Si
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bond is 54 kCal/mole. On the other hand, structuraL defects

tend to decrease Eopa. This line of reasoning is consistent
r¡ith the quantum-wel1 model presented by Brodsky I421.
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Figure 2.52 Optical gap vs. H2 partial pressure
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2.1.4 Further Results

Several other preliminary results determined with the

collaboration of other investigators (M.S. Mathur,

T.v. Herak) are now briefly reported. The morphology of the

deposited films has been confirmed. This has been deter-

mined from measurements by Raman spectroscopy. The spectrum

dispJ-ayed a peak at 480 
"*-1 , indicative of amorphous

silicon, whereas the crystalline peak at 530 cm-1 was nonex-

i stent .

Recently it has been found that at the low probe volt-

ages, hydrogen is incorporated primarily in the molecuLar

form. However, the results indicate that primarily atomic

hydrogen is incorporated at high probe vo).tages. This has

been determined by thermal annealing studies. Kniffler
et. al. [43] have shown that by thermal annealing of an

a-Si¡H sample, the dark conductivity as a function of temp-

erature decreases from 1 0 -5 to 1 f9 s "*-1 before it
increases at temperatures over 300oC. The interpretation
follows the reasoning that the mol-ecular hydrogen forms

atomic hydrogen and assists in Èhe passivation of dangling

bonds before the temperature is raised to a level at which

the hydrogen begins to diffuse from the sample. Herak

(unpublished results) has shown the same phenomena with

samples prepared by ARE at low probe voltages. However,

this phenomenon was very weak or non-existent when high
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probe voltages hrere used. These results have also been

confirmed for the case of laser annealing. À qualitative

increase in Eopt nas observed for samples prepared under low

voltage conditions whereas the converse nas observed for

r. f. glow-discharge samples
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Chapter I I I

HYDROGENATED AMORPHOUS SILICON FOR ÀRCHIVÀL
STORÀGE

3.1 ÀRCHIVAI/ STORÀGE TECHNIOUES

The development of modern computer systems must contend

with the seemingly insatiable demand for increased storage

facilitíes. It now appears, however, that significant
improvements in magnetic storage media are becoming increas-

ingly difficult. On the other hand, optical storage systems

provide a significant increase in ultimate storage capaci-

ties.

The ultimate density of information storage using optical
techniques is nearly two orders of magnitude greater than

that of magnetic media. The limitations in storage density

are der ived from physical and performance phenomena.

Opticaj. systems offer safe data storage for greater than 10

years as opposed to the 2-3 year shelf life of magnetic

media. Another advantage of optical storage is Èhe larger

film-head distance, which increases the Iifetime of the

fiIm. Due to the cost-effectiveness of optical storage

media (price per bit more than 3 orders of magnitude below

magnetic media) and to access times rivaling those of
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magnetic media, archivar storage devices offer a viable
solution to the increased storage demands. Àlthough optical
storage technorogy has been in the raboratory stage for many

years, it is finally entering the consumer market 14s,447.

The most recent storage device is novr capable of 500 Mbits
per sguare inch [45].

Present state-of-the-art optical storage technorogy

provides for write-once capabitities only. It has been the
general consensus of the storage community that optical
storage for archivaL purposes would be sufficient. The

primary justification for this attitude rras due to the low

price of opticar storage media, the difficurty it wourd

encounter in competition with magnetic media and a general

skepticism in the abiJ.ity to produce methods of reversibre
opticar storage. However, recent developments in magneÈo-

opticar and phase change materiars establish the possibili-
ties for erasable optical storage devices.

various materiar systems have been exprored for write-
once optical storage apprications. Four criteria are impor-

tant for write-once materiars. First, the materiar must

match the wavelength of the laser chosen. The material must

be stable for rong periods of time (> 10 years) and provide

a high signal to noise ratio (sNR). The materiar should

also be mass producible.
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Figure 3.1: writing Mechanisms for Storage Systems

writing mechanisms chosen must be correlated with the

film material in order to best satisfy the above criterion.

In Fig. 3.1, 6 different writing mechanisms are illust,rated

[¿S]. Of these, the ablative technique has been the most

popu).ar due to its high SNR capabilities. The ablative
procedure is accomplished by physical film removal. This is

performed by either a meltingr/putlback or evaporation of the

film at the point of processing. The primary film materials

used for ablative processing have been Te and Te alloys

including the elements Se, Às, Sb or C [45]. The other

writing mechanisms have not been investigated as thoroughly

as the ablative procedure. Materials used for these systems
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have included RhSi for bilayer processing, Ge for textured,

Àu islands for the isLand process. Au alloys on polymer

films have been used for the bubbling (vesicular) technique

and TeO has been studied for the phase-reversal method

[45]. Àt present, several of the above writing mechanisms

are entering the market. Recently, the use of a-Si:H has

been proposed by several groups. Ablative 147 ,48,49),
bubbling [48] and phase reversal [48] techniques have been

investigated. The application of a-Si:H for archival
storage media is stiIl, ât present, in the laboratory stage.

Present state-of-the-art optical storage systems are

capable of generating bit cell sizes on the order of 1 Um

square. The primary limitations appear to be the diffrac-
tion limitations associated with optical phenomena and the

thermal profiles of the heated materials [50].

For the purposes of increasing the information storage

density and the deerease of write power requírements, new

writing mechanisms have been developed in our laboratory

12,3). The writing tools consist of either a laser or an

electron-beam. The use of electron beams to record and

retrieve information promises to result in extremely dense

data storage devices. The most sLraightforward write mecha-

nism using electron beams is that of micro-machining a

target surface in an ablative manner. In contrastr ouE

proposed writing mechanism is shown to involve the simple

28



release of hydrogen from the a-Si:H network upon irradiation

of the fiIm. These writing techniques use considerably less

power than previous a-Si:H based system reguirements 12).

The predicted physical bit size is 1 um and 0.01 um for

laser and electron-beam processing respectively.

3.2 NEW STORÀGE METHODS USING À-SI ¡H

Recently a-Si has emerged as a candidate for an archival

storage medium. Mechanisms for optical storage in a-Si that

depend on optically-induced amorphous to polycrystalline

transitions [48] and release of hydrogen from a-Si:H to

produce either bubbling or ablative hole formation

151,47,491 have been proposed.

Àdditional mechanisms by which a-Si:H thin films can

function as high-density archival storage media can be

derived from optical and electron-beam addressed systems.

The experiments described are concerned with the modifica-

tions to the bulk reflectivity and to the conductivity of

a-Si:H as a result of the release of hydrogen from the films

induced by either Iaser or electron-beam irradiation. With

sufficiently low write poÌter densities, these mechanisms do

not appear to result in the rupture or distortion of the

material. This indicates the potential reversability of the

irradiation by rehydrogenation, although rehydrogenation ttas

not performed in the present study. The bulk changes in the
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electrical and optical properties provide the mechanism for

inÈerrogation of the stored information.

3.2.1 Experimental Techniques

The a-Si:H films h'ere deposited in a conventional radio-

frequency glow-discharge system at a power density of

0.1w "*-1 and a pressure of 0.1 torr in a SíH4/H2 atmosphere

(1/1 ratio) on quartz substrates at a substrate temperature

of 200oC. Typical film thicknesses htere approximately

0.3 pm.

The optically-induced exo-diffusion of hydrogen h'as

accomplished using an Àrgon laser (514 nm) in a CW-scanning

mode over a relatively large area (100 um x 2 cm. regions)

for times of typically 5 minutes. The laser power was

varied over the range of 100 mW to 1 W. This implies a

polrer density more than an order of magnitude lower than

that used for ablative write mechanisms l2l' Another depar-

ture from the conditions of the ablative a-Si removal work

¡ras that !.f . gLow-discharge a-Si:H films on guartz subs-

trates rather than reactively-sputtered films on glass subs*

t,rates were employed. The major difference here is that the

thermal coefficient of expansion of Si is much closer to

quartz than to glass. These conditions may have contributed

to the uniform changes in electrical and opticaL properties

and coupled with the }ower optical poner densities, fiâY
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prohibit structural deformations that

results of other investigators.
accompanied the

The hydrogen evolution was also observed directly by

in-situ measurements using mass-spectrometry during

electron-beam irradiation of the a-Si;H material while under

high vacuum conditions. These measurements, however, were

made in a qualitative manner and the quantitative results
have not been compiled, although Fritzsche et. aI. [52] have

demonstrated the accuracy of such a technique. Thermal

annealing was also performed in order to study the bulk

effects of hydrogen evolution, in particular the changes in

conductivity.

3.2.2 Experimental Results

In Fig. 3.2, the change in reflectivity (¡n) as a func-

tion of the total Àr Laser power is shown. The cases of

pulsed or continuous irradíation are illustrated. This

demonstrates the capability to produce Iarge changes in

refl.ectivity without fitm damage. glhen the Àr laser power

was increased above the values indicated in Fig. 3.2, the

film displayed evidence of damage and in some cases crystal-
Iization lras observed.

In Fig. 3.3 the dependance of optical reflectivity and

elecLrical conductivity upon the hydrogen content of the

a-Si:H films remaining after either Ar laser irradiation or
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Figure 3.22 Reflectivity vs. Àr Laser Power

thermal annealing is shown. The reflectivity was measured

at a wavelength of 632.8 rtrlìr and is presented in F. ig. 3.3 as

AR/R where ÂR is the induced reflectivity change. The

hydrogen content could be controlled either by the power of

the Àr Laser or the duration of irradiation. This hydrogen

content was calibrated by comparison witL¡ identical films in

which the H effusion from the films was stimulated thermally

at 4OOoC. In the thermal evolution experiments, the H/Si
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ratio in the films was established by comparison of the

electrical and optical properties with those reported by

other investigators [53r54]. This ¡ras subsequently

confirmed by infrared absorption measurements of the H

content [4].

It is interesting to note that for the given film thick-
ness of 0.3 ¡rm, and f or the wavelength used in the ref lec-
tivity measurements r âÍr amorphous to crystalline phase

change would cause the opposite trend to that of Fig. 3.3.

That i s, the ref lect ivi ty would inc rease rather than

decrease as illustrated. Although no structural damage was

observed by scanning efectron microscopy, the resolution of

the SEM was limited to approximately 1 u m.

It is important to'realize that the degree of change in

the reflectivity as well as the direction of change induced

by the hydrogen evolution is a damped periodic function of

the optical path lengt,h through the film (determined

by À and the film thickness). Independent measurements of

the refractive index and extinction coefficient for the

a-Si:H materials were recorded and are presented in

Fig. 3.4. These results are in reasonable agreement lrith

earlier studies of sputtered a-Si¡H [55], and have been used

to predict the reflectivity changes as a function of film
thickness, wavelength, and H content. It has also been

found that the H content is the predominant factor in deter-
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film-substrate system [56], described in detail in lppendix

À, has been employed which includes the absorption in the

a-Si¡H fitm. These calculations are in excellent agreement

with experiments in which the H evolution vras induced ther-

mally, over a range of film thicknesses, which suggest that

the hydrogen content remaining in the film is uniformly

distributed in that côs€.
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For Èhe }aser-induced changes in reflectivity in Fig. 3.3

there is agreement nith the optical model (same n and k

values for å given H content ) for the larger H concentra-

tions (>10 at. eo H). The dashed line in Fig. 3.3 shows the

model predictions. Sustained laser irradiation which

further reduces the H content results in non-uniform optical
properties throughout the fiIm. This is a fortunate devel-

opment since it increases the desired effect on AR as is
evident in Fig.3.3.

The hydrogen effusion discussed above was also induced by

electron-beam irradiation at an energy of 4 keV, with a

change in the monitored hydrogen partial pressure from

2.5x1 0-8 torr to 4.5x1 0-7 torr during H evolution. The

conductivity changes in Fig. 3.3 suggest a means by which

the stored information can be interrogated by an electron-
beam. This would be similar to the method by which photo-

conductive regions are identified in a vidicon tube.

3.2.3

3.2.3.1

Theoret ical Evaluat ion

Laser Processing

The primary factor changing the reflectivity upon

annealing is the extinction coefficient k (which determines

the optical absorption coefficient s ). Às can be observed

in Fig. 3.4, k is strongly dependent on the hydrogen
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content. The effect on k is a result of the increase in the

bandgap density of states resulting in a reduced optical
gap. UsualJ.y, for good quality f ilms, Eopr = 1.8 f or

=20 9o ät. H and Eon¡ = 1.3-1 .4 for 0 eo ât. H. Theoretical

values for reflection can be derived from the frontside

reflectivity calculations presented in Appendix A. In

Fig. 3.5, the reflectivity is presented as a function of the

thickness for the cases of 20, 10, and 0 e" at. H content.

The solid arrow in Fig. 3.5 illustrates the large change in

reflectivity. The maximum change in reflectivity is depen-

dent on the film thickness and the initial and final-

hydrogen concentrations. The transition from position 1 to

position 2 in Fig. 3.5 demonstrates a 50e" change in hydrogen

content. However, if all the hydrogen is evolved, the

reflectivity change is limited to a transition to position

3. Then the question arises as to why or how the large

changes in reflectivity observed experimentally vtere

achieved. Beyer and l.lagner [54] have demonstrated that the

evolution of hydrogen can result in a reductÍon in film

thickness of up to 10 eo. Às a result, the optical thickness

is also reduced causing the Iarger reflectivity change

illustrated by the transition to position 4 in Fig. 3.5. As

the exact value of hydrogen content nas not known for the

specific results demonstrating the Iarge reflectivity

changes, the raÈher large error bars nere inserted in

Fig. 3.3.
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3.2.3.2 Electron-beam Processing

The primary factor affecting the conductivity upon the

release of hydrogen is the increase in the energy gap

density of staÈes. This is a result of the hydrogen evolu-

tion which increases the number of dangling bonds and

decreases the activation energy, with a corresponding

decrease in Ea"r resulting in an increased conductivity. Às

seen in Fi9.3.5, high SNRs are possible using e-beam

processing since more than 4 orders of magnitude changes in

conductivity can be obtained.

The electron beams which may be prepared at present are

capable of focusing to less than 1 nm diameter. Às a

result, high storage densities are anticipated. However, to

generate beams with such focii, the beam window is limited

to approximately 1 cm square. Às a result, a mechanical

means of window movement would be necessary.

3.2.4 Storaqe Densitv Limitations

Às an optical storage medium, a-Si:H which undergoes a

process of laser or electron-beam-induced hydrogen evolution

is expected to have an ultimate storage density limited by

the following considerations. As the medium is locaIly

elevated in temperature by the deposited energy from the

beam, the material surroundíng Èhe cylinder will also

experience a temperature rise due to thermaL conduction.
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This process has been modelled by Lax [57] for

irradiation and by SchilLer t58l and El-Kareh et.

for the electron-beam irradiation.

P :Iolo-Í(ñ.)Znrdr = Ior¡w2

the Iaser

aI. [50]

3 .2.4.1 Laser Processing

we assume a Gaussian intensity distribution,

I : Ioetr'/n'') (3.1)

where r is the radial distance from the center and w is the

beam width, The energy absorbed per unit volume per second

is defined by

G : ae-",1 of 0 /*) (3.2)

where o is the absorption coefficient and z is the depth

parameter. The tota] incident power can be calculated as

(3.3)

for the Gaussian case. Using the normalization factor
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N ( R, z ,vll lrhere

ft :r/w, Z :z/w, W:cl1,

the temperature rise is written as

P:-max 2¡ K

(3.4)

<L/r> (3.s)T:I',*N(R,Z,W), T

The value of .1/r, is the mean inverse distance

beam center at the surface. The normalization

calculated such that the boundary condition

lim ^lù (0,0,W ) : 1
l9* ø

c# : -div(-Kv r)+G

is met. The solution to the standard heat equation

from the

factor is

(3.6)

(3.7)

where

C=
K=
tTl 

=

heat capacity
thermaL conductivity
temperature
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and G is given by Eqn. 3.2, has been calculated by Lax [SZ]

resulting in the time-independent solution of the normalíza-

tion factor as

N(R,Z,W): w
æ

[, r(x) dÀ

(3.8)
co

.[o Jo(\R )r (].)
we-\' -lte-nz , \

----_--1-vt\

*2-lr?

where

and

r(r) : Io- Í (R )Jo(}.R) dR

. -\2 /4F(À):?

(3.e)

(3.10)

for the Gaussian case.

Using the above solution, the temperature profile for

Iaser irradiation has been calculated. The maximum tempera-

ture rise is generated at the surface and as a result, using

the vaLues of

Z:$
a : 10s cm-r (f o, À : 514 nm)
f (n :0,2 :0,W :0) - 1
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the normalized temperature has been determined assuming the

worst case conditions of steady state irradiation. The

resultant temperature profile for Iaser annealing are as in
Fig. 3.6. Assuming that the rate of H evolution is negli-
gible below 400oC [54], and in view of the short irradiation

times, these results indicate that the maximum storage

densities are in the range of 109 bits per square inch for

laser irradiation (celI size 1 um, spot size 0.5 pm).
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Figure 3.6¡ Temperature profile for Iaser annealing
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3.2.4.2 Electron-beam Processing

Similar temperature distribution profiles yrere calculated

for the electron-beam case. Due to the mass difference

between electrons and atoms or molecules, many collisions
are required for the electron to lose all of its energy.

The electron range S is the distance into the film, perpen-

dicular to the surface, rÍithin which the electrons }ose

virtually all their energy. S can be approximated as

U
s Z.Lx L}-tz B

70 keV < eUn <

where UB is the acceleration voltage and p (g cni3 ) is the

material density [58]. Since the films to be used for the

proposed archival storage systems are of the order of 0.1 um

thick, the acceleration voltage wiII necessarily be on the

order of 2.5 keV. For increased power density, the acceler-

ation voltage must be decreased or the current density must

be increased. Using the characterÍstic times of

T (3.12)

2

p

J,
S2
4a
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d3
Trd, = 16" (3.13)

(3.14)

described by SchiIIer, where

= 
^/pc= thermal conductivity

= material density
= specific heat of the
= electron-beam focal

c¡

À

p
c
dF

material
spot diameter

the temperature profile becomes time independent when t
(time) is greater than the lower of the two quantities, S

and ðp/2. when the time exceeds the characteristic times

described in Equations 3.12 and 3.13, the heat conduction

causes an extension of the temperature field beyond the

energy absorption limits defined by S and dp. However, the

maximum temperature remains an increasing function of time.

Hence, when r > dF, S the temperature distribution is given

by

Po
T (r) 2r\,r' f )) r,

where Po is the beam power.

electron-beam diameter, the

expected to be in the range

(ce11 size 0.1 Ufi, spot size

Às a result of the reduced

maximum storage density is
of 1011 bits per square inch

0.01 um). The above limita-
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tions are no worse than those which arise from diffraction

effects. It is further expected that some fraction of the

evolved hydrogen wiII be incorporated around the edges of

the programmed area, leading to a self-enhancing contrast

mechan i sm.

3 ,2 ,5 Di scuss i on

It has already been sÈated that the thermal or laser

anneating process ¡fas performed below the crystallization

temperature. In the ytork of Shanks and Ley 147), results

showed that pinhole formation due to a combination of

hydrogen release, bubbling, and bubble bursting occurred at

temperatures above 350oC. McMillan [59] experienced a large

and rather sudden increase in H diffusion at 375oC (tnermal

anneal) whereas the principle H diffusion occurred at 600oC.

This can, in part, contribute to the mechanism for sudden

pinhole forrnation above 35OoC. This was also observed in

the present sÈudy during thermal annealing of glass subs-

trate samples. Flowever, this effeet was not as evident for

the quartz substrate samples. This is attributed to the

differences in the thermal expansion coefficients. The

results of laser annealing did not demonstrate any pinhole

formation. Although relatively high temperatures ( = 50OoC)

are required to activate the diffusion of hydrogen, it is

believed that the effects of local excitation differ from

those in bulk effects. In the bulk process, the hydrogen
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must diffuse outwards or create bubbles and possible pinhole

bursts. However, under localized heating, the hydrogen is

also permitted to diffuse to the neighboring regions,

preventing any sudden physical damage. Therefore, ít is

believed that under local excitation by a laser or by an

electron-beam, large changes in reflectivity and conduc-

tivity can be experienced without a significant impact on

the film structure.

The possibility also exists for inducing an altered

amorphous state as a writing mechanism. This is based on

the existence of the many possible amorphous states having

different minimum energy configurations. The lowest energy

configuration coincides with the crystalLine state.

However, instead of a complete amorphous to crystalline
phase change, it may be possible to determine an alternate

writing mechanism based on an inter-amorphous state tran-

sition. The primary advantage of such a method would be the

1ow power requirements and the relatively minor changes in

film morphology. It may also be possible to derive more

than two useable stable amorphous states for this purposef

enabling the development of a multi-Ieveled storage device,

although this idea is purely hypothetical at present.
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Chapter Iv

TECHNIQUES FOR MONITORING FILM FÀBRICATION

Thin film measurement systems are

empiricat determination of the physical

to mechanical, electricaì., magnetic and

These parameters are measured either

fabrication. The primary parameter for

th ic kness.

In the case

tant physical

incLude¡

concerned with the

parameters related

optical properties.

in-situ or post-

thin films is their

of hydrogenated amorphous silicon, the impor-

quant it ies for prel iminary invest igat ion

Mechanical Properties
Electrical Properties
Optical Properties !

Thic kness
Eact, od r oph
k, Eoptn,

The electronic and optical properties of hydrogenated

amorphous silicon films are known to be strongly correlated

nrith the hydrogen concentration incorporated into t,he film

during the fabrication process. This degree of hydrogen

incorporation is in turn dependent on the fabrication tech-

nique (glow-discharge in silane, vacuum evaporation in a

hydrogen atmosphere, radio-frequency sputtering of silicon
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in hydrogêDr etc.) and upon the deposition parameters (subs-

trate temperature, chamber Pressure, 9âs flow, ambient 9as

mixture, etc.). A method to monitor the degree of hydrogen

incorporation during the fabrication process is clearly a

desirable ingredient in the procedure by which film proper-

ties are optimized for a given device application.

4.1 IN-SITU MONITORING OF HYDROGEN INCORPORÀTION IN À_SI:H

Àn optical mechanism based upon temporal changes in

reflectivity and transmission during the growth of a-Si:H

thin films is shown in this chapter to provide for an accu-

rate determination of the degree of hydrogen incorporation,

as well as the growth rate of the growing film. This mecha-

nism, described experimentally and modelled phenomenologi-

cally, is expected to provide a basis for the in-situ moni-

toring of hydrogen incorporation with process parameters.

Methods of film thickness monitoring in-situ have been

developed previously and are described by Chopra 1291.

Techniques using film resistance, capacitance' vapor ioniza-

t ion, micro-balances, guâ rtz-crystal resonance, or opt ical

interference have been employed. However, most of these

methods are not yet capable of determining other important

parameters, specifically the hydrogen content.

À method ¡rhich provides for

nyorogen IncorporaEl0n ano grorìIE,n

in-situ
rate of

measurements of

a-Si ¡H has been
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developed in this work based upon non-destructive measure-

ments of optical reflectivity [4]. These measurements are

based on the predictable dependence of the optical constants

(refractive index n and extinction coefficient k) upon the

hydrogen content of a-Si:H. Although these optical

constanÈs are also dependent on other physical parameters

such as bonding configurations, and deposition conditions,

an extensive Iiterature search has indicated that the

primary factor in determining n and k in the wavelength

region of interest is the concentration of H in the films

alone. The correlation of the H content with the absorption

coefficient vras verified for film fabrication techniques

including radio-frequency gJ.ow-discharge deposition in

siH4 /Hz, microwave plasma deposition in siH4 /u, gas mixtures

117), and activated reactive evaporation of a-Si in a H

atmosphere t4l.

4.1 .1 Exper iment.al Techn iques

The a-Si:H Èhin films to be described below were prepared

under the following conditions (a) radio-frequency glow-

discharge in SiH4 i substrate temperature 20OoC,rf power

density 0.1 wcm-L,1/1 si+4/H2 ratio in deposition atmos-

pheret (b) electron-beam evaporation of silicon: H partiaJ.

pressure = 0, substrate temperature 200oC; (c) microwave

glow-discharge as described by Mejia et. at. [17] in

10eo SíH /45eo H /45*o Ar, total f low rate 30 sccm, microwave

poner 45w, pressure 0.1 torr, substrate temperature 200oC"
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The hydrogen content in the films was controlled in

several nays. (i) materials fabricated with initially large

H content (20eo) (by method (a) above) were subjected to

thermal annealing at 4O0oC for various time intervals as

described by Beyer and Wagner [54]. (ii) hydrogen evolution

vras induced by processing with an Ar laser as described in

Chapter 3, and ( iii ) the hydrogen initially incorporated

into the films was varied by using different fabrication

techniques or control of the deposition parameters for a

given process.

The hydrogen content of the films nas measured by the

analysis of the 640 "*-1 band in the infrared-absorption

spectra using the method described by Shanks et. al. 1471.

The optical constants n and k were determined at

f, = 632.8 nm by transmission and reflection measurements

with a He-Ne laser source. The optical constants were found

to be completely determined by the hydrogen content of the

films alone, regardless of the fabrieation method or parame-

ters, within the Iimits of experimental error.

4.1 .2 Experimental Results

On the basis

hydrogen content,

quartz substrates

the dependence

optical model

been employed,

of n and k upon the

of thin a-Si:H films on

based upon the work of

of

an

has
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Heavens [56]. The derivation of the model is presented in

Àppendix À. For convenience in process monitoring, both the

optical model and the experiments described below correspond

to the determination of reflectivity for backside illumina-

tion (the 632.8 nm radiation is incident upon the back of

the quartz substrate). Reflectivity at all interfaces,

multiple reflections within the film and optical absorption

are considered expJ.icitly. The predicted dependence of

reflectivity upon thickness of the deposited a-Si:H film as

calculated numerically is shown in Fig. 4.1.

The three curves in Fig. 4.1 correspond to 0, 10, and

20 eo atomic hydrogen in a-Si:H which give rise to optical

constantsnandkof

e" H)
e" H)
eo H)

0
10
20

þ=0
þ=0
þ=0

n=4
n=4
n=4

.2

.192

.01

.428

. 148

.01 6

at.
at.
at.

at a wavelength |= 632.8 nm.

Fig. 4.2 shows the comparison between our experiments and

the predictions of the model for a-Si:H films of various

thicknesses prepared under two separate conditions !

elect,ron-beam evaporation without plasma assist, for which

the H incorporation is negligiblei and microwave plasma

deposition in a 1/1 mixture of síHa/H2 for which the atomic

hydrogen content was determined by infrared absorption meas-

urements to be 10e" atomic hydrogen.
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Note that the validity

technique rests upon the

predictions and experiment

film thickness increases.

of the present characterization

degree of correspondence between

in Figs. 4.2 (a) and (b) as the

The predictions are based on
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measurements of n and k at a single film thickness, and the

reasonable agreement in these figures with experimental

measurements over a range of thicknesses substantiates the

optical model. In particular, the assumption of uniform

film properties in the optical model seems to be justified.

The strong dependence of the decay in the oscillations

upon the H content in Fig. 4.1 is responsible for the

uti Iity of the present characterizat ion technique.

Secondary factors affecting results such as these are

suppressed by the overwhelming dependence on the H concen-

tration alone. The H content of a growing f il.m can be

determined with considerable accuracy by monitoring the rise

and fa}I in the reflectivity as the film groyts in thickness.

The growth rate is also readily determined from n

and À alone; however, the relative insensitivity of n to H

cont,ent (as compared to the dependence of k on H content)

makes this determination essentially independent.

4.1.3 Determination of the Extinction Coefficient

The primary value of interest in this measurement tech-

nique is the extinction coefficient k. The optical consÈant

k can be determined by two methods. The first method

requires the measurement of the reflection and transmission

coefficients and the film thickness. The second method
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requires the measurement

an approximate knowledge

fiIm.

of the reflection coefficient

of the refractive index of

and

the

Method One

Given the values of R' Trl, and d (reflection, transmis-

sion, wavelength, thickness) the values of n and k can be

determined by solving the optical equations in Appendix A in

reverse. This, however, is practically impossible and there

is no guarantee that the correct solution will be found.

The procedure proposed, and demonstrated successfulS.y '

involves the estimation of a range of valid values for n and

k. Àtthough multiple solutions exist, a unique solution can

be derived based on previous results. This is not unreason-

able since the value of n does not vary significantly from

4.0 when À= 632.8 nm. As for the value of k, the solution

provides a nearly unique result.

The values of R and T are measured experimentalty.

However, since the extinction coefficient is not known, it

is not obvious how these values can be normalized. We note

t,hat for high concentrations of hydrogen, the absorption of

an a-Si:H film approaches that of a crystalline film.

Therefore, wê make the assumption that in the limit' for a

high quality a-Si:H film, the absorption coefficient will

approach that of the c-Si film. Using Èhis assumption, we
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now

c-s i
n=
fl=
and

normalize our measured values of R ånd T to that Of a

sample of the same thickness. Therefore, knowing

4.0 and lç = 0.0151 f or c-Si , with | = 632.8 nm and

0.3 ¡rm, the calculations of Àppendix À yield R = 0'441

tf = 0.480.

The iterative Procedure in

and k requires a 3-dimensional

a function of the estimated n

calculated as

IERR R -no) +(r -To)

deterrnining

pIoL of the

and k. The

the values of

inverse error

inverse error

n

AS

is

-1
(4.1)

where Ro , To are normalized values and R , T are calcu-

lated from the estimated n and k. Às an example, consider

t,he inverse error plot of Fig " 4.3. The values of Ro and

% vrere determined to be 0.332 and 0.413 respectively. The

sample had a thickness of 0.3 Ym'

we note that all inverse error peaks occur at a value of

k = 0.056. The value of n is determined to be 4.04 as this

is the best choice from those available based on published

results by other investigators.

This method has been found to be quite

similar approach has been demonst'rated by

[60], with an attempt to eliminate the

multiple solutions.
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Method Two

This rnethod involves the measurement of

coefficient and an approximate knowledge of

index of the film.

/Òde+

Fig. 4.4 illustrates the Peaks

range of n and thickness values.

(n1

Inverse Error of Reflection and Transmission
Coefficients. This plot is typical for the
case of expected values of IL= .332 and
To = .413 where the determined values of n and k
are 4.04 and 0.056 respectivelY.

the reflection

the refractive

in reflectivity for a

From this figure it is
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noted that the positioning of the peaks is not critical to

the determination of the thickness when the thickness is

small (< 0.5 pm). The thickness is determined as

À

4n
(L+Zx), .r : 0, l, 2,d
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where x is the number of peaks, when n is approximatly 4.0.

Over this range of thickness, the upper envelope of thç

reflection coefficient vs. thickness curve, sho¡¡n in

Fig. 4.5, can be modeLled as

n - R se-Þd (4.3)

The envelope of the oscillations in Fig. 4.5 (peak-to-peak

height vs thickness) does not obey a simple exponential

dependence. However, the upper envelope alone (peaks for

constructive interference) do closely approximate an expo-

nential relation over a wide range of d. In fact, over a

wide range of optical thicknesses (actually of the nd

product), the value of ß is approximately equal to the

absorption coefficient. This is seen by Fig. 4.5 where the

value of ß vs o is plotted. Às a result, it is evident

that for the region of interestr w€ can model the upper

envelope by the approximation

-1r.kd
ft -ft0?-ûd:Roe T (4.4)
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4.'t .4 Discussion

For convenience in process monitoring, the dependence of

ß, i.e. of the absorption coeff.icient o ,upon H content is

given in Fig. 4.'?-. The dependence of upon H content is

based upon measurements of a-Si:H films prepared by various

techniques, and also deduced from optical absorption coeffi-

cients reported in the Literature. The error bars represent

the 95eo confidence interval. In our studies, the hydrogen

content was determined directly from infrared absorption

studies, but these were not always the methods used in the

experiments reported in the Iiterature.

In view of the simplicity and non-invasive nature of

reflectivity measurements at 632.8 nm with inexpensive HeNe

laser sources, the present technique provides a direct

method for routine in-situ analysis of H incorporation into

Èhe a-Si¡H films during fitm growth. Process monitoring

devices based upon these principles could also be

constructed of solid-state Lasers and photodiodes enclosed

in a container with a window made of a suitable material.

Such devices may be employed át many locations within the

deposition chamber, thereby assisting in film quality-

control. The film deposited on the container window would

be subsequently removed with an et.chant, enabling the device

to be reused. These results are insensitive to other

details of the fabrication procedure, and are expected to
c ã ! -rt L---l l---:-^-ald In Ene opE,rmlzaEron 0r a-Þr;n DaÞiËs LlËvrljÈÞo
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Chapter V

CONCLUSI ONS

Hydrogenated amorphous silicon has been fabricated for

the first time by activated reactive evaporation. The elec-

trical and optical properties of these films have been char-

acterized and the results lead to the following conclusions:

1. High deposition rates with excellent film uniformity

can be attained independent of the probe voltage.

Typical deposition rates were 0.04 0.1 um/min.

2. Dark conductivities and activation energies compa-

rable to r. f. glow-discharge-produced films are

possible with high hydrogen partial pressures and

high activation voltages.

3. The increase in the long-wavelength refractive index

for high activation voltages and large hydrogen

partial pressures indicates the effectiveness of the

method in achieving the incorporation of atomic

hydrogen. This result is also confirmed by the

increase in the optical gap for large hydrogen

partial pressures.

4. The morphology of the fitms has been confirmed as

amorphous, by Raman spectroscopy studies"
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Às a result of this work, it appears that the use of the ARE

technique for a-Si:H fabrication is promising. The use of

this method has many advantages that have yet to be demon-

strated. These include the fabrication of hydrogenated and

nitrogenated siLicides and aIloys in multiple gun evapora-

tion systems.

The release of hydrogen from the a-Si ¡H network as a

writing mechanism for archival storage has been proposed.

The storage technique is based on the changes in reflec-

tivity and conductivity for laser and electron-beam

addressed systems. Based on experimental results on the

evolution of hydrogen, the following conclusions are

derived:

1. The energy requirement for hydrogen evolution is

lower t,han that f or ablat ive f i Im removal . Thi s

eases the power requirements for the writing tools

and provides for more efficient film processing.

2. The primary limitation on the density of storage

appears to be based on thermal constraints. Storage

densities of the order of 109 bíts/inz for optical

recording and 1 011 bíts/inz for eleclron-beam

recording'are predicted. Hence, the use of electron

beams to record and retrieve information promises to

result in extremely dense data storage devices.

3. Very high SNRs are predicted f or elect'ron-beam

processing techniques since more than 4 orders of
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magnitude changes in conductivity have been realized

experimentally.

Although the proposed writing techniques are present).y in

the laboratory research stage and much work must sti]l be

performed, it is believed that the predictions presented are

valid and possible advances in ultra high density storage

devices may be derived from the proposed writing techniques.

Àn in-situ monitoring technique for the determination of

a-Si:H quality and film thickness has been developed. These

monitoring technigues are based on the predictable depen-

dence of the optical constants upon the atomic hydrogen

content in a-Si:H. Due to the primary dependence of the

extinction coefficient upon the hydrogen content and due to

the validity of the theoretical optical model as demon-

strated by experiment, it is believed that a reasonably

accurate determination of the hydrogen content is possible.

The incorporation of such a monitoring device into a small

package utilitizing solid state lasers and detectors

provides for a versatile rnonitoring technique suitable'for
most fabrication facilities. ÀIthough this work has empha-

sized the determination of the hydrogen content in a-Si:H,

it is probable that the technique will be applicable to the

fabrication of other types of materials.
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Appendix À

OPTICÀL PROPERTIES OF THIN FILMS

The derivation of the reflection and transmission coeffi-

cients as a function of rÍavelength (À ), thickness (d),

refractive index (n) and extinction coefficient (k) is

presented. The solutions are derived for both the frontside

and backside reflectivity as illustrated by the model used

in Fig. 1 (a) and (b). Reflections at all interfaces,

multiple reflections within the film and optical absorption

are cons idered expJ- ic i tly .

The derivation of the reflection and transmission coeffi-

cients are primarily a modified version of the two-film

model presented by Heavens [56]. In this case, the quartz

substrate is assumed to be semi-infinite in thickness and

have a zero extinction coefficient. Derivations similar Èo

Heavens have also been presented by Chopra 1291, DenLon

et. aI. t 60 I and Toml in [ 61 ] .
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Àt the film-air interface, for frontside illumination
(rig. 4.1 (a) ), the reflection and transmission coefficient
(Rt and T, ) are calculated as follows:

Defining

efractive index of free space
efractive index of the thin films
xtinction coefficient of the thin films
hin film thickness
efractive index of the quartz
lluminat ion wavelength

we have that

=r
=r
=g
=t

:
I

n
n
k
d
n
À

n& -n? -r?
81 :ffi? n? -nî +x?

82: 
@t+ù'?+kv

h2 _ -Znzk t- (n +'nz)+k?
hr _ Znok t-ffi?
orl : 2rk7d¡þ, 11 :2rnp¡ft,,

pz = e"tcos(1r)

Q2 : e"tsin(1r)

tz : e-o'(gzcos(11) +åzsin(rr))

ttz : ,-"t(h2cos(^yr) -gzsin(rr))
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ptz: pz*grt2-h¡u2

etz: qz*httr*gtu2

ttz: tz*gflz-htQz

ulz: u2*hpz*gtqz

Àr: tlr+ul,
p?z+q?z

n z ÍQ+ s )2+hí I t(1 +s r)z +hll

(e.t)

(A.2)Tr :-
A+B+C+Drtg

where

A --e 2q.t

B : (g ? +nÐk? *hl¡e-a"t

C : 2(S ßz-h1tr2)cos(21 )

D : 2(S th z-gzh1)sin(2^y1)
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Àt the quartz-air interface, the reflection and transmis-

sion coefficients (Rz and T, ) are calculated as 3

- (nr-ro)z
tl'â --- t' (n2*ns)z

ñ 4n2ng
--:' (rz+no)z

(¡.9 )

(e.s)

(e.¿)

In the quartz substrate, multiple reflections are not

considered since it is assumed to be semi-infinite and the

reflection coefficient q is in any case very small.

Therefore, the transmission value *r* is calculated with the

following relation:

f l þs,î 1,k yd 1il2,À) : T t(n2Ìt yk1,d1,ns,À)

The resulting total reflection and transmission values

(Rr and Tp) can then be calculated as:

Àr:Rt+f tRzTl (e.6)

TF:TtTz
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For the case of in-situ film growth monitoring, as

described in Chapter 4, illumination for the reverse (back)

side is desirable (as in Fig. ,\.1(b)). Using the following

relat i ons

R íng,tt1rk1rdyrfl2r).) : R 1(n2rn1,t1rd1,n s,À)

T Áns,tt 1rk ¡;dyrtz,À) : T {n2;rt yk 1,d1,n s,À) (À. 9 )

ßg:fi2

(A.8 )

(A.10)

T g: T! : T z (À.11 )

the values of RB and T, are calculated as

f,, -fig*1 ß*T! (A. 12 )

TB:TsTq (A.13)

Examples of the reflection coefficients' as a function of

thickness, using the values of

632
1.0
4.0
0.2
1.5

À
n
n
k
n

8nm
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are presented in Fig. A.2 and Fig. À.3 for the frontside and

backside ref lectivity respectively.

0.t

0.{

0.0

0.0 o,2 o.t t.0

co
g
.9(,

o
o
c)
c
o
(J
o
G
o

É.
20

0.4 0.c

Film Thickness (¡r-)

Figure À.2: Frontside Reflection Coefficient
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