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{ABSTRACT )

Measurements of photoconductivity and noise in two
representative amorphous chalcogenide compounds, As
and A528e3 weré made, in conﬁuﬁction with‘standard
optical and electrical studies. ‘Such measurements can
giQe detailed information on carrier transport, kinetics,
and the distribution of electron states in these
materials.-

A general review of band structure and electrical
properties of amorphbus semiconductors is given, with
particular reference to the chalcogenides.

The salient features of photoconductivity in the
chalcogenides are described, and a general approach to
the problem'is described and developed, for a phétoconductox
with arbitrary trap distribution. The‘anaiysis is applied
in this work to a éimple discrete frap model in an
'Occam's razor! approéch. Other models, involving
continuous distributions.of'localised states, are reviewed.

An account is given of the design and operation of
the éxperimen;al systems employed in the study of steady
state and transient photoccnduqtivity. Extensive use is
mgde of convenient semicondﬁct&r optical sources (e.g. a
GaAs laser).
| The general features of semiconductor noise are
reviewed, and an expressioﬁ for the generation-recombination
noise spectrum is developed for the same discfete trap

model, which illustrates why the chalcogenide glasses have



an apparently low noise. Experimental considerations are
reviewed, and the neasurement of noise spectra 1is
described. | |

Experimental results on optical,.electrical,
photoconductive and noise properties are preéented and

discussed. The interpretations for As,Te_, and A528e3

2°%3 ‘
‘are similar. Several groups of localised states, within
the mobility gap, are identified and characterised and
their roles in trapping and recombination are discussed.

The effects of applied electric field on transport are

discussed in terms of band and hopping conduction.
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CHAPTER 1

INTRODUCTION

1.1 THE STUDY OF AMORPHOUS SEMICONDUCTORS

Since the advent of quantum mechanics, the field of
crystaliine semiconductors in particular has received much
aftention,>resu1ting in a largé body of well established
thebry, and a wide range of applications for semiconductor
devices.

The theoretical approach for the behaviour of
eleétrons in such materials is facilitated by the
periodicity of a perfeét crystal structure. The theory
demonstrates that there exist bands of allowed energy for
electrons extending throughout the Erystal,separated by
forbidden gaps; and describes the distribution of electrons
in these bands.

'Little modification is requifed for the théory to
cope with small departures from perfect periodicity in
real crystals, associated with lattice vibrations and
strudtuxal imperfections such as dislocations and
impurities,'althoughlsuch defects profoundly influence
‘electron transport, by scattering and trapping.

The optical and electrical propérties of crystalline
semiconductors vary over a wide range. Conductivities,

usually temperature dependent, lie between 10° and 10710

()hm"1 mnl, while carrier mobilities are found between 10~

and lO-l m2 V-1 s~l, or greater, and bandgaps, between 0.2

6

and 2.0 eV.



There exists, however, a large group of diéordered
material#, including nonwcfystalline solids, and liquids,
which exhibit:many'typical semiconducting characteristics,
and for which there is, as yet, no complete theoretical
.framework.

A rough but-conveniéﬁf classification of sﬁch materials
is into two groups : amorphous chalcogenides and amorphous’
transition metal oxides. The chalcogenides cénsist in
general of combinations of S, Se, or Te with Si, Ge, P, As,
Sb, Bi, Tl, Pb, etc., while the second aroup contains a
transi.tion met$1 oxide as a major constituent - e.g. VZOS’
Fe203, MnO, etc. Othe; materials not included above can
élso be prepared in non-crystallinevform - the elements
Si, Ge, C, and others. This work is concerned with
materials in the chalcogenide group.

A distinction should be‘madeibetween thé descriptions
'vitreous! or 'glassy', and 'amoxphous'. The former iefers
to solids which can be prepared in bulk form, by ccoling
from the melt without crystallisation. Such materials may
be expected to refléct in their structure, that of the
liquid, though this is not always the case. ‘At any rate
the thermal history and characteristic parameters, such as
a_glass transition temperature,Tg can be fairly well
defined. Some materials e.g. Si, Ge, can only be prepared
in disorderéd form by deposition from vapoﬁr, as thin films,
where the description 'amorphoust is more appropriate, and
a relationship with some liquid structure is not well

defined.



Most materials which can be prepared in bulk glassy
form can also be prepared in disordexed form by vapour
deposition, aﬁd this includes the materials studied in
this work. Although in many cases .the thin films have
similar structural properties»and exhibit behaviour
similar to bulk prepared samples - e.g. thermal behaviour
with a 'glass transition®, they are probably not identical.
Hence the vapour deposited films used in this work will
be described as amorphous.

Structural studies of many vitréous and amorphous -
materials -~ e.g. of the radial distribution function
(r.d.f.), have shown that there is usually considerable
'short range order? ovef a few interatomic distances, and
the local environment of a given atom ‘is often similar to
that in the analogous crystal, if‘it exists. Long range
. ordex, over many iﬁteratomic‘distances,'is not preserved,
however.

An electronic theory for those materials must explain:
the existence of an electron band siructure in non-
periodic lattices - e.g. as evidenced by optical properties.
Furthefmore, transport studies indicate very short carrier
mean free paths, shorter than a free eiectron wavélength,
and of.the order of an interatomic spacing, which makes the
application of existing band theory less than certain.

It is now generally agreed that the existence of
short- range order can result in a band structure, in many
cases similar to that of the crystalline modification, but
that the lack of long range order can introduce tails of

localised states of high density extending into the



forbidden gap. The form and extent of this distribution,
and'the nature of the states, is still a mattexr for debate,
however, and ﬁence'constitutes An important field for
research. |

The presence of a high density of localised states
can greatly influence the electrical properties of
amorphous semiconductors. The disordef which gives rise
to them will greatly increase scattering effects for
carriers in extended states. The transport of these 'free!
carriers . can be interrupted by trappiﬁg in localised
states, thus drastically reducing the effective drift
velocity. Transport can also occur by carriers hopping
between localised statés, witﬁ a much lower mobility than in
extended states.

Some of.the most important questions which arise
concern the distinction betweén e#tended and localised
states and the energy region‘in the dénsity'of states
where the transition between the two occurs. Does the
carrier mobility drop sharply or smoothly with decreasing
energy? How do carriers behave in barely delocalised
states, where the mean free path is very short?

Another impprtant point is the relative insensitivity
of‘electrical properties of amorphous semiconductors to
impurities. Smali amounts of impurities have marked effects
on the electrical propérties of crystalline semicbnductors,
but with a few exceptions, this is not the case in émorphous
semiconductors. An explanation for this is that the
‘dopant! atoms can easily have their valence requirements

satisfied in the environment of a disordered material, and



hence do not give rise to defect levels.

Nevertheless much of the expe:imental evidence
suggests, especialiy in the simpler 'compound! chalcogenides,
that there may exist fairly discrete levels of localised’
States associated perhaps with quite well defined structural
defects. Such states may serve to 'pin' the Fermi level
in many materials, or may also appear against the backgrouﬁd
of the tails of states.

Experimental investigations aimgd at deducing band
structure and transport mechanisms are .therefore essential
to provide a framework upbn which theory can bé tested

-

and built.

1.2 NON EQUILIBRIUM PROPERTIES OF SEMICONDUCTORS

The thermal equilibrium distribution of electrons
among the available states in a semiconductor is described
by Fermi-Dirac statistics, and relies on electxon
transitions between the states,i;e; it is a dynamic
equilibrium. Some powerful methods of.investigating the
band structure and carrier transpért in semiconductors
involve a study of the behaviour when there are departures
from tbis equilibrium. | |

The introduction of localised éfates generally altexs:
the detailed nature of this equilibrium to a great ektent,
and methods which disturbstﬁe equilibrium will reveal their
presence. The transitions involved mdy be loosely grouped
undexr headings; generatiqn, recombination, trapping, and
trap release. IWhile in a 'trap-free! semiconductor,

recombination of electrons and hcles occurs via a band-band



transition, in the presence of even a small localised
state density, recombination via:localised states may
predominate. The presence of a large 'reservoir! of
trapped carriexs can also'slow down or add an t‘inertia?
£o the kinetics. ‘ \

The nature of the electron distribution can be
understood énd investigated on three levels, involving
increasingly fundaméntal concepts. Firstly, the values.
glven by 1he Fermi funcLlon, ‘are merely time avelages,

e.g. of carrier den51t1es, Wthh can be observed in
conductivity measurements. At the second level, the
transition kinetics, described by mass-action laws, which
produce the steady state or equilibrium distribution, can
be studied by photoconduct1v1ty 1echn1ques.‘

Thlrdly, the statistical nature of the transition
processes, which results in the macroscoplc mass-~action
law description can be investigated by noise measurements.

In photoconductivity measurements, disequilibrium i§
produced by excess optical excitation, (normally band-band)
of electrons and holes. A new steady state distribution
is reached which can be partly monitored.by conductivity
measurements i1.e. the density of those carriers responsible
for éonduction. If tﬁe excitation is moduiated, further |
information on transition kinetics can be obtained from
the time dependence of photocurrent. Spatial effects and
transport can also be 1nvestlgated more directly, using _
1nhomogeneous excitation. .
The statistical nature of the processes leading to

equilibrium (or steady state) can result in fluctuations



in the electron distribution about the average and hence
conductivity fluctuations, generally termed ‘generation-
recombination noise!'!. (Other types of noise - e.g. shot
noise, will not be considered in detail here). Strictly
4speaking, in the absence of excess'generation, this is
n§t a non-equilibrium property, but the same physical
céncepts;and matﬁehatical formalism can be used to
analyse ‘these naturally occurring departures from the
average electron distribution. The information obtained
from noise measureménts can therefore be used to’ augment.

that from photoconductivity studies.

1.3 PHOTOELECTRIC PROPERTIES AND APPLICATIONS OF

AMORPHOUS SEMICONDUCTORS

Amorphous semi.conductors exhibit a wide'rangé of
optical and phofoélectric properties, also obsexrved in
cryétalline semiconductors, which can be used to. investigate
the fundamental electronic parameters of the materials,
and which have also led to a number. of important‘applications.

Sﬁch properties include phofoconductivity,
photoluminescence, barrier and bulk photovoltages and
inteinal and ex%ernal photoemission. All of those have
been used to probe the nature and deﬁsity of states in
a number of materials.

Two of the most impo;tant applications at present
are in electrophotography - e.g. the 'Xerox'! process, and
in television t'Vidicon!'! storage tubes. Here, the ‘
photoconducting propexrties of some of tée ﬁore insulating

materials, such as. Se, As Se3, Sb283, are used. Hence, a

2



great deal of research is being done on the photoconductive
properties of these materials with a view to applications

as well as from a fundamental point of view.

l.4 SWITCHING APPLICATIONS ' AND RELATED PHENOMENA

vRecently, the observation of switching phenomena in
devices utilising a number of amorphous chalcogenides or
oxide glasses, has aroused considerable attention and
provoked a great deal of fundamental and applied reseaxch.
The basic 'amorphous switch' is a two terminal device
which can be switched reversibly (fhreshéld operation) or
bi-stably (memory operation) between a high (OFF) and a
low (ON) resistance, 5y application of suitable voltage
.oi currént pulses.

Such devices‘can be used in a number of applications
such as confrolling electroluminescent panel displays, or
és cbmputer memory elements. The use of amorphous
semiconductors in electronic devices has a number of
" advantages over crystalline semiconductors. Sophisficated
crystai growing and doping techniques are not required,
.especially as amorphous semiconductors are normally
insensitive to impuritiés.' The inbuilt disorder also
;esults'in resistance to radiation damage.

The mechanism of threshold switching,whether
electronic, thermal, or a combination of the two, is
still a matter for debate, although it is clear that
bistable switchiﬁg involves reversible structural

transformations between amorphous and crystalline. states.



Structural alterations can also be inducéd opticaliy
and several new applications utilise this property, in
electrophotograph?.('Ovography') and in laser addressed
optical memories. ' /'

/

/

1.5 THE PURPOSE OF THE PRESENT WORK .

The aim of this project. wés to develop and utilise
photoconductivity and noise techniques foxr the study of
~ band structure, carrier-kinetics, and transport in
amorphous semiconductors. |

The materials chosen for the research were simple
prototype 'compound! chalcogenides, Aszse3 and AszTe3
which szrve as a better startihg point for interpretation
of results than the more complex multicomponent alloys.
Furthermofe,'the two materials have significantly diffexent
properiies, and could be described as representative of the
twé ends of the fspectrum' of chalcogenides.

Asé8e3 is a wide-gap semi-insulator, typical of
the photoconductors used in electrophotography, while the
relativély conducting AszTe3, although not a good switcﬁing
‘material, is similar in many respeéts to typical switching
alloys. .

The research carried out, therefore, could hopefully
ﬁelp in understanding both the fundamental electronic
properties of.the materials, gnd'the mechani.sms involved
in their applications.

A number of different models for photoconductivity

in amorphous chalccgenides have been proposed. In the

present work it was hoped that standard techniques could be



used, with some novél aspects, such as the use of
semicondﬁcto: light sources - in a consistent way to
test the validity.of these models foxr the selected
materials. Parameteré such as carrier lifetimes,
mobilities, and trap densities could then be.extracted
from experimental data. |

Previous reports of noise in amorphous or vitreous
chalcogenides give little information other than
phenomenological aspects. it was hoped that noise studies
could prove more fruitful than thié, and augment or

corroborate the interpretation of photoconductivity data.
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CHAPTER 2

ENERGY RANDS, CONDUCTION AND

STRUCTURE OF AMORPHOUS SEMICONDUCTORS

! !
s
!
« .
]
v
;

2.1 CRYSTALLINE SEMICONDUCTORS /

2.1,1 BAND THEORY OF CRYSTALLINE SOLIDS

The application of wave mecﬁanics to the problem of
electrons in solids has provided the basis for the -
“interpretation of thermal, optical, and electrical
properties of semiconductors, in terms of tband-theory! .

The form ahd'restrictions on one electron wave
functions in perfect periodic lattices can be obtained by
solution of the Schrodinger wave equation and the Bloch
theorem predicting solutions with the periodicity of the
lattice. Two contrasting approaches have been employed -
the 'tight binding' and 'nearly‘freé electron?! models.

| In the tight binding approach the starting poiht is
an isolated atom of the material, with the electrons
arranged in specific configurations in a series of discrete
allowed energies, aréund the nucleus. Interaction occurs
between neighbouring atoms in the solid and the wave
fanctions asséciated with indiyidual atoms overlap. Tight
binding theory assumes weak interaction and shows how the
atomic wave functions'discrete energy levels - particularly
for outer electrons, become spread into quasi continua
or allowed bands, separated by forbiddgn regions.

The 'nearly free! eiectron model assumes strong
interaction and large overlap of atomic wave functions.

The allawed electron energies are quite different from the
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atomic eigenvalues. In tﬁis treatment, the periodic
potential of the ion coresA(terther with the average .
_electron.cloud‘potential) is small compared to the total
energy of the electron. Again allowed/and forbidden
bands result. Both approaches are apﬁ;oximations and
the choice of one or the other depends on the material
in question. |

The form of the bands ~ in particular the relation
between electron energy E, and'propagation constant or
wave nunber k depend in detail on .the lattice structure
involved. In many cases there is a parabcelic relation
between E and k at the band edges and electrons in thééé
states behave like free electrons in an electric field,
but wi.th an offective mass m* not in general equal to
the free electron mass. |

‘The distribution of allowed electron statgs with
energy is denoted by the function g(E) where g(E)dE is
the volume density of states in the range E to E + dE.
For free particles the parabolic E-k relation (in 2-

dimensions) leads to a simple result

L ) )
E° m 3 J 1 2.,1.1

g(B) = 8\/32n m%

h
1rie form of Q(E) in crystalline solids again depends on
the lattice structure, but for.paraboli¢ band edges, the
density of states near the edges is similar to that for
free particles. Figure 2.1 shows schematically the form

of g(E) for a simple cubic lattice.
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2.1.2 THE FERMI DIRAC DISTRIBUTION

The available electrons in a solid in thermal
equilibrium are distributed among the allowed states
. (extended and localised) according to Fermi-Dirac
statistics. These statistics are appropriate to electrons
as indistinguishable particles, occupying étates in
accordance with the Pauli e#clusien principle, which allows
each quantum state to accept only one eleétroh. The .

occupation probability fo(E) for a given state of enérgy

E, is
£ () = 1 2.1.2
o E - EF - A
1 + exp (.—kT )
where E. is the equilibrium Fermi level (at which £ (E) = 3)

k is Boltzmann's constant, and T the absolute temperature.
Thus in a distribution of states g(E), ' the density of
cccupied states n(E)E within the range E to E + dE, can

be written
n(E)dE = g(B)'fo(E)dE 2.1.3

At OK, all the states below Ep are occupied, and all

those above, are enpty. The value of E_ itself is

F
témpérature dependent, and the relation depends upon the
form of the density of states, which through charge

' conservation requires that for all allowed energies

,/.g(E) fO(E)dE = constant (all temperatures) 2.1.4
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i.e. asymmetry in g(E) will cause E_. to shift from

F
©its zero temperature position at T > O. A further
implicit temberatﬁre dependence arises from the effects
of thermal expansion on the band structure often causing ‘a
decrease in allowed band separation with tempefafure.
Figure 2.2 illustrates the form of the equilibrium
Fermi function for several tempexétures. The fstep' form -
at OK is shown, while at higher temperatures the variation

is shallower, and E_ may shift.

F

The detail of the processes whefeby the equilibrium
distribution is attained - i.e. By electron-transitiéﬁs
between‘states, will be discussed later in chapter 3. For
example, at temperatures greater than OK electrons can
be excitéd into previously.empty;states (ahove EF) Qy}
interaction.with lattice vibiations or absorption of
bla;k—body.radiatipn.

Electronic transport properties, under the influence
of an applied electric field, involve a redistribution of
electrons, which cannot occur in a full baﬁqo In
-semiconductors and insulafors at OK, there are no partially
full bands as in metals. The highest full band, the
vglence band, associated with boﬁding states, is separated
from fhe lowest empty band, the éonductién band, by a |

forbidden gap ~ i.e. E_ lies in this gap at OK.

F
Figure 2.3 illustrates scheﬁatically the electron
distribution at finite temperature. In a semiconductor the

band-band excitation provides a limited number of free

electrons in the conduction band, and the empty states

left in tbe valence band contribute to current flow, as
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positive charge carriers or holes. The hole distribution
can be described in a similar way to the electron
distribution; usihg the complement of the Fermi function
T,E) =0 - £, (2)).

The case described is that of an 'intrinsic!
semiconductor. The presence of impurities or defects can
introduce states into the band scheme which can significantly
alter the electron distribufion, giving rise to 'extrinsic'

behaviour.

2.1.3 LOCALISED STATES

'Localised.stgtes, for which the,elecfron'wave
function does not.extend throughout the crystal, occur
for a number of reasons. Substitutional atoms of different
valency than those which they replace, interstitial atoms
and vacancies; are all common in c¢rystalline semiconductors
and.give rise to localised states whose energy falls in
the normally forbidden gap.

The ‘'defect’ distorts the perfect periodicity of
the lattice and can produce a region of lower potential
energy for an electron or hole in its vicinity, resulting
in'a state sufficiently displaced from the allowed band as
to 1ié in the forbidden gapo'

For example, group V impurity atoms in crystalline
Ge or Si, introduce'monovalent fdonor' centres near the
conduction band, which can be ionised to produce free
electrons af temperatures at which intrinsic excitation

is negligible.
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Vacancies and interstitials can also result in
localised states, Qhere valence honds are unsatisfied.

Such states as those mentioned above, often present
a Coulomb attractive inverse square potential for the
relevant carrier when they are not occupied by that
carrier, hence in this state they may be described as
'Coulombic!' centres. Other potential configurations are
possible, however. For example, some centres associated
with impurities such as Ni, Co, Fe, in Ge may, when
neutral, present a moderatély long range inverse fourth
powér potential, caused by interacti&n between a carrier
and the polarisability of th¢ centre_s(l)°

Since the structural defects in crystals discussed_
" above are'usuélly well defined deviations from the
fundamental lattice structure, the localised states will
have well defined properties. For exanple, thgy may all
lie at roughly the same energy, giving rise to a
'discretg level! of localised states within the gap.

The equilibrium occupancy function of equation 2.1.2
must be modified somewhat for localised states to take
into account spin or orbital degeneracy; In the simplest
case of a monovalent state with s-like wave function, the
state may trap an eléétroh of either.Spin'(i %), but,
having captured one electron, cannot normally capture

another. This gives

1

f,(E) = E - E,
' 1 + % exp (—kiz——-—-

)

The spin degeneracy factor here, is 2, but can take other

values for other types of localised state.

’
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The processes by which the electron distribution is
attained when localised states are present have produced
a fairly loose nomenclature describing the roles played

by the states. A state acts as a recombination centre for

/

a given free carrier, if, having captured the carrier, the
probability of capturing the oppoSite carrier is greater

than that of thermal re-emission to the same band. Aﬁ
eleétron hole pair is therefore annihilated by this process -~

. recombination via a localised state. For a shallow trap,

the probability of thermal re-emission is greater than that
of captufe of an opposite carrier, and the state can be
said tovbe in *thermal contact'! with one band. There is

no qualitative difference between the two, as the
difference is only one of‘relative probabilities(z). The

word '‘trap! will be used as a general description, in this

" work.,

A more detailed discussion on the varxious transitions
and phenomenological trap parameters, such as capture cross

sections, follows in chapter 3.

2.1.4 CARRIER TRANSPORT

Even in érysfalline materials, the perfect periodicity
giving rise to Bloch wave funétioﬁé, does ﬁot exist at
finite temperatures,.dué to lattice vibrations and
impurities. The wave-function problem is altered to one
where Bloch functions take part in scattering processes(3’4).

Electron and hole motion in the bands is interrupted by

scattering events and the average distance travelled
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between scattering events is tﬁe mean free path or
shubweg. Analysis of the carrier distribution and
behaviour under a perturbing force is effected by the
Boltzmann transport equation(S). :Under the influence of
en'electric field this leads to the concept of free
carrier mobility.uoe In some crystalline semiconeuctors,
e.g. Si,.this can be as high as 107t n? vt g7t or .
greater, with a shubweg approaching 1076 n.
Apart‘from eonductivity measurements a nunber of
other measurements allow investigation of carrier
distribution and transport processes - e.g. Hall effect,
Magneto resistance, thermopo@er. |
Localised states, as well as acting as scattering
centres can heve a drastic effect in their trapping role,
on chérge transport via extended states. A given‘carrier
or group of carriers will have its motion in extended
states interrupted by a series c©f trapping and release
events,-and.the'effective drift velocity will be reduced
by the fraction of rhe time that 'a carrier is free.
Consider a discrete trap leyel, density Nl’
acting as shallow traps for electrons. If the trapping

at energy El

<

time 1s.7 and the release time T then an effective

t t 2
trap -limited electron drlft mobility p nd may be deflned(6 7)
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2.2 AMORPHOUS SEMICONDUCTORS

2.2.1 BAND STRUCTURE IN AMORPHOUS SEMICONDUCTORS

That many amorphous materials exhibit semiccnductor
behaviour and appear to have a forbidden gap as do
crystélline semiconductors is evidenced by optical and
electrical measurements(s). Although the theory of
electrons in such materials is not yet as advanced as
that for crys%als, a number of models with some common -
features have been proposed;

The disorder occurring in glassy and amorphous
semicenductors-arises from a number of causes. For
example, phonons and impurities, structural disoxder -
'e.g. fluctuations in bond length and angle, and
compoesitional disorder in multicemponent.materials.
These produce spatial ahd potential fluctuaticns in the
periodic potential environment of the electron.

Structural studies using techniques such as X-ray
diffraétion have shown that although the 'long range
oxder! over say tens of angstroms, does not exist in
amorphous materials, short range 6rder, over a few atomic
separations 1is presentsg)Thus, an atom iﬁ the aﬁorphous
modification of a substance can have the saﬁe QOnordinatién
énvironment as in the crystal, and the local potential
environment of an elect;on would be similar in both
cases. Joffe and Regel(lo) concélude that an electron
band~-structure depends on short range order and should
exist in amorphous materials as in crystals, subject to

certain modifications.
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Figure 2.4 shows some of the densify of states
models discussed in the literature. The band'edges are
no longer well defined, and *tails® in the density of
stafes extend into the previously fo;biddeﬁ gap. The
exactvnature and distribution of thé{é/states is still
the-subject of contrbversy, and if is probable that there
is no one general band-structuré model for amorphous
semiconductors as indeed ocne does not exist for all
~crystalline semiconductors.

The éonsequences of long-range disorder on the band
~ structure have been discussed by a number of authors.

(12),

Gubanov , using a disorder parameter characteristic

Qf the méterial éonsidered small spatial perturbations in
'the>periodic potential and formally related well—depfh‘
fluctuations. Linear combinationé of unperturbed Bloch
functions give the new solutions. In general,.the results
obtained show that the allowed baﬁds broaden in energy,

and have_diffuse edges. Large short-range fluctﬁations
produce large potential deviations and states b@lbw the
unperturbed band-edge, which are localised.

Cohen(lB) discussed, for clarity, density fluctuéfioné
in a binary alloy, say AB, where:A is the major constitﬁent,
and'consideféd the band structures for pure crystalline A
and the substitutional alloy AB.

In tﬁe amoxphous form,‘spatial fluctuations.in the
density of B produce states beyond the band edges of the
AB crystal, wﬁich are localised ; i.e: 'téil sfates'°

Cohen further postulates that, with sufficient

disordexr, which may occuxr in the multicomponent chalcogenides,



.

Density of States

| Deh;ity of States
(c) |
Fig24 Density of States Models

(@) C.FO. |

(b} Mott-Davis

(c) 'Discrete’ Levels
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the tails of the conduction and valence bands may overlap -
see figure 2.4.a. As the tail states retain the charge/
"occupancy nature of their appropriate 'parent' bands,

the equilibrium Fermi level E will be situated near the

'cross-over' with filled (negative) conduction band tail
states below EF; and empty (positiVe) valence band tail

states abgve~EF. The density of those states at the

Fermi level could be as high as 1025--1026 m"3 'l’

/

pinning B quite effectively.

eV

Mott{1%) has discussed the nature of the electron
states in amorphous semiéon@uctors, using the model of
a disordered impurity band (*Anderson bénd')(ls) where
fluctuation is introduced into the well depth in a
periodic array. One form of the criterion for localisaticn.
is that electrons in such states do not contribute to

the d.c. conductivity at OK, even if E. lies in the range

F
of these states. Andersons arguments apply to a'whole
band, and are extended by Mott to demonstrate that
below a critical energy (and density of states) in thé
tail of a band, the states become localised. The
consequences of this will be discussed later.

Apart from the more or less featureless tails in
‘the dénsity‘of states already mentioned, it seems likeiy
that in many materials more definite structure in the
density of states should exist(l3)n For elements and

(11)

simple compounds such as Se*' (16)

: (9) .
A528e3 , and Asz’l‘e3
structural studies have indicated a high degree of short

range order. Thus, defects in such materials can also

" be expected to be structurally well defined - e.g. broken
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bonds, vacancies,.chain ends, and would have reasonably
well defined electron energy levels associated with them.
The -band' structure could-be similar ?o that of the
analogous crystal, but with somef'smearing out!' of the
discrete localised levels, and b;nd—tailing of relatively

~limited extent.
(17)

Mott has’poiﬁted out that in such materials as
émorphous Se, the band tailing should be less than
~0.2 eV iﬁ ext@ﬁt, and recent work(la) has shown that
there do exist deeper‘states; perhaps not associated
with the tails. |

'Pinﬁing' of fhe Fermi level by deep-lying states
can be achieved in a similar mapﬁer to the 'C.F.O0.?
overlap model, and Mott(lg) hés proposed a modél, shown
in figure 2.4b, where th broadened overlapping centres
in the forbidden gép; éssociatedlwith dangling bonds,
serve this purpose, whiie the localised band-tails may be
fairly.limited in extent. Again, there is no reason why
a number of levels associated with different défects
should not eﬁist.

For éxample, Marshall and Oﬁen(zo) proposed a model,

}

shown in figure 2.4c, for ASZSe incorporating twn

3"
faifly well défined‘;bumps' of lqcaliéed §tate$ in the
forbidden gap.- The states were 'coulombic!, i.e. donors
in the upper half and.acceptors in the lower half of

the gap, in almost‘equal concentrations. ‘This-
phenomenon of 'auto;compensationf is fa%fly well known:

in crystalline semiconductors, and here served to maintain

EF in its roughly mid-gap position, at sufficiently high



temﬁerature. There is now some doubt concerning the
Vcoulombic" nature of these centres,‘but the model, and
the paper aré'still valid for séy, neutrallétatesov

As will be discussed in chapters 8 and 9, many of
the results of the present investigatiqn gan-ﬁe explained

in terms of fairly discrete levels.

2,2.2 STRUCIURE AND BONDING IN As,Se, AND As,Te,

The brief discussion on structure in this section

deals mainly with the chalcogenide materials relevant to

this work - A828e3 and AszTe,.'

~‘Much of the investigation of the structure of the

chalcogenides, has naturally cenired on the simpler

. L - o . (9,16,21-25)
binary SsSystems Aszb3, AsZSe and AJZ‘QB .

are known to be

3)
Crystalline As,Se,, and As,S

(22,26)

3’ 3
and have pronounced layer structures.

isomorphous,
Fiéure 2.5 shows échematically a single layer viewed
‘along the normal to the layer plane’(OlO plane)a' The
network consists of shallow triangulayr pyramids joined'
together to form twelve-membered puckered rings. The
bonding within the layer is covaient; and the co-ordination
numbers are 3 for As, and 2 for Se or S. The layers afe
Weakly bonded primarily by van der'Waals'interactions.
Studies of bulk glassy A528e3, by X-ray diffraction’
methods(gl) show that the first and second interatomic
spacings are very similar to those in the crystal, and
the co-ordination numbers are the same - i.e. the short
range oxder is preserved. The layer structure is

' probably broken up to a certain extent, becoming more of



Fig 25 AsSe_ Crystal structure : plan view of
| 2 3 . S ‘ -
— single layer (ref149)

Fig 2.6 A52Te3 Crystal stfuctﬁre (refl6)
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a thfee dimensional network with layers cross-linked, or
broken up into rings or smallex covalently bonded
groupings. It is. also possible that the layers can
brxeak down into chains.

Electron diffraction studies were carried out on
| (24)

evaporated films of As,Se, and Asé’l‘e3s by Andrievskii et al

In As,Se, films, the values for the first and second
interatémic distances are close to the values for the
crystal, and the glass. The co-ordination numbers,
however, for As (~ 6) and Se (~4) are higher than in the
crystal and glass. It is probable then, that the structure
of the thin films is significantly different from that

of the bulk material.

During evéporation, some dissociution ﬁrobably occurs,
and the vapour may contain a number of small molecular
units.. fhe film structure is probably a three-dimensicnal
network with little vestige of tﬁe layers in tﬁe.crystal.

The structure of crystalline AszTe3(25’9) is
somewhat different from that of crystalline AS23e3-
Figure 2.6 shows the structure which consists of zig-zag
chains in which the arsenic atoms are octahedrally and
triéonally bound -to the te}lurium atoms. The arsenic atoms
therefore have co-ordination numbers of 6 and 3 respectively,
and the tellurium atoms, 3 or 2 - i.e. there is considerable
ionic bonding. The strucfure could be interpreted as
extreme crimping of the layef structure, with the layers
bonded by the six fold co-ordinated As atoms.

. . 21
Vaipolin et al( ) studied glasses in the system

'ASZSe3 - AszTe3, and found increasing co-ordination



numbers with addition of Te. Assuming there to be
layered structure in the glass, this was interpreted as
'cross linking' or 'spot welding' between layers, at
points where the arsenic atoms were'si$Ffold co-ordinated,
although the bonding in the glasées wég predominantly
covalent. Fitzpatrick and Maghrabi(lﬁ), interpreted
X-ray studies on glassy AszTe3 in terms of random
covalently bonded As'.[‘e3/2 groupings, arranged in a three

. dimensional network, similar to glassy AszseS. These
authors theréfore argued that the short«range‘order in
Asz'[‘e3 changes significantly on crystallisation. The fgct

/

that crystalline AszTe3 is a.degenerate‘semiconductor with
metallic properties, while vitredus A521e3 is semiconducting;
gives weight to this argument.

Andrievskii®s electron diffraction studies on
evaporated Aszre3(24) reveal first and:second interatomic
distances very similar to those in thelglass ~2.6 & and
~3.9 8 respectively, and co-ordinaticn numbers for
As ( ~S,l) and Te (3.4) at room~teﬁperature, again rather -
higher than invthe glass.

The formatioﬁ of the electronic band structure in
chalcogenldes from molecular orbital states and the part
played by short range order, has been dlscussed by a
numbexr of authors(l4’27’28)u

When the group VI elements appear in two-fold
co-ordination, the upper part Ef the valence band in the

solid is formed from their unshared, or lone-pair?

states in .t orbitals, while the conduction band is formed
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from antibonding orbitals. This is in contrast to the
tetrahedrally bonded semiconductors, such as Ge and Si,
where the valence band is formed from bonding states.

For example, figure 2,7.show$ the;formation of

4 /
bands in crystalline Se from the 4 ﬁ ghd 4 s states, as
the atoms axe brought together(27); /The p-states form
the antibonding (conduction) and bonding bands, above
and below the occupied lone-pair (valence) band, which
iies‘close to the oxiginal 4 p eneigy level. The 4 s
states, wnich in Ge are hybridised with the 4 p states,
to forﬁ antibonding and bonding bands, lie well below
the p states in.Se. A similar situation will exist when
the Se is bonded in two fold co-ordination. with other
atoms, such as As.

The effect of disorder on the band structure, and
the formétion of tails of localised states, have been
estimated by Mott(14)o It is 1ikely from the ﬁreceding
discussion that the valence band is less affected by
disorder'than the conduction band, and has a narrower
range of loc@lised tail states. In the vitreous forms
of the simp}er binary fcompound' chalcogenides, such as
5 and As,Te,, the valence baﬁd tail could be

limited to £ 0.2 eV. As mentioned earlier, there may

ASZSQ
also exist several levels of localised states, in the
forbidden gap, associated perhaps with broken bonds.
As the structure and bonding in amorphous films of
A528e3 and AszTe3 may be somewhat different from the

bulk glasées, as mentioned above, the band structures

could also be rather different. However, measurements/
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| Fig 277 Sketch of energy bands of Se vs -

nearest neighbor 'distqn_’ce | G
(ref 27) |
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n
(18,20,29,30) of a number of electrical

measurements
properties e.g. drift mobilities in evaporated films
and thin bulk vitreous samples, of A828e3, Se, and other

chalcogenides, give very similar results, indicating

that such differences must be small.

2.2.3 CONDUCTION IN AMORPHOUS CHALCOGENIDES

Transport of charge under the influence of an
applied field can occur in a number of ways in amorphous

semiconductors. These include

Normal extended state transport

Diffusive ox percolative motion in 'barely
deloc;alised9 states |

Hopping in localised band-tail states

Hopping in localised states near the Fermi level

Polaron hopping

These will be discuésed with reference to the
density of states model of figure 2.4b. For convenience,
électron transport will be discuséed, although holé
conduction predominates in most materials.

Figure 2.8 which rebeats the ;pper half of the
density of states of'figure 2.4b, shows sChematicall?'
how the mobility p(E) of carriers in the.states is
expected to vary with energy at a finite temperature, ana
gives the occupancy f(E) (Fermi function) for those
states. The‘overall conductivit& may be thought of as

contributions from a numbexr of transport mechanisms

operating in parallel, and can be expressed as



Enérgy

|

> — ' >
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=55

"Fig28 Contributions to Conductivity from
~ States at Different Energies
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. /eg(E) £(E) w(E) dE 2.2.1

for electron. transport, and figure 2.8 shows schematically
the contributions to ¢ at various gnergies;.

Well into the extended states, conventipnal
electron transbort is likely with a relati?ely loné4
mean free path, i.e. much greater than an interatomic
spacing, and a mobility perhaps greater than 1072 p? yv-1 71,
At room temperature however, thé occupancy of those
states will be very low and they will contribute little
to the low field d.c. conductivity.

At energy E, (and E, in pﬁe valence band) the
mobility is thought to drop by two to three orders of

.magnitude(13’l4).

According to Mott(14) Fhis is a fairly
sharp mobility edge,'as 'Anderson localisation! sets in,
while Cohen(13) suggests a ratheyr smoother variation |
starting above E.

Transport in states just above EC (baiel& delocalised)
was suggested to be diffusive(l3) with a mean free path

of the order of an interatomic.spacing ( ~3 X) and a

mobility, By s corresponding to diffusive motion

o1 2 -3 2 -1 <1
Ko =% Vel R /kTA 10 m Vs 7. 2.2.2
where v ol is an electronic frequency, of the order of

lOls Hz, and R is an average Jjump dls*ance.
The contrlbutlon of this process to the conductivity

is of the form

E'c: B EF
T FO0axt P~ ) 2.2.3



where the pre-exponential factor Ooxt = eg(EC) kT“o"

has been estimated theoretically(l4) to be of order
2 x 10% 27t nt.
The mobility edge has also been interpreted in terms

of a 'percolation thresholdi(8»31)

at E_. " Below E_ there
are islands' of allowed localised regions, separated by
potential barriers, while at E = EC the prébability of
an interconnected path through the material of allowed
regions (channelé) becomes finite.

| Just below EC, conducti.on will.occur by thermally

activated ihopping' of carriers between localised

states(17)’ and the mobility can be written
=1y eRP/KT exp (-W/KT) exp (-2 o R) 2 5.
“hop 6 Vph exp g P 2.4

where vph is now a phonon frequency, "'lO12 Hz,.exp (-2 o R)
is a tﬁnnelling factor, and W, a hopping agtivation‘

energy. The conductivify contribution of:the bahd tail

may be written

E, - E ' :
—A————E) exp(-%’-) exp(-2 a R) 2.2.5

= 71 exp( -~ T

Thop(1)
-1 -1 (17)

<

1€ 20 & m EA

the band-tail, and AW, hopping activation energy.

where 0° is the effective limit of

liopping conduction in states near the Fermi level

could also occur(l4), with an even lower mobility, and a

low activation energy, about half the width of the band

of states at EF' At very low temperatures Mott(32)

argues that hopping to distant sites becomes more

probable, and this gives

log o = A - r /4 2,

[$8)
.
[e)}
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The total conductivity is the sum of all ofithese
contributions, and the question arises as fo which
mechanism dominates in a given material under given
conditions. Bearing in mind the 103 drop %n mobility
at E_, in materials with band tailing of < 0.2 ev, it
is probable that extended state conduction would dominate
at room temperature. Some experimental results are
reviewed in 2.2.4.

Emin et al(33) have recently suggested thqt small
polaron coﬁducfion may occur in disofdered;chalcogénides.
The polaron.céﬁcept, 6riginally applied to ionic
materials involves the self-trapping of a. carrier in
the potential well associated with the carriers?
distortion of the local lattice. This'configuration
is known as.a small polaron when the carrier is localised
on a single atomic site. The mobility.is of the order
of 107 n® vt sul, and the activation energy for’
conduction contains a. generation term, and a hopping term,

as does the hopping conductivity of equation 2.2.5

2.2.4 REVIEW OF ELECTRICAL PROPERTIES OF CHALCOGENIDES

This section reviews some of the main features of
tﬁe eiectrical properties of disordered cHalcogenides.'
More detailed discussion on the materials studied in
this work - As,Se, and As,Te;, e.g. on localised state
distribution, will be given later.

The d.c. conductivities of many chalcogenide

compositions gives a good straight line piot of log o vs 1/7

around room temperature, i.e.
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E

0 = C exp(~ E%) | 2.2.7

where Ea_ranges from ~0.33 eV for GeTe(34) to 0.92 eV

for A52$e3(35) and 1.05 eV for A9282(35).f Typical

values fdr the multicomponent switching aﬁloys range

between 0.45 and 0.55 eV. Eo_is‘usually about half

the optical gap Eo so that thé~chalcogénides appear

pt’ ,
to have 'intrinsic’ semiconductor behaviour. Room _
. . | .
temperature conductivities vary between ~10 1 i 1 m 1

4 4
for As,S

255 For many of

those materials, C lies between 105 and 106 R*l m-l, as

(36)

for AszTe3T128e, and '~LO

‘'pointed out by Stuke

[

The temperature variation oxX the activation energy,
.estimated from optical gap measurements can be included

in equation 2.2.7, i.e. ‘

.
E_=E(0) - YT 2.2.8

o

where Y'.is roughiy half the optical gap temperature
coefficient, y and EG(O) is'the'extrapola;ed zero
femperature value of the activation energy.

This gives C = T, exp(ﬁ%&, and as Y %s typically
~5 x 10-4 ov-K 1 (37), o is 2 i04 2t nl for such
méterials, probably indicatiQe of extended state
transport, at room  temperature. (Thé facﬁor 2 in the
temperature coefficient may be roughly juétified by the
observation that E, is abogt half the optical gap in
these materials). |

In some materials, e.g. A5283(3$), the value of C

~is much lower (< 103), and this may indicate the.



predominance of hopping conduction at rbom;temperature.
Evaporated chalcogenide films -often give log g vs /T
plots which curve off to lower slope, at low temperatures
(< 150 K)(38). This could be interpreted as a transition
to hopping coﬁduction, or in terms of q}'soff’ mobility
edge. ‘
Using equation 2.2.1, for a linear téil of states, Davis
and Mott(17) estimate that extended state conductiion
should predominate at room temperature, if‘the extent of
the band tail is less than ~0.2 eVO' Thus if fhere is
extgnsive band tailing, as predicted by Cohen(l3),
e.g. for multicomponent alloys, tﬁen hopping may
predominate at room temperature. Unfortunately, there is
no unambiguous way of checking the extent of possible bénd
tailing.
Finally, recent reports, e.g. by Emin et a1(33),
suggest that polaron conduction in disordered chalcogenides
could give fairly high values of ag within an order of
1 m-l

lO4 e » @ value which previously would have been

taken to indicate, say diffusive transport in extended

states(17’39).

The question as to whether band or
hopping conduction predominates in such materials, is
therefore still open.

Thermoelectric power measurements in liquid(4o) and
a(41,33)

soli chalcogehides haQe shown a positive
coefficient S, indicating that hole transport predominates
Its magnitude, of the order nV K-l, is siﬁilar to that
obtained in crystalline semiconductors, and it is.

inversely proportional to temperature. The thermoelectric



power can be written

E |

( oF +'constant ) 2.2.9

where Es'is a characteristic activation ene#gy.

Again, results-have been interpreted in terms of
band and hépping'conduction. In his measurements on
liquids (in AsSeTe systen), Edmond(4o) assumed band

“conduction in an intrinsic semiconductor, with a higher
hole mobility, and put E, = Eg/Z where Eg is the gap
: béfween exfended'states, or mobility gap;':He found
E_ > Em in these materiais. 'Owen(42) assumed ambipolar
conduction (electrons and holes) to fesolv? fhis
discrepancy. ;
In contrast some-reéent measurements gn solid
chalcogenides by Emin et a1(33), have'giveﬁ ES < Efo'
Emin assumes polaron hopping conduction, aﬁd.argueg that
B0;= ES + AW, where AWis the Hopping ac£iva¥ion'energy or

mobility activation energy.

Hall effect measurements, in chalcogénides,(33’43-46)

normally indicate n-type conduction, in chtrédiction to

l

thermopower measurements. In addition, the Hall 'mobilities

5 2 -1 -1
m

obtained are of the order 10~ vt §”", which makes

interpretation in terms of normal band-trénsport
unrealistic, as the lower limit of microscopic mobility

in extended states, even for 'diffusive! motion should

4 -3 2 -1 -1 (13,17) §

"be 1077 - 10 \Y

' ¢ . . o
Measurements by Male ?3) on various liquid and

vitreous.chalcogenidés revealed Virtually’no temperature

‘

dependence, as might be expected for extehded state

1
|
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: (33,44) .
transport. More recent measurements'” "’ ) in

a number
of.chalcogenides give an activated Hall mobility with
" a.small activation energy (< 0.1 eV).

When the mean free path is of the order of an

/
interatomic spacing, as in diffusive{pgnd transport or
when conduction is by hopping, it has been suggested
that a minimum of EEEES sites afe involved in the ' jump!
processes leading to a Hall effect, and this could lead
~to tﬁe 'sign anomaly'?'.,

There havé been a number of theoretical treatmenfs
of the Hall effect in low mobility materials(47-52) but

there seems .to be a lack of detailed agreement.

Drift mobility. The drift mobility (iiy) of carriers

injected into high resistivity, low ﬁobility materials
(18,30) (20,29) |
b

such as Se A528e3 , has been measured by
a transit fime technique developed by Spear(54); The
results have normally been interpreted in terms of trap-
limited band transport, so the mobility acfivafion
energy giveslthe trap depth in the simplest case of a
discrete level. Typical figures, for room temperature
mobilities and activation energies, range from

-5 m2 vt 571, 0.21 - 0.28 eV (at low temperatures)

=10 02 v 71 ang 0.43 eV

10

Yor holes in'Se(Bo) to ~10
e (20) o

for holes in A528e3 and it is normally found that

the hole mobility is greater than the’ electron mobility.

a.c. conductivity. The a.c. conductivity o (@) has

been observed to have a frequency dependence c(w) a W

with n £ 1, in the range of frequencies up to 10 MHz,

(50,53)

)
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. (42)
for many chalcogenides -~ e.g. A5233 ’ As?Se

(56)
3

insensitivity of ¢ (w) in this range, to temperature, have
(53,57)

(55)
3 Y

o This frequency dependence, and the relative

As2Te

led some authors to interpret the effect in terms:

of hopping between localised states near the. Femmi level.
Typical densities (m"3 ev-l) for these states, from such

. 2
an interpretation range from ~ 10 4 for As,S to

273?
27
nearly 10 for AszTeB.

Optical absorption. This will be discussed again

" in chapter 3. 'The fundamental absorption edge in

. amorphous chalcogenides is more diffuse than in the
c;ystalline analogues. It is characteriSeé by an
exponentiél increase of absorption coefficient a with
photon energyﬁup to ‘values of o~ 104 - 105 mfl, and
at higher photon energies, tends to saturate, aréund
107" - 108 n7L.

The photon energy dependence at high énergies,

often fits an equation of the form. .

a ~ (hy - E__)2/hv 2.2.10

opt

an 'optical gap!'.
(59)
b

where hv is the photon energy, and Eopt

This has been: observed in AsZSe (58) and Asz’l‘e3

3
among other materials.

Various explanations of this behaviour usually
involve electron transitions which are energy conserving
but do not conserve wave number, as in crystalline

. (60) '
semiconductors. For example, Tauc assumes that such

transitions occur between extended states in parabolic

"band edges upon which the localised tails are superimposed,
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so Eo may not correspond to an actual density of

pt
states gap. Davis and Mott(l7) assume that tail-band

transitions are involved, so Eopt need not even reflect

the gap between extended states.
To illustrate this last statement, it is often found

that Eo > 2 BUJ in chalcogenideé - e.g. for A52$

(61)

3
and 2 E0_~ 2.2 eV

pt
(extrapolated to OK) ~ 2.5 eV

Ebpf (35)'
It should be noted that the high mid-gap density of

states indicated by a.c. conductiﬁity methbds, does not

' seem to contriBute to optical absorption. Davis and Mot£(17)-

argue. that this might be so because the width of the

localised state f'bump' near E_ on figure 2.4b, is small,

F
so the total density (m-3) is small. Fritzsche(®)
argues that the optiéal transition matrixiglement is
small for transitions invelving those states. In
phenomenological terms this_means that.they have a
small tcross éection', a point which is bdrne out by

this work.

Impurities. It has often been observed that

impurities have little effect on the conductivity of
‘various chalcogenides(éz), while in crystalline
semiconductors, small densities of impurity afoms'can
have a drastic effecf; This has been’intérpreted(lg).
.as implying that in these disordered materials, the
structures are such that nearly all atoms have their
valence requirements locally satisfied. Some impurities

do have a marked effect, however(63’35/°

35) ‘

that one atomic percent of silver

For example, it
has been found(

increases the conductivity of As,S, by 3 to 4 orders of

273

magnitude.
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Studies of the effects of departure from stoichiometry
have also been carried out on some chalcogenides

€.g. As - Se(35’64)

, where it was found that the
cbnductivity was highest at the stoichiometric composition
AS4QSQ60’ and the activation energy Bo_at its lowest.
Hurst(64) interpreted this as due to mobility gap

shrinkage.

2.2.5 HIGH FIELD EFFECTS

The d.c. conductivity of many chalcogenides, e.g.

(65) o (30) (66)
3 15785 8 12

Ge - As - Te - 8(38) has been observed to be electric

AsZSe , Ge s Silo - ’J.‘e4 - Asso - Ge

field dependent, with a similar’ functional dependence
for all the materials studied. Marshall and Miller!(®®)
have reviewed a number of possible mechanisms for this

behaviour which they express as ¢
oc(E) = 0(0) exp(-gi%é%ﬁil) - 2,2.11

where € is the appliéd electfic field, and a(T) is a
temperature dependent pargmeter with dimensions of
length - an 'activation length', with room temperature
value in the region of 10 R - 40 R, which increases_
linearly with‘decreaéing tempeiature. Measurements(67)
indicate that this 'single exponential! behaviour is
followed even at fields as low as 10° v mul, aﬂd is
independent of sample thickness over a wide range, from

-6

107° to 107 n (probably higher).
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Pcssible mechanisms for non-ohmic effects are

listed below..

Injection effects

Field assisted hopping

Field modified thermal trap réléaée/cépturé
Schottky effect

Hot carrier effects

Field stripping of traps

Injection effects. As discussed by Rose(z) and

L#mpert'andAMark(és) single and double injection of
carriers from injecting electrodes can give ncn~ohmié
‘space charge limited behaviour due to incréased.carrier
densities. For example, single carrier injection, when
the Fermi level (or quasi-Fermi level) is within'a
uniform disfribution‘ofﬁlocalised states, éan give,

using the present ncmenclature.

2.2.12

- (£) =-o'(0) exp( corlx(s1':rar:{t lx 8)

where 1 is the interelectrode spacing.

The pronounced thickness dependence of this and
other injection models (e.g. with shallowvtraps, or
double injection), makes it in;onsistént ﬁith the data,

- which appear to be due to a 'bulk! process. In.addition,
when mobility measurements are possible, as in Se, thé
drift mobility and conductivity ﬁave esseﬁtially the .
same field dependence(30), thus ruling out a carrier

density effect.
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Space. charge injection cannot be altogéther
discounted for samples much thinner than lQ-6 n, where

it may contribute to switching effects.
(19,69,70)

Field assisted hopping.  Various guthors
have discussed the effects of high ei?étric fields on.
hopping conduction., The effect sﬁould be similar in
. form to that observed in ionic éoﬁduction.f An applied
field will lower the energy required for a;given

tdown-field! Hop, and raise the energy reqdired for a

given 'up field:® hop, so-equation 2.2.5 is modified to

7 (€) = o (0) sinn(&ER R

) exp(kT) exp(2 o R) 2.2.13

and at sufficiently high fields, this gives an exponential
dépendence,

“Jump distances in hobping conduction ére usually
éssuméd'to be of the order.of inferatomic Spacings(7;)
while the: data would indicate larger valueq (> 10 pi4 up to
50 R). ThlS seems unllkely, but Mot*( 1) p01n1s out
that the tunnelling factor in equation 2.%.13, may be
modified, and may be > 1, if the localised states wave
fuﬁction overlaps with a number of others;

Given that this might be so, there rémaiﬁs a
1undamental objectlon to an 1ntcrpretat;on in terms of
hopplng. At fields below ~lO6 V m 1, hyperbolic sine
behaviour should occur,lwhlle.as;pointed out, exponential

-1

}behaviour prevails at fields as low as lO5 vm .

Field modified thermal trap release/capture. .An

electric field may enhance the.probability of thermal

-

jonisation of a locallsed state (reduce'r ) or modify
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its trapping cross=section (change'rt). The stéady
state redistribution of trapped and free charge
'produced, can give a field dependent conductivity.

In the Poole-Frenkel effect(?z),/depicted in figure
2.9, the ionisation energy of a ceﬁ%;é wifh a coulombic
potential is reduced by the field. 1In a simple one
dimensional treatment, the'poténtial is given by the
expression «e2/4neeox, where eiis the relative high
ffeQuency dielectric constant, €, is the permittivity
of free space; and x is the distance from the centre.
In the absence of an applied field a trapped carrier
must surmount a barrier of energy Et’ to.enter the band
(say, conduction band). The applied.electric field
lowers the'potential by an amount -e £ x, and a
maximum 'downfield? b;rrier is obtained at‘xM which is
smaller than the original barrier by an amount
ﬁ&é/kr, where S ='(e3/neeo)% o ‘The trap release
probability is increased by a factor exp(ﬁsé/kr), and
_1f other mechanisms (recombination trapping mobiiity) are
field independent, and conduction is in extended states,

this can give

Nj

o (£) =0(0) exp(%%r) - 2.2.14

Other treatments(73’74) treat the situation more

thoroughly. Three dimensional geometry has been
d(73,74)

assume and carrier emission in all directions
has been dealt wifh(74), assuming now that a carrier is
free if it approaches within ~kT of the band edge. For

coulombic potentials, Hartke showed that values of 3 up

to 50% smallexr than in the simple treatment Were possible,



Fig29 Mechanism of “Poole Frenkel effect.
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while JTeda et al demonstrated that.hyperbolic sine .
behaviour should appear for fields below 'f2 X lO6 \Y m—lu

This last observation,.and the square root
ekponent are again inconsistent With much éf the data.
'Marshall and Miller(66) examinedva number of other
potential configurations e.g. 'neutrai' centres with
l/x4 potential,.square wells, and found that, although
a 1inear exponent is approached forfsuch wells, .*Chmic!
behaviour is prédicted to high fields, in contradiction
to observation. A'siﬁilér result is found for interacting
coulombic ceﬁtres, where the potehtial barrier maximum
is half way between centres (*Poole! effect)(75).

Dussel and Boer included in é<classiéa1 treatment,
the effécts of a field dependent trapping capture
cross section, combined with a Péole Frenkel release
enhancing mechanism. Marshall and Millei'again
conclude that this would not lead to the observed
behaviour.

The Schottky effect(76) which assumes field
assisted thermal excitation}of charge carriers across a
metal-semiconductor contact, gives results similar to
the Poole‘Frénkel effect, except that a 1ower field
.depéndence is predicted, as a moving"iméée' charge is
now involved. Again this is not in agreement with
the observations - especially tﬁose of a "bulk?
mobility field dependence - whereas Schottky effect is

v

an electrode phenomenon.
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Hot carrier effects. At sufficiently high fields,

carriexs moﬁing in extended states may gain energy
- faster than they lose it to phonons. If the mean free

time is v'l, then a critical field, above which this

L . (66)
.occurs, is given approximately, by
3
g 5 5
SCIit' (kTv/2ep ) 2.,2.15
and for p ~ 1074 p? vt s—l, E .. ~10" vt
o crit

" As this occurs, carriers move into exfended states
of higher enefgy. If the mobility in the‘bahd increases
with energy(l3) as in figure 2.8, in contrast with the
situation in crystalline semiconductors, fhe conductivity
can rise rapidly, and avalanching effects: can occur(19’77).

This of course does not explain the low field effects

observed, but may'be important, e.g. in switching.

Field 'stripping! of-traps. Trappedicarriers may
tunnel directly out of traps iﬁto extended stétes,'
through the intervening potential barrier, in the
*down field' direction, when an electric field is applied;
The barrier width should be reduced to ~50 8 for
significant‘tqﬁnelling to occur, and for the relatively
deep traps observed in, say, drift mobility measurements

(e.g. 0.43.3V in A828e3), fields of the order of.
108 v n™* would be required, much higher than those at
which non-chmic effects are obseived.

Mott(lg)

and Marshall and Miller(66) have pointed
out that carriers in localised states in band tails,
close to the mobility edge, could be very susceptible to

tunnelling into extended states. This effect could occur
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at fairly low fields if the mobility varies rapidly with
energy,.giving a short tunnelling distance between
'1ocali$ed' and ‘extended' states, at such fields.
This could account for the apparent lack df.é transition
- to 'ohmic' behaviour at‘low fields, and its ubiquitous
appearance in widely different materials which, although
they might contain different distributioné of deep
levels, may all possess band tails and mobility edges.
The detailed nature of the mobility edge may not matter
too much.. |

Such a.field'stripping of shallow traps, effectively
delocalises the states, and éan Be interpreted as a
lowering of the mobility edge - heﬁce chahging the
effective depth of deeper states also. The field
could alternatively be pictured as unblocking percolation
paths between allowed regibns, - agaip effectively
lowering the mobility edge. | |

Although detailed calculations have notAyet been -
published, this interpretation of high field, effects

"seems a plausible and attractive approach.

t
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CHAPTER 3

1

OPTICAL PROPERTIES AND PHOTCCONDUCTIVITY 1IN

+

- AMORPHOUS SEMICONBDUCTORS

sl‘
. //
3.1 OPTICAL PROPERTIES

3.1.1 OPTICAL CONSTANTS

The usual terminology for propagation of electromagnetic
radiation is employed here. In an absorbing medium, the
- complex permittivity €* and complex refractive index n*,

are related as follows

Nl

¥* . PN 'J_;' iO- ¥
n* = n ~ ik = (€ /Eo) = (€ - =) GQ

N
]
W
°
—
°
—-

where n is the refractive .index, k the extinction
coefficient, and all terms may be functions of frequency .
The relation between the energy absorption coefficient & (w).

and the high frequency a.c.'conductivit)rw(w) is then

: _ 2kw _ 0 () | -
a(w) = —— = & onc | 3.1.2

where c is the free space velocity of light.

3.1.2 INTERBAND TRANSITIONS

In crystalline semiconductors, the onset of

P

electronic interband transitions when the photon energy
hv corresponds to the band gap, marks the fundamental

“absorption edge. The absorption coefficient o rises. .

steeply to values around ~10° m™Tt. The shape of .the

i
edge depends upon quantum mechanical considerations e.g.

the nature of the wave functions in the valence and



conduction bands, and the density of states, which govern
transition probabilities. ’ :

The probability of a transition eigenstates
with wave functions wm_and.wn, and eﬁefgies Em and E >
with electromagnetic perturbing force/?, is proportional

to the matrix element lenlz where

- R 3 N T . ~
Mon .[ v,© Fy, d'x (overall space) 3.1.3

for optical excitation this simplifies to the matrix
element of the dipole moment ~ the dipole approximation.

Knowing the form cf the wave functions and density of

;
states‘78), at the band edges, the form of the absorption

edge can be found. For example, in the case of direct
interband transitions, the absorption constant may be

written

- hw)

an2.2 N
. e v P4 .
a(w) = —5—- /dk | M, | '6'(L<,C - E,

m nwc

.where MVC contains the wavevector selectiion condition,

and §(EC - E - hw) contains the energy conservation

v

selection rule.



In crystals, transitions involving only photons,
are 'vertical!' in momentum space, and the initial and
final states.have.virtually the same wave number Xk, -
'direct transitionst?!. Indirect, *non vertical? transitionsf
involve emission or absorption of a phonon, with the
attendant enéfgy and momentum transfers.

A nuﬁber of different situations can arise for
either type of transition, depending upon the E -~ k
relation at each band edge, apd'the_matxix:elementPs
dependence on k. For example direct transitions may
occur at k ;¢ 0, and be forbidden at k = 0. Direct

transitions bétween states not at the band energy minima
may predominaté, so the measured opticai gap Eopt need

not equal the density of ‘states gap EC - EV although fox
indirect transitioﬁs, the agreement may be closer.
Several.'types' of transition may occur simultaneously.
Smith(79) discusses sevefal such situations in crystalline
semiconductors. For example, for direct and indirect
'allowed' transitions, the absorption coefficient is

given by

L
2

const. (hv (difect) 3.1.5

)

R
il

f,Eopt

R
li

const. (hv =~ Eo (indirect) 3.1.6

Pt)

‘Absorption below the fundamental edge may occur
due to exciten formation, when there is appreciable
interaction Between the électron hole pai: created. Forx
example; a series of exciton absorpfion lines
corresponding to different excited states of the pair

. may be observed at energies < E ; and are normally
op-t . -

\
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broadened by phononé and impexrfections, to exciton
'bands'. The energy of an electron in such an excited
state may therefore lie within the 'one-eleétxon;
forbidden gap.

As mentioned in 2.2.4, the optical gap in many
semiconductors decreases linearly with temperature,

above ~50 K.
P < 3 EO})t(T) = Eo}?t’o "'Yf 3.1.7

Below ~ 50 K, the variaticn normally flattens off,

so that Eopt(o) < E This variation is due to

opt,o°
thermal effects e.yg. expansion, on the band structure,
and its implications for the conductivity temperature

dependence were discussed in 2.2.4.

3.1.3 OPTICAL ABSORPITION 1IN AMORPHCUS SEMICONDUCTORS

In amorphous semiconductors, a fundamental absorption

edge is retained, but is normélly rather léss steep
than in crystalline semiconductors. An exponentiai tail
at low photon energies, up to values of a ~ lO5 m-l, is
observed, in many cases, (Urbachs rule),lfollowed by a
tendency to saturation at high absorption boefficients
o« ~ 107 - 10° nL, |
No well definad optical gap appears, bﬁt several

authors(l7’8o) have attempted to characterise the high

photon energy absorption in terms of an 9optica1.gap’
in the context of'preseht models of amorphous semiconductois.
0)

8 . . .
Tauc( censidered transiticns between extended

states in parabolic band edges falling, or extrapolating
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' . v ) ' X -
to zero at energies EC and Ev , slightly perturbed
to give localised tails. Transitions between
localised states, and between a localised and an

exténded state were considered -unlikely. The k-~

selection condition was relaxed, as thHe value of k in
barely delocaiised states, where the shubweg is short,
1s uncertain. The transition matrix clemerit is assumed

to be energy independent, and this leads to
a(v) = const. | M ‘|2 g(E °) g(E ' +th)dp 3.1.8
1 Tnm c v ‘ i ,

and gives

il

o -
a(v) = const. (hv - Eopt) /hg .3'lf9

1 1

where E_ . = E - E 7.
c v

pt c ‘
This form has been observed in a number of amorphous
(58)
3 )

but the optical gap obtained need not necé%sarily agree

semiconductors, 2.g. ASZTe3(59?, ASZSQB(SB), AS?S

with the mobility gap Eg. Nor shbuld the ?orm be
gssocia?ed with an Vinairept gap' as given;by aquation 3.%$6,
as the assumptions in: the analysis are qufte different.

Davis and Mott(l7) using the Kubo~Gréenwood(81)
formalism, for v(w),’assume& thaf k selecfion did not

1
epply, and that the matrix element for transitions
between localised and extended states was equal to
that for extended-extended transitions. Transitions

between localised states were considered unlikely, due '

to spatial separation.
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An expression of the form of equation.BQl.é for
a (v) was derived, giving, for linear band tailing, as
in figure 2.4b, the same<relation as Tauc obtained,
with Eopt = EC ‘_EB’ or bA

"not necessarily equal to the mobiiity gap Eg.

- Ev‘ Again this gap is

‘There have been several explanations for the
exponential tail often observed in the absorption edge.(83)
One possibility is that of transitioﬁs between localised
states in ‘exponentially distributed band edges(82).

Owen(39), and Davis and Mott(l7), argue that this is-
unlikely as |an=2 must remain constant over a wide
range of énergy; and also, many different materials
give similax exponential_slopes.

Other explanations involve excitcn absorption.

Phonon broadening of an exciton line has been considered(84),
and electric field broadening, by tﬁe\presence of randoi

\
internal fields, due to disorder, also seems plausible(ss’.

3.2 PHOTOCONDUCTIVITY 1IN AMORPHOUS GSEMICONDUCTORS

3.2.1 THE CONTINUITY EQUATIONS

| Interpretation of ﬁhotoconductivity data is
notoriously difficult, as many variables are involved :
‘optical absorptisn.énd quantun efficiency; cérrier
trapping and recombination;"transport of excess carriers;
contact effects and inhomogenieties, to name but a few.

The continuity equations, (see.e.g. van Robsbroeck(sé))

describing the behaviouir of excess carriers in sémiconductors,
can be written for the present experiméntal geonetry,

depicted in figure 3.1.. .
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This is a coplanar, or gap-cell struciure, as
described in section 4.2. The optical excitation is
applied normal to the film surface (x dire?tion)
while the appligd electric field is parall;l to the
" film surface (y direction). It éan be seén that
optical absorétion of the applied iliumination will
give rise to vaiiqtions in genérétion raté and hence
in carrier densities, in the x direction iny,<while
it will be assumed that in most cases, the applied |
y-field does not introduce sigﬁificant space charge, to
distort the constant carrier distribution in the y-

. |
direction. A one-dimensional problem resﬁlts° Thus,
for holes and electrons in extended stateé, the

|

continuity equations are

2 .
0P - 9P 9.
ot Dp axz upo ox (p 81n1:) p
‘ 3.2.1
on ‘ a2h~ d 8
ot Dy == ¢ Mo x ( lni) By

Taken ferm by term, Hp ahd Hn are kinetic‘terms;
including optical generation, recombinat#on, tfapping
et§°‘ The diffusion term involves the fréelcarrier
diffusivities Dn,a?d Dp’ normally related to the fice
mobilities by the Einstein relations, and the drift
terms involve the internal field Eint xvhich prdduces
drift currents in the x direction, when-pp # Dn‘and
when significant charge separation occuré. All terms.

may be dependent on x. BN
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The set of necessary equations is completed by

writing Poissons equation relating the internal field 5inf’

to the net charge density p(x)
A /
p(x)// 3.2.2

/
7

o) &int - 4ie
ox €€o

where p(x) includes all charged states, extended and
localised.

The discussion which follows deals mainly with the
kinetic processes, although where possible, the effects
of non uniform excitatioh, and attendant diffusion/
drift effects will be asses§éd.

An initial majoxr assumption is that holes dominate
the conductivify in amorphous chalcogenides. Experimental
data,‘reviewed in chapter 2 confirm this. It is possible
that this is due to the free hole density being greater
than the free electron density, 1f conducticn is via
extended states. In turn this could be a result of
asymmetric band tailing where the valence band is less
affected by disorder than the conduction band (see 2.2.2),
or if EF is pinngd toff-centret' by localised states.
Alternatively, the free hole mobility could be greater
than the free electfon mobility, - orx both‘situations

together.

3.2.2 OPTICAL GENERATION AND QUANTUM EFFICIENCY

Band-band generation, included in the kinetic terms
of equation 3.2.1 consists of an equilibrium rate G, s and

an excess rhotogeneration rate AG. Go.may comprise




a number of possible meéhanisms, such as phonon-aided
transitions, absorption of black-becdy radiation, etc.,
while AG is'assumed to be due to interband‘absorption of
monoehergetic photons.

N, the generation quantum efficiency is defined as
the number of 'free'Aelectron—hole pairs produced per
photon absorption. !Free® here implies free to
contribute tc conduction after the initial generation.
Sﬁbsequent £apid trapping or recombination may remove
carriers but do not affect this definition.

Some experimental methods can effectively separate
the éeneration and transport/trapp;ng processes. Tabak
and Warter(87), Pai and Ing(ss) and others describe a
charge collecticn technique in which a sandwich geometry
i1s used. By integrating the transient curfent due to
charge generated at one electrode by a- £flash of highly
absorbed light, thé total charge transported.through the
film can be measured (e.g. in Se) if recombination and
electrode injection effects are negligible._

Other methodé, such as those used hexre, can only‘
give a relative value for 7,. and some knowledge’of the
transport and recombination properties is required to
extract 7 from the photocurrent (4I) data.

In somé amorphous chalcogenides, the rélative
quantum efficiency is constant over a range of photon
energies from below the optical gap, to several £imesA

89)).

the gap energy (Fagen and Fritzsche( The photo-

conductivity at energies below the optical gap was-
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thought to be due to transitions between the localised
tail of one band, and the extended states of the other.
In some other chalcogenides, however, the absorption

in the region of EO has a low quantum efficiency, and

pt

n does not saturate until the photon energy is about

0.5 eV above Eopt' This''non-photoconducting absorption"

(87,88,90) (91)
3

has been seen in Se and As,Se . e.g. in Se,

Eopt is estimated as 2.1 eV (Davis(92)),'whi1e n does
not saturate till hv ~ 2.6 - 2.8 eV. Figure 3.2 shows
the spectral dependence. of &, and 7, reported by several

(93 - 97)

workers Se, taken from a paper by Hartke

T
burger 20) - . :
and Regensburger . Most of those measurements were .
carried out by the technique mentioned above.
Some other salient features are that 7 has
temperature and field dependences which vary with photon
enexgy. In particular, Pai and Ing(88) found that at

low photon energieas (2.0 - 2.2 eV) the high field

dependence could be fitted by a Poole-Frenkel expression

e

BE> - o
n o exp ('——-]}—,f--"-") 3.2.3

]

&
o

where the cenexrgy EO decreases with increasing photon
eneréy. The quantum efficiencies for electron and hole
generation are rougﬁiy equal,

Several models have been proposed, var&ing in the
detail which they treat, to account for this behaviour.
TQ;SQ can be roughly subdivided into'one'electroﬁ state!,

-and felectron~hole interaction!'! models.
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A one electron state model has been proposed, e.g9.

(82)

by Lanyon Here a transition bhetween a localised

tail state and an extended state will produce one !'free!
(say electron) and one‘%rapped (hele) carrier. The
quantum efficiency for hole generation would be less than
unity if the recombination probability for the trapped
carrier is greater than its thermal emission probability.
The approximate equality of electron and hole responses
over a wide range of photon energies(QB) argueélagainst
this.

The interaction models may be subdivided into
'single-processt! and 'two process' models.

Hartke and Regensbufger(go) proposed a 2-process
model, in which process 1P' involved direct interband
tfansitions, with n = 1, and process 'N' produced
excitons which were rapidly self trapped, and could not

: (lo0a) ‘ | :
be ionised (7 = O0). ILucovsky considers the molecular
nature-of Se, and the possibility of bound excitons as
excited states of Seg ring molecules.

The quantum efficiency at photon energy hv is then

e'gp(v)

n(v) = 3.2.4

1} A ' 1"

€ I:,(v) + ¢ N(v)
where e"(v) is the imaginary part of the complex
dielectric constant. Using optical data and the Krameis-~
Kronig relation, the non photoconducting absorption w%s
associated with phonon aided traﬁsitions to a weékly
bound excitcen state.

The field dependence of 7 was associated with deep

trapping and recombination effects - i.e. & range
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limitation, by which at low fields, éomé carriers were
lost. This is not consistent with much of the high |
field data, where with typical geometries, such a
limitation does not apply.

One proﬁess models have been discussed by Tabak and
Warter(gg), Davis and Mott(l7), and Knights(gg) - in
some detail. The essence of the classical freatment of
this model is the probability of separating a photogenerated
electron hole pair against their4mutuél coulomb
attraction. Figure 3.3 illustrates some of the features
of the model. For an interband transition with photon
energy hv, the excess kinetic enefgy of the caxrriers,

over the local cculomb potential, is
., = - K ~2 : 3.2.5
K.E. (hv' bopt) + e /4n§eor 3.2.5

This excess K.E. is lost by rapid thermalisation by
phonon emission while the carriers move apart in ¢
diffusive motion with a short mear free path. The rate
of loss of energy is expected to be rapid for such a

- : rolaved (17)
case if k-selection rules are relaxed .

The separaticn after thermalisation, r_ can be

. t
found fiom random walk .theory (diffusion) and the
binding energy EO at this separation, calculatéd(gs)

1

r, :<P_.(l<;g;l>“ ‘ 3.2.6
hw .
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The quantum efficiency is then found by considering the
relative probabilities, at this point, for ionisation -
which is activated, and 'geminaté recombination?,
considered constant.

The treatment accounts for the gap ot ;‘O.S eV
between absorﬁtion and guantum efficiency 'édges'ﬂ As
Eo.is dependent upon hv, the variafion of aktivation
energy for n, with photon energy, given in equation 3.2.3
is‘expiained, while Poole-Frenkel barrier iowering as
discussed in 2.2.5, accounts for ﬁhe high ﬁield dependence.
Various modifications‘tp this treatment, e.;go for low
fields, are discusse& by Tabak and Warter(87), and
KnightS(QS)o |

The model as presentéd‘allows a'contiﬁuum of binding'
energieé in aAclassical treatment, which may have limited
validity,,aithough a spreading of allowed 'discrete!
binding energies, which may be close together ét the top
of the well, could occur in sucﬁ mgterialsL Selenium
has been used as an éﬁample here; as thexesare féw
reports on quantum efficiencies in other chalcdgenides.
 It is possible that the molecular.nature 6f Se is
resppnsible forvits behavioﬁf, ana thié muSt be borne

in mind when considering other materials.

3.2.3 GENERAL FEATURES OF PHOTOCONDUCTIVITY IN

AMORPHOUS CHALCOGENIDES

Photoconductivity experiments on a n@mber of
amorphous chalcogenides, using gap-cell geometry as

. described in 3.2.], reveal several similay features.
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Among the materials studied are Ge,Teg Sb,S,,

(99) «As,Se (100)
2773 *

SlllGellA535p3Te4O’ Ge16A§35Te28512l

(101) ‘
3 3

Figure 3.4 shows a sketch of the typical behaviour

(99)

observed for AX vs 1/T at several excitation levels .

, 2As,Te,

q(102,103)

ASZSe , and ASZSe doped with Cu, Ay, In,

A maximum is observed in the temperature dependence, and
on the -high temperature side, the photoconductivity is
smaller than the dark conductivity, increases exponentially
with l/f, wikh tactivation Fnergy'[&Em, and varies
linearly with excitation F.

On the low teﬁperature side, the photoconductivity
is greater than the dark conductivity, decreases

exponentially wita 1/T, with activation energy‘&Eb, and
varies as F%. Atilow temperatﬁres, this slope may
‘decrease, as shown. |

Figure 3.5 shows explicitly the relation between ATX
and F (in phétons n"2 s-l) on a log-loé scale, for two
(100) on

temperatures, as reported by Weiser et al

2As,Te,.As,5e At low intensities, AXIoaF, while at high

2 73 3°
kS . .

intensities AI a F?2, and the temperature dependence
reverses, between those two regimes, in agreement with
the obéervations on figure 3.4.

In general these features have been interpreted
in terms of trapping and recombination kiﬁetics. In fhe
'linear! regime, recombination is ‘monomoleculart?,
while in the square root regime,'recombiﬁation is
tbimolecular'. The discussion which foilows in this

chapter examines the kinetic theory behind these descriptions.
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The wavelength dependence of the steady state
photocurrent has also been measured; using gap-

[ g - 5
(59,89,101-105) ; J Lumber of chalcogenides.

geometry
In such experiments, the generation, transport, and
fecombination effects cannot be effectively separated,
as in the 'drift? technique. described in 3.2.2. This
may lead to widely different results, on the same
material, if different measurementé and normalisation
.procedufes,are used. Figure 3.6 illustrates this for

the spectral response AI vs hy in Aszsn as reported by

(105). To clarify this point

Kolomiets(lOB) and Rockstad
if spectral sources, such as monochroﬁators, are used,
which produce illumihation whésg infensity varies with
wavelength, the photoresponse may be normalised to
constant incident'energy,_QE conétant‘incident photon
flux. Such a procedure is unreliable however, if the
appropriate 'recombination regime' is not knowh, or
unspecified. This'probably accounts for the differences
in the literaturé, and make it difficult to extract any
information on quantum efficiencies, band gaps etc., from
such data.

Two general types of behaviour emerge, however. In
some materials(59’89).the photoresponse rises to a
saturation value with increasing photon energy, near the

optical gap energy E and remains ccnstant to high

photon energies. In other materials(iOB)

opt’

s & peak is

1 ~

observed, and the response drops at high photon energies

above EO While in crystalline semiconductors, such

pt”°

behaviour is of