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STUDY OF EVAPORATED AMORPHOUS SILICON FILMS
BY FREQUENCY DEPENDENT CONDUCTIVITY AND
PHASE SHIFT ANALYSIS OF MODULATED PHOTOCURRENT METHODS®

A.c. and d.c. conductivity measurements have been per-
formed on amorphous silicon films produced by electron gun
evaporation. The a.c. measurements have been performed at
frequencies between 100 Hz and 2 MHz, and at temperatures
between 150K and 400K. The d.c. behavior of the samples obey
the T 174 law between 77K and 250K. The a.c. conductivity of
the films are well represented by the form Aws, where A and
s are determined to be temperature dependent parameters. The
data are discussed in terms of classical models based on  pair
approximation and a unified theory, the extended pair approxima-
tion, EPA. Although the a.c. behavior can be approximately
explained by the Correlated Barrier Hopping model below 200K,
the temperature and the frequency dependence are stronger than
-any classical model predicts. The a;c. data ShOW' a. perfect
agreement with the quasi-universal law predicted by the EPA
calculations. However, quantitative calculations with the EPA
results give unreasonable values for. both the decay parameter

«, and the rate parameter Ro'

One of the major problems of the method of Phase shi*ft
~analysis of modulated photocurrent, PSAMP, for studying the'
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density of states in the energy gap of amorphous semiconductors
has been the determination of the energy scale corresponding
to this DOS profile. A new way of dealing with this problem
is presented. A computer analysis is used to confirm the
validity of this method and to demonstrate how it can be used.

A simulation that is used to determine the sensitivity
of the PSAMP method to the differences in the fine scale
structures in the DOS distributions ~is presented. Fouf' DOS
distributions are considered and the expected data are obtained.
The results show that the PSAMP method is very sensitive to
such fine features in the DOS diétributions, A comparison is
also made with the sensitivity of othef techniques commonly

used in the determination of the DOS profiles.
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BUHARLASMA YONTEMIYLE ELDE EDILEN AMORF SILISYUM FILMLERIN
FREKANS BAGIMLI ILETKENLIK VE MODULE EDILMIS FOTOAKIMIN
FAZ FARKI ~ANALIZI YONTEMLERIYLE INCELENMES!

Bu ¢alaismanin ilk bOlimiinde, elektron tabancasi ydnte-
miyle buharlastirilmis amorf silisyum £ilmlerin a.a. ve d.al
iletkenlik o6lgiimleri yapilmistir. A.a. olgimleri 100 Hz ve
2 MHz frekans araliginda ve 150K ile 400K sicaklik araliginda
gerceklestirilmistir. Orneklerin d.a. davranisi 77K ve 250K

arasinda T—1/4

yasasina uymaktadir. A.a. iletkenligi AwS sek-
linde bir bagintiya iyi bir sekilde uymaktadir. Burada A ve
s'nin sicakliga bagimli parametreler olduklari belirlenmistir.
Ol¢me sonugclari cift yaklasimina dayanan klasik modellervve
birlestirilmis bir kuram olan genisletilmis ¢ift yaklasimi mo-—
deline (EPA) gbre incelenmistir. 200K sicakligin altinda a.a.
davranisi Iliskili Engel Hoplamasi modeli ile yaklasik olarak
- izah edilebilse bile frekans ve sicaklik bagimliligi hig bir
klasik modelin Ongdrmedigi kadar yiiksektir. A.a. Olgme sonqu
lari EPA hesaplarlnin Oongdrdigi evrensel yasayla ¢ok iyi bir
uyum gostermistir. Ancak, EPA sonuglarina dayali detayli sayi-
sal hesaplar hem sdnim parametresi,yn , hem de siklik parametre-
si RO i¢in makul olmayan sonug¢lar vermistir.

Modiile edilmis fotoakimain faz kaymasi analizi, PSAMP,

metodunun en Onemli problemlerinden birisi de band arallglndéki'
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durum yogunlugu, DOS, incelemelerinde bu durum yogunlugu dagi-
limina karsi gelen enerji ekseninin belirlenmesidir. Bu prob-
lemin ¢Oziimi i¢in yeni bir'yol onerilmistir. Bu metodun geger-
1iligini dogrulamak ve ydntemin nasil kullanilacagini géster-—

mek i¢in bir bilgisayar analizi kullanilmistar.

PSAMP metodunun durum yoguniugu dagilimindaki kiigiik
6lgideki degisimlere karsi hassasiyetini ve ayirim giiciinii be-
lirlemek dig¢in bir simiilasyon kuilan11m1§t1r. Dért ayri durum
yogunlugu dagilimi gozdniine alinmis vé bunlardan beklenen ve-
riler elde edilmi§tir. Sonuglaf PSAMP metodunun durum yogunlu-
gu dagirlimindaki ¢ok kiigiik degi§imiere karsai ¢ok hassas oldu-
gunu gostermistir., Durum yogunlugu dagll;mi belirlemede ¢okca
kullanilan diger ydntemlerin hassaSiyetifle de bir karsilas-

tirma yapilmistair.
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I. INTRODUCTION

In recent years a remarkable progress has been made
in both physics and technologies of amorphous semiconductérs.
Twenty years ago, amorphous semiconductiﬁg devices were a
.radical concept. Although their technologies are still at a
fairly early stage of development, recent commercial devices
and others on the way assure the future of amorphous .- semicon-

ductors.

A major advantage of amorphous over crystalline tech-
nology is dramatically reduced cost, without which; some
applications such as the inexpensive solar cells that provide
power for ©pocket calculators would not be economically
feasible. But other applications are now far more significant:
high-powered solar cells, the thin film transistor arrays that
drive the latest generation of liquid-crystal color television
and graphics displays, electrophotographic drums, gas sensors,

and image arrays(1l).

The term amorphous is used for materials prepared in
the form of a thin film on a relatively cold substrate to

Y

prevent crystallization.
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0f all amorphous materials hydrogenated-amorphous
silicon, a-Si:H, has some unique physical properties and

remarkable advantages, some of which can be summarized as:

(a) high optical absorption and large photoconductivity

in the visible region;

(b) an existence of valency electron controllability,

that is, dopability;
(c) low cost;

(d) large area non-epitaxial growth on any substrate

material at low temperature. .

One of the most important problems in the study on
amorphous semiconductors ié strong dependence of observed
electrical and optical properties on the preparation methods
and conditions of the films. The large characteristic spectrum
observed on the films prepared by evaporation, sputtering or
glow-discharge methods have generally been tried to be inter-
preted according to the Demsity of States (DOS) distributions
in the band gap. Hence, determining the distribution of the
density of localized states in the band gap with respect to
energy becomes very important in investigating the amorphous
semiconductors. But, since the exéct structure of these
materials is not known and particularly it depends on sample
preparation, this distribution has to be determined experimen-

tally.

In the last several years significant advances have
been achieved by relating most measured properties of mmnphods
seﬁiconductors to specific properties of these 1localized
states. Included are most types of transport measurements,

photoluminescence, spin properties, and optical absorption.

Among transport measurements, d.c. and a.c. conducti-

vity are the tw relatively straightforward measurements, which
s

cive information about the density of states around the Fermi

o

energy, N(EF)-



3

The most widely used techniques in determining the DOS
distribution in the band gap have been the transient methods
like TSCAP(2), ICTS(3), and_.capacitance DLTS(3), and fhe
steady-state methods like the field-effect(4) and the capa-
citance-voltage, C-V(5), measurements. All these .methods in-
vestigate the properties of the space;charge region that forms

at the metal-semiconductor interface.

An alternative method to determine a gap state profile
is the phase shift analysis of the modulated photocurrent,
PSAMP, method(6). In this method localized states are energe-
tically distinguished by their differénée,in ﬁhefmal emission
rate into the conduction band. The phase shift that exists
between a sinusoidally modulated excitation light and the
induced photocurrent is closely related to the density of
localized states at a particular energy level, which, din
turn, is directly associated with the modulation frequency.
The magnitude of the modulated photocurrent also depends on

the nature of the localized states.

Unlike other methods with a limited application range,
like the field—effect and the C-V techniques which can. only
be applied to a-Si:H or the capacitance DLTS technique which
can only be applied to doped amorphous semiconductors(7), the
PSAMP method has quite a wide application range and it has
been successfully applied to pure(8) and hydrogenated amorphous

semiconductors(9) and also to doped crystalline samples(10).

This thesis consists of essentially two parts. In the
first part (Chapters II, III, and IV) a.c. andvd.c. measure-—
ﬁents performed on evaporated amorphous silicon films are
présented. ‘An understanting of the transport' mechanisms in
these samples is tried to be developed through a comparison

of the data with some of the a.c. and the d.c. theories.

In éhapter 1I theories of d.c. and a.c. conductivities

are given briefly. ' a
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In Chapter III preparation details of the samples,

experimental = setups, and the measurement techniques are

explained.

In Chapter IV the data are presented and discussed in
terms of classical models based on the pair approximation and

a unified theory, the extended pair approximation, EPA.

The second part of the thesis (Chapter V) is devoted
to the PSAMP method. One of the major problems of this method
for studying the DOS distribution in the energy gap of amorphous
semiconductors has been the determination of the energy scale
corresponding to this DOS profile., A néw way of dealing with
this problem is presented(1ll)., This new method is especially
useful in the case wheré the DOS profile lacks a characteristic
péak; A computer analysis‘is used to confirm the validity of

this method and to demonstrate how it can be used.

In the second simulation a sensitivity amnalysis of the

PSAMP method to the differeﬁces in the fine scale structures

'in the DOS distributions is made(12). Then a comparison is

made with the sensitivity of other methods to these fine

~

scale features in the DOS profile.



Il. THEORY

A. Structure of Tetrahedrally-Bonded Amorphous Semiconductors

In a perfect crystalline material the order of atoms
is determined by atomic configuration in the unit cell and by
three linearly-independent translational vectors. In a real
crystalline material, there are many defects such as
impurities, dislocations and voids. For many cases; these
defects can be considered as scattering centers for electrons,
and the transport mechanisms can be explained by Boltzmann
Theory. In crystalline materials, assuming a perfect crystal
and neglecting the effect of phonons, each electron is de-
scribed by a Bloch wavefunction. Band structure and effective
mass for electrons or holes are then determined for a perfect
crystal. Hence, a simple fransport mechanism is solved for an
ideal crystal and electron dynamics is then considered as a
perturbation, that is, deviation from a perfect structure,
This is not possible in amorphous materials. First of all the
atomic structure of the material is not known. Even for a
definite sample, the experiments do not give enough
information * to determine the atomic structﬁre exactly.
Furthermore, even if the locations of all the atoms are known,

the calculation of their eigenvalues is impossible. On  the
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other hand, the randomness is so high that it can not be
considered as a perturbation. However, some concepts used in

connection with crystals remain useful, even in disordered

states.

Electron and x-ray diffraction experiments show
that the nearest neighbours to a given atom in amorphous
germanium or silicon have spécings and angles that are very
similar to those in their cyystalline counterparts, though
beyond the second nearest neighbour any substantial
resemblance to the crystalline situation ceases. Because the
energy levels that can be occupied by thé'other electrons of
an atom in a crystal are appfoximately éhose of the isolated
atom modified by the effects of the nearest neighbouring
atoms, it becomes understandable that the energy bands of

amorphous and crystalline semiconductors could be similar.

However, the atomic disorder inherent 'in amorphous
semiconductors causes distinct differences between them and
crystalline materials. For example, it scatters the charge
carriers so that they now have a finite mean free path, in-
stead of the theoretically unlimited free path they have in
perfect crystals. When the disorder increases to the/extent
that the mean free path is approximatelly equal to the inter—
atomic distance, the probability of £finding a carrier very
far from its home atom decays exponentially with distqnce,

hence, the carriers are then 1localized. The concept of

localization plays an important part in amorphous materials.

The mean free path varies with the charge carrier's
energy. The energy at which the mean free path approximately
equals the interatomic distance 1is called the «critical

energy, and it represents the boundary between localized and

non-localized states.

An amorphous semiconductor has many energy states

.available within the bandgap. But charge carriers within the
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band gap move by hopping between the localized states with
a very low mobility between 1of6 and 1073 cm2/Vs. Within
the conduction and valence bahds, transport occurs via
extended states with a much higher mobility, of ‘1 to 10
cmz/Vs. So, not the absence of states but their very low
mobility within the gap gives rise to the band gap in an
amorphous semiconductor. Therefore, the gap is more accurately
referred to as a mobility gap and its edges as the mobility

edges.,

The localized states are of two kinds. The first are
the tail states, which emanate from theﬁéonduction and valence
bands because of the amorphouS'materiél's disorder. Nothing
can be done about them in a given material. The other
localized states in the midgap region are caused by broken
bonds, mostly by danglihg bonds in amorphous silicon, which

are the result of processing procedures.

Chemically, the atbms of group IV amorphous semi-
conductor like silicon and germanium form a tetrahedral
structure by saturating their Sp3 orbitals with fourxnearest
neighbours. If we continue this structure we end uﬁ with a
form which has five-fold, six-fold, seven-fold coordinated
atoms, because bond angles are not constant as in crystalline
semiconductor. This structure is called a Continuous Random
Network (CRN). As the CRN expands, stress is built up in the
bonds and this stress increases with further growth of the
network. JIncreasing stresses finally ©break the network
resulting in voids and dangling bonds. TIn these  regions
stress and density are reduced and the structure continues
to grow evenly until the stress again builds up to a degree
that causes the bonds to break. Therefore it is impossible
“to build a CRN on a macroscopic scale, and an amorphous
sample woﬁld never have a homogeﬁous atomic network. These
materiais‘can only be produced as thin films, since a bulk
the

)

»

sample would eventually break down due to the stresses in

bonds.
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The mmmensofbnke1kmds‘ and voids are largely dependent
on film preparation technique and conditions. There are three
basic preparation techniqdes' fof amorphous semiconductor
films: vacuum evaporation, sputtering(1l3), glow-discharge
decomposition of silane (SiHA)(14). The specimens prepared
by the third method have fewer voids and dangling -bonds
compared to those prepared by other techniques(1l5). In this
technique the hydrogen in the silane is thought to saturate
the dangling bonds in the film. The films are structurally
heterogenous when they are déposited on a cold substrate by
evaporation or sputtering-techniqﬁe. They contain a network
of internal voids and dangling bonds. The}efore, preparation
conditions, such as residual ambientl pressure, rate of
deposition, substrate temperafure, evaporant crucible, and
purity of evaporant become very important, and to obtain

reproducible thin films is difficult.

The density of electron statés, N(E), remains a valid
concept for non-crystalline as for crystalline materials and
its form should be determined.experimentally, since theoreti- -
cally it is impossible to calculate exact N(Ej for a definite
amorphous semiconductor sample. The question of states in the
gap, whether of dintrinsic or extrinsic nature, is oé con-—
siderable importance. Cohen, Fritzsche, and Ovshinsky(16)
supposed that the non-crystalline structure would 1lead to
overlapping band tails of localized states as in Figure (1).
Those derived from the conduction band would be neutral ;hen
empty and those from the valence band neutral when fulli In
the overlap region they would be charged, leading to centres
with unpaired spins. Such overlapping states would pin the
. Fermi energy. The other principal feature of this model is
the existence of mobility edges at energies in the band

tails. These are identified with the critical energies

separating localized [rom extended states.
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FIGURE (1) - Various forms proposed for - the density of
states in amorphous semiconductors. Localized
states are shown shaded. (a) Overlapping
conduction and valence band tails as proposed”
by Cohen et al.(16), the CFO model. (b) A
real gap in the density of states, suggested
as being appropriate for a CRN without
defects.

In evaporated films of Ge and Si and some of their
alloys, the conductivity, particularly at low temperatures,
is due to hopping conduction between the defect states by
electrons with energies near the Fermi level. The density of
such states, as we have seen, depends on the conditions of
depositions. The characteristic property of amorphous semi-
conductors is that the Fermi level is located near mid-gap
and appearé to be pinned. This is ﬁot a universal property;
indeed Lé Comber and Spear(17), by glow-discharge decomposi-
tion of SiH4 with PH3 or BH3 have prepared specimens that are

heavily doped, the Fermi energies being shifted towards and
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even near to the conduction or valence band. In glasses and
perhaps evaporated or sputtered films of 5i-and Ge, impurities
do not normally have this effect, épparently because of the
strong tendency to saturate bonds(18). In other words, in
these materials each atom can satisfy its valence bonds by

adjusting its nearest neighbour environment(19).

B. Characterization of Amorphous Semiconductors

1- Temperature Dependence of D.C. Conductivity

Considering the finite density of states at the
mobility edges and around the Fermi level, there are three
mechanisms of conduction which we may expect in an amorphous

semiconductor in appropriate ranges of temperature(18):

i) transport by carriers excited beyond the mobility

edges into non-localized (extended) states at,EC or Ev’

ii) transport by carriers excited 1into localized
states at the mobility edges and hopping at energy level, El’

in the localized state region near the bands. In this case

an activation energy, Wy, is needed for a carrier to .hop.

iii) Since, the DOS. at EF is finite, then there will
be a contribution from carriers with energies near EF which
can hop between localized states with an activation energy,

Wy . This process is called as nearest-neighbour hopping.

As the temperature drops more such that kT becomes
less than the bandwidth around EF’ another conduction
mechanism, which is a characteristic of amorphous semi-
conductors, takes place. This mechanism is called as
variable—range hopping, in which the d.c. conductivity is .

given as

T L@
o ()=, exp[-{(_f_(?_)1/4}:| (2.1)



where
_ 3.2 N(EY) (2.2)
Havem |y e v} akT :
and

T _ 16 a3 , (2.3)
o- k N(Et)

Here D, is the phonon frequency,(y_l is the decay length of
the localized wavefunction, and k is thngoltzmann constant.
~In principle, with a reasonable assumption for «, the N(EF)
can be calculated from the slope of the -straight line in the

1/4

In(o(o)) versus T~ plot.

Figure'(Z)'illustrates the temperature dependence of

d.c. conductivity expected on the model of Figure (1).

In o

/T

FIGURE (2) Illustration of the temperature dependence
: of conductivity expected .on the model of

Figure (1).

7
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2- A.C. Conductivity

A dependence of the real part of the complex conduct-
ivity, ¢ , on frequency in the form of o= B + A ws.where w
is the angular frequency and B is the d.c. limit, has been
observed in various kinds‘of amorphous semiconductors and
chalcogenides(20). The earliest theoretical attempt to
explain the data was to apply the pair-approximation(2l) to
the rate equation theory of Miller and Abrahams(22). After
obtaining the pure a.c. response, the d.c. conductivity was
then added to this to obtain thé total frequency dependent
response. The variation of A and s with temperature could be
partially accounted for by considering different hbpping

mechanisms in the pair-approximation.

a. Models for Frequency-Dependent Conductivity-The Pair

Approximation

Alternating current conductivity measurements are an
-important means by which deep defect centers may be studied.
They aré sensitive to pfocesses in which such centers, or
groups of centers, develop electron dipole moments under the
action of the applied field. The simplest such process to
consider involves a pair of centres in close proxiﬁity, and
the interactions of the applied field with such a pair can
in general be relaxation processes. In relaxation events’; the
exciting field changes the relative environment of a pair of .
centres, and causes transitions between them governed by the
intrinsic relaxation time of the pair, 7. The resultant con-
ductivity is dominated by pairs having relaxation times
around m—l. The random distribution of environments ensures
that a Qide range of relaxation times will in general be
found, and hence the study of a.c. conductivity can give
ihportant information about the number and distribution of

centres,. provided that the mechanism of relaxation is well

understood.
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Although we will‘deal with the processes involving
electronic relaxation, a similar analysis can be applied to

the transfer of atoms between pairs of centers.

In order to help in distinguishing between the
various mechanisms, we reserve the term "hopping" for thermal
activation of a charge carrief‘of a pair over the. potential
barrier between states, and call the process involving the
direct coupling due to the overlap of the exponentially
decaying wavefunctions of the two sites "tunneling"(20).

The approach which is frequéntlyvhdopted in calcula-
tions of a.c. conductivity is to considef the polarizability
of an isolated pair of states and to sum up to contributions
due to such pairs to obtain the overall response of the bulk

sample. This is generally known as the pair approximation.

"A11 the a.c. models start from the calculation for a pair
of single electron states 1 and 2 separated in energy by an
amount A, and in space by a distance R (Figure (3)) and we
éssume that the states are occupied by only ohe electron. If
we write the occupation probabilities for the states/l and
2 as fl and f2 (f1+f2=l), then " the rate -equation for

electron transfer between the states is

fozuw £-w f=-f (2.4)
21 2 12 1 2 o
where L%i is the transition rate from the state 2 to the

state 1, and @, is vice wversa, and f = df/dt.
£z (0 +w ) £ tu (2.5)
1 1 2.1 1 21

2

Then, the total average moment of the dipole is

P=-2 [x f+x£] (2.6)
v 11 2 2
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—S
X

FIGURE (3) Schematic representation of pair of two
defect states (1-D). {(a) in equilibrium
(b) after the application of the electric
field, € . 'Here W is the maximum barrier
height, D is the energy separation between
states 1 and 2, e€R is the energy shift due
to applied field

e

where e is the electronic charge, and V is the volume of the
sample which is assumed to be unity for convenience. This

equation can be put into the form

P =e[x f+x -x £] . (2.7)
. 11 2 2 3 )
and
P = er
eRcosE) f;l'exz (2. 8)
since x{-x, = R .cosf) , where 0 is the angle between the

direction of the electric:field and the axis of the dipole.

The current density is given as, J = dP/dt.
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J = eRcosm)ﬁr—« (2.9)

The occupation probability of the state before the applica-
field is given by the Fermi-Dirac

tion of an electric

statistics,
exp (-W/kT) (2.10)

£f {(t=0) = :
! 1+exp (-W/kT)

and after the field reaches a steady value, €,the occupation
probability becomes :

£ (tve)z 2 exXp (-W/KT) (2.11)

: l+a exp (~W/kT)

where
a = 1- ecRcosb
- kT
"Using Equation (2.5),
£(t) = £ (o) +[ £ (=) - £ (o)l-exp (-xt)] ~(2.12)
where = ¢ + w = Tt-' -
: 12 12
(2.13)

[£,(®) - £,(0)] k exp (-xt)

£.() =
If Equation (2.10), and (2.11) are inserted into (2.13),
£, (t) = ERcosd E . k. exp (-k&) (2.14)
kT 4 cosh”™ (W/2kT)
Using (2.14) in the (2.9), and applying a harmonic field,
é(m) = gexp (iwt) , the y(w) is given as
2R? ® 1 1 CL
viw) = J(w) = _1  e’R7cos’ 1 (2.15)
wlE 4 kT cosh? (W/2kT) 1+iw T :
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since Y(w)= Gl(w) + ioz(w)' » then the real part of it, i.e.
the conductivity is

202 2 -1 .
o, () = i e*R*cos?p T [ 1

T J- (2.16)
kr coshz(W/ng)

This Ul(w) is for one dipole and in one direction. For n

identi;al sites, and for A=0, the number of dipoles is
calculated

n = N(E) —— ™ dw (2.17)
: l+exp (W/kT) '

n = N(EF) kT 1n2

for a constant N(E) over an energy range kT around EF' The
term cos20 should be calculated for all directions and by
taking the precaution for double counting. The total conduct-

ivity is calculated as

. ., o 1

: . . 2.18
12 . cosh? (W/2kT) 1+w2T2] ( )

a

(1) Quantﬁm Mechanical Tunneling (Q.M.T.) Model

This model has been introduced by Pollak and.Geballe
(21) and applied to amorphous semiconductors by Austin. and
Mott(23). If the relaxatioh process involves an electron
surmounting an energy barrier W at a spatial distance R,

then the rate with which: an electron surmounts the barrier

. 1is

L - upnexp (-W/KT) exp (-20R) (2.19)
T ‘ '
where 1, is the phonon frequency, W is the barrier height.

ph : ‘
If an electron tunnelsfran one state to the other, then the

.probabiliéy of hopping per volume per energy is
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P_ - number of hops - l'
A% density of states x energy x volume
1= 1 (2.20)
N(Ep) kT 4%R%dR
For energies W = kT, the conductivity for all the relaxa-
tion times
. 2 » -2 .
g - mN(E,)* kT 1n2 e ‘ w
p (@)= E A R*arR  (2.21)
3 ' SR 1ep?e? ,

The term @D/1+“?Tz) is sharply peaked at(ufpul. Therefore the

important hops are of the order of (wt~1. So, for thisw

Ry = —— 1nXRh . (2.23)
o , w .
1 ar _

dR = — - .
are obtained. Since T 1 , then dv-27, hence
w
dr = L1 (2.25)
o

. . N
Using this value in the integral with wT=1, the a.c. con-

ductivity is expressed as

gw) = T (eN(Ep))?2 KT1n2 o5 ‘o [1n‘ Vph }'* (2.26)
‘ 96 i "

Equation (2.26) is also known as Austin and Mott formula, and
this model is widely called as the Quantum Mechanical.
Tunneling (QMT) model. In the calculation of this formula
multiple hopping is neglected, and also there is no corre}a—

+

tion between the hop energy and the hop distance.
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The a.c. conductivity can be expressed empirically
for the QMT as )

o(W) « wsf ph (2.27)

The first dimportant charaéteristic of conductivity by
tunnelling is that the tunneling distance which is given by
(2.23) is a function of frequency alone and independent of

temperature. Secondly, the ® dependence arises from the

a)(m_%%L-f' term and it is straightforward to show that
& - ‘
S= 1 + - . B (2.28)
1n(w/vph)

Note that for thié model s is independent of temperature, T.
If we assume, following Mott, that h is of.the order of
an optical phonon frequency L~1013 Hz), then for a typical
audio-frequency (104 Hz) we obtain the value s ~ 0.8, which
was first observed for impurity states in crystalline semi-
conductors by Pollak and Geballe(21).

Finally, in the simple single—-electron tunneling
theory, n=1; that is, the temperature dependence’of G(w) is

linear.

(2) Correlated Barrier Hopping (CBH) Model

In this model for a.c. conductivity, first introduced
by Pike (24) and applied.bylElliot(ZS) to a.c. conductivity
measurements in chalcogenide films, the charge carrier is
assumed to hop between site pairs over the potential barrier
separating them. If we consider a single electron hopping be-
tween positive defect centers, then the potential barrier
will be reduced by the Coulomb interaction, Figure (4), and
if is easy to show that the barrier height W is correlated |
with the separation R according to

o2

W = Wp - —_— (229)
TKR .
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Where K=€¢€,, being the background dielectric constant of

the material, and W is the energy required to remove the

electron from the site into extended states completely..

For electron pairs hopping between defect centres,
however, as in the calculations of(25), the barrier lowering

for a pair is of the order of

.2.e.2

W=Wm = (2.30)
UKR
and hence, the calculations are similar to those applicable.

in the single electron case.

CONDUCTION BAND

FIGURE (4) Model for overlapping Coulomblike potential

‘ wells for charged centers. The ground state
energy is Wm, the potential separating these
states is W, the potentials are centered a
distance R apart, and the energy difference
between two sites is denoted by A.
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‘To calculate the a.c. conductivity, the effective relaxation
time is taken to be b

T 2 Top SXP (W/kT) (2.31)

where Toh being of the ordef,of inverse Debye frequency. If
we assume N states randomly and uniformly distributed in
space and over an energy band Do, with gO=N/Ao, evaluation of
the integrals proceeds in much the same way as in the tunnel-

ing case. The hopping distance for this case is obtained as

e2

Rw= (2.32)

7K [WptkTln (wigp )]

which dis a function of not the frequency alone, but the

temperature as well.

To explain the freqﬁency dependent conductivity in
chalcogenides Elliot(25) introduced a new mechanism for
hopping between two charged defect states.- This mechanism
arises when two electrons hop between states close to the
Fermi level, but where the energy of the states is lowered
after the arrivel of electrons by relaxation of the lattice around them.
The combined excitation is known as polaron, and for the two
electrons hopping together, bipolaron(l8).

The CBH of bipolarons has started from the suggestion
that the effective correlation energy, U, at the defect
eenters becomes negative due to a strong electron-lattice
interaction in chalcogenide glasses. Therefore existence of two

polarons in one site becomes energetically favorable.

For the bipolaron hopping the CBH gives the a.c. con-

dﬁctivity as to a first-order approximation,

- m2N%k , 8e? .6 w (2.33)
o(w,T) = 24 ¢ KW ) S
‘ m
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This equation predicts very different behavior from
that expected for the QMT. If we use the same notation as
before for frequency and temperature,dependehce, the frequency

exponent s becomes temperature dependent, and if it is calculated

in the form [931lno/3lnw] ' , to a first order approximation to
T-const.
be :
6kT
s=1--—= - (2.34)
m NN

s decreases from unity with increasing temperatdre.‘ The
decrease will be linear in temperature. The .temperature
dependence of ¢g(W,T) for this case is frequency dependent.

The slope of lng(,T) versus T graph should be a constant.

The QMT and the CBH are the two basic models which

are based on the pair approximation. Although there are

further modifications to these models, such as taking the

intrasite or intersite correlation energy into account, or

introducing,a limit to the extent of pair seﬁaration, R, and
the like, the results are not so different(20), and they are
beyond the scope of this study; and hence they will iot be

considered any further.

b. Unified Models-Extended Pair Approximation (EPA) .

One of the basic assumptions of the above-mentioned
theories is that the d.c. and a.c. components of the measur-
ed freqency dependent-conductivity are due to separable
different mechanisms, because all of them are based on the
pair approximation which deals only with the pure a.c. con-
ductivity. However, the measured value includes a d.c. limit.

Therefore, any interpretation which will be based upon a

model derived from the pair approximation has to exclude the .

d.c. 1iﬁit somehow from the measured quantities. Long

suggests(20) that if the mechanisms responsible for a.c. con-

»

duction and d.c. conduction can be treated independently and
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if the d.c. current is non-dispersive over the frequency

spanned by the a.c. measurements then the observed conduct-

ivity can be written as

OT(w'T)= U(Q,T)+0(m',T) (2.35)

where ¢ (Q,T) is the d.c. conductivity, and ¢g(w,T) is the pure
a.c. conductivity. ' '

This approximation 'is hardly justifiable and has
always been regarded with suspicion. In.Tecent years there
have been attempts to explain the freqﬁency dependent con-
ductivity in unified theories in which the same mechanisms are
held responsible for both the. non-dispersive low-frequency
behavior and dispersive high-frequency response. While
Movaghar et al.(26) tried to obtain this using an effective
single particle random  walk model, Summerfield and
Butcher(27) have developed the Extended Pair Approximation
(EPA) model. They consider both a.c. and d.c. behavior as due
to interacting localized states within the ‘framework of a
model in which the pair approximation is applied to the net-
work formalism of Miller and Abrahams(28), to which the ideas

of percolation theory(29) can be applied for the d.c. limit.

The inputs to the EPA calculation of frequency dependent
conductivity o (w,T) are transition rates and distribution of
DOS around the Fermi level. o(w,T) for CBH and QMT type tran-
sition rates with four différent DOS in the QMT model have
Been calculated(30)(31). The results, given in Figure (5)’i

" show that all curves are similar if they are plotted as
in[ o(w,T) / 0(0)]Veri;8 In [&/ 6(0)] where &(o) ==0(0)/gg, and
0= w/ RO' with g,=¢ Ro/kT, RO being the rate parameter. The

similarity between curves leads to a quasi-universal law in

the form of:

’ T- 2. n
_ofw) =4, [Az Ly } (2.35)
5 (0) KTo (0) Y
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where n has been calculated to be around 0.725 and A' is a
constant. '

Summerfield's calculation reveals that the only difference

lod 573

o(w)] ClBH QMT/

FIGURE (5) Scaled EPA conductivities for five models.

between the above-mentioned models is the difference/in the
numerical value of A'. Hence, a particular material has to
be associated with a particular model in order to compare the
experimental data with the numerical values of A'. Summer-
field suggests that the association can be made by compéiing
the experimental dL,values/with the EPA predictions of dc
conductivities for above mentioned models. On the other hand

-1/4 law)

A'=Aa@ and for hopping mechanisms that obey Mott's T
the calculated EPA value for A=1.1x10_3. Hence using this
value, it is possible to calculate the decay constant & . In
fact, this is an alternative way to determining the three
basic quantities N(EF), @, and the rate parameter Rj

independentiy. Traditionally, the TO and a, ~values are.

determined from the low temperature d.c. data by using Equa-
"tion (2.1), provided data obey this law. Then, the N(EF),.a:,

and R are calculated from Equations (2.2) and (2.3) by
)

assuming a value for @. However, using a.c. data one can
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independently determine the @ value and then can evaluate the
other parameters. This method is an alternative to 2-Dimen-
sional hopping(32), field dépendence of dc conductivity(33),

and electron-spin resonance(34) methods in determining these

three parameters independently.

EPA theory can also be tested using the d.c. values.

In this limit, at low temperatures EPA calculations give(35),
(36) '
1/4 }

0 Opp, =134 exp {133 (zpf )" (2.36)

where o(o)gp, = 0(0)/g a, o(o) being the measured d.c. con-
ductivity, and

T - 24(1’3
OEPA= __NN(EF)k : (2.37)

Equation (2.36) is in the form of Mott's Equation for variable
"range hopping (VRH) (Equation (2.1)), and it is a good

approximation for VRH when

»

(_%1)1/4210 - - (2.38)

The EPA,TO can be determined from the experimental T; which

in turn is determined from the slope of lno(o) versus T;1/4

—1/4,graphs depending whether RO

or 1n(To (o)) versus T
is 1ineaf1y dependent on temberature, T, (the former case)
or whether RO is independent of T (the 1atter case). Using
the magnitude of the d.c. conductivity at a temperature T and
» the <corresponding To’ the pre-exponential factor a, is
evaluated. By letting UO=1.34 8,0 and assuming a value for
«w(or calculating it from the a.c. data), one can either
determine Ré/T, or R_.

7/



25

III. EXPERIMENTAL TECHNIQUES

A. Preparation of the Films

The amorphous silicén films and metal electrodes are
evaporated in coplanar geometry on normal microscope slides
of an area of 2.5x4.5 cm2, produced.by Fisher Scientific Co.
The masks used in the evaporation process for silicon films
and the metal electrodes are shown in Figure (6). The evapo-
ration masks are made of aluminium metal plate of 0.55 mm
thickness. Wires of 0.22 mm, 0.30 mm, and 0.37 mm diameters
are placed in the rectangular space (1.5x2.5 cmz) of the

metal electrode masks to produce coplanar geometry.

Microscope slides are first cut to the desired dimen-
sions and then cleaned with an alconox detergent in an ultra-
sonic vibrator. They are then rinsed with water. Aceton and

methanol are used to remove the remaining grease and water

vapor on the slides.

Two vacuum systems are used; one of which is an ion-
pumped, and the other is a diffusion pumped type. In the
-~ former system the amorphous silicon films are evaporated and

the 1latter is used for evaporation of metal (Aluminium)

‘electrodes. . gesAnid WM\“S‘KW



FIGURE (6)

~lcm -

—-1¢m -

(b)

| 1L

(c)

Masks used for obtaining amorphous silicon
samples in coplanar geometry:

a) silicon mask,

b) electrode mask,
¢) cross-section of the prepared sample.

26
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3 The ion pumped vacuum system is pumped first down to

10 torr pressure with two cryopumps. In order to achieve

lower pressures ion pumps are then used. The pumping time of
the cryopumps is approximately one hour. .Ion pumps operate
continuously for 12 hours to drop the base pressure to 10_7—
1078 torr. The pressure is measured with a thermocouple
pressure gauge down to 10_3 torr and below that value with an
ion gaﬁge. The microscope slides (substrates) are placed on
a substrate holder (Varian) on which three different masks

can be prepared at a time.

\

The evaporation system used consité of an electrdn—gun
and three crucibles produced by Varian. The position of the
electron-gun can be adjusted by moving it with a system
having bellows from outside without breaking the vacuum. The
evaporant is a pure polycrystal lump obtained from Matheson
Coleman and Bell 1laboratories. The distance between the
evaporant and the glass substrates is 25 cm. This distance
must be as long as possible: in order to make the atoms to
reach the surface of the films perpendicularly. Otherwise
there will be hills and valleys on the surface of the film.
To avoid impurity ion contamination the base pressure must be
kept as low as possible. The base pressure is decreased to
1078

is kept constant at pressures between 5-7x10"7 torr. This is

torr before evaporation, while during the evaporation it

achieved by circulating liquid nitrogen through a jacket

around the vacuum chamber.

The film thicknesses are between 3000-6000 ], The
‘evaporation of films takes about 3 hours. Evaporation rates in
excess of a 1 R/sec tend to produce films with high dark
cohductivities. After the deposition of the silicon films the
vacuum system is allowed to cool in order to prevent formatiop
of an oxide layer on the film. Then the system is opened and.

samples are taken out to the other evaporation system, for

evaporating aluminium electrodes.
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The—diffusion—pumped vacuum system has two vacuum
pumps; one of which is a rotary pump for initial pumping (10_4
torr) and the other is a diffusion pump for lowering the
pressure  down to 10_6 torr level. In this vacuum system,

pressure is measured by means of the Pirani and the Penning

gauges.

Aluminium is thermally evaporated from tungsten fila-
ments. During the evaporation ‘the base pressure is kept around
lO_4 torr. The thickness of the electrodes is around 1 um and
their evaporation takes about 2 mins.,Tpe thickness of the
amorphous silicon films is measured by ‘using optical inter-
ference techniques. A Sloan quartz crystal digifal thickness
monitor is used to adjust the evaporation rate. All of the
samples used in this study are produced with the substrates

at room temperature.

’

B. Experimental Setup

During the a.c. and d.c. measurements the samples are
kept in two types of sample holder. For hot cycle, that is,
for temperatures above room temperature a thermostatic
chamber with temperature controllable to within #1 degree
throughout a range from -196°C to 600°C, is used. The pressure

3 torr by a

inside the chamber can be lowered to around 10~
mechanical pump to avoid changes in conductivity due to water
vapor condensation. The details of the chamber and sample
holder is given in(37). We did not use this sample holder for

" cold cycles beause it consumes too much nitrogen as one goes

to lower temperatures.

For cold cycles we used a very simple but efficient
system consisting of a sample holder, a dewar, and a simple
laboratory jack. Approximately 25 percent of volume of dewar
is filled with liquid nitrogen. Using the temperature gradient

in the dewar the temperature can be controlled to within 0.5



29

degree. Since inside the dewar there is always nitrogen vapour
which is heavier than air, the water vapour contamination risk
is avoided. However, one should always go from high tempera-
tures to low temperatures in the cold cycle; otherwise, since
the sample holder is cooled to nearly 77 K when it is very
close to the surface of the liquid nitrogen, as it is raised,
to the top of the dewar, water vapor contamination cannot be
prevented. Another point to be noted is that the rate of
cooling increases when the sample holder comes closer to the

surface of the liquid n1trogen.

C. D.C. Measurements"

D.c. measurements include I-V measurements at room
temperature and I-T measurements at constant electric field.

The block diagram of the measurement system is given in Figure

(7).

In order to take the I-V measurements the applied
voltage is changed manually in 5-volt steps to achieve
electric fields of 102 V/em to 103 V/cm. The current for each
setting is recorded after it stabilizes in order to avoid any
capacitive effects. Applied voltége is measured with a digital
voltmeter connected across the d.c. ﬁower supply so that the
electrometer indicates the corect current passing through the
sample. Since the internal resistance of the voltmeter is
usually comparable with the sample resistance, it should not

be connected parallel to the sample.

Contact photovoltage measurements were also performed
by impinging a laser light onto the sample,’ and we have
detected no current in the photodiode mode. I-V measurements
showed that the I-V graph is symmetric for every sample
measured, which taken together with the photovoltage measure-

ments implies that the Al electrodes form an ohmic contact

with the a-8i film(19).
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A Phllips PE 1520 type d.c. power supply, and two
electrometers, one of which (a Cary 401 vibrating reed

eyfctrometer) is capable of measuring currents between 1078

15
10 amperes, and otherz(a Keithley 614 digital type) be-

—4 -
teween a '
round 10 - 10 amperes were used in the measure-—

ments.

Ccontrol

Circuit

Thermostatic

chamber DC Supply Electrometer
(Sample)

Voltmeter

w1/
FIGURE (7) Block diagram of the d.c. measurement system.

D. A.C. Measurements

A.c. measurements include frequency dependence of -
conductance (G-f) measurements at constant temperature, and

temperature dependence of conductance measurements (G-T) at

constant frequency.
A.c. measurements were made at frequencies be-
tween 100 Hz and 2 MHz, and at temperatures between 150 K and

400 K. For a.c. measurements a Hewlett-Packard low-frequency



31

impedance analyzer LF 4192 A (5 Hz-13 MHz) was used. LF4192A
is a vector-impedance meter and its accuracy is 0.1 percent
in the frequency range used in our measurements. Measurements
at frequencies higher than 2 MHz proved to be meaningless dﬁe

to the inductance of the sample conpection leads and stray

capacitances.

~Short and open offset adjustments were made before
the measurements. All measurements were performed in -the
highest precision mode. Various admittances, formed by known
capacitors and known high value résistors_were connected in
place of the sample and the’ capabilityléf the measurement

system was checked.

The peak value of the sinusoidal signal was kept at
a level of 0.7 V-1.1 V, in order to measure the conductivity

in the ohmic region.

The resiétances of the films in coplanar samples are
always much higher than the contact resistances and therefore
we can be sure that the measured conductivities represent the
sample properties. -

The major difficulty encountered during the
measurements is the environmental noise, which increases with
the increase in sample resistivity as temperature is lowered.
Thus, every connection was shielded, the circuit was grounded
at only one point, and we avoided any -movement that could

cause some part of the circuit to vibrate.

Another problem in making G-T measuréments is the
discrepeacy between the correct temperature of the sample and
the one that is shown by the thermocouple. Since the thermo-
couples may -heat/cool faster or slower than the sample, one
should wait until the current reaches a steady value together
.with the thermocouple voltage.

Most of the problems have turned out to be dugmto bad
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contacts. Therefore, in case of a problem in the measurement
process, before trying anything, one should check every

contact.



33

N

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Figure (8) shows the pure a.c. conductiviy, ¢(w,T),
versus temperature for one of the samples(38). The temperature
dependence of the d.c. conductivity, ¢(0,T), is also shown
in the figure. The d.c. conductivity has comparable values
to a.c. conductivity only at high temperatures (roughly above
k300 K) and is conéiderably smaller at low temperatures. Hence
subtractiﬁg the d.c. term from the measured conduq}ivity
makes a difference only at high temperatures at which we can
justifiably assume that the d.c. prbcesses are due.-to band

states or at least to the tail states.

Figure(9) shows the frequency dependence of 0(w,T)
at the indicated temperatures. In accordance with the data
obtained by other researchers on evaporated amorphous silicon,

our data also fit an empirical equation of the form

cwhzAw> (4.1)
The exponent s is calculated from the slope of 1n(uo(w,T)) vs.
In(w) graphs.

In general s is around 0.6 at room temperature,

decreases to 0.3 around 400 K, and increases to a value very
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close to 1 around 150 K. Neither this behavior of s, nor the
temperature dependence‘of o(w,T) ié in agreement with the QMT
model. This model predicts a linear dependence of conductivity
on temperature and a temperaturé independent fréquency

exponent s with a constant value around 0.8.

In spite of the absence of non-bonding (lone-pair)
orbitals in tetrahedrally bonded group IV amorphous semi-
conductors, Elliot(39) suggests the presence of spin-paired
defects in ~amorphous silicon, tdncluding that as in the
chalcogenide glasses, bipolaronA'hqpping, may be the pre-
dominant mechanism in amorphous silicdﬁlélso. Therefore, we

can apply the CBH model to our data.

Unlike the QMT model, the CBH model predicts a
temperature dependent s which dincreases with decreasing
temperature in agreement with our data. Table 1 gives the
experimentally determined s values and those calculated
according to Equation (2.34) at the indicated temperatures.
In general, calculated and experimental s values approach
‘each other around 250 K and the agreement between them gets
better as the temperature decreases. A

If s is taken to be around 0.95 at 192 K, .Wm turns
out to be 1.98 eV which is rather a large value considering
that it is expected to be of the order of the optical band
gap. However it should be emphasized that Wm has a very
sensitive dependence on s. For example an s value of 0.93 at
the same temperature gives Wm = 1.4 eV which is a more
expected value. However it is very difficult to determine s

so precisely within experimental error.

The temperature dependence can be seen more explicitly

if Rquation (2.33) is rewritten in the form

- T/T
o(w,T)= ab e (4.2)

Y
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where b=l/wTo, a stands for all other temperature independent
parameters, and T . =Wm/6k. Equation (4.2) ‘can in turn be

expressed as

1n ¢(w,T)= 1lna +—— 1nb (4.3)
. T
c
Since b and TC are independent of temperature, the slope of

1n(o(w,T)) versus T graph should be constant.

As can be seen from Figure(8) we can say that this
is approximately the case belowIZOOK.AHQWever, above 200K
there is a stronger temperature dependence which can not be
explained with the CBH model., A similar result wes obtained
by Reider who suggested that this discrepancy resulted from
the fact that both Pike and Elliot considered only hopping
between sites of equal energy(40). Taking into account an
energy difference of AO between the sites he came up with an

a.c. conductivity in the form of

S .
o(w,T)= T tanh ( AO/Z};T)_ wl-—s (4.4)
T o

O -

This is almost the same result obtained by Pike and Elliot

but multiplied by Ttanh (Ab/Z kT).

g ,T) is calculated according to Equation (4.4) with
the conductivity measured at the lowest temperature for each
sample used as a scaling factor. The results are given in’
Table 1. Once again the agreement between theory and experi-
ment is better at lower temperatures. The stronger tempera-

" ture dependence observed above 200 K cannot be explained by

Reider's theory either.

Long has suggested that the a.c. conductivity in
evaporated a-Si films could be explained by a Polarog

Tunneling Model in which an electron tunnels between states



Sample = Temp. s s g (w,T) o (w,T)

No neas‘ : cale. measured calculated
(K) T g™t (9-cm) ™t

161 0.97 0.93 8.82x1077 ierrrennen.

197 0.94 0.92 " 2.00x10° 2.26x107°

s1 230 0.88 0.90 2.50x10"° 2.00x10™°

250 0.85 0.89 3,33x107° 2.54x107°

203 . 0.48 0.87 2.67x107° 4.05x10°°

198 10.96 0,91 2.47x10°° ...,

- 231 0.90 0.90 ' 3.67x107° 3.36x10°°

256 - 0.86 0.89 4.75x107° 4.34x107°

292 0.75 0.87 1.10x107° 6.74x10"°

190 0.97 0.92 . 1.28k10°°  Liiiiei...

<3 211 0.85 0.91 1.83x107° 1.66x10°°

273 0.76 0.88 $3.72x107° 3,41107°

293 0.71 0.87 6.81x1070 4.27x107°

192 0.99 0.92 13021077 T eieiiinnes

233 0.84 0.90 3.30x10°/ 2.15x107

s4 297 0.64 0.87 2.20x107° . 4.35x1077

321 0.60 - 0.86 4.20x107° 5.49%10

342 0.45 0.85 9.20x107° 6.82x10"

186 0.90 0.92 1.65x107% ... ees

223 0.83 0.90 2.95x10° 2.69x107°

- 239 0.67 10.90 4.02x10:§ 2.88x10:2
256 0.60 0.89 4.42%10 3.60x10

266 0.68 0.89 5.36x107° 3.74x10"°

201 0.50 . 0.87 2.75x107°  5.57x10°°

TABLE 1. Experimentally determined a.c. conductivities
\ and s values and those calculated according
to Equatlons (2.34) and (4.4) at 32 kHz. For
/ each sample o(w,T) value measured at the
lowest temperature is wused to scale the
other calculated o(w, T) values. The para-
meters used in the calculations are Wm_l 2
eV, 1_=10"12 sec, 4,=0.1 eV, and k=3. ;
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close to the Fermi energy, EF’ and the energy of the states
is lowered after the arrival of the electron due to the
lattice distortion(20). The relaxation time for polaron

tunneling at relatively high temperatures is given by
T=r1_ exp (W / .
p SXP ( H/kT)exp (2aRw) _ (4.5)

where Ty is of the order of the optical phonon frequency, Rw
is the tunneling distance, and WH‘is the hopping activation

energy. For large polarons .

r
O )
W, = Wo(l - _f{:)— ) (4.6)

where Wo is the maximum activation energy, and T, is the
polaron radius. The a.c. conductivity and the frequency

exponent s are given as:

" 4
4 R
: _ W 2 2 ) w . ) :
(2akT+ )
2
Rw a

if Equation (4.7) is expressed in the form of Emﬁmioﬁ (4.1)

then,

. ,
N 4+6(/5Wol’6/Rw )

RL)[1+(/3WOr6/R;)2)]2 (4.8)

'where ﬁ=1/kT, ré=2 ar, R& = 2 w Rw. The optimum hopping

length is calculated from

[ B eincuy) IR 4 gy =0 - 4.9)
s/values calculated from the experimental data are
plotted against temperature in Figure (10). As we have

indicated earlier s is a decreasing function of temperature
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FIGURE (10) s- values plotted against temperature scaled

‘to the large polaron activation energy. The

1ine is calculated from the polaron tunneling
mnodel for W = 0.6 eV, and 2ar_ = 0.6,

¢ = 1071257 and £ = 32 kilz.
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but the dependence is not linear as the CBH suggests. The
sqlid line represents the best fif of Equation (4.8) to the
experinental data with Tp=10-12 s, f=32 kHz, r, and W,
values, determined in trying to find the best fit to the

data, are 3 A® and 0.6 eV respectively assuming thataf1=H)Ao.

The theory sugéests a minimum at higher temperatures
but since our data do not reach these temperatures we have
no way of commenting on this feature of the model. Such a
minimum has been observed for afGe at 400 X(20), whereas
Shimakawa's results on a-Si:H reveal no ﬁuch minimum up to
300 K(41). The best fit also yields a“DdS around the Fermi
level, N(EF)=2x1023 (cm3-ev)™L at T=230 K and £=32 kHz with

G(pr)=2.4xlO_6 (Q—cm)—l, which is a rather high value.

Figure (11) shows the d.c. conductivities for four
samples as plotted against T—l. In the high temperature range
the activation energies of all the samples are of the order
of 0.3 eV. This indicates a condUctibn mechaﬁism in the tail
states. As the temperature decreases the activation energies
of the samples decrease as well. Figure (12) shows the d.c.
conductivities as plotted a;dnm:T—l/a. All samples obey 'T_1[A law
in a temperature range of 77-200 K. Hence, we can apply the

EPA results for the QMT in this temperature region.

Figures (13) and (14) shows the graphs of 1n[o(w,T)/g(0)j
versus 1nl ©€%w/kTo(0)]1 for the indicated samples. The dotted
lines in both graphs represent the best fit of the data to
Equation (2.35). The average n and A' values, calculated from.

fit, are 0.6940.05 and 9.88x10°% 1.18x107 cm™l

- the Dbest
respectively. In fact for the samples 1,3,4, and 5 the
average A'=4.00x106t1.91x106 cm™t. We have found no explana-

7

value of sample 2 which is 3.33x10°. The(XTl

tion for the A'
value calculated from the average A' value and the EPA A

-2 0 :
result given above 1s 1.1x10 2 A which is an unacceptably

small value.

«:
+

If on the other hand one uses the EPA A value for the
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csi (yhich is 5.37 the average a™l value is obtained as
136 A , which is rather a high vdlue. In  Table-II the at

values calculated using the CBH results are also given.

We have tested EPA theories using the d.c. values
also. In this limit, at low témperatures, the EPA results are
given in Table 2. Since most of the a.c. data produced an
unacceﬁtable value for @, in all the d.c. calculations a_l
is taken to be 10 X

The results obtained for'the rate parameter RO in
energy dependent and independent cases: are very high 1if we
consider that R, is expected to be of the order of the

phonon frequency,,-.,lolz——lO13 Hz(42).

The N(EF) values of,-.ulO18 (cmg—eV)—l calculated from
Equation (2.37) with EPA To values are slightly low by com-
parison with what is expected for evaporated a-Si, which is
of the order of 5x10%° (cm3—eV)—1(43),(44).

The fact that a.c. results fit perfectly the quasi-
universal law predicted by this model is indicative that the
d.c. and a.c. conductions are due to the same mechanisms.
lHlowvever the quantitative parameters derived from a comparison

of the data with the model are not as satisfactory.



- i~
bgmple No Temperature cJO) Topxp TOEPA RO/T ToExp Toepa R, N(EL) e

Ry T Rg indeﬁendent 2f T Calculated from
the CBH transition
rates
\Sl‘ 89 1.60 2.63 8.42 6.33 3.83 1.23 -~ 3.89. 1.05 225
s2 91 1.35 2.48 7.94 2.36 3.76 - 1.20 1.96 1.12 16
S3 116 4,30 2.32 7.42 0.386 3.56 1.14 0.275| 1.19 ’ 113
S4 125 2.00 4,48 14.3 0.624 k 6.31 2.02 3.15 0.620 250
S5 86 3.50 2.08 6.66 0.198 2.73 0.874 0JBl9 1.33 79
5107 x108  x107 31016 x108  x10%®  x10%8| x1018
Unit K Sm—l K K (se‘cK)"l K K Sec'l (cm3—ev)'l g

"TABLE 2. The EPA d.c. results.a—l‘is

- , taken t
in the calculations. ) ° be 10

LYy
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V. CHARACTERIZATION OF AMORPHOUS SEMICONDUCTORS BY
PHOTOCONDUCTIVITY MEASUREMENTS

A. Phase Shift Analysis of Modulated Photocurrent
(PSAMP) Method '

The PSAMP method has recently been successfully used
to determine the density of states (DOS) distribution in the
energy gap of amorphous semiconductors(6),(8),(9),(10),(45),
(46). In this method, a sinusoidally modulated excitation
light ié used and a phase shift is observed between this
excitation light and the induced photocurrent. The phase
shift and the amplitude of the photocurrent observed at a
particular modulation frequency ®w and temperature T are
closely related to the density of states M(E) at a particular
energy level E. In this analysis an energy level scheme showp

in Figure (15) is considered.

The rate equations for the generation of an electron
into the conduction band and for an electron trapped at a
localized state with an energy Ed below the conduction band

are expressed, respectively, as
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cB.

M(E)
- m(E)

KSJaug —

b+ 1, expliwt)

" V.B.

FIGURE (15) Energy level scheme for the analysis of the
PSAMP method.

E
3 d n-n
@ : dm(E . .
at IO+Ile><p(lwt>—[ —d—t-—)dE— er (5.1)
0
Tl n(M(E) - m(E))vo - choM(E) exp (-E/KT) . .

where n is the concentrations of electrons in the conduction
band, ny the value of n in the dark, m(E) the number of
trapped electrons in the localized gap states with adensjty

M(E),,Ed the electron demarcation level, TR the recombination

time for electrons and holes in the conduction and valence’

-bands, respectively, » the thermal velocity, 0 the capture

cross—section for an electron, N, the effective density of

states in the conduction band, and @ the frequency of the

exciting light and the modulated photocurrent. It is here

assumed that the capture cross section O is independent of

"energy and temperature and that there is only one type of

taii state.
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The solutions of the rate equations are expected to
have the following forms: .
n=n+ng exp (iwt) (5.3)
(L) = m (B) + my (E) exp (iwt) . ‘ (5.4)

Using these expressions, the rate equations (5.1) and (5.2)

can be solved exactly, and one obtains

W
tan ¢ =

(5.5)
fi .

+ [*NoM(E) dE

5|
O~——17

for the phase angle ¢ between the excitation light and the
induced photocurrent(6). llere Efn is the quasi-Fermi level.
The energy that corresponds to each value of the density of

states can be calculated using the expression

_ N vao
E = kT 1n ( cm y (5.6)

~

and is measured from the edge of +the conduction band.
Assuming the cho is independent of energy, the enefgy scale
can be scanned from the bottom of the conduction band to the
Fermi level by varying the modulation frequency and tempera- .

ture.

Since the phase angle ¢j and the modulated photo-=

current 1I. are measured as a function of modulation
J

frequency in the experiment, it will-be better to express the

denominator in Equation (5.5) as a sum. Hence,

-t

fn
J ovM(E) dE +
E

1 o : :
ovM(E) 4E (5.7)

i

A=
'R .
1 ]
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1 g 0 -
A= 2 + § XT 1n GVM(E_ ) - =2, ... ,N
T siz — a1 372,00, (5.8)
where
] 1 fen
R el L (5.9)
RO R

1

Unless M(E) doesn't assume a veryiléw value,‘rRO becomes very
small and one can neglect TRdn term in Eqﬁation (5.5). By
using Equations (5.5)-(5.8) one obtains the working equaﬁions
(47),

2 ,
TRoovM(El) = 5T tan¢l (5.10)
2 . J v
_ ' s ‘ ‘ .
TR@VH(E) = =2 [ 1 +S£2kT In 5o ovTM(E, 1) 1 tangy (5-10)

where j=2,...,N | Equations (5.10) and (5.11) are the basic
relations in determining the DOS distribution. -

Aside from the phase angle between the excitation
light and the induced photocurrent, the magnitude of the
photocurrent is also measured during the experiment. Theore-

tically, the expression for the photocurrent is given as

T,~C

RO '
~ac = - v (5.12)
J We 2 2,1/2
{[1+kT T In = TROvOM(ES_f] +[ﬂkTTROvOM(Ej)] }
s5=2 s-1
where j=2,3,4,..., and C depends on experimental conditions,

and must be kept constant during a set of frequency measure-
ments at ,a constant temperature,T. The theoretical magnitude
- 0of the modulated photocurent . is calculated using Equations
(5.6), (5.10), (5.11), (5.12) and normalized to the value. at

W This value is compared with the normalized, experiment-
Sl v : '
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ally masured values of the current. If the difference between
these values is negligible, this method can be seen to be

self-consistent and its validity is further assured.

As can be seen from Equation (5.6) w corresponds to

the thermal emission rate of a trapped electron at the energy
level E.

In the experimental procedure, the modulation
frequency is varied at a constant_témperature, and the phase
shift values are determined at each,freqqency. This is then
repeated for other temperature values. ISince kaccording to
(5.6) an energy level specified with wy at temperéture T1 can
also be obtained with wz at temperature T2, the phase shift
spectra of each temperature will represent partly overlapping
sections of the same density of state distribution. These
overlapping regions and the exact position of an energy level
E cannot> be determined exattly unless the value of the

product cho is known.

When analyzing the experimental results, one of the
major problems 'is the determination of these overlapping
regions and the exact position of an energy level E. This
product ﬁp to now has been determined by two methods, one
of which depends on the existence of a characteristic peak
present in the DOS profile of each temperature(6),(9),(10)
and the other of which involves calculations utilizing the

intensity of the modulated photocurrent in addition to the

phase angle(48).

In the first method the observed peak will shift

to higher frequencies as the temperature is increased. A plot

of peak frequency versus temperature yields the activation

energy corresponding to the energy position of the localized

level associated with the peak. This value is then used to

; i i i . How-
determine the energy axis of the DOS distribution w

ever. the characteristic peak may not exist at all(8),(45) ox

even if it does, it is only when the peak is very ShaEP that
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it is possible to determine the frequencies at which it
exists. In this case different temperature-frequency combina-
tions corresponding to the same energy can be used to deter-
mine the overlapping regions of phase spectra 6f different
temperatures,but‘both these calculations and the energy axis

will be arbitrary to the extent of the assumption made for

the value of chc

This arbitrariness can be avoided if the intensity
of the photocurrent is used in addition to the phase shift
values in the determination of both DOS and the corresponding
energ} position(48). But this case>canl6nly be applied to
measurements in which the experimental conditions have been
kept constant throughout the whole experiment. This is
difficult to do. We presented an alternative solution to
determine cho even when the experimental conditions are not

kept constant(1ll).

B. A New Approach to Determining the Energy Scale(ll)

The phase shift ¢nj at the modulated frequency yj and

temperature Tn is given by Equation (5.5), as

B .
nj (5.13)
tan ¢ T 7 ‘ *
nj Anj
where
E;
A . = —— + [ veM(E)dE (5.15)
" TRo
nj

Tﬂe intensity of the photocurrent at the modulation

frequency Uﬁ and temperaturg Tn can be expressed as
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- ~“n

nj -
2 2
(Anj ! an )

{/2 (5.16)

by wusing Equations (5.12), (5.14), and (5.15). Here Cn
_depends on experimental conditions. According to FEquations

(5.13) and (5.16), by considering the triangle

n. -

we can define the following quantities

" cos ¢ - .
o .= .______n..‘]__—-:_ﬂg. (5_17)
nJd Tnj Cn

sin ¢_. B . -

— ng _ _nJ

an Inj C, (5.18)
and

_randny g (5.19)

nj Tn Anj Ty

If wermglaj:thegi'term in Equation (5.14), M(Enj) is

obtained using Equation (5.11) as

NC B . |
)= =1 (5.20)

M(E Nevo mkTy

nj

“and the energy level Enj is determined from Equation (5.6).
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In order to obtain chc' we may equate different
frequency-temperature combinations corresponding to the same
energy, E(wp,Tl) = EQuq,TZ), to oPtain

(1 vo) = —2 i (5.21)

ITn(H vo)= ———— 1In - ————1n 5.21
c Tom T Y Tp- 17 b

The major problem here is to find an wq value from among the
frequency values of temperature T2 that satisfies the above

relation for an arbitrarily chosén‘u)p value at temperature

Tl' \

In the case of constant Cn's throughout the experi-
ment, calculated nj values can be used(48). However, if Cn's
differ for different temperature data sets we have to make
use of Ynj values instead. From (5.14), (5.17), (5.18), and
(5.19), Y1p and Ypq corresponding to (wp,Tl) and (uh’Tz)

respectively are given by

Y]p—‘ A];————‘ (5.22)
mkvoM(E, ) :
2q \
A .- (5.23
'Y2q AZq ( )

Then, according to (5.15), A1p= A2q gné, since EQup,Tl) =
E(mq,Tz), Y1p= Y2q' Another way of expressing this is

tan ¢1p tan ¢2q

(5.24)
T T,

At a temperature Ty an wyp is chosen arbitrarily. The
phase shift.¢1p corresponding to this w,p and Tl'is used to

~determine Yyp- This value is found among the Y values cal-

culated from the data taken at another temperature Tz.ThmI

‘the phase shift ‘b2q and hence the cor;esponding qu are
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10 and T2
values are used in Equation (5.21)" to calculate | vo . This
value now can be used in Equation (5.6) to determine the
energy levels E nj’ The corresponding M(E1 ) values given in

Equatlon (5.20) are also calculated ,using this value. NC C

determined. This frequency- qu together with wyp, T

1
is chosen arbitrarily. M(E .) values with n=2,3,... are then

determined by normalizing each C with respect to Cl' The
normalization factor, accordlng to Equation (5.17), is given
by

*“1p _ La SRR
anq - C-l ) IR (5. 25)
In order to illustrate this procedure, "data"

generated from a hypothetical DOS distribution, given in
Figure (16), are used. For temperatures of 300, 320, 340,
360, 380, and 400 K, ¢
frequencies of 50-2000 Hz using Equations (5.6), (5.13)-(5.16)

are shown in Figure (17) and Figure (18). The parameters

and Inj values corresponding to

employed in the —calculations are cho =10_1Os—1, and
(TRva)—1=6x106 cm—3. These values were determined in the
process of finding the best fit to the original curve.. The

photocurrent values of Figure (18) are normalized with respect
to the smallest photocurrent value which is arbitrarily taken

to be 0.1.

Here we only give theé results obtained from the data
generated that are relevant for explaining the above procedure.
Figure (19) represents the determination of chq graphically.
The solid line represents Equation (5.21) with mp=70 Hz,

T,=300 K, and T,=320 K. The dashed lines represent (a) Y1ip
corresponding to 70 Hz, (b) the equivalent Yoq° (c) the

. 10
eduivalent w , and (d) the corresponding value of cho, 10
q

s—l which is exactly the same as the originally chosen value.
b v .

" The same procedure is shown for T1=300 K and T2=340 K, with

wP=‘7O Hz in Figure (20). The same value for cho Lis
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obtained.

Figure (21) shows the frequency spectra of the a
values at different temperatures. The dashed lines represent
the determination of the normalized coefficient for 02 which
corresponds to T2=320 K for an 'arbitrarily chosen C1 at
Tl=300 K. The w,T pairs that correspond to the same energy
.have.been calculatéd above aé (70 Hz, 300 X) and (202 Hz,
320 X). aqp and an representing fhese pairs are determined
from the graph, and in turn are ‘used in Equation (5.25) to
determine C2. This procedure "is repeated for the other
normalization factors of each . temperature spectra. The
.normalization constants, together with the determined cho
can now be used in Equation (5.20) to determine the DOS,

M(Enj)’ corresponding to Enj energy levels.

Figure (22) shows the final DOS distribution
calculated from the data generafed in accordance with the
procedure described above. With a frequency range of 50-2000
Hz and a temperature range‘of 300-400 XK, an energy region of
250 meV was covered. The result is in perfeét agreement with

the original curve. The energy axis has been determined

-~

exactly by the use of cho calculated from the vy -spectra.
When generating the data for the hypothetical curve.given in
Figure (16), intentionally different C,'s were taken for each
temperature Tn. The N,C values taken at each temperature are

given in the inset of Figure (22).

When analyzing experimental data through the use of
the intensity of photocurrent together with the phase shift
values it is very important to determine whether or not the
experimental conditions have been kept identical at all
temperatures. If not, all Cnp's must be normalized through the
use of @spectra of different temperatures according to
arbitrarily chosen Cl’ Failure to do so will result in a
vertical displacement of the DOS curves of different tempera-
tures. An example of such displacement of curves is giyen

in Figure (23) where instead of the varying NCC's used ‘to
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produce anure (22), N,C is taken to be constant for aILM(E )
calculations.

Recently White et al. have applied the PSAMP method
to determine the DOS distribution in amorphous silicon- .
nitrogen alloy films(hS).’Tﬁeir DOS' curves lack a characteristic
peak, and they determine their energy axis by using an
arbitrary value for the attempt-to-escape frequency N cVo - We
have applied the procedure described above to their ¢ and I
spectra data at 350, 373, and 385.K and we obtained a value

of 4.0x107241.3x10%2 s71 for Nvo -

As can Dbe seen from Figure (24), the DOS curvé that
fesulted using our method has exactly the same shape as
theirs. Their arbitrary choice of a value of 1011 s—l for
cho results in a DOS distribution roughlj between 0.45-0.63
eV below the conduction band. However, calculations based on
the above method shift their DOS distribution towards the
Fermi level, placing it approximately between 0.56-0.75 eV

below the conduction band.

C. Sensitivity Analysis of the PSAMP Method(12)"

In order to determine the sensitivity of the PSAMP
method to fine structural. features in the DOS, four DOS
distributions were considered as is shown in Figure (25). We
found it appropriate to study these DOS distributions for two
reasons: firstly because tﬁey differ from each other in the
degree of fine scale structure and secondly because these
curves have been used previously in the sensitivity ana1y51s

of the field effect method and therefore a basis for meaning-

ful comparison exists.

In the simulation, only the region between the con-.

duction ‘band and the Fermi level was considered. The energy

scale was divided into increments of 2 meV and the corre-

sponding M(E) values were rtead from the graph. For each



FIGURE (25) Four density of

in the simu

states distributions used
lation(49).
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distribution five temperature values of 250 X, 290 K, 330 K,
370 X, and 400 K and a’ffequency range of 50 to 2000 Hz were
used. These values enable us to cover an energy region of 303
meV from the Fermi level. Since the fine structure in the
distributions occurs within this region, it was considered
to be sufficient for analysing the sénsitivity of the method.
However, it would be possible to cover the whole region by

extending the temperature and frequency ranges considered.

The raw data to be meésured-during the experiment are
the phase shift and photocurrenf values determined with
respect to modulation frequency at difféfent temperatures.
These ¢j and Ij values, corresponding to the frequencies of
50-2000 Hz are calculated using Equations (5.6), (5.13),
(5.14), (5.15), (5.16), (5.18) andv(S.ZO) for each tempera-
ture. The parameters used in the calculations are cha =
1610 st and (TRoov)—1=6xlOl6 cm—3.
determined in the process of finding the best fit to the’

original curve. N,C is arbitrarily taken to be 1030. As

These values were

examples of the calculated phase shift and photocurrent
spectra, only those obtained for 250 K and 330 K are given
in Figures (26), (27), (28), and (29) respectively. Since
N vg is taken to be the same for all the DOS distribufﬁons,
tgése ¢ and I values correspond to the same energy range. The
photocurrent values given in Figures (28) and (29) are
normalized with respect to. the smallest photocurrent value

which is arbitrarily taken to be 0.1.

Phase shift and phofocurrent values of Figures (26)
and (28) correspond to the energy range between 0.109 eV and”
0.214 eV and those in Figures (27) and (29) to 0.228 and
0.307 eV of Figure (25). According to Equation (5.6), the
~higher the frequency the lower the energy from the conduction
band, that is the higher the energy from the Fermi level.
Aréund 0.300 eV from the Fermi level where the DOS distribu-.
tions 1 and & are very distinctly separated from each other
‘and 2 and 3 overlap, the phase shift spectra at 2000 Hz

corfesponding to the same energy level, in Figure (26), show
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exactly the same behavior. At about 0.260 eV, curves 1,3, and
4 cross each other and 2 is slightly below them; so are the
phase shift spectra around 200 Hz corresponding to this energy.
Around 0.170 eV curves 2,3, and 4 coincide with each other and
only curve 1 is distinctly below the other three; and around
0.130 eV all four curves coincide. As can be seen from Figure
(27), the phase shift spectra follow the same pattern; 0.174
eV and 0.130 eV cbrrespondihg to 500 and 106 Hz respectively.
Since the photocurrent spectra of Figures (28) and (29)
change slowly and monotonically, the variations in the phase
shift values, according to (5.18) and (5.20), clearly indi-
cate the distinct shapes of the DOS diétribufions. Hence, even
within the limits of experimental'errdr,Awhich'is éround +1
degree for the phase shift and around 0.17Z for the photo-
current, the distinctiveness of these measurements is still
valid. The final DOS distributions, given in Figure (30),
which is reconstructed from the .calculated "data" are in

perfect agreement with the original curves. The shift in the

M(E) values of a factor of about”103 with respect to the

original curve is due to the arbitrary value chosen for %:C

which apears in Equation (5.20).

-

The same distributions of Figure (25) were considered
in a simulation for the field-effect data(49) and the results
are given in Figure (31). TFigures (32) and (33) show the

distributions considered and the Tresults obtained din a

simulation study for the C-V method(49). In both cases the

results show very little difference in the expected spectra

of these distinctly distinguishable curves. This dindicates
that both the field-effect and C-V methods are very limited

in distinguishing such features in the DOS distributions.

Another method that has been shown(7),(50) to be

sensitive to fine structures in the DOS distributions is the

DLTS measurement technique. However, this method has been-

successfhlly applied only to doped samples and its instru-

mentation and analysis are rather complex compared with nq¢

other methods.

By contrast; PSAMP can not only be successfully
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applied to all kinds of pure, hydrogenated and doped
amorphous structures, it also does not require any assumption
about a distribution of states before analysing the experi-
mental data, and as shown above it is very sensitive to fine

structural features of the DOS distributions.
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FIGURE (33) C-V "data" generated from the DOS curve
Figure (32),(49).
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VL. CONCLUSION

In the first part of the thesis we have given the
results of the d.c. and a.c. measurements  performed on

evaporated a-Si films. , /

In order to analyze the frequency and the temperature
dependence of the a.c. conductance in terms of the classical
models like the QMT, the CBH, and the large polaron tunneling
model; we have subtracted the d.c. 6omponent from the measured

conductance. Since between 77 K and 250 K the samples obey the

Téb%'lawemdbetween 250 K and 400 K the activation energy (around

0.3 eV) is 1less than half of the expected'mobility gap of
around 0.6 eV we cannot claim that the d.c. conduction
involves band processes. Hence -both a.c. and d.c. condﬁctions
may involve interactions between localized states, ahd Equa-
tion (2.35) is not justified. Nevertheless, we have shown that
a separation of the conductivity into a.c. and d.c. par?s is

still technically possible.

We have found no resﬁlt supporting the QMT model. The
temperature dependence of s and o(w,T) agree to a certain
. extent with the predictions of the CBH model below 200 K. How-
ever the experimental results show that both s and o(w,T) are
more strongly temperature dependent above 200 K than the CBH

model predicts. Even though Reider's modification of including

variation of site energies increases the ‘temperature -

dependence of o(w,T), the increase is not as strong as our

data show. Long and Shimakawa attribute similar behavior of
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their a-Si:H samples to an activated conduction mechanism of

tunneling between tail states close to the band edges(51),
(52).

Between 150 K and 400 X the behavior of s is better
predicted by the large polaron tunneling model but the N(EF)

values calculated from this model are unreasonably high.

We have finally compared'our d. c. and a.c. data with
the unified theory EPA. The fact that the a.c. results .are in
perfect agreement with the quasi- unlversal law predicted by
this model is indicative of the same mechanism being re-
sponsible for the a.c. and d.c. conductions. However, the
quantitative parameters derived from a comparison of the data
with the model are not as satisfactory. Both the decay para-

meter, a, and the rate parameter, Ro’ are several orders of

magnitude off the "expected" results. The N(EF) values derived

from the EPA d.c. results are slightly low compared with the
“values giVen by other researchers for evapofated a-Si. Since
the evaporation rate is very low and the resistivitieeﬁof the
films are rather high, this may be due to oxygen incorporation

into the films during growth.

In the second part of the thesis we have 1ntroduced

a new method to determine the exact energy scale of the DOS

distribution obtained by the PSAMP method. We have showh that

it is possible to avoid introduction of an erbitrary factor
in determining the energy scale even for the case where the
DOS distribution doesn't have a characteristic peak. The
energy scale can also be determined exactly when the experi-
mental conditions are not kept identical at each temperature

in the measurements of modulated photocurrent.

Although we have removed the arbitrariness of the

the arbitrariness in the magnitude of thetDQS

-energy scale,
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remains. An absolute determination of the DOS distribution
requires an independent measurement of v, o, and TRO"

One of the important aspeéts of a method to be used
in determining the DOS distribution is its sensitivity to fine
structure in this distribution. To determine the sensitivity
of the PSAMP method to fine structure in the DOS distribution
we have made a simulation and obtained the expected data. The
PSAMP method was shown to be very sensitive to structure. A
comparison was made with the otherFCOm@bnly used methods and
it was shown that the PSAMP method is more sensitive to the
fine scale features in the DOS distributions than the other
methods available. Hence we can conclude that the PSAMP method
is a very effective tool in obtaining the DOS distribution
profiles, and unlike the other methods with a limited applica-
tion range, it has quite a large application range from

crystalline to amorphous materials.
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