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ABSTRACT

The Langmuir-Blodgett (LB) technique provides an excellent method of
depositing thin, uniform, insulating films of accurately defined thickness. They
can therefore be used effectively in the investigation of metal/thin insulator/
semiconductor electroluminescent structures where the insulator requirements are
good dielectric properties allied to uniformity and an accurately defined thick-

‘ness.

The insertion of a fatty acid LB film into the gold/n-type GaP system.pro-
duces an increase in the effective barrier height of the device and also enables
electroluminescence to be observed., The electroluminescent efficiency is shown
to depend on the thickness of the organic film whereas the increase in the effec-
tive barrier height is relatively independent of this parameter, The optimum

>efficiency is obtained for a film thickness of approximately 27 nm, well above
that predicted on the basis of direct quantum mechanical tunnelling, The
increase in the effective barrier height is shown not to be due to an increased
band bending in the semiconductor and a simple energy band model, which accounts
for most of the experimental observations,is proposed. Measurements made on the
diodes under illumination both support the proposed model and provide information
about the mechanism of minority carrier injection, Diodes fabricated using
phthalocyanine as the LB film exhibit very different characteristics, in
particular the optimum thickness for EL efficiency is approximately 5.6 nm and
the diodes appear to conform to the conventional tunnel injection theory. The
prospects for commercial exploitation are quite promising in the case of the
phthalocyanine-based diodes, particularly if the system can be extended to
incorporate an efficient II-VI phosphor as the luminescent material. The results
of preliminary experiments using ZnSe as the semiconductor are encouraging in
this respect., Preliminary results for two other potential applications.of LB
films in metal/insulator/semiconductor devices are also described, The first of
these concerns an attempt to invert'the surface of prtype GaAs, with a view to
producing an n~channel inversion mode field effect tramsistor, and the second
describes the high field injection of charge into silicon dioxide, which has

potential applications in the field of semiconductor memory devices,
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CHAPTER 1

INTRODUCTION

Many electroluminescent (EL) devices depend on éhe»introductioh of -
minority carriers into the luminescent region of a semiconduétor fér their
_operation, In the majority of cases this is achieved using a fqrward biased
p-n homojunction, in which the minority carrier injection ratio (y) is
inherently very high, 'However, many materials which.have étherwiée
excellent properties from an EL viewpoint are poor amphoteric semiconductors,
i.e. they are difficult to prepare in both.jn. and ?ntypebfor@. This iév.
particularly true of the II-VI matefiéls such as ZnS and ZnSe which‘éfe very
efficieﬁt phosphors with wide, direct bandgaps, but can oﬁlyvbe made n-typé-f.
in low resistivity form. A great deal of effort has been expended'iﬁ devis-
ing an alﬁernative‘structure for such materials, One possibilify'ig to use
a metal-semiconductor (Schottky barrier) structure. HoweVef; iﬁ4such'é
device vy 1is known to be small, typically of the order of 10—4,vwhiéhv
imposes severe constfaints on the maximum EL efficiency possible ﬁsiﬁg such_ 
a device. Fortunately, this value can be improve& in a number of'ways.’>qu5
examplé,'since Y is a sharp exponential function of the-differénée bétweén_j
the majority ana minority carrier barrier heights. a éignificgnt imﬁrbvement
‘can be achieved by modifying fhe device in such a way és to increase’thé.‘
majority céfriervbarrier height, However, the largest‘increasg.ééﬁ be -
achieved by the incorporatioﬁ of é thin insulator betwéen"fhe_seﬁiconduéforv 
and the metal electrode, This increase is éfiticallj dependeﬁ;»dn the insﬁlatof
thickness and to achieve the optimum value of minority carrier injgctiqn’?aﬁiq}:-
fine éoﬁtfql»over both the thickness and‘uniférmity of the insulgting Film is
eééential. ‘ | ‘; L | :

The Langmuir-Blodgett (LB) technique has received a goéd-déal‘éfiatﬁeptigp;v
in recent years as its potential for usé.in a vafiety of applications has beeﬁ ;
increasingly recognized, One of its attributes is that it provides an exceileﬁt,

Filis of 46eurately defined




thickness, and in this respect is ideal for use in the inVestigation of MIS -
electroluminescent devices. In addition, there have beén»a number of

recent reports concerning majority carrier barrier height modification

using LB films, where the incorporation of the film is thought to increase
the height of the Schottky barrier, The aim of this stﬁdy was to attempt

to capitalize on these interesting properties by in&estigatiﬁg,a 'model’

LB film MIS EL system, based on well-charécterised materials which, if
successful, could be ektended-to>incorporate‘other LB fiims”énd semicon;
ductor materials, The system chosen for the initial investigation was’gold/
cadmium stearate/n-type gallium phosphide, GaP was chosen becauée it ié a |
well-characterised semiconductor whosevluminesceﬁt prbpérties éfe well-
understood. Furthermore, p-n junction devices fabricated ffom méterial

with similar properties aré readily available for comparison purbqses.

N-type material was chosen since the aim was to develop a system whichvc§u1dv
be extended to incorporate the (n-type only) II-VI materials ZnS and'ZnSe, |
Cadmiuﬁ stearate was chosen as the insulator because it is a particuiafly"
‘well-characterised LB film material and gold was used as ﬁhe barrier eiectrodé.i
since it has a‘higﬁ work function, and hence is expected to form:évrelatively‘.
large Schottky barrier on n-~type material., Gold also has the advahtége_of
beingbeaSy to déﬁosit as a continuous, semi-transparent evépOrated electrode
which is important from a 1ight-extraction.viewpqint; Since ﬁhe‘work‘is éon-
cerned specifically withkﬁ—type semiconducto;s, the discussidn'invsubséquenp
chapters makes the implicit assumption of an n~type material, althoqgﬁ the
bérguments are equally valid for p-type material provided the ﬁécessary'
poiarity changes are made, |

The thesis begins with a general discussion concerning thé phyéiés"pf"ffﬁﬁk.'

_electroluminescent devices which is followed by a detéiled account of'ﬁhe  ,: 
theofy ofchhottky-barrief and thin"MIS.diodes,  These chapters establish

the basic theory upon which much of the remainder of the thesis is based.



Chapter 4 which briefly reviews the technology of LB films, includes a
description of the equipment used to deposit these films, 1In chapter 5
a description of the measuring equipment used, and the procedures adopted,
in this work is given, together with an account of the device fabrication,
Also included are the results of some basic, but nevertheless very
important preliminary experiments concerned with device fabrication, The
data for GaP Schottky barrier structures, explained in chapter 6, help to
establish a standard by which the LB film MIS diodes may be judged, In
addition, the extent and influence of the interfacial layer, which must
inevitably be present between the LB film and the semiconductor surface,
is assessed, Chapter 7 details the electrical and optical characteristics
of the MIS devices and includes a detailed investigation into the effect of
LB films on the Schottky barrier height, The significant effect of incor-
porating other LB films, in particular the very stable phthalocyanine
material, is also considered; this chapter concludes with an assessment
of the future prospects for MIS EL devices based on LB technology. The
penultimate chapter describes the results of preliminary experiments aimed
at extending the system to incorporate ZnSe as the luminescefnce material and
also preliminary results for two other potential applications of LB films
in MIS devices. The first of these concerns the use of LB films in MIS
capacitors fabricated on p-type GaAs, in an attempt to invert the surface
of this material with a view to producing an n-channel inversion mode FET,
The second concerns the use of LB films in double insulator structures with
a view to achieving high field charge injection into silicon dioxide at low
voltages, which has potential applications in the field of memory devicés,
The thesis concludes with a summary of the objectives achieved and
some suggestions concerning the direction of future research in this field,

with particular emphasis on the potential for commercial exploitation,
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CHAPTER 2

THE PHYSICS OF ELECTROLUMINESCENT DEVICES

“2.1 INTRODUCTION

'Tne conversion of energy into photons can be achievcd uning a number
of different techniques, one of which is electroluminescence (EL). This
is defined as the direct conversion of electrical energy intoilight...Ic
is inportant to be.able to distinguish between'EL and other, poSsibly.con-‘
current processes such as.thermoluminescence.v This is often.achieved by
v studying the spectral cnaracteristics cfithe emicted light which, in the
case ofvEL, contain relatiyely narrow iénges of wavelength. . -

The requirements for an EL device arc essentially twofcld. Finsﬁiy;
the physical system involved must, when in an excited.statc,_be‘éble“td
relax through one or more different prcCesses; of which at 1enst one must
be radiative. Secondlyba means of exciting thic system with‘electfical
energy 1s required. 1In the vast majority of cases. this invclves the‘usc
of specially doped semiconducting material, with snitable eleccrodes to
facilitate excitation, and the subsequent‘recombinacion of‘electrcn-hole
pairs.

This chapter discusses both the excitation and recombination.pfocessesc o
in some detail bcfore describing a number of tne‘structures uséc in»EL"
devicés. It concludes with more detailed commcnﬁs pelatingvﬁo“thczspecific"

materials used in this work.

2.2 EXCITATION PROCESSES

There are many different_methods by which the population of free

_carriers in a semiconductor can be increased above the thermal equilibrium - =

value. This section deals with those mechanisms pertaining to electro-'

" luminescence, i.e. electrical excitation processes.



2.2.1 Avalanche Multiplication

Rectifying structures, such as p-n junctions or Schottky diodes, are
often employed to obtain avalanche EL, Inherent in these devices is a
relatively thin, depletion région, across which most of the applied voltage
is dropped. Under the influence of a reverse bias, the only nurrent yhich
can flow through these diodes is the relatively small,'feverSe éaturation
current. At low values of electric field (i.e. n 10V/cm), the avernge
electron energy is approximately equal to thevequilibrium value of kT. As
the field 1is inéreased,'the average‘electfon energy incfeaéés and the
electrons are then said to be 'hot'. They'arecharacterisédfby the tempera;
ture which would be required to excite these electronsvby purely thermal s
means. ~If the field is high enougn (i 105V/cm), the eiect;ons becone
sufficiently énergetic to‘pronote other electrons, bound to either lattice
or impurity atoms, into the conduction band by impact ionization. An extra
elecfron and hole»are produced, each of which can in turn create andther'
such pair. Thus an avalanche of carriers is produced by continuous.
ionization from the impact of hot cafriers. This results in a large popu-‘
‘lation of free carriers of both types in the depietion_region and, provided
_the avélanche can be controlled So that-catastrophic breakdown dnes'not'_ff ‘
nccnf, then recombination will result. Methods‘by which the aﬁalanche can:'

be controlléd are discussed in §2.4.4.A_

2.2.2 Internal Field‘Emission

Internal'field emission is the term used to descfibe.the Cfeatioﬁ;of ‘;*
free carriers in a semiconductor by enhanced quantum mechanical tunnélliné_ 
dué to high electric fields, For example, fig, 2.1 shows a Schottky batriéf?[n
structure to which a 1arge're&érsé bias has been applied. When'the'band'rn’
gdgés beéome'so steepyfhat the physical separation Between,bonnd electronsln»

~and the vacant states in the conduction band approaches tunnelling



Figure 2.1

EV_ Y e . (b)
- hole flow - o
Figure 2.2 Energy band diagram of a p-n junction (a) in éqqilibrium.

and (b) under a small forward bias.
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dimensions (é 10nm), then the electrons are able to tumnel into thé con- .
duction band by one of the mechaninms illustrated. 1In process (a) the

electrons aré injected into the conduction band directly:from the metal,

process (b) involves the tunnelling of electrons bound to impurity atoms
and (c), the so called "Zener effect" is the tunnelling of bound valénce
electrons into the conduction band, The result of one ot.more of these

processes occurring is, as in the case of aualanche multiplication, a
large population of free carriers in the high‘field regionﬂ These are

able to diffuse into the semiconductor bulk and recombine,;POSsibly

radiativéiy. |
The electric field.required for the onset of eithervof'thcsoAhign_

" field effects is a function of the partioular system émployod; it_dooends
on the type of semiconductor;.the impurity concentrations and the contnct
metal uséd. The onset of one process:usualiy precludes the other and the -
system is»often tailored to promote one mechanism in préference to the

other.

2.2.3 Minority Carrier Injection

The two mechanisms described up to this point require high electric
fields and comsequently, relatively large operating voitages.v Hououcr, in
many-instanceo an EL device whooe onerating voltagé is_iowA(é 'Stvolts)uis
desirable. This can most easily be achieved by the procosé knoWn‘és'.."‘
minority carrier injection. This concept is best understood by considering
fig.'2.2._which shows the energy band diagrams of a p-n junction.(a) in
equilibrium and (b) under the‘application of a small forwnrd.bias; At
equilibrium the inbuilt potential barrier, qvd, whose magnitude is just
sufficient to align the Fermi levels in each material,.pfevents fhe.f1°W,

_ of»eléctric current. The small current'due to minority Caftiors; created
on either side of the junction, being swept away by the inbuilt electficf__

field,is just balanced by the rate at which majority carriers surmount the



barrier by thermal means. If this dglicate equilibrium is‘alteréd by‘thé;
application of a forward bias, then the potentiai barrier is.lowered and

a current flows. The total current comprises a number of components, one

of which is the diffusion current; electrons diffuse from thé n-sidé to

the p-side and vice-versa for holes. The carriers are sa.d té be.injectedv
into the semkconductor bulk and sinée, once introduced into the op?osite side
of the junction, they are minority carriefs, the process is termed
'minority carrier injection', The result is a population of.ﬁinority
electrons and holes on either side of the juncfion wﬁich léads to the
possibility of fadiative recémbination. vThis highly idealised treatment is
useful in that it‘helps demonstrate the concept of carrier.injecfion. Thé'
picture is, however, greatly coﬁplicated in practice by Qeveral factopé not .
least of which is the existence of alternétive current mechaqisms such as
recombination via impurity levels in the depletion region.

The p-n juﬁction is the structure most often utilized to achieve
minority carfier injection and, indeed, iﬁ forms the basis of most commercial
LEDs. HoweQer, there has been considerable recent interest in the use of
Schottky barriers, or more correctly MIS diodes, as injectioﬁ,EL structuresi
and these are the subject éf this study, A thorough treatment of minority

carrier injection in these devices is given in chapter 3,

2.2.4 Exciton Formation

It is possible for a free electron and a free hole to experience a
Coulombic attraction since they are essentially alpairbof épposite charges.
In tﬁis situation the electron can be conéidered to be bound’fo'the hole .in
a hydrogenic orbit, This entity is knoWn as an exciton and since.the energy
'associated with it is less than thaﬁ of a'free_eléctron, excitonic states aré
located within the energy gap, -In fact the exciton binding energies are small

and consequently, the states are located very close to the conduction



band edge (usually within 0.1 eV), The salient feature of an exciton is
ifsbability to move through the crystal 1attice, as the energybinvolved is
transferred from atom to atom, without an associated flow‘of currenﬁ.

Since the electron. and hole are spatialiy associated, 1océlization of one
of the qharges (at an impurity céntré, for example) binds the exciton.
Bound excitons play an important role in.ﬁhe efficient prodﬁctioﬁ‘obeL in
many devices, particularly those fabricated from indirect bandgap semicon-
ductors such as GaP (see 5 2,6), Furthermore, excitonic transitions involve
energies close to the bandgap energy which is importaﬁt in the production
of light with a high photon énergy.'»

Electrons can enter exciton states in much the same manner as they
enter other states, for example by tunnellihg, thermal means or photo-
excitafion, and, once formed, have a certain lifetime before either fecom-'
bination or dissociation occurs. From an EL'viewpéint the fate of recom- .
bination via a radiative process mqét be favourable comparéd to the rate

at which dissociation or nonrradiative recombination occurs,

2.3 RECOMBINATION PROCESSES

This section describes qualitatively the various processes by which
an excited carrier may lose its excess eneréy. It is intended as a
description of the general mechanisms involved in most semiconduétors and
not as an exhaustive account of the subject, For a more quantitative treat-

ment, the reader is referred to reference (1),

2,3.1 Radiative Recombination

Figure 2,3 shows the basic methods by which recombination can occur
resulting in the production of light, These are now discussed in sequence;

(a) Interband Recombination

If a conduction electron encounters a valence band hole, then electron-

hole annihilation occurs resulting in the production of a photon of light



R
a
Figure 2.3 Radiative recombination processes}(refer'to text for

description).

Figure 2.4 Simplifiéd E-k diagrams, depicting recombinati¢n_<a)_iﬁ a
direct bandgap material and (b) in an_indirect’bahdgap |

material,



with energy, hv ~ Eg, Except at very high excitation 1eve1§ and low
temperatures(Z), the . rddiative. decay times are much longer than the
scattering times of hot carriers by lattice vibratipns, Consequently,
recombination occurs between electrons and holes which are each in
equilibrium with their respective populations. Thus most of the radiation
produced by this process has an energy equal to Eg, although the thermal
distribution of the carriers results in a broadening of the spectrum, In
such a transition the nature of the bandgap (i,e. whether the positions, in
k-space, of the valence band maximum and conduction band minimum result in
a direct or indirect emergy gap) is crucial, Fig, 2.4 shows a simple E-k
diagram for (a) a direct enefgy gap and (b) an indirect gap, In the case
of the direct gap, the probability of the transition from Ec to Ev is only
significantly greater than zero if momentum and energy are conserved(s).
Since the momentum of a photon is negligible compared to that of an
electron, such a transition must occur between states of equal momentum,
i.e, vertically in fig. 2,4(a). In the case of the indirect gap, the
transition is only allowed if the difference in momentum is accounted-for
by interactions with the lattice vibrations, i.e, by the emission of a

phonon with a specific energy, The resulting radiation has a photon energy

which is less than Eg by an amount equal to the phonon energy,.A.

(b) Recombination via Impurity Centres

Impurities, which give rise to allowed energy 1e§els in the bandgap,
are often used to activate EL, Usually the process involves the capture of
at least one free carrier although there are exceptions (e.g, the well
known manganese centre in ZnS is excited through impact iomisation), The
impurity level involved may be shallow (i,e, situated close to one of the
band edges), or located deeper in the energy gap, Usually the centre

involved is relatively deep since carriers captured by shallower centres
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are immobilised for only a short period of time which deﬁends on the
thermal activation raté, If this rate is larger than the radiative recom-
bination rate, then the centre acts as a trap ratﬁer thar a recombination
‘centre. Clearly, deeper centres are more likely to activate radiative
recombination, Another important parémeter is the density of these centres
compared to the density of non-radiétive centres, Both these factors piay
an important role in determining radiative efficiency and afe discussed in
more detail, specifiéally for nitrogen-doped GaP, b& Dapkus et 31(4); How-
ever, the actﬁal mechanism is essentially the same irrespecfive of the cqn;
centration or the position of the impurity éentfe: ‘An electfon, in the
vicinity of an ionized impurity, falls iﬁto the empty stgté - the energy -
involved usually being dissipated as heat. Providing the'radiétivé recom-
bination rate is greater than both the thermal activation rate and the non-
radiative recombination rate, the electron will recombine with a.hole_in
the valence band and the excess energy will be emitted as a photon of light,
Clearly the use Ef deep centres to activate visible EL is restricted to
semicqnductors with relatively large bandgaps, such as ZnSé and GaP, since
such a process necéssarily results in a significant reduction in photon  

energy. compared to interband mechanisms,

(c) Donor-Acceptor Pair Recombination

In semicbndcutérs where_the’doping densities aré 1argé; the Coulombic.
attraction between the donor and acceptor impurities tends to cause them ﬁo
associate into pairs, Such a pair is capable of capturing an electron and
a hole which may subsequently recombine radiatively,  Since the captufe of
carriers is subject to the trapping kinetics discussed above, thiS'type of
EL is usually only important at temperatures low énough;to quench ;hefmél
ionization (% 150K in GaP), Low temperature study revealsvavdiscreté_iine
spectrum attributed to tﬁis.kind of EL; each line being characteristicvof 

a pair with a specific separation, Clearly, the greater the separation the
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smaller the wavefunction overlap and hence the isnger the decay time, In
fact this time can be used effectiveiy to study the spatial separation of
these pairs, This separation is depicted in fig, 2.3 by using a diagonal
line to represent the transition,

One mechanism, not illustrated in this figure, is the recombination
of excitons. As mentioned previously, an electron in an exciton state is
not free but is bound, albeit loosely, to an atom, One method by which the
exciton may give up its excess energy is to recombine radiativel& resulting
in the production of a photon. If the exciton is bound to an impurity
centre, then the momentum conservation constraints may be relaxed since the
impurity can play a role in tbe conservation of momentum, This can be
important in indirect gap semiconductors where the probability of radiative
recombination is low, The specific case of excitons bound to nitrogen

impurities in GaP is considered in detail in § 2,6,

2.3,2 Non-Radiative Procésses

Mechanisms involving the recombination of charge carriers which do not
produce light are also very important as they are in direct competition with
those that do, In general, however, they are less well~understood due mainly
to the difficulty experiencedin studying them (by their very nature they do
not produce characteristic spectra). This sec£ioh deals with the basic
mechanisms by which non-radiative transitions occur, although there are
differences in detail between various systemé.

(a) Auger Recombination An electron in the conduction band, when

falling into a lower energy state, can give up its energy by promoting a
second free electron into a higher level in the continuum of states com-
prising the conduction band, This is Auger recombination, and it is non-
radiative since the excited electron dissipates its energy as heat as it
returns to the bottom of the conduction band, The process can also involve

two holes and an electron and is particularly important when one carrier

density is high and dominant.
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(b) Multiphonon Emission. An electron may also lose energy by the

simultaneous production of a number of phonons. However, inferband trans-
itions of this sort are unlikely in large bandgap materials since the
number of phonons required is so large (e.g, in GaP, Eg = 2.25eV wheréas
the phonon energy is of the order of 0,05eV). Impurity or defect levels
in the energy gap, particularly deep ones, can significantly increase the
rate of these multiphonon tranSitiong by dividing the required transition
into two or more stages. Exciton statesbcan alsq assist in this manner
as an electron canAcascade'down the allowed exciton levels by successive
production of phonons - the final trahsition occurring by an Auger'or-
indeed multiphonon process, A similér 'cascade’ mechaniém has been pro-
posed by Lax(S) who argued that a.coﬁduction band electron could‘fall into
an excited energy level of an atom, froﬁ which it can decay to the ground
state (via the allowed energy states associated with the impurity) by
successive phonon emission. |

Recombination in the vicinity.of the semiconductor surface often
represents a major loss mechanism, The perturbation of the crystal lattice
by the surface gives rise to defect levels additional t» those found in the
bulk of the materiél, although the processes by which the.excited electron

decays are essentially the same as those described previously,

2.4 ELECTROLUMINESCENT STRUCTURES

In 8 2.2 the various mechanisms by which a semiconductor could be
excited in order to produce EL were discussed, Of~thege, minority‘carrief
injection is by far the most common method used in commercial devices and
the majority of this section deals with the structures used to facilitate |
this mechanism, Since the prn homo junction is such a important device,
it is considered in some detail in § 2,4.1, The following sections

describe the Schottky barrier or, more correctly, the MIS diode which has
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recently receiyed a good deal of attentién because of its.potentiallas
an élternative td‘the p-n junction for uée with materials that are not
good amphoteric semiéonductors (e.g, many wide béndgap II-VI compounds).
Since these structures are used exciusively in this work, chépter‘3 is
devoted to a discussion of the physiés of these devices and therefore the
treatment given at this stage is rather qualitative. The fiﬁal section
deals with other structures which can be used to excite EL,:the majority

of which do not involve minority carrier injection,

2.4.1 The p~n Homojunction

Figure 2.5 shows a schematic diagram of a p~n junction (a) in
equilibriﬁm, (b) under the abplicatibn.ofva reverse bias aﬁdv(c) under
forward biaé. When the junction is iﬁiﬁially formed, eiectrons'flow from
the n-side to the p-side (and vice-versa for holes) until.thé Férmi 1e§e19
on either side of the junction are aligned, No further net'transfer.of
charge occurs. Thebelectrostatic potential fequired to‘échiéve this-
equilibrium is Qalled the diffusion.potential, Vd, and is supported by the
space ‘charge on either side of the junction, This space‘chafge arises
from the uncompensated ionized impufities in the region which is.depleted
of majority carriers - the so called 'depletion iayer', W.. The magnitudé

of the diffusion potential can be shown to be given by

j= 2

va = Kbogp ) 2bo KDy, (2.1)

P

x
H
Pl

where np represents the density of electrons in the pjtypg'material and

nn,bpp, p, are defined using the same’convention, The depletion region

represents a layer v lum thick which has a much higher resistivity than:

the bulk. This means that any bias applied to the diode will be dropped -

' predominantly across this region causing a realignmeni of the band



Figure 2.5 Schematic diagram of a p-n junction»(a)>in eqqiliBrium,‘

(b) under reverse bias and (c) under forward bias.
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structure on either side of the junction, by an amount aﬁpfoximately-e
equal to qVa, the applied Qoltage The effect of both a reverse and a
fofwerd bias can be seen in figs. 2. 5(b) and 2.5(c) respectlvely It is
possiblevto achieve relatively large electric fields in the depletion‘fegion’
even modest values of‘feverse biae,.and a reverse biased p=n juﬁctioﬁ‘haé
been used to obtain EL from a number of materials. In these cases the
excitation'mechanism is either avalanehe multiplication or field emission.
However, the forward biased p-n,iunction is by faf ﬁhekmofeAimpertant
etructure froﬁ a commercial viewpoint and the remainder of.this section
is devqted to a diecﬁssion of_this paftieqlar structure. Under fofwafd
Bies, the potentiél*barrier to cufrent flow is reduced byvan amount ‘
epfrqximatel& equal.to the applied volfaée. As a result a current, com-
‘prising a number of different processes,_flows;  Two such processes,

J

d'a'nd Jrg'are shown in fig. 2.5(c) and these represent the-diffusion

current and the net current due to recombination and generation in the
depletion region respectively. These are now discussed in turn.

(a) The Diffusion Current. When the potential barrier is lowered,

charge carriers diffuse into the material on tHe opposite side of the
! , R

~ junction which represents an injection of minority cerriers;into both

sides of the device. This is the most important curreﬁt mechanism ffem

an EL viewpoint as the injected minority carriers eré,abie to recombine

to produce light. On average, electrons on the p-side will have a life-

time, Tp during which they will travel one diffusion 1enéth; Lo before

.ré¢ombining. The parameter L is related to T by the e_quation'Ln =

1 - . E .
(Dn Tn)2 where Dn is the electron diffusion_coefficient (which is a functlon
of the electron mobility), A similar rela,tion,Lp = (Dp Tp)é'is true for

the holes injected into the n-side. The ideal'current—VQltagefcharacter-
istic is given by the Schockley equationﬁ

J = q(Dn npo/Ln + Dpp /L ) . (exp. qV/kT - ¥)» S (2.?)

for



where npo and pné are the eqﬁiiibrium concentrations of électrons in the
p-type, and holes in the n-type material respectively, Frequehtly in EL
diodes, either the eléctnﬁlor the héle.cémponeﬁt of“thé-diffusion‘currenp
is made dominant. Usually; this is eithér_becéuse radiatiVé recombinafion
is more efficient on one side of the junction, or beca;ée of the prdblems
inVolved in extracting light from Soth sides. In such éﬁéituation_the
minority carrier injection ratio, . Y, (defined as thé fatio of the
minority carrier currenf to the total current) can be yery large, indeed
close to unity, As will be seen.iﬁ § 2;5'(When EL effiéiency is»diséussed)

Y is a very important parameter,

(b) The Recombination Current, The recombination of minority carriers

via impurity levels in the vicinity of the depletion region can often be
an important current mechanism, This current is given by the approximate

relationship
J. = exp (qV/0kT) ' ‘ _ | (2.3) = .

where n is.a constant, usually between 1 and 2, This.pﬁoceés is
‘ﬁarticularly important from an EL viewpoint sincé'it does not give risé_tb
radiative recombination and is, therefore, in diréct'éompétition with thév:
rédiative‘mechéhisms. iThus-iﬁ pfactiéal diodes,much cafe is'e£éfdi§ed in '
‘order to minimise this 'loss' mechanism, This isvusually achievéq by:¢ar¢—
?ul control of the cfystal growth conditions so that'unwanted impufifies,
which ére the main source of the'rechbination centres, aré minimiéed.

Tﬁe recombination current represenfs a deviation fromfthé'idealbéurfeﬁé-
.which is predicted by the Schockley équation (eq, (2,2)), Thefe §¥e §. |
number of other such deviations; one of wﬁich-is due to the efféC£ 0fiint§fr
band tunnelling, If the n and p-type matefials are degenératelyadqpédh
“and the depletion region is very thin, a significant current can flowfduégﬁé 

quantum mechanical tunnelling from the filled states in the conduction



band on the n-side to empty states in the valence band on the p-side.
However, in most practical diodes this current is very small and not
sigﬁificant Qhen compared to the other two mechanisms. Another deviatioti
from eq. (2,2), which is pérticularly important in p-n juﬁction laser
devices, is the so called 'high iﬁjection condition'. 1In this case the
electric field in the semiconductor bulk is appreciableband consequent 1¥,
both drift and diffusion terms must be analysed. However, the current
densities required to achieve this condition are very 1argé, typically

R 103A/cm2. This is much higher than-the current levels employed in a
conventional LED and this mechanism is therefore not discussed further.

One other deviation from ideality is mentioned, for cqmpléteness. This is
the surfgce’effectvand it arises primarily because of iénic charges in the
vicinity of the semiconductor surface which induce image charges in the seffit -
conductor. These can give rise to surface depletion layer regions wﬁich
lead tovsurface 1eékage currents. However, the effect is usually small and

negligible compared to recombination in the depletion region.

2.4.,2 The Schottky Barrier -

In this section the Schottky diode is discussed qualitatively from
the viewpoint of its uée as an EL structure. Only the ideal case is con-
sidered, i.e. an intimate, abrupt metal-semiconductor intérface which ié
free from Ehe influence of interface states. Nevertheless it serves to
illustrate some of the advantages of using such a»struéfure and provides
an intreduction to chapter 3 in which the Schottky bar-ier and the tunnel-
ling MIS diode are considered in detail, |

Fig, 2.6 shows the band alignment in an idealized situation when_a
metal is brought into contact with an n-type semiconductor (a) before, aﬁd
(b) after, contact has been made, For the particular case shown (i.e. the

semiconductor electron affinity, Xg » is less than the metal work functionm,
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Figure 2.6 Simplified energy band diagramé depicting the formation of

an.ideal Schottky barrier (a) before, and (b) after, con-

tact has been made,

| (a)

(b)

Figure 2.7 " Energy band diagram of Schottky diode (a) under forward

bias and (b) under reverse bias.
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¢m), charge flows from the semicdnductdr to the metal, once contaét is
made, until the Fermi levels in the two materials align:and thermal equili-
brium is established. This results in a build up ofvcharge ét:the‘metal
surface which is countered by an equal and opposite charge in the semicon-
duptor. However, unlike the‘metai, theisemicbnduptbr is unable to accommo- .
date this charge at its surface and consequently it is distfibuted along a
length which is termed the depletion or space charge region. _The barrier
height of the junction ¢bn,‘is simply the difference between the metal work
function and the semiconductor electron‘affinity, i.e. V¢bn~j= " dm - Xy -
This is the definitive Bérriér ﬁeight‘alfhough tﬁe barrier Fséen; by 610ctrons
in the  conduction band is slightlyvlesé than this. Tt is-given by‘the
bdiffgsién voltage, Vd, which represents the amount by which thévsemiconductof{
bands are bent, This is related to dbn by»tbe rélationship; vd: =-¢bﬁ' f v8;
where s{.is the difference between fhe Fermi level and'thévconduétion_ﬁ 
Bana edge in the ‘semiconductor bulk. Fig._2.7 depicts ﬁhe bépd_sfrﬁéture |
(aj.uhder fdrward bias»(positive to the metal) and (b) uhder:feversé bias.
Under coﬁditions of reverse bias, ELAcan be obﬁainéd as a fesu1t.6f’either a
avélénche mﬁltiplicatioé6) or field emission'asiin a p-n junctién.v When a
forward bias'is applied, the degree of band bending in the semicénddétor is
reduéed aﬁd a current flows. ' This current may comprise séveral cémponcn§s 
and these are discussed invdetaii in Chapter-3..'iﬁe importénﬁ’éomponeﬁ#é

frdﬁ an EL &iewpoint are the flow of majority‘eléétrbns into the.metal‘and

the injection of minority holes into the semiconductor.r More precisely, it

is the minority carrier injection ratio, ¥y, which ié importént'as this.is
directly related to the device efficiency (seé §2.5). Unforfunately; in

‘the vast majority of cases this device is essentiélly.a unipolar (méjdritYf'v

carrier) device (at least under low or mode’rate'i_‘?forward bias conditions).

4

In fact in a typical Schottky barrier vy ~ 10" which means that it is not

practicable as an EL structure unless a substantial improvement in y can be.



- 18 -

achieved. Nevertheless these structures have received.a’good deal'of
attention recently as possible EL structures., One reason fér this is

the potential savings in processing time, and hence cost, that such a
structure offers over the p-n junction,  Another is the_féct that the
light in a Schottky barrier device is generated essentiaily at the sur-
face of the device and conéequentiy doés not héve to pass phrough the
semiconductor in order to be extracted., (The only problem.concerned with
light extraction is involved with the obstfuction due ﬁo the barrier
electrode which must‘be made sémi-tpaﬁSparent. Self—absorﬁtion in p-n
junction diqdés is a majof source of inefficiency and requires a degree

of 'device engineering' in order to reduée‘it fo acceptéble levels,)
However, the greatest stimﬁlus.has been the advances madeé in cryStal-growth
techniques?.in particular, the growth of wide-bandgap Ii-VI semiconductors
such as ZnS and ZnSe, which are extremely efficient phosthrs and can, in
principle, be suitably doped tb emit light of virtually any:aneiength in
the visible spectrum. Indeed, a réceﬁf EL device, based on ZnS, has been

(7);

reported which emits 'white' light Unfortunately, théée materials are
difficult, if not impossible to fabricate in low-resistivifybp—type form,
hence the intereéf in the Schottky barrigr structure as an alternative to
the p-n juncfion. Fortunately, the value of " 10-4 quoted previously for
Y can be improved uﬁon in évnumbef‘of ways. Most of ﬁheée involve tailor-
ing the system by varying the metal and/or the semiconductor properties
and do not usually result in great improvements. However, for a given
system a dramatic increase in y can be achievgd simply by incérpbrating a
thin insulator, between the metal and the semiconductor,“to form a metalf

insylator-semiconductor (MIS) structure. This is considered in the follow-~ .

ing scction
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2.4.3. The MIS Diode

Figure 2.8 shows an exaggerated, idealised band diagram of an MIS
diode (a) in equilibrium and (b) under the application of a forward bias.
The insulator here is assumed to be ideal, i.e; there are no defect
levels in the insulator bandgap and the<conducfion band edgé‘is givett by
the vacuum level. It is also assumed, however, that the.insulator is
thin enough to allow direct quantum mechanical tunnelliﬁg foboccur
between the energy bands in the semiconductor and‘empty states in the
metal. At equilibrium, a voltage, A,, is developed écroséﬂfhe insulator
and, in the absence of interface sfgtes? the metal-semiﬁonductor barridt
height hasibeen reduced from the Schottky barrier vaiué to a Qalue given
by ¢bn = by - Xs'- Ao. Under forward bias, a portion of tﬁe appiiéd
voltagelis dropped across the iﬁsulator and the remainder across the
semiconductor depletion region. The reéult is a reduced aﬁouht of band
bending in the semiconductor (as in the Schottky barrier case) but alsv d
relative shift between‘the metal Fermi level and the semiconductor baﬂd
structure (fig. 2.8(b)). Electrons in the conduction band are able to
tunnel into the metal but, more importantly, electrons in the valence Band
are also able to tunnel into empty states above the metal Fermi level.
This represents an injection of holes (minority carriers) into the semi~
conductor, and an increase in the minority carrier injecfioh ratio over
the corresponding Schottky barrier level has been achievéd. The reéal
picture is, of course, much more complicated than this as several factots
(not just the realignment of the band structure) have an .important effect
on the injection ratio, » In particulér, it will be shpwn that a real
insulator can cause significant deviations from theory and the EL efficieticy

of the MIS diode can depend critically on the properties of the insulator

and 1ts associated interfaces.



Jom . b % -
bbn N khvd . \ |
. o . ta Ec R ' j
Efm CessT T ---Efs . . ’
M 1 S
(a) |
A N |
Je |
< .
\\\_¥7‘ _E
—ofTTER
ém f |
| qvi ‘
Efm Th v
M I S
(b)
Figure 2.8 Exaggerated, idealised band diagram of a thin-MIS diode

(a) in equilibrium and (b) under forward bias.



If the insulator in an MIS device is sufficiently thi¢kito prevent
any current flow between the metal and the semiconductor, then EL can
often be\observed under the épplication of an alternating Vbitage(s)(g)r
In this case the metal and semicénduétor can be considered to be
capacitively coupled and during the period when_the'voltage is negative
(for an n-type material) a transient p~n junction is created at the
. surface. When the excitation voltage goes positive, the holes in the
surface inversion region are 'injected' into the n-type bulk and radiétive.
recombination can occur. However, the voltages required are relatiVe1y 

large and the external efficiencies are low, hence the structure is not

. particularly important from a commercial viewpoint.

2.4,4. Other Structures

This section deals with other structures, not previously méntioned,
from which EL can be obtained, The majority is devoted to high field,
large area structﬁreé which are designed specifically with flat panél dis-
plays in mind; hoWever, another low field, injection strﬁcture is considered
first - the heterojunction. |

(a) 'The p-n Heterojunction. This is an alternative to the p-n homo-

junction, particularly suitable for use with non amphoceric semiconductors.
In this respect it competes with the MIS diode as a possible structure for
use with II-VI materials but suffers from several disadvantages, nét least
of which is the difficulty involved in fabrication. An excellent example
of this.type of structuré is the ZnTe - ZnSe junction. ZnTe can only be
made p-type in low resistivity form whereas ZnSe can only be made n—type.
and a p-n heferojunction can easily be fabricated. This-syétem-ha§>been

. . ' 10, 11 .
- investigated as an EL structure( 0 ) and other structures studied

include heterojunctions formed from‘Cuzs - Zns(lz) and ZnTe - CdS(13);

Although these devices can, in principle, be formed from very different =
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materials, idealiy the two should'héve similar_structural properties,
particularly their 1atticé constants. This minimiées the stresses
established at the interface and hence reduces the disl&cation and inter-
face state densities, Furthermore, in order to achieve a ﬁigh minority
carrier injection ratio, the source of minbrity carriers should be the
material with the larger bandgap. Unfértunately in practical devices, at
least those fabricated from II-VI materials, thgse condiﬁions cannot be
met,  resulting in low, roém—temperature quantum efficieﬁciés withvthe
light emitted predominately in the red. |

(b) Large Area Structures. The recent increase in demand for large

area EL displays has led to a great deal of inferest in the TI-VI compound
phosphors. These structures are essentially high field de?ices and do not
require low resistivity material since the EL is usually excited by impact
ionization. - The devices can be classified into AC or‘DC'driven structures,
the essential difference being that in the AC case the active phosphdr is
usually sandwiched between insulators and capacitively coupled to the
excitafion signal. Early work concentrafed on the use of powdered phosphors
dispersed in transparent dielectrics. Destriau(14) is first credited with |
discovering the phenomenon.of intrinsic EL, using phosphor powder dispérsed
in caster oil toiwﬁich a high alternating electric field.Was applied.. More
recently, however, attention has been focuséed on the use of thin films of
phosphor and particular success has been achieved with the production of

AC driven panels. The research todate on thin film EL devices has been

(15, 16)

. extensively reviewed recently , as has the general field of EL

panels(17). Thus only some of the basic structures used in the production .
of these panels are discussed here. Fig. 2.9 (a) shows a schematic diagram
of the thin film AC EL device. Typically, the metal electrode is aluminium;i..

the insualtor may be Y203, 8131\14 or A1203 and the phosphor is glmost

invariably ZnS which has been suitably doped to emit EL of the desired
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Figure 2.9 Schematic diagrams depicting various structures used in
large area display devices; (a) A_.C. driven device, (b)
- D.C. driven 'composite' device and (c) D.C. driven powder

device.
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wavelengthf .The design of DC driven cells is much more complex and
indeed DC thin film panels have not yet reached a stage where they may
be commercially produced. The méin problem is due to the absence of
the protective insulating layer, which is present in AC de?ices, 1eadiﬁg
to catastrophic failure at 'hot-spots', Attempté to employ é curfent

limiting film between the electrode and phosphor, in orler to stabilize

(18)

the device have had only limited success . At present, the compositd
structure(lg) shown in fig, 2.9 (b) éppéars to be mOst‘proﬁising. Here
the ZnS film is the active region and the powder serves to stabilize the
structure by essentially separating the high field region from the active
region. DC driven powder devices have enjoyed much more .success and con~
siderable progress has been made in the last decade. 1ig7'2.9(c) shows a
typical device. ﬁnfortﬁnately, these devices require an initial 'forming'
process in order to produce the insulating, high field region necessary fot
their operation. This process musf be carefully controiled as the:pahel isg
easily damaged by the heat dissipated during forming. The use. of an inter-
layer as shown in (c) improves.maintenance and reduces the forming power.

Typical operating voltages for these panels are of the order of 100v
and this restricts their usefulness. Recently, however, pfogress has beet
made in reducing this value by a variety.of means such aé tbe uée of

(20)

dielectrics with ferroelectric properties or thin films of single

(21).

crystal phosphor material grown epitaxially onto semiconducting substrates
EL has also been observed from organic materials, in particular from

thin films of anthracene, formed by both evaporation and the LB

(22)

technique In this case the geometry employed was ébsimple sandwich

structure with the anthracene sandwiched between aluminium and gold

8 Vmﬁl, double

electrodes. For applied fields greater than ~ 5 x 10
injection effects gave rise to EL. Holes were injected from the gold

contact and electrons from the aluminium contact.
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2.5 ZELECTROLUMINESCENT EFFICIENCY
There are several types of EL efficiehcy normally encountered in
the literature and these are now discussed in sequence:

(a) The Visual Efficiency. This term is a photometric quantity

and relates to the effectiveneésfof:ghé emitted light in‘stimulating fhe
human eye. It has units of lumen per watt and is the luminous flux pro-
duced by 1 watt of radiation. The human eye is most seﬁsitive to light

of wavelength ~ 555 nm and at this wavelength the visual efficiency is
unity with 1 watt of radiant energy beiﬁg equivalent to 680.1umen. However,
it falls to almost zero -at fhe extremes of the eye's respoﬁse (i.e. at
380 anq 780 nm). This is an intérééting'parameter but nét'Qne whicﬁ
ﬁsualiy places constraints on LED design or fabrication.

(b) The Quantum Efficiency. This has units of photoﬁs.per'electron

and is the ratio of the number of photons emitted per second to.the number
of electrons supplied to the diode per second. Care must be exercised

when dealing with quantum efficiences as it is sometimes unclear whether

the value quoted represents an external or an internal quantum efficiency.

(The internal quantum efficiency is sometimes called the light generation
efficiency to avoid confusion,) In fact the two parameters are related

by the relationship;

n,o= M., n_Y R (2.4)

where n is the external quantum efficiency, n; is the internal or light
generation efficiency, vy is the minority carrier injection ratio and n, is
the fraction of which escapes from the diode; (ne is sometimes called the

light extraction efficiency).

(¢) The Power Conversion Efficiency. This is more conventional in

that it is dimensionless and is simply the ratio of the total radiant flux "
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(in watts) to the.input power supplied te the diode (in watts). For
moderate bias levels the power conversion efficiency is approximately
equal to the quantum efficiency since the applied voltage (multiplied by
q) is comparable to the pﬁoton energy of the emitted light. In this wotk
the efficiencies quoted are power conversion efficiencies. However, tHese
values are iikely to be significahtly'less than the true efficiency sirte
they were calculated; not from the total radiane flux, but that fractiotl
which was incident on the photodetector. This is quite acceptable for 4
comparative study such as this, although an estimate of the tree efficiency
was also attempted by 'calibrating‘ the measﬁring system using a standafd
p-n junction LED with a known external qﬁantum efficiency.

The factor which limits the maximum aftainable external quantum
efficiency in an LED depends very much on the material used. TFor exémpléj
in green light emitting p-n junction diodes, the internal euantum efficietity
is poor and this limits the theoretical maximum external effiCiency to lesd
than 1%; whereas in Zn§ EL devices the internal efficienc&-is'very high
(up to ~30%). However, in the former case, exte;nel efficiencies close to
the theoretical maximum can be achieﬁed due to efficient injection and
light extractioh processes, whereas in the latter, the maximum external
efficiency claimed for an injection EL device is " 10"4 which is a
coneequence of the poor injection and extraction efficiercies, An efficiatt
injection structure for zZnS (or, indeed, other II-VI phoephors) is therefore

highly desirable.

2.6 ELECTROLUMINESCENCE IN GaP

There are a number of important considerations when choosing materials
for visible LEDs: The human eye is only sensitive to light with a photon
energy of greater than approximately 1,8eV (A v 0.7um), which places a

minimum constraint on the energy gap of the material to be used. Furthermore,
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as discussed in § 2.3,1, the first~order nature of the radiatiye processes

in a direct bandgap semicoﬁductof means that such materials are érefefable

to those with indirect bandgaps.' Another important factor is cost. The
material must be economical to pfoduce in highfquality,llafge area férm

with good control of thé electrical characteristics. GaP satisfies two of
these three requirements; it has a'well-establishgd growth technology and

its bandgap of 2.25eV is very close to the photon energ? at wﬁiéﬁ the eye

is most sensitive. However, since.GaP_has an indirect bandgap,‘only a
minute fraction of the emitted'light ig dﬁé tb interband recémbination )

the remainder has a photon energy of less than this, determined by the
impurity content. By varying tﬁe growfh'conditionsito incorpgrate.véfying
concentrations of different impurities, EL with a range of different energieé
can be activated. The matérial used in this work was doped witﬁ nitrogen ;
which is an isoelectronic impurity in GaP (see later) and mést of'thc

- following discussion is devoted tb tﬁis particular system, A comprehensive
account of the other.luminescence mechénisms in GaP can be‘found in’

reference (1).

2.6.1 The Isoelectronic Trap

An isoelectfonic impufity atom is one which has repléced a host atom
from the same group in the periodic table.v Indepéndent studies, on
(23) 4)'re§eéléd that.éuéh impurities

. . 2
tellurium in CdS and nitrogen in GaP(

can lead to bound states in semiconductors. The work on GaP : N was soon' 

(25): Although' the

extended and the nature of the transition elucidated
outer electroﬁic strucfure of the impurity and ﬁost'atoms are Very_éimilar, '
the structure of the electronic cores may bevCOQSidérably diffqrénf. In
this'case, a short range potential perturbation¥i8>producea in the 1attiCe:

which can capture and bind a free carrier, The type of charge carrier trapped"

by the centte depends on the difference between the electronégativity of the



- 26 -

(26)

impurity and host étoﬁ Once a carrier of one type ié bound, the
centre becomes charged and the resulting long range Coulomb potential
can then trap a carrier of the éppdsife type to fofm a bbund exciton.
Nitrogen.replaces phosphorus atoms when introduced into the GaP’
lattice and gives rise to an eleétron trap located very'élose to the
conduction band edge. The short range potential which;bihds the electton
is very different to the more usual Coﬁloﬁb potential and.the electron is
highly localized at the nitrogen centre, Consequently, thé eléctronic
wave.function is more extensive inmmentum (k) :space which means that the
exciton can undergo phonon-less recombination, thus emitting a photon of
light with an energy‘very.closg to the bandgaé of GaP. iThé extension of -
the wavefunction in k-space effectiVely‘relaxes the momentum conservation
constraints usually encountered in indirect bandgap matérials and results
in a much shorter radiative lifétimé_for the.impurity centre. This leads
to a‘significant increase in theAinternal efficiency'of‘the material when
compared to non-nitrogen doped GaP. Another feature of ﬁsing nitrogen,
as an EL activator in GaP is that it can be introduqei in very large con-

.centrations (> 1019

cm-3) without'signifiéantly affecting the concentratioﬁ
of free carriers. This‘is important since non-radiative Auger recombina-
tion, which is particularly significant in indirect semiconductors, is
greatly.enhanced as the éarrier concentration is incrgased.

A different.kind of isoelectronic trap is respoﬁéible'for the efficient.
production of red EL in GaP - the $§_ca11ed 'moleculer isoelectronic centre'.
Here a Zn:0 complex replaces a Ga:P pair and results in a trap vefy similar
to the nitrogen centre but with a much greater binding energy (v 0.3eV).

This mechanism is not relevant to the work described here and is not dis-

cussed further.
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2.6.2 CGreen Luminescence Mechanisms

The features of the isoelectronic nitrogen centre make it the only
known method of producing relatively efficient, near-gap_EL'in GaP. 1In

fact there is a total four processes which give rise to measurable

~ amounts of near-gap EL in GaP; (a) the recombination of bound excitons

(24)

at isolatéd nitrogen impurities ° ', (b) the recombination of excitons

(25) -

bound to pairs of nitrogen impurities , (c¢) the recombination of free

(27) and (d) free to bound transitions(27),

excitons i.e. the recombination
of free holes at neutral donors. . prevef, only those procéésés involving
tbe isoelectronic centre afe signifiéaﬁf“from an LED vieWpoint'and; con-
sequently, only they‘vill_Be discussed ﬁere; A full account of the other
mechanisms, and additional processes whibh.are only impértant at Qéry low .
fempératures can be found in reference (1).

Figure 2.10 shows the cathodoluminescence (CL) spécttuh'obtﬁined from
a GaP LED doped with nitrogen to a conéentration of &1018 cm"3'(30)‘ The
fine structure of fhe spectrum is revealed at 77K Three dominant processés

are evident. The one corresponding to the highest energy transition is .

the well known 'A' line which is due to the recombination of excitons bound

to isolated impurity atoms in the manner described previously, Several

- lower energy mechanisms can also be identified, These include phonon

assisted recombination at isolated centres with both acoustic and optical
modes being present. The strong A-O line is the first optical-phbnon
replica. Also evident is the mechanism labelled NN1: This is the result

of phonon-less recombination of excitons bound to nearest neighbour

nitrogen pairs.. This becomes more significant as the nitrogen concentration

s e be s o 1o A1 -3 ’
is increased and as it is increased towards,mlolgcm , the EL becomes

(29)

progressively more yellow . Agaim, the NNy feature is the'priﬁciple line -
of a series, stretching down to almost 600nm (&2 eV). These can be‘attri- :

buted both to phonon assisted modes and to processes associated with pairs

of nitrogen 'atoms at various sSeparations.
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It should be noted that the spectra shown in fig. 2,10-are_the result
of CL studies, However, an excellent correlation has been demonstrated(BO)

between both spectral and efficiency properties as measured by CL and FL.

2.6.3 Loss Mechanisms

Loss mechanisms can be divided into3tw§ distinct groups; those which"
lead to a decrease in the intérnallquantum efficiency (i.e;'thOSe giving
rise to competing, non-radiative mechanisms), and those vhiéh.affect the
light extraction efficiéncy.‘ The former processes are an intrinsic feature
of the semiconductor material and can only be impfoved by éaiefui confrol
of purity and crystallinity at the.crystdl growth stage. The other
mechanisms are less fundaﬁental and significant improvemenfs can be
achieved by'employiﬁg a rangevof_&evicé engineering techhiqﬁgs.

(a) Internal Loss Mechanisms, It is instructive to define two life-

times, Tnr and Tr, associated with the non~radiative and radiative processes.
respectively. Using these lifetimes, which represent transitions by all of

the possible processes, one can define the internal efficiency as

™mr : RT

. (2.5)
Tr + 1tnr Rnr + Rr .

where Rr and Rnr are the corresponding reéombinatidn rates. It can be -
seen from this relationship that in order to increase n, oﬁe‘mugt either
decrease Tr or increase Tnr. A decreasé of well over an d;def of magnitude
in 1r is échieved by incorporating nitrogen impurities, bqt even with the

0 gm-B) possible in material grown by vapour

very high concentrations ( 10°
phase epitaxy, Tr cannot be decreased to values comparable with tnr
(typically "400ns). A further improvement in Tr can be achieved by inereas-

ing the concentration of free carriers since the creation of free and

bound excitons depend on the carrier concentration. Unfortunately, when
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the carrier concentration increases to ™ 1018cm-3,‘Auger recombination
is.enhanced and this counters the beneficial decreasg ;n‘Tp by decreas-
ing Ttnr. It would:therefore appear that the best chance of increasing

n; lies in the control of the factors.thét influence the ﬁbn-radiati?e
lifetime, tnr. As has been mentioned previously non-radiative processes
are, in general, véry difficult to‘study. In nitrogen-doped GaP this
study has been facilitated by the fact_that the exciton states involved
in the EL processes are shallow when compared to the rvom temperature
thermal energy. This means that thé excited carriers éanbbe assumed to
be in equilibrium with the free éafriervpopulation and ConSequently}
measurements of the EL (or.CL) décay‘time can‘give infofmation on the
minority carrier lifetime in the material, ‘Since the majdrity’of'the
transitions in GaP are noﬁ~radiative;'then the minority.carrief lifetime
is'appfokimately equal to Tnr, indeed? the variation of ni with Tnor

has been investigated by measuring CL décay times(gl). However, the study
of the actual proéesses and asspéiated levels through'whicﬁ non-radiative
recombination occurs is much more aifficult and, in general, these 'shunt-
paths' are poorly understood. It is knoﬁn that in Ga? (at least in n-type
'material) the recombination processes are dominated by non radiative

recombination via a deep hole trép located n 0.75eV above the valence band.

1

The precise origin of the trap is uncertain although there is good evidence

32)

to suppose that it may be due to a gallium vacancy complex( ., The trap

. . . =17 2
has been found to have an extremely large capture cross section (v 10 13 cm”)
and has been measdred in concentrations of up to "V 1015cm-3. The mechanism -

by which recombination occurs via this centre is thought to be predominantly -
multiphonon emission although Auger recombination in GaP has also been

d(33). Recombination at dislocations and at surface or interface

observe
states have also been demonstrated to occur in GaP although these processes

are believed to be only minor sources of inefficiency in device grade
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material. A discussion of these processes can be found in reference (34).
Despite the intensé’researgh carried out in fhis areé‘over the past

two decades, the best internal efficiencies achieved to date»in green

luminescent GaP are of the order of 1% which accounts for tﬁe ldw external

efficiencies of green-emitting GaP LEDs,

(b) Light_Ektraction Inefficiengies. With such a 1§w internai
efficiency, LED device design becomes very important. Tﬁé.iight extraction
efficiency must be made as large as poésible.within the coﬁstraihts
imposed by economic éonsiderations._ This is primarily a technologicai
concern and, conéequently,'only'avbrief descripfion of‘fhe major 1ossés
and their minimisation is given here. The main source-of_ioss is due to
reabsorption iﬁ the semiconduétor.before the light can be extracted, The
largest amount of reabsorption occurs in the heavily nitrbgen-doﬁed region:
although intrinsic processes in the bulk can also contribufe. bMethods of
minimising this reabsorption have been extensively sfudied_and thesé-vafy

from simple design considerations (such as choosing the junction side with

the lowest absorption coefficient to act as the LED window, and keeping

this as thin as possible), to the design of complex encapsulant structures

"affording a higher probability of escapé for the generated light. Such

encapsulants improve the refractive index mismatch at tHe’GaP/air boundary 3
and as a result, the critical angle'for escape can be increased. ,(Light
inéident on the boundary at an angle greater than this critical value»is
totally internally reflected.) Another méjor source‘of inéfficiency is

due to absorption at the Ohmic contacfs..‘Often, a>grid dieléctrié, inter-
posed between the Ohmic contact and the substrate is Qseafto‘reduce the
surface area ofvthe contact and hence the amount of abéorption.’ However,

a compromise is necessary’as the diele;tric results in a non'uﬁiform

current distribution and a higher series resistance,
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Using techniques such as these it is possible to achieve large light
extraction efficiencies and indeed green-emitting devices with external

quantum efficiencies of almost 1% have been fabricated.

2.7 ELECTROLUMINESCENCE IN ZnSe

Zinc selenide, and indeed all of the‘IIﬂVI phosphore; have a direct
energy gap which means that radiative.prGCesses can compete efficiently
with the alternative, non-radiativelIOSS mechanisms. Coﬁsequently, it is
possible to produce material with very higﬁ internal luminescence
efficiencies. (For example, the ZnSe used in.this work had an internal

efficiency estimated to be approximately 30%(35)

.) Unfortunately, the
growth of these wide-bandgap materials (possessing the deeired pfoperties)
in a reprqducible, controllable fasion is an exacting problem, and this
has been a major factor in preventing the widespread exploifation of such
materials in LED fabrication, Nevertheless, their importahce for use in
display devices in general has led to a great deal of research aimed at
elucidating the mechanisms responsible for producing'lumieescence in theee
materials. These processes can be divided ihﬁo two groups,“namely edge

emission and deep centre mechanisms.

(a) FEdge Emission. Edge emission is the term used to describe emission

resulting from transifions between levels located close to the band edges.
The photon energy of the emitted light then corresponds quite closely (withine
a few tenths of an electron volt) to the bandgap energy. Fdge emission in.
IT-VI cempounds in general has been attributed to a number of different
processes. Photo- and cathodoluminescence studies heve enebled free

exciton, bound exciton and distant pair recombiﬁatioﬁ, togeeher with their
phonon replicas, to be identified; These processes have been described

previously and will therefore not be described here.



(b) Deep Centre Luminescence, These mechanisms can be divided into

localized and non-localized categories, In the non-locaiized transitions, -
electrons or holes in thé semiconducfor band$ make transitions to the
impurity level itself (i.e. the process described in § 2.3.1). 1In
localized transitions, the emission and gbsorption précesses occur within
the electronic structﬁré of the impurity.ion. Transitioun mé£a1 elements
(e.g. manganese) or rare-earth ionms giQe risé to this type of process.,
Such imﬁurities are usually excited by’impaét ionization éqd; conseduently,
have little relevance‘to this work, |

A wi&e range of impuritiés Have been used to activatenon¥1oéa1ise&
tfansitions in II;VI materials, includiﬁg copper, aluminium,andvdhlorine.:
Alternatively the emission may be selfnactivated with intrinSiCdefects
such as vacancy complexes giving rise-to radiative transitions.

The luminescence properties of the pérticular matefial'vafy greatly"
dépending:bn the growth conditions aﬁd the concentration of Qnintentioﬁai
impurities. In particular, it is often difficult to produce material in
which the cdmponent due to edge emission is domiﬁant, ‘More often the
_1uminescence properties are dominated by deep.centre mgchanisms resulting
from the incorpofation ofvextrinsic impurities or the,forﬁafion of intrinsic_
defects. The ZnSe material used in this study (see chapter 5) has been
.shown to pfoduce dominant'ﬁear gap luminescence using.favoufable growth’

(36)

cbnditions , although deep centre mechanisms ére also e§ideﬁt. In fact
in some samples, particularly those grown on (111) oriented GaAs substrates,
the luminescence properties were dominated by broad band,;'lowervenergy' |
emission associated with copper imﬁurities. The near-gapiiuminescence was
identified to be due to both free exciton recombination»and the.;eCOmbiﬁa-

tion of excitons bound to neutral acceptors(BS),
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SUMMARY

This chapterxhas dealt, in a.qualitative, manner with the pﬁysics
of electroluminescent devices, béginﬁing'with-a'discussion‘of the genefal
principles involved and pfogressing to.a descriﬁtion of thé specific
mechanisms present in the material.ﬁsed in this work, The section on
electroluminescent structures ﬁfovided a general déscripfion of a number
of device configurations used'fo obtaiﬁ EL. 1In the folloWing chapter,
those structures-of‘partiqular iﬁtereét to this work, ﬁamely theASchottky
barrier and the metal-thin insulator}semicondﬁctor diode, are diSCuségd

in more detail.
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CHAPTER 3

SCHOTTKY. BARRTER AND METAL-THIN INSULATOR - SFMICONDUCTOR
- DIODE THEORY

3.1 INTRODUCTION

The first report of rectificétion between a metal (point) contact

and a crystal dates back to 1874(1); However, desﬁite the intensive

research carried out since then on first point, and then planar contact

diodes, many aspects of metal-semiconductor barriers have yet to be fully

explained. This is particularly true of the mechanism of»fOrmatibn of a

Schottky barrier, although recent work has enabled a numver of promisihg

theories to be developed. The question of'Schottky barrier.formation;is

considered first in this chapter, beginning with a brief review of early

- theory and ending with a description of the more recent schools of

thought; This is followed by a discussion on the properﬁies-df (and

processes involved in) a ' near-ideal' Schottky diode, i.e. the situation

which is usually achleved in normal, practlcal cases. ‘fhe remainder'of
the chapter is devoted to the theory and applications of the metal-thin
insulator-semiconductor (thin—MIS).diode. For the purposes of this dls-
cussion, the insulator is taken to be ideal. That is, to have band edges
coincident with. the vacuum 1évé1 and no defect ér impurify levels in the
bandgap. It will be shown that while thé inclﬁsidn of suéh aﬁ insulator
into the Schottky barrier structure compiicateé the picture quite con;

siderably, it can, under certain circumstances, be used to. great advantage

in a number of elecfronic devices. Particular emphasis is obviously placed

on the use of the/thin-MIS structure as an EL de#ice and a descriptiVe
review of the previous work in this field is given. This is followedvby a
f the thin-MIS solar cell sinée‘there are certain
sihilarities between\ their modeé of operation; Practical évidence to

support this view will be described in a later chipter.
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3.2 SHOTTKY BARRIER FORMATION

3.2.1. Schottky-Mott Theory

In the previous chapter the formation of an ideal Schottky bafriér
was considered from the viewpoint of the flow of charge from the semi-
conductor to the metal as the two were brought into contact (fig. 2.6).

The height of the barrier involved was described by Mott(z) aé

n = m s

where ¢m is the metal work function‘and‘xs is -the electron’affinity of

(3) (4)

the semicondﬁctor. Schottky propqsed.thét the uncompehsafed donors,
"which give risé to the space charge, areluniformly distriﬁu#ed up to the
semiconductor surface. This uﬁiform.épéce charge gives ri§e to a linearly
increasing élecfric field étréngth and hence a quadraticaliy'increasing
-eiectrostatic'potential. The resulting parabolic barrier is Known és a
Schottky barrier (fig. 3.1); Mott(2>, however, proposed a somewhat

different model. He assumed‘thekexistence of a narrow regiqn atbthé;semif
conductor surface, in whichkthefe ére no donor ‘impurities:v Thisvgivéé

rise to the so-called 'Mottvbarrier', in which the electric field is

constant throughouf the depletion région’yielding a 1inéariy increasing
electrostatic potential. . The Mott_barrier, although occésionally encountered.
in practice, is very rare and mosé'practicallcontacts give rise to parabolic;
Schottky barriers. The expression given in eé. (3.1) is soﬁetimes called

the Schottky-Mott relation. |

The Schottky-Mott theory makes a number‘of somewha; grossvassumptions.ﬂ',

In Pérticular, the assumption is made that the surface‘dipqlé confribﬁtions.L' 
.vto ¢, and X (or at least tbeir difference)'remains’coﬁstant as the ﬁwo '

materials are brought together. (The work functions of semiconductors .and.

metals and the semiconductor electron affinities have, in general, surface
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~ Figure 3.1 Depicting variation of (a) charge density, (b) electric

field strength, and (c) electrostatic potential with dis-

tance for an ideal Schottky barrier.
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Figure‘3.2 Sequence of energy band diagrams depicting'Schottky barrier‘
formation in the presencé of a high density of surface
states. (NB. The interfacial layer has been:omitted for

simplicity.)
|
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and bulk contributions. The surface contribution arises.from the
distortion of the electron gas around fhe atoms at the surface,

giving rise to an effective dipole layer thch may not rémain constant
as the surface properties aré altered.) This assumption is now

(5)

acknowledged to be incorrect; and a wealth of experimental data has
shown that the linear dependence'bf'¢$n on ¢m,’pfedicted”by eq. 3.1 is»
not usually observed. (Although it ié true that metals with higher
work functions do tend to form 1afger‘Schottky barriers on n-type

. 6 P ' | '
material.) Bardeen( ) was one of the first authors to propose an.

explanation for this observation and his model is now considered.

3.2.2 The Bardeen Model

Bardeen(6) proposed that the relative independence of ¢Bn,on ¢m
could be explained by invoking the presence of interface (surface) states.

Before proceeding to discuss the model it is instructive to examine the

origins and properties of these states.

Surface States

The forbidden energy gap of a material arises because the solutions
of the Schrodinger equation for an electron wave function in a periodic
pdtentiai (i.e. the crystal lattice) are of a special form - the so-called
'Bloch functions'. These functions are themselves periodig and predict the
band structure familiar to all solid-state scieﬁtists%, (a detailéd:
description of the theory of band structure can be fodﬁd in reference (75;)
Surface states are allowed solutions of the Schrodinzer equation which
relate to energy levels in the 'forbidden' gap, They become alléwed if
the perturbation of the crystal periodicity by the éemiqonductor'surfacev
is included in the analysis, 1In the simplest case they can be thought
of, physically, in terms of a 'dangling bond' piéture, Where_each suffacé

atom has one unpaired electron associated with it in a localized orbit at
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right angles to the surface plane. Tﬁis is a dangling'bond_and it can
be characterised ae being either donor-like (positive wceﬁ.empty) or
acceptor-like (negative when full). Distinct from these intrinsic
surface states (i.e. those associated with a perfect free surface) are
those due to the presencelof defects or adsorbed foreigﬁ atoms at the
surface. These are called e&trinéic surface states. (It should’betl
‘emphasised, however, that there is no COnclesive evidence linking such
states to specific defects.)

(6)

Bardeen suggested that, if the density of these states is
sufficiently high, then the space charge region in the.éemiconductor may

be a property, not of the'metai workvfunction, But of tﬁe_charge

iocalized_in the interface states. Furthermore, he intreduced the concept’
of a neutfal_level, ¢O, for these.states, definedvas thatelevc] bcloy

which the states must be filled in order to achieve an electrically neutral
surface. TFig. 3.2 shows a simplified sequence of energy.bend ciagraﬁs,

- depicting the formation of a Schottky barrier on aﬁ n-type semicoedector

in which tﬁe density of surface states is assume&‘to be Vefy high. When

the metal and semiconductor are far removed (a), the sﬁrfece states are in-
equilibrium with the semicoﬁductor bulk (i.e. full to the level denoted by
Ef)and the charge localized at the surface is belanced B§~an equel (end
opposite) charge comprising the depletion regiqn at th: cemiconductor surface.
The bands are bent even though the metal and semiconductor efe not in
equilibrium, TIf the two materials are now electrically connected.(b),
alignment of the two Fermi levels occurs which results in an electric fieldv'
being developed across the gap. : Since the density of scrface'states is very:'
hlgh then as the materials are brought into contact the extra charge
(assoc1ated with the field in the gap) can ea311y be accommodated by these f
states without affecting the p031t10n of E apprec1ab1y The helght of

the barrler is then determined mainly by the propertles of the semlconductor-



- 38 -

surface and not the metal work function; the Fermi level has been 'pinned’
relative to the band edges by the surface- states and in the limit

D,. » o, ¢y, 1is given by

%n = E& - ¢, | - (3.2)

where Eg is the energy gap of the:semiconductor.
In the general case, the barrier height is a function of both:the :
charge in the interface states and the metal work function and, indeed,

8)

Cowley and Sze( extended the Eafdeen.mOdel to derive a general
expression fof the barrier height; It.ié important to note the éssump—
tions made in their énalysis, These are: (a) the‘existence of an inter-
facial layer between the ﬁetal aﬁd the semiconductor, of the order of
afomic dimensions, which is transparent to sufficiently enefgetiév
electrons, and (b) that the surface states are unifdrmly.distributed
acfoss the energy gap and their demsity is a property only of the semi-

conductor surface and not of the metal. They showed that the barrier

height could, in most practical cases, be given by the approximate

expression
On C, (¢ - xs) + (1 f c,) (Eg - §o)‘ SRR LN (3.3)_
where C, = si/(s:.L + qGDS)A ' - (3.4)

.'Ds is the density of surface states, ¢, is measured from the vala?cevband
edge, A¢, is the image force barrier:ldwéring (see §3;3’2)“€i and § ;‘
are the permittivity and thickness of the interfacial 1ayer respecﬁively;‘f
(Fig. 3.3(a) shows the energy band diagram corresponding to this

generalised expression for the barrier height.) The two limiting cases
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(b)

Figure 3.3 Energy band diagram of a Schottky barrier incorporating an
interfacial layer of atomic dimensions (a) in equilibrium’

and (b) under the application of a forward bias.
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(i.e. D, ~ 0 and D, is very high) can be identified from eq (3.35f
If DS = Q0 thep the expression reduces to the Schottky-Mott theory

given in eq. (3ﬁ1)' 1f, however, bs is very large then eq. (3.3) approaches
the Bardeen Limit, i.e. eq. (3.2). Cowley  and Sée(g) also attempted to
correlate eq. (3.3) with previously published results obtained for a

number of semiconductors. They found fhat.it.gave a reasonabLé_explanation'
of the ‘data for Si, GaP and GaAs diodeS'(pérticﬁlarly so in the. case of
GaP), although, in general, there was a significént amount of scatter
involved. 1In contrast, results for CdS .appeared to conform td the Schottky-~
Mott theory and were thus inconsistént with their modél.

It is now acknowledged‘tﬁat this model providés a reasonabl?vapcurate
explanation for the variationbof ¢bﬁ with ¢m for many coQalent semicon-
ductors and has been widely uséd in the'péét to aﬁalyse Schottky‘barrier
systems(g). However, many do not conform £o this theory (e.g. the more
ionic semiconductors CdS and ZnS) and the model cannot be ébnsidered as
universél. Indeed, mére recentiy, a numbef of different theéries have
been proposed, some of which are essentially extensions of the Bardéen

model; others are radically different. These developments are discussed

in the following section.

3.2.3 Recent Developments

The Bardeen’ﬁodel is réther idealiséd, ?otﬁ in termé of .the expiicit
assumptions mentioned earlier,_and in ferms of thqse impliqit in the
theory éupporting the model. These include the:assumption of abrupt inter-
facial boundaries, the use of point charges to‘represent interface states
(whereas, in fact, they extend into thebsemicoqductor to a distance of
up to 1 nm(lo)), and also the assumption that‘éhe metal,binterfacial layer _
and semiconductor are all chemicaliy inert, '&ﬁe fact that this last .
‘ (11)

| . . ‘. .
assumption may not always be valid was demonstrated by Andrews and Phillips
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who studied transition metal- silicide_H silicon diodes. »(These are
now a wellfestablished class of Schottky barriers in mnnein integrated
“circuits.) They found a high degree of correlation (up to 97%) between
the Schottky barrier height and fhe heat of formation ef the chemical
reacfion which occurs atvthe surface. This demonstrated, at least for
this clase of diodes, a definiteviink between Schottky barrier formation
and metal reactivity. Qur lack of nnderstanding of Schotfky barrier
formation was aptly demonstrated by the fact that the& found it
necessary to distinguish four types of Schottky barrier'eech conforming

(11)

, one of which was their metal reactivity

(12)

to a different-fheory
'modeli, A more radical vien was eaken‘by Brillson who, using a
wide range of both reactive and non-reactive metals, gresented evidence
~to show that in the case of CdS and.CdSe,‘interface chemical reaction
~and local charge redistribution dominated the Schottky barrier propertieei:.
He proposed that these mechanisms may dominate Schottky barrier‘formafion
in general. The same effect was demonstrated for the.A1/GaAs system(13)’
nhich is known to possess a relatively abrupt interface.v Once. again,
microscopic charge rearrangement was proposed as the dominant mechanism
in determining the'macroscopic barrier height.

Spicer et a1(14)

proved that intrinsic sUrface states could not be
used to explain Schottky barrier formation (at least inlthe II11-V -
compounds) when they showed that, although the cleavage (110) face.ef
these semiconductors does not possees intrinsic surface statee in the
energy gap, the poeition of the Fermi level could be pinned bybmuch less
than a monolayer coverage of metal - the pinned position showing little
dependence on the metal species, They proposed the 'unified defect
nodel' for Schottky barrier formation where thée Fermi 1eve1.is pinned
by extrinsic interface states caused by lattice defects resulting from

the adsorption of impurity (metal or oxygen) atoms. Although Spicer et al

correlated the defect levels With missing edldmn IT1T or V elements,

t
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there has recently been some contention of this point(ls);

et a1(16)

Williams

,» working indgpendently, drew similar conclusions from their work
~on InP, thus providing strong supporﬁ qu the unified defect model. It
should be noted; however, that thiS'modei does not contradict‘the
previously mentioned results shoﬁihg the_influence of surface chemical

~reactions on Schottky barrier formation. Indeed, the relevaiice of this
(17)

work to the unified defect model has been discussed by Spicer et al
where they suggest that it is the heat of condensation of the metal om
the III-V matérials which is responsible for the appearancq;of.éemiconductor
material in the metal(la) énd.stressvtheTimportaﬁce of the dg?elopment of
interface (surface) thermodyanics and kinétids in order fo provide a
fuller understanding of the problem.‘ (ﬁowever, they also s:fess that  they
believe it is>sufface chemical interactions which are the défermining factor
and not the formation of bulk reacfion products.)

Thus an elegant model, based on a wealth of experiméntal evidence,
has been developed which canvexplain the problem of Schottky~barrier.
formation in terms of extrinsic surface states andvis‘therefore congistent
with much of the Bardeen model. However, there remains considerable con-

(18)

troversy and, indeed, Freeouf has recently argued that the use of inter-
face states to explain some of the experimental results for Schottky barriers
is inconsistent with a number of other experimental observations; and, with

Woodall(lg)

, suggests an effective workbfunctidﬁ-model as an alternative
to the unified defect model. 1In this case the maéroscopic,barrief height
is determined by the work functions of microclusﬁers of one or more inter'
face phases resulting from chemical reactions du#ing formation. In addition

(20)

to this, Lee et al have proposed a metal-amorphous film-semiconductor
configuration as the structure of a real Schottky harrier, and have used .
this model to explain many of the experimental observations traditiopally

attributed to interface states, Observations such as the difference in ¢bn
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indicated by caﬁacitance measurements compared to that measured by con-
ductivity or photoemission techniques (§ 3.4.1); the variation in diode 
ideality:factor (§ 3.3.3); the origin.of Fermi-level pinning; and the
difference in the interface behaviour between covalent and more ionic
semiconductors. (These'experiments wefe perfofmed on diodes fabricated
on chemically prepared semiconductor sﬁrfaces in comparison to muéh of
the previously mentioned work which was:performed, 1arge1y;'using diodes_
fabrigated on cleaved sﬁrfaces in‘UHV. .This is certain to prove an
important.factgr in determining the precise stfuctufe.of the diodes.)

The work reviewed in this section has undoubtedly‘léd fo impbrtaht
advances in‘thé understanding of the theory of Schottky bgrrier formation.
Hoﬁever, the majority of'practical_diodeé caﬁ be analyséd éuite éuccess-
.fuily using the Bardeen model and, since this is yged ekfenSiver‘in this

thesis, the model is discussed in more detail in the subsequent sectiom.

3.3 THE NEAR-IDEAL SCHOTTKY BARRIER

3.3.1 Introduction

A 'near-ideal' Schottky diode is defined here asfone whefe the semi-
conductor (and hence the charge in the interface states) is séparated
from the metal by a very thin insdlating layer éf atoniic dimensions. It
is assumed to be essentialiy_'frangpérent' tobelécﬁroﬁs (i.e. readily
fravefsed by quantum mehaﬁical tunhelling) but nevertheless is able to
Withstahd a potential. This interfacial layer is necessary from electro-
static considerations in order to analyse the diode according.to the
Bardeen model. (If the intérfacial layer wefe'absent;,thenvthe efféct
" of the metal would be to 'screen' the interface states thus preveﬁting Sl
them from affecting ¢m.) The band diagram;fbr such a Schottky batrigr

(8)

is shown in fig. 3,3 (a) and is the model used by Cowley and Sze
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in their analysis. Since the interfacial layer is so thin, it is assumed
to have a negligible affect on the Schotﬁky barrier propérties. In
partiéular,_anegigible proportion of any applied voltage is ‘developed
across this insulator and the degree of band bending in the semiconductor
is approximately given by Vd + Va (where Va is the applied vbltage).
A consequence of this is that the_position of the conductiontand valence
band edges (at the semiconductor surfaée)_reméin fixed with respect to
the position of the metal Fermi level. This can be seen‘in_fig. 3.3(b)
which illustrates the situation under forward bias. An'important
consequeﬁce of this is that the charge localized in the intefface states
(which equilibrates with the metal Ferﬁi’level for such a thin inéplator)
is essentially fixed and indepenaent ofvbias. This, together with the
assumption that the effeét of the insulﬁtor on the processeé of currenp
transport.is negligible, enablesthe insulator to»be omittéd in much of
the following discussion.

.This'near-ideal situation is close to that achievedvin practice,
when the semiconductor is carefully prepared chemically (before deposition
of the metal electrode) with the intention of minimising the interfacial

layer.

3.3.2 The Schottky Effect

' The Schottky effect is the lowering of a potential barrier due to
the existence of an image force between an electrqn and the surface 6f a
metal. This originates from the fact that an electron, at a distance, x;
from the metal surface, experiences an attractive force due to an induced
positive charge on the metal surface. "The effect on the metal-semiconductor
barrier height is shown in fig, 3.4. The barrier height is lowered from
?¢b to ¢bn’ by an amount, A¢bn. This barrier 1owefing is due to»a

combination of the electric field in the depletion region and the potential

due to the.image force. This force, F,, is given by
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Figure 3.4  Image force lowering in a Schottky barrier. The inset

illustrates the effect on both the»conducfidn'and valence

‘bands.
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B, = - q°/léme, x? (3.5)

where €y is the pefmittivity of the semicon&uctor. Tﬁe poteptial energy
due to Fi is represehted by the dashed line in.fig. 3.4, and this, super-
imposed with the potential energy dﬁe to the Schottky barrier, gives the
resulting barrier as shown. Since the image force is only significant in
the vicinity of the interface, to a good apbrdximation the field in the
depletion region is constant and equal to Emax' Then the.potentiai energy

of an electron at a position, x is given by

X(x) = F.dx + qEx = ~4 ) + q&E X (3.6)

This expression can be differentiated and equated to zero to yield,

*max — R (3.7
léme E ' :
s max
X
= q E ’ B 8
and Mg | max ' (3.8)

bre
S

Holes in the semiconductor valence band also experience an image force but
in this case the effect on the band structure close to the eemicon&uctor
esurface is to bend the valence band upwards, as shown in the inset to
fig, 3.4. |
Although the effect of thie image force leWering is small ( ~0,04eV),
it can have a significant effect on the Schottky barrier properties, -
particularly the current transport proceéses;eince the current depends

exponentially on ¢bn’ Furthermore, the amount by which the barrier is
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lowered depends on Emax and hence on the applied bias - an effect dis-

cussed in the following section.

3.3.3 Current transport processes

There are several procgsseé by which curreﬁt may flow in a Schottky
barrier under the influence of an applied bias. These are shown
schematically in fig. 3.5 and are iilustrated for the case'of an épplied
forward bias (positive to the metal). Under reversé bias the exact
inverse processes occur. These mechanisms are; (a) the emission of
»electrons over the top of the barfier, (b) quantum mechanic51 tunnelling
through the barrier, (c) recombination in the depletibn region and (d)
recomBinétion in the semiconductor bulk. Processes (c¢) and (d) are the
result of minority carrier injectioﬁ into the semiconductor with1(d) being‘
the true‘injection of interest in this work as it can lead to radiative
- recombination in thé semiconductor. However, it is well known Ehat, in
the vast ﬁajority of cases, thebminority carrier current in a Schottky

1)

barrier represents only a small fraction of the total -current and the

Schottky barrier is predominantly a majprity carrier devicé; Consequently,
processes (c) and (d) are very smail, as is (b) unless the material is very
heavily doped or at a low temperature. This means that emission over the
barrier (process (aj) is the dominant current mechanism in most Schottky
barriers. However, before the carfiefs can be emitted over the barriér,
they must be transported from the semiconductor bulk t¢ the interface region,

This occurs by the normal processes of diffusion and drift and is in series

with the actual emission over the barrier. Wagner(zz) and then Schottky and

Spenke(a) proposed that the diffusion process limited and hence deter-

mined the current flow in the diode, whereas Bethe(2 )»pr0posed thermionic
emission as the limiting process. It is now acknowledged that in the wvast

majority of cases (even in those semiconductors, like GaP, with relatively
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Figuré 3.5 Schematic diagram depicting basic current transport processes

in an MIS diode under forward bias,

Figure 3.6 Field and thermionic field emission_in a degenerately doped

Schottky barrier structure,
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~low mobilities), the current-voltage characteristics are best described
by the thermionic emission theory and this is discussed next in some

detail.

(a) Emission Over the Barrier

(1) Thermioﬁic Emiésion Theory. -Since, under non-equilibrium con-
ditions, the chaﬁge in the quasi-Fermi 1e§e1 with distance isiindicative
of the'driving force' behind the carrier flow (see appendiva), then this
theory is tantamount to assuming that the electron quasi-Fefmi level is
flat throughout the depletion region and géiﬁcident with the Fgrmi~1évei
in the semiconductor bulk, (In.order fé account for the.discéntinuity of
the Fermi level at the surface, one musﬁ either assign the energetic |
electrons which enter the metal their own quasi-Fermi level,‘as shown(iﬁ
fig. 3.5,.or assume that thermal equilibrium is establisﬁed ét the metal-
semiconductof plane.) It follows that the electron céncéntration:in the

semiconductor, at the interface, is given by
= N - - ' o
n o exp. { -q (¢bn V)/KT } A (3-9)

where Nc is the effective density of states in the condugtion band.aﬁd vV
is.the aﬁ}lied voitage. For a semicondqctor in which thelelectrqns have

an isotropic vélocity‘distribufion (i.e. spherical constant energy surfaces),
the ﬁumber of electrons impinging on unit areé of the inﬁerface per

second can be shown (by kinetic theory) to be.nG/A, where v is the average
electron thermal velocity. Thus, the cﬁrrent;density passing from. the

semiconductor to the metal, Jsm is given by

ch’G : . _ : L
7 e G | a0
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Since there is a flow of electrons into the metal even at zero bias,
there must be an equal and opposite flow from the metal which is governed
by the value of ¢bn and is thus independent of bias. The total current

is_givén by

3 o= S exp ( -q¢b£/kT) { exﬁ (qV/kT) - 1 } : (3.11)

I
. - ) . - % %
Since for a maxwellian velocity distribution v = (8kT/mm ) , then J is

given by

3 = A" 7% exp (-q¢, _/kT) {exp (qV/kT) - 1} S GaD

* % 2 * . i . o
where A = 4wm qk /h3; m 1s the electron effective mass and h 1is Planck's
i % ., . . ' ) .
constant, The term A 1is the effective Richardson constant which accounts
for the electron effective mass, but neglects the effect of optical phonon

(24)

scattering and quantum mechanical reflection Eq. (3.12) is often

written in the form
3 = J, {exp (qu/kT) - 1} - | | (3.13)

where the reverse saturation current density, oo is given by

[
il

A*T2 exp (-q ¢bn/kT) o .‘ (3.14)

" These equations represent the thermionic emission theory .for current flow

in an ideal Schottky diode.

(ii) The Diffusion Theory, In contrast to the thermionic_emissipn

theory, the assumptions inherent in the diffusion theory are the equivalent:

of assuming that the electrons in the semiconductor, at the interface,



- 48 -

arein ‘equilibrium with the metal. This implies that the elééfron quasi--
Fermi level (as shown by the dotted 1ine in fig. 3.5) is not flat through-
out the depletion region, indicating that the prpceéses o drift and
diffusion in this region represent the.main impediment to cﬁfrént flow.
Beginning‘with the generai equation for the current flow invthé'deplétibn

region i.e.

d . : '
J = qn unE+.an (ﬁ) o o o (3.15)

(where W, is the electron mobility; D_ is the electron diffusion coefficient)

and assuming that E, the electric field in the barrief,is constant and

equal to Emax’ it can be shown(zs).that the current density is giveh'by

J = gq Ncnn E@a exp (fq ¢bn/kT)’{exp(qV/kT) -1} - (3.16)

or J

In this case, however,_Jd is not a saturation current since Emax is a

- function of bias which causes Jd to increase with the applied voltage.

(iii) The Thermionic Emission - Diffusion Theory. In the most
general case, the current will be détermined by a combination of the two
limiting theories. Such'a combination has been derived by Crowell and Sze
in which the current density is giﬁen by the expression

N

v ’ ‘ : . -
g ={-S%X exp (-~q ¢bn/kT)' {exp ( qV/kT) ~ 1} (3.18)
1 + vr/vd SR )

vhere v, is an effective recombination velocity at the potential energy

T4 {exp (qV/kT) -1} ' o o R (3.17)

(24)

maximum, and \Z is an effective diffusion velocity for the transport of . D
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electrons from‘the edge of the depletion region to the potential énergy
maximum. |
.However, it has been shown theoretically(26) tﬁat diodes fabriéated
on reasonably high mobility semiconductors should behave according to
the thermionic emission fheory. This haS‘beeﬁ éonfirmed experimentaliy
for the vast majority of Schottky diodeé,beven those with?relafively'low
mobilities, ﬁevgrtheless, practicalbaiodés invariably deviate from the
~ideal behaviour predicted by eq. (3.13); In particular, graphs of 1In J

. versus V (which should be linear for V 'z 3kT/q) do not exhibit the

predicted slope of q/kT. Instead they can-bé_described by the relation
J = J_ exp (qV/nkT) ~ o - (3.19)

for v > 3kT/q. The parameter 'n' is known as the idealitylfactof and
has a leue greéter than, or eqﬁal to, the ideal valﬁeléf.qnity. The most-”v'-
common cause of thisldeparture frdm>ideélit§ is due to the bias-depeﬁdence
of the barrier ﬂeight which arises»primarily from;the preseﬁce of.én inter-
facial layer (see § 3.4). However, even in the absence of'éucﬁ a layer, .
the barrier height is still bias-dependent because of the eﬁfect of the
.image force, which itself'depénds on the applied"bias. The value of n
depends critically on the diode preparation pfodédure'and, with care,
Qalugs very close to unity can be repeatedly oﬁ@éined using hérmal

laboratory techniques.

Reverse Characteristics

Eq, (3.13) predicts a reverse current density which saturates at
the value of J_ givenbyeq, (3,14), This {is due to the'thermionic‘emission  -'
‘of electrons from the metal over the barrier and into the semiconductor,

However, any bias-dependence of the barrier height will prevent the
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reverse current from saturating. The magnitude of this effect is
governed by the same factors which influence the ideality féctpr of the

forward bias characteristics.

(b) Quantum Mechanical Tunnelling Through the Barrier

In heavily doped materials at low temperature, it is possible for an
appreciable current to flow due to electrons, with energies less than the
barrier height, traversing the barrier by quantum mechanical tunnelling.

This has been studied extensively(27’ 28)

aﬂd both field emission and
thermionic-field emission have been identified.: The tuﬁnéllingléurrent

is a function of the.transmission coeffiéiént,_the»occupéncy of fhe states
in the semiconductor, and the available ététés in the metal, tConsequéntly,
in a degenerate semiconductor at very low temperatures (undér forward bias),
thé'energy distribufion of the tunnelling electrons'is centréd‘around the
semiconductor Férmi'energy. This is field emission and is»depicted by
process (a) in fig, 3.6. If the temperature is increased, the excited
electrons 'see' a narrower (and 1ower)‘pofential bgprier aud a second.dis-‘,
tribution;' centred around Et (the Fermi eﬁergy‘plﬁs the thermal energy),

is evident. This is thermionic field-emission, i.e. process (b) in fig.3.6.

The forward bias current density - voltage characteristic is described

by(27)

= : o (3.20
J J, exp (V/Eo) : | (3 ).
1
h [ Nd \*
where E = Eoo coth (q Eoo/kT) and Ego = Z;- : ;;;;

(28)

The term JS is a function of both the temperature and the barrier height

Reverse Characteristics

Tunnelling from the metal into the semiconductor is much more dominant

a. process than in the corresponding forward bias case, This is due to the
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fact that, under reverse bias the electrons, at a given energy in the

metal, '

see' a narrower barrier (see § 2,2.2). It represents a further
departure from the ideal reverse bias characteristic and is a common

cause of its non-saturation in practical devices. .

(c) Recombination in the Qgpletidn'Regién

This process has previously béen“discussed when it wés conside:ed
as a non-radiative recombination path for injected minority carrieré. The
importanée bf this mechanism when comparéd to tﬁe other ﬁquesseS’depends,
critically on the particﬁlar system investigated. It can, in some cases,

(29)

significantly affect the forward current-voltage characteristic This

currént can be analysed(zg)

using Schockley-Read-Hall statistics by assum-
ing that recombination proceeds via a centre located approximately mid-gap.

Then the current density is given by
J = J_ exp (qV/2kT) : : (3.21)

where Jr = qmn W/T,vﬁi is the intrinéic carrier céncgnfration,'w‘is the
width of the depletion region and T 1is the lifetime in tﬁé depletion
region. - This process can affect both.the ideality factbr;-ﬁ, and the -
saturation cﬁrregt density, Jo, of eq. 3.13 and is particularly eyideﬁt

at low temperatures when the thermionic emission procecs is much reduced.

Reverse Characteristics

.Under revefse bias.conditions, tﬁe opposite process occurs, namely;
generatidn in the depletion region, E1ectron-hole,pairs tﬁus %Qrmed are
separated and swept away by the eiectric field which,gives ris¢ to an
additional current component. This is proportiopal to the Qidth of tihke .
depletion region and consequently increases with reVerse-bias,ﬁhus prevent?tf

ing current saturationm,
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3.3.4 The Capacitanéé of a Schottky Barrier

The capécitance of akschottky barrier arises from tﬁé'charge due to
ionised donors in the depletion region and an equal, opposité charge on the
surface of the metal, Since the width of the depletion region varies with -
applied bias then the capacitance is also a.function of bias; The
depletion approximation cén be eﬁployed to simplify the analysis. This
states that the charge density is constanﬁ and equal to gNd up to tﬁe edge
of the depletion region and equal to zero past this positién. Then the

charge in the depletion region is given by Gauss's law as
>% . | N : -
Q = (2€Sq Ndvd)? | : (3.22)

when Nd ig the donor density and Vd is tﬁevdiffusion,voltagg. This is
the case for zero bias; under the application of a reverse bias, Vd is
replaced by vd' = Vd + Vr wﬁich is a measure of the degreé of bénd‘bgnding
in the semiconductor. Thé capacitance is usually measured by superimposing
a small alternating voltage onto the D.C.'bias and, cénséquently, it is
the response of the charge distribution to the.AC signal which gives’rise
to the capécitance§ i.e. the differential éapacitaﬁce is measured. This

capacitance (per unit area) is given by

- %
dQd "q€. Nd
C - R = . ----—-——-——S (3.23)
dv 2(Vd+Vr) : :

A more rigorous analysis, allowing for the effect of a non-abrupt depletion °

‘region, yields

a o
45" (3.24)

2(vd + Vr -kT/q)
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where J
o
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An assumption, inherent in the above analysis, is that tﬁe cﬁarge in the
semiconductor is due solely to ionised donors. This is incorrect if

there is an appreciable concentration of holes at the semiconductor éurfaca
as would be the case if the surface were inverted. In such a situation

the charge due to the holes must be subtracted from Qd and this complicates

(30)

the theory considerably The effect is essentially.;oifeplace Vd in

eq. (3.24) with a bias dependent voltage, and this results in a non-linear
C © - Vr relationship (see § 3.3.5).

Practical Schottky diodes contain deep traps, due to unintentional

impurities or defects, which may be filled or emptied according to external.

“stimuli and consequently affect the cépacitance. In fact this forms -the

basis of a wide range of capacitance spectroscopy techniques; a good

account of which can be found in ref. (31).

3.3.5 Measurement of Barrier Height

There are a number of methods by which the Schottky barrier height,
¢bn’ may be deduced. These are: now discussed in sequencé.

(a) Current-Voltage Measurements

The forward bias current density-voltage characteristic of a near-

ideal Schottky diode is given by the thermionic emission theory as

o
il

JO exp. (qV/nkT‘) for Vv K’J 3kT i.e, eq, (3,]_9')_

A" 7% exp. (-q¢, _/KT)

Consequently, a plot of In(J) against V can be used to determine both the

ideality factor and the Schottky barrier height according to the following

" equations,



- 54 -

d(1nJ) a\ /1
Slope Z — = — 11 .| -
av . kT n
-1 .
d(1nJ) q ,
ie. n ={——mn X -— (3.25)
dav , kT
) ' % 9 o
and intercept ' InJ, = In A T exp (-q ¢, /KT)
KT A'r? |
e gy, ={— m{— )} - (3.26)
: q J : .

It should bé noted that the value of NEW determined from the intercept;'
15 only strictly accurate if the ideality factor is equal to unity. In
practice the condition n £ 1.2 is often tgken as the fequirement for
‘an aécurate‘determination of ¢bn’ although it will Be,demonstrated later-
in this thesis.that tﬁis criterion is noE always valid,

fn.a real diode there is a resistancé‘aSsoéiated"with'the semicon-
ductor bulk and nearthmic'back contact which is in serieé'with the sur-
face barrier. This has the effect that for large valﬁes of applied bias,
eq. (3.19) is no longer valid, since.thé current begins to be 1imited By
this series resistance. For sufficiéﬁfly large bias, the chafaétériétic
is domiﬁated by'the seriés reéistance and the éurve may‘obey Ohm's law.
This so-called 'far-forward bias' regime has been used by some authors to

(32). The

estimate the diffusion potential and hence the barrier height
technique assumes that in this regime the applied voltdge is divided accord-

ing to the relation

n»

Va vd + IRs ‘ ’ O (3.27)
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where Rs is the diode series resistance and I is the current; (i.e.
Voltage in excess of that requiréd to‘flatten the bands in the semicon-
ductor is dropped across the series :ésistance.) Consequehély, a plot
of I against Va  1is, to a first app;dgimation, linear with an inter-
cept on the voltage axis»equai to the diffusion voltage. |

Reverse Characteristics

The barrier height may also be determined from the reverse current
since the thermioﬁic emission theory predicts that this characteristic
should saturate af‘a value given by Jo" ' In this situatiénA¢bn can be
determined using eq. (3.26). However, the fact that in practical diédes;
‘the reverse current rarely séturates (dﬁe to one or more of the processes
discussed in §v3.3.3), 1imits the usefulness of this te@hﬁique. Furthef-
more, i1f the barrier height is large, then the reverse current is often
ﬁndetectable which has been the case in most of the dioaéé studied in this -
Qork,

If either tﬁe active device area, Aa, or the rele?ént_value Qf_A*,is
unknown, then an activation energy élot can be used to determine dpp. For
_example, a graph of In (io/Tz) veréus %& should give a slope of -q¢bn/kT
and an intercept on the vertical axis of 1n(A*Aa). In addition, there |
are ‘a number of modified versions of this‘techniQue which have been
developed to overcome specific problems. For exaﬁple, éﬁé such modification
enables ¢py to be ﬁeasured even in the presence of a 1érgé series resistance,
which would preﬁeﬁt its measuremént from the usual J-V characteristic.

All of these techniques suffer from the disadvantage of being tedious to
employ and are therefore only used when the more straightforward methods
fail,

(b) Photoelectric Measurement

The photoelectric determination of the Schottky barrier height.inv01Ve$

shining monochromatic light, of varying wavelength, onto the metal barrier’

(33

)
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electrode and monitoring the current due to photoexcited el:ctrons in

the metal which surmount the barrier and are collected by the electric

34)

field in the depletion region. Fowler( studied the photoresponse of
clean metal surfaces to monochromatic light and developed the theory
upon which this technique is based. The photocurrent per absorbed photon

R is given by the Fowler theory(34) as

-3x ~bx

TZ 2 2 -2x
. X m _ e e e
R v o —_— o — - (e X + - +..> -(3.28)
(Es-hv)? 2 6 4 9 16
for .x 2 0; where x = h(v- vo)/kT | . (3.29)

The term hvo represents the Schoftky barrier heigﬁt, I¢ba{ aﬁd  Es is
equal to the sum of ¢, and the Fermi energy (meésured from the bottom
of the metal conducfion band). Provided Es >> hv (a condition which ié
aimost always valid) and hv - hvo z 3kT, then to a good approximation

eq. (3.28) reduces to

R = c(hv - hvo)2 _ ' . (3.30)

1
=
where C 1is a constant. Thus, a plot of R”

versus hv ié.linear over a
certain range of energy and the intersection of this 1inear.region with
the energy axis gives a direct measurement of tﬂe barrier height. The
range over which eq. (3.30) is valid is determined, at low energy, by the
requirement X 2 3, and at high energy by thé condition that Es >> hv.
In practice, however, the high energy limitation is usually due to the
generation of free carriers in the depletion tegion as hv approhchesythe‘
value of Eg. This effect can be reduced by employing a relatively thick

top electrode in order to reduce the amount of light being transmitted

to the semiconductor. Since the mean free path of a photocexcited
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electron in a mefal can be quite.large(ss) (v 75 nm in gold), electrodes
which are almost opaque can be used effectively. ~The same techniﬁue has
been used to eliminate non-linearities in these 'Fowler' plots &ue to the
photoexcitation of carriers from surfaée states by light of gnefgy,k

. .Eg(se)

hv . However this is usually a problem only when there is. a

significant interfacial layer present (see § 3.4).

() Capacitance Measurements
The differential capacitance associated with the Schottky barrier
depletion region is given by eq. (3.24) which may be written as
-2 : ' _ , ,
C = 2(vd - kT/q + Vr)/qe Nd (3.31)
- s : ey
Thus, a plot of C—2 against Vr should be linear (provided Nd is constant

in the depletion region) with an intercept,vvo, on the voltage axis given

by
va - KT .- KT o (3.32)
q B q v

]

v

where € is the difference Between the  conduction band édge an& the Fermi
level in the semiconductor bulk (as shown in fié, 3.3(a)). 'fhat fhis
technique‘should meaéure vd (and not ¢bn) resul&s from the féctvthat
extrapolating to thevvdltage at which C-2 = Q; i.e. the capacitanée is
infinity, indiéates the voltage at which thé bénd-bending is eliminated,
i.e. Vd. Furthermore, since the technique does not invblve the idea §f
charge carriers aéproaching the barrier. (and éonéequentiy‘the concept of

imége charge), then the value of ¢pn deduced from such a measuremeﬁt'does"‘ 

not include the effect of Schottky barrier lowering. The term 'e' isvgiVen by

e = kT/q ln (Ne/Nd) | :,' o - (3.33)
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which can easily be computed since the value of Nd can be inferred from
the slope of the C-2 - V plot.
O0f the techniques described previouély for the.detefminétion of the
" barrier height, the capacitance meﬁhod is the least direct.._Both the J-V
and photoelectric techniques involve-proéesses whereby céf;iers actually
- surmount the barrier, and therefore include the effect §f processes such aé
image forée lowering. -Furthermore, the capaci;ance tecﬁnidue is, in generél,
the most unreliable and inaccurate éince it is highly suéceptible to the

(37). Nevertheless, for the near-ideal

presencé of an interfacial layer
diodes considered in this section, good agreement can be expected using
the various techniques.

‘The ﬁhotoelectric method is the most accurate, since it directly
measures the minimum enefgy required by an electron in order to surmount i
the barrier. It is generally regérded to be the definitive measurement

and to provide the only irrefutable value for $on However, new results

for GaP described in chapter 7 cast some doubt on its general applicability.'

3.3.6 Minority Carrier Injection

The minority carrier injection ratio , y, is defined as the ratio of

the minority carrier current, Jp, to the total current.

_ I Ip | S o
y = — - L (3.38)
Jp + Jn - Jn o

provided the majority carrier current, Jn >> Jp (i.e. assuming low

(38)

“injection conditions). Rhoderick has shown that, in addition to
assuming an electron quasi-Fermi level that is flat in the depletion
region, the hole quasi-Fermi level can be assumed flat throughout this

region and coincident with the metal Fermi level at the interface (see

Appendix A). This indicates that for the hole current, the 1imiting
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mechanism is not emission over the barrier but rather the’procésses of
driff and diffusion in tﬁe semiconductor bulk, If the applied bias is
assumed to be sufficiently low so that diffusion is the dominént
mechanism, then the hole current density can be éxbressed usiﬁg pn

junction theory as

@y a, P »
Jp = —= (p(w) - ppo) = — exp (qV/kT) -1 (3.35)
L . L L

where L is the width of the quasi-neutral region in the semiconductor

(assumed to be less than the minority carrier diffusion 1ehgth); Pho 18

the equilibrium concentration of holes and p(W) is the concentration at

the edge of the depletion region. Then vy is given by eq. (3.34) as

‘ qD niz . _ 4 :
y = R | (3.36)
Nd L AT exp(- ¢bn/kT)A S -

This expression has been verified experimentally(zg) for low injection con- .

ditions in silicon diodes. Using typical values for gold/(n)si diodes,

5

eq. (3.36) yields a y value of the order of 107°. It is for this reason

that the near-ideal Schottky diode is often termed.a majority carrier device.

(21)

Scharfetter has considered the effect of including thé drift component
in the analysis and showed that for current densities greater than a
critical value, J., the injection ratio increases linearly from that

predicted by eq. (3.36), This critical current density is given by
Jo = q D, Nd/L | | | (3.3

above which vy 1is given by
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Yy = - - (3.38)

where b is the mobility ratio. This increase has been demonstrated

(29), although only over a limited range and, in-féct, the

(39)

theory has been extended by Green and Schewchun . who predict a limit

.experimentally

to the increase in Y» due to both a limit in the supply'of ho1es (by
thermionic emission over the hole barrier at the surface),‘énd the fact
that Jp becomes comparable with Jn. “
The vaiue of J. is typically of the oéder of 100 A cm'"2 which is
much larger‘then the current densities emeloyed in this. study and the effect

is not significant in the LED work described in this thesis.

3.4 THE METAL - THIN INSULATOR - SEMICONDUCTOR DIODE

In this section, the inclusion of an insuletor which hes an appreciable
effect on the device properties is considered. In this siﬁuafion the
insulator can no longer be considered as transpafent toetunnelling electrons
and represents a significant additional barrier tp‘carfier.transport. - The
band diagram for the MIS diode (a) in equilibrium and (b) ueder conditions
of forward bias are shown in fig. 3.7. It can be eeen‘thatrthe applied
voltage, Ve, is developed partially across the semiconductof-depletién
| region, AVd, and partially across the'interfacial layer, AVi: A consequence
of this is that the interface state charge is not fixed,vitvis bias debendent
and, depending on the properties of the interfacial iayer; ﬁay be determined
by interactions with either the metal or the semiconductor,' Under conditions
of forward bias; the relative shift between the metal Fermi'level and the
semiconductor band structure, which gives rise to both the change in inter-
face state charge and a bias dependent barrler height, can be seen in

flg. 3.7. Thls 1s in contrast to the near-ideal: 31tuatlon depicted in fl? 3. 3
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Figure 3.7 Energy band diagram of an MIS diode, (a) in equilibrium and
(b) under forward bias showing the behaviour of the quasi-

Fermi levels.
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- where AV; was assumed to be negligible and the band edges at the surface

were ' pinned' relative to the position of the metal Fermi level.

3.4,1 Modifications to Schottky Barrier Theory
The modifications to the theory discussed in §3.3 (which are necessary
to account for the effects on an appreciable insulating layer) are now

~discussed.

(a) Current-Voltage Characteristics

The effect of such an insulator on the J-V characteristics has been

considered by Card and Rhoderick(40); They divided the interface states

into two. groups, one of which communicates more easily with the metal, the
other with the bands in the semiconductor, The relative densities of these
two groups is determined essentially by the thickness of the interfaciai

(40)

layer. By making a number of assumptions they'were able to show that

‘the main effect of the layer was to alter the pre-exponential, J,, term

in eq. (3.19) to give

J = Jy, exp (qV/nkT) o (3.39)

: L %9 L ' : R
where Joo = J, exp (-x?8) = A 7 exp (-x%8) expv(-q¢bn/kT) ' (3.40)

X 1s the mean barrier height (in eV)’presented by the energy gap 6fkthe :
insulating layer and § 1is its thickness in Angstrom units.'_(In.facf
there is a conétant.ﬁith units of (eV—%kgnl) and a vaiué of very closé to
‘unity which has been omitted from the term.(-x%di for simplicity.) 1In
addition to this effect, the ideality factqr is also affected by the
presence of the insulator. It is governéd predominantly by.the'biasf
dependence of ¢p, which originates ffoﬁ a combination of’the voltaée
drop‘in the insulator and the subsequeﬁt change in the interface state

' . ., .. (40)
charge density. In this case the ideality factqr is given by "
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(8/¢;) (e /W + q Dsb) -
no= 1+ . ©(3.41)

1+ (G/Ei) q Dsa

where Dsa and Dsb are the demsity of interface states which communicate
with thée metal and semiconductor respectively. For very thin insulators

Dsa >> Dsb; eq. (3,41) reduces to

_ 5, . L :
n. = 1+ - ‘ (3.42)
Wle, + 8qDsa) : - .

Conversely, for thicker insulators, Dsb > Dsa and n 1is givén by
_ 5 e . . v
n = 1+ —{ — + qgDsb. N © o (3.43)

A third limiting case exists, namely when the density of ihﬁetface states,

of either group, is very low then eq.(3.41) reduces to

, Se : _ o
n.ox 1+ 2 | | 3 . (3.44) -

We,
i

Eq. (3.42) is the result derived by Crowell & Sze(ZA) who'had earlier
approached this problem by assuming that the interface stétes were all in

equilibrium with the metal Fermi level,

‘Reverse Characteristics

The main effect of the insulator on the reverse characteristics is to

prevent the current from saturating with increasing reverse bias. This,



- 63 -

again, is a consequence of the bias~dependence of ¢bn’ but in this case
o decreases with bias, Tt is similar to the effect of the image force
(see §3.3.3) in this respect but is much more pronounced and therefore
usually dominates.

It is clear from the above discussion that the analysis of the J-V

curves from MIS diodes is much more difficult than in the Schottky barrier

N

case, In particular, the value of (X 8) is almost impossible to predict
since it must represent an average term due to the faét that both x and §
are likely to vary over the area of the electrode. This point was stressed
by Card and Rhoderick who showed that experimentally-determined values of
(X%G) differed greatly from those predicted using the rélevént bulk values.
It is often assumed that the conditionn < 1.2 is justification for assum-
ing that the diode is near ideal and thus employing eqs. (3.19) and (3.14)
to evaluate ¢bn' The general validity of this assumpfion must be_questipn—v
able as it is possible to envisage situations where fhc iﬁterfacidl layer
has only a small effect on .n but a significant effect on J,-  Tndeed, in -
chapters 6 and 7, results will be presented which show ideality factors Qf

close to unity even though the insulating layer is thick and has a pronounced

effect on the other diode characteristics.

(b) Capacitance - Voltage Characteristics

-2 . .
The use of C -V characteristics to deterplne Vd, and hence ¢bh’ has
been discussed previously. However, in mény praétical cases the barrier

height calculated from such a plot far exceeds that measured by the photo-

(37) (41)

electric or J-V techniques Goodman has studied many different

parameters which may'influence these characteristics and showed that the
intercept, V,s of the C"2~V plot is always greater than Vd when there is

-an interfacial layer present. Cowley(37)

extended this analysis to
include the effect of both the insulator and the bias-dependent interface

states. He'develéped a number of models in an attempt to obtain some
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-quantitative agreement with his experimental data, obtained for diodes
fabricated on GaP. His results have been widely used in the literature

. -2 (42)
to analyse non-ideal C = -V plots and more recently the same approach
was used to derive a general expression (for C"2 as a function of V) where
the interface states were divided into the two groups Dsa and Dsb
described previously. The approach which was used can most easily under-

stood by considering first an MIS diode without interface states:

In terms of the energies defined in fig. 3.7(a), d)mq can be defined as

R R D | L (3.45)
ie. ¢ = V4 + A(o) ' (3.46)
ms o

Using Gauss' law to relate the charge in the depletion region, Qd, to the

potential, A(o), yields (using the depletion approximation)

: L
Mo) = (8/e)) (2q e, Nd vd)~
T
or Ao) = Vl2 vd* : ' : - (3.47)
where V = 2q e Nd 62/5 2 : (3.48)
, ‘1 s 1

' .
Under the application of a reverse bias, A(v) replaces A(o) and Vd replaces

Vd. Then eqs. (3.46) and (3.47) can be written as

1]
& + vV o= vd + Aw)
ms

%
and A(v) = V., *vd

Eliminating A(v) from these equations yields

3 ' . :
¢ oy o= vd o+ V.V % (3.49)
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The semiconductor space charge is given by Gauss' law ast
) [ ’ .
Qd = (qus Nd Vvd )?, and hence the differential capacitance is given by

'k

dQd 1 | d(vd

) .
c = — = (qe N — (3.50)
dav dv =

The quadratic equation (3.49) can be solved and substituted into eq. (3.50)

to yield

(@]
11

‘(2/q € Nd)% (¢ms +V + VI/lt)-;v2

(2/q g, Nd) (V + Vd + V, /4 +V

o

(0]

Q
I

Gvdh G
Thus a graph of C—Z againét V is linear with a siope équai to that of the
simple.Schottky barrier case but an intercept which is significant1y.'u

v 1argér.
r If the effect of intefface states ié included, the analysis is sdmg-,
what more complicated: Assuming thaf both type (a)'and (b) intérface states
are unifofmly distributed; i.e. Dsa and Dsb are bdth constantjas:a functibn: j
of eﬁergy, then the change in the interface state charge,.ﬁndér the' ’

application of a bias can be shown to be
AQss = qDsbV - qDsb AV; - qDsa AV, ©(3.52)

Also A(o) and A(v) are now given by the modified expressions

%

alo) = Vl/2 vd* o« é/éi st(q)

y '
4+ 6/61 QSS(V)

)
<3
Y
N o
]
Q.

and  A(v)

: Y L | o
i.e AVi = Vl2 (vd # - vd?) +6f€i AQss o (3.53) -
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(37)

.The approach used initially by Cowley , and later followed in ref (42),

4 . vy
was to substitute eq. (3.52) into (3.53), solve for Vd * and to use

eq. (3.50) to determine C. The following expression is obtained

. : 2 2
) (1 S “2) v, v, v,* vd
C = - + +

qe, Nd(1 + a;) 4(1+a1+a2)(1+u1) (1+0,)

vd (1 + a; + a2)
: + V _ : (3.54)
(1 +a;)
where o, = quaG/ei and @, = qDsb S/Ei.
(43)

Very recently, however, Fonash has re-examined the problem and
pointed to a flaw in the argument used by Cowley and in subsequent analyses;
This concerns the use of eq. (3.53), which is essentially a quasistatic

relationship derived simply by the summation of potentials, in the equation

(3.50) for the differential capacitance. The point being that, if thé_

charge in the interface states (in group (a) or (B)) can nét respond to

the high frequency measuring signal, then the quasistatic expression for
vd' (obtained from eq. (3.50)) does not accurately describe the_variation
of Vd' in response to this signal. It in fact describes the vafiation in

1] . \ -
Vd with respect to the applied d.c. bias. Fonash(43)

has.used’the

correct (a,c.) variation of Vd' to analyse several models.and hés prediéted
that in only two cases is the slope of the C-2 -V. plot constant with bias.

These are, the simple case of Dsa = Dsb = 0 (eq.’(3;51)) and the si;uation

"when all of the interface states communicate with the metal, i.e. Dsb = O,

and can follow the appliedvsignal, In this latter case, thé expreésion,

(43) i

derived by Fonash
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L
» 2 v1 'V12 vd*
cCTf = e ——————y 4+ ————  + Vd+V p (3.55)
e e Nd 4(1 + al) (1 +_al) '
(43)

In all of the other cases, Fonash predi;ts a non~1ineaf sz -V plot
even for a uniform density of states, It is interesting to ﬁote.that
‘the characteristics observed éonsistently in this, and othér studies
(of highly linear C—2 -V curves whose slope and intercept incfease with
film thickness) is not predicted‘by any of the models analysed by Fonash.
'This will be considered in more detail in‘chapter;7 whén the C-V data
are analysed.
Before proceeding, it is useful to reconsider the.origiﬁal analysis

of Cowley(37).

In that work, the aim was to develop a moael'which agree&
quantitatiﬁely with the dafa.obtéined using GaP MIS diodes’incorpofating
interfacial 'oxides'_resuiting from the‘fébrication précédﬁfg. In ordef_
to achieve this,‘Cowley éssentially chose an érbitraryfunction to relate
the change in the interface state charge (with bias) to the thickness. of
‘the interfacial layer and hence, despite the flgw in hié.argumenf, the
final model gave a good-description of his experimental-résults; Sihce
the 'nqn-ideé1"diodes described in this»work iﬁ‘chaptervévaléo contained
an interfacial 'oxide' fe;ulﬁing from the fabricétidn procedure, the model
developed by Co&ley is used lafer in this thesis to infer ahvapproximatg
value for the thickness of the interfaciai 1a§ér._ Such a value can only
be conéideréd as very appfoximateisince it musf be aSsﬁméd that the:two
“interfacial layers possesgsimilar properties,'l

The interpretation of the C-V chéracteriatics of thiﬁFMIS diodesf‘

is clearly a very complex problem and due consideration must be given

‘when attempting such an analysis. In particular, the intercept on the
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. -2 . - .
voltage axis of the C -V curve cannot, in general, be considered as.

an accurate measurement of the diffusion voltage,

(¢) The Photoelectric Measurement of Barrier Height

The 'direct méasurement of metal—semiconductbr barrief heights in
MIS diodes has been the subject of a numbér of studies (see'fqr.examplé,
ref. (36) and references contained therein). However, in most cases the
' measurement is hampered by the presénce of non-linearities in the Fowler
) plots which make the extrapolation to zero photoresponse very diffiqult.
The problem héé been shown to increase with increasing insulator thicknéss
and has been attributed to the photoexcitation of carriers‘from interface
states: If a diode is illuminated from the front surface,and.the'barrier
electrode is reasonably thin, and henqe tranéparent, then the light may
not all be absorbed by the metal and can therefore promo¢é é1ectrdné
trépped in interface stateés into the semiconductor conductidﬁ band. This
generates an additional current,'in parallei to the.photoexcitation.éf
carriers from the metal, which does notchnform'to the Fowler theor&.b In
a near-ideal diode this additional current is.swamped byvthe'relevant
response, since the photoexcited electrohs in the metal can feadily
tunnel through the interfacial layer. As the inSulator<tﬁickheSS ié
increased, its transmission coefficient is décréased ani thé unwantedé"

(36) h

parallel component becomes appreciable. Afora et al Ave shoﬁn that

" such anomalies can be largely eliminated by using a thick (v 50mm) barrier
electrode. In this case most of the light is absorbed with ~ 15 nm of the
frée surface and hence doés not pass through to the interface. 'ﬁoweVef,
the photoexcited carriers can have mean free paths in excess of 5Qnm,

(35)

(5 75nm in gold films ) and can therefore easily reach the metal-‘

insulator interface,
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3.4.2 Minority Carrier Injection

The effect of an interfacial layer on minority carrier- injection has
been analysed by Card and_Rhodérick(44) who approached the problem
theoretically and fouﬁd dualitative agréement with theirAexpefimental
results. The enhancement of minority carrier injection in MIS structures
was described briefly in § 2.4.3 and frém that discussion it is clear
that both fhe insulator thickness ana the degree of band realignment
between the metal Fermi level and the semiconductor band structure are
the important parameters: The insulator must be sufficiently thick so
ﬁhat a significant degree of band realignemnt may occur, but not too
thick to prevent the minority carriers from tunnglling into the sgmi-

conductor with relative ease. It is convenient to discuss, separately,

the effect_of thin and thicker insulators.

(a) Thin Insulators

Since tunnelling cén take place relatiﬁely easily through very thin
insulators, the minority carrier current is limited by the‘rate of
diffusion into the bulk (as in the casé of a p-n junction) ahd not by the
‘barrier presented by the insulator. For extrémely thin insulators, the .
’ hole.current is well described by eq. (3.35), i.e.
ab,p

no

Jb = { exp (qV/kT) - 1 }

L
since A¢pi, the change in the hole quasi-Fermi level adrosé fhg insulator,
is very small and negligible when compared to the total’chénge, which-ié
approximately equal tobthe applied voltage (sece figj 3.7(y)). 1In this
~situation, tﬁe degree of band realignment is negligible and any increase.
in y is expected to be small, As'the inéulator thickness is increased,
Appi becomes éignificant and, although the hoie quasi-~Fermi 1eve1.cén

still be considered as horizontal (see appendix A), its positipn at the
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surface is given by Efm + Apy; (as shown in fig..3.7(b)). Eq. (3.35)

must now be modified to include A¢pi; then Jp is given by

o= —ER {exp. (qv - Ag,p T - 1) - (3.56)

However, as § 1is increased still further, A¢pib increases and the bias

(44)

dependence of Jp is reduced. Following the example of Card and Rhoderick s

eq. (3.56) is now rewritten as

DP, | |
Jp = ——— { exp (qV/nkT) - 1} - (3.57)

L

h

that A¢pi is proportional to the applied voltage, which is valid over a

where n_ is an 'ideality factor' for the hole current. ~ ( This assumes

limited range). The minority carrier injection ratio, for the general case

of a thin insulator, where significant band realignment does not occur, is

given by
y = Jp/Jn = P 5 exp (xnzé ) exp {q(Vd-¢bp)/kT}
LA*T i P
exp (qv (L - L) jxm) O G®
' S L .
since p,, = Nv exp (-q¢bp/kT) v | ' _ (3.59).

where Nv is the effeétive density of states in the valence band and ¢4, is

~ the barrier height to holes (as shown in fig. 3,7(a)).
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(b) Thicker Imsulators

When the insulator is sufficiently thick, the minority éarrier
current is limited by the tunnelling transmission coefficient of tﬁe
insﬁlator bandgap; The determination of the ﬁole current is much mofe
¢om§1icated than in the diffusion limited case. Indeed it has been shoWn(AA)
that the expression for Jp includes an integral which cannot be solvea in
closed form. However, for such thick insulators a siénificant degree of

(44)

bandlrealignment occurs under forward bias and Card and Rhoderick have
determined Jp for three different cases. These are (i) the case when the
bias voltage is less than that required to align the metal Fermi level,

Efm, and the edge of the semiconductor valence band edge,'Evo, (i.e.

Y; (ii) the case when Efm = Evo (i.e V = ¢Bp); (iii) the case

4y
<
v e _
when Efm > Evo (i.e. V 2 ¢b?). Only the third of these cases is

particularly relative to this work and is considered here. In this

(44)

situation, the hole current is given by

e L : g v
Jp = (21Tmp q3/h3) exp (- sz §) (v '-¢bp)2 ‘ - (3.60)

o,

where mpf is the effective mass of holes in the valence band and Xp ig the
mean height of the barrier presented to these holes by_the’insulator»band-

gap. Consequently, the minority carrier imjection ratio is given by
k% N 2 |
N Fp - 3.61
Yoo /2m - (q/kT) vexp(xn 8 X 85) exp (adpn/kTIV - &, )" ( ‘ )

where Xp’ X s , 6 are effective values of ¥ éndvd pertaining either to

Pan
. . ) . ‘ . o (44)
electrons (subscript n) or holes (subscript p). Card and Rhoderick "
were able to obtain a good agreement bétween the theoretical predictions ‘

and their experimental results, They showed that, under the application

- ﬂl .
of a forward bias, vy could be inereased from 10 b to over. 10 7, in.
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Au :_SiOZ (n)Si diodes, by using an insulator of the optimﬁm.thicknéss.
This optimum was found to vary quite significantly depending on the
method used to prepare the oxide: Those produced by thermal means gave an
optimum of § v~ 3nm, whereas those pfepared by r.f.sputtering éhowed less
dependency on thickness and gave an optimum of § v 8nm. The weak
dependency was attributed to a 'forming' process in the péorér quality
sputtered oxide.

It should be stressed at this point that the above discussion assumes
that the transpbrt process across the oxide is quantum mechanical tunnell-
ing, and this accounts for the appearance of the transmission coefficients
in eq. (3.61). 1If,.however, an alternative transport process is respons-
ible for the injection of minority carriers, then eq. (3.61) cannot be
applied although, qualitatively, the same argument is valia.' An alterma-
tive current path of this.kind.would tend to increase the optimum insulator
thickness for minority carrier injection. ~This, presumably, is the effect

(44)

observed by Card and Rhoderick in the case of r.f. sputtered oxides
where, above a certain threshold, a 'shunt' path was produced or 'formed'.
For such ‘'imperfect' insulators, the impediment to current flow (due to

the insulator) is less than in the ideal case. Furthermecre, the prqportion
of the applied voltage which is developed across the insulator may also be
less. ‘Since these considerations define the thickﬁeSs at which v is

optimised, it follows that an ideal insulator will exhibit a smaller optimum

thickness than an imperfect one.

3.4.3. The MIS Light Emitting Diode : A Brief Review

In the preceding section it was shown how, by careful control of the
insulator thickness in an MIS device, it is possible to achieve a consider-
able increase in the minority carrier injection ratio under the applicatioﬁ

of a forward bias. Since the EL efficiency of an LED is directly proportibnal
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to this parameter (see § 2.5), then a corresponding increase is possible
over the EL efficiency of a simple Schottky diodé. The possibility of
using.the MIS structure as an alternative to the p-n junction:for,LED
design has been the focus of much attention in recent years, particularly
from the viewpoint of its use with the‘II-VI compounds such as ZnS and
ZnSe, These materials are very efficient phosphors with largé bandgaps
and in this respect are ideally suited as LED materials. However, they
are poor'amphoterié semiconductors aﬁd are very difficult, if not
impossible, to produce in low resistivity p-type fbrm. Conversely, the
high intrinsic luminescence efficiency of these materials means; for
example, that an ZnSe MIS diode emitting in the Yellow aﬁd:operating at

a 10% injection ratio would be significantly more efficient than a p-n
junction GaP LED and, of course, much cheaper to manufacture. The rewards
of finding a configuration in which this level of injectioniis possible
promise to be extremely lucrative and the'MiS struéture has been
extensively studied for this purpose.

(44)

Long before Card and Rhoderick delinéated, quantitatively, the

effect of an interfacial layer on Y, enhanced minority carrier injection
was well established as a method of obtaining measurable quantities of
light from semiconductors. The first reports of tunnel-injection EL were

(45, 46) (46)

on CdS Jaklevic et al obtained EL Ior applied voltages as

low as 1.3V and proposed the tunnel-injection of minority carriers to
explain the phenomenon. Since then, and in particularvafter the details
concerning'the electrical éharacteristics of the MIS diode had been
eiucidated in the early 1970s, there have been many other reports of

- (47-53)

thin MIS diodes fabricated on a variety of semiconductors All

of these reports employed the concept of enhanced minority carrier.
ihjection to explain the experimental observations, The research carried

(47-49) (50)

out on diodes fabricated from GaP , and Zn$§ are particularly

relevant to this work and will therefore be discussed in fiore detail.
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Tunnel-Injection EL in GaP
(47)

Card and Smith have measured the optimum insulator thickness

for EL in Au—SiO2 -. (n) GaP diodes to be approximately 4nm.; The SiO2
was deposited by the decomposition of tetfaethoxysilane aﬁd a power out-
put approximately 10% of that achieved using a comparable.ﬁ—n junction
LED was claiﬁed. The density of the excitaﬁion current, however, seems
to have been very large (> 200 A ém-z) and no indication of the device
lifetime or efficiency was giveﬁ. A compreheﬁsive study of MIS LEDs |
formed on GaP was subsequently carried out by Haeri and Rhoderick(AS).i
They employed a variety of insulators (mative 'oxide', sputtered Sid2
and sputtered Si3N4) énd found that the best results were obtained with
.a native oxidé v 5nm thick. In this case a quantum efficieﬁcy'of

~ 5 x_10—3% was achieved from which they inferred an injection ratio of
approximately 10%. For insulator thicknesses greater than 6 nm,
forming occurred which resulted in a drastic fall in EL_efficienéy.
There was evidence that, if insulator forming could have been prevented,
a further increase in efficiency would have been possible and this would
have resulted in an optimum thickness in excess of 5 nm. For the

sputtered Si0, insulators, forming was observed for all thicknesses

2
between 2 and 60 nm with a correspondingly low EL efficiency. The diodes
fabricated with SigNA‘as the insulator exhibited no forming effects
although the efficiency was low (10~4% for the optimum thickness of 8 nm),
a regult attributed to the transport process through the insulator which
was not tunnelling and was thought to be Poole Frenkel emission.

Chybicki (%)

also encountered insulator forming problems when using
polymer films as the insulator on GaP.

‘MIS EL in II-VI Compounds
(50)

Walker and Pratt , working on ZnS and using Nal as the insulator,

obtained green and blue EL from their diodes with an external quantum
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efficiency of '\:'10-5

for the best devices. These were fabricated with
average insulator thicknesses of 598 which was the minimum thickness
achieved. Their résults were attributed to the tunmnel injection of
minority carriers and were analyéed using the theory developed by Card

and Rhoderick(44).

The observed trend, of incféasing efficiency with
decreasing film thickness; led them to conclude that the §ptimum
insulator thickness was less than 598, | |

In addition to these results, sevéral.workers, in?éstigating forward

(54-57), have reported

biased MIS LEDs fabricated from II-VI compounds
observations which can not be explained using‘conventional tunnel ihjectidn
theory. The peculiar features of theseldevices are that, although thé
turn on voltage is low (less than the photon energy of tﬁe émitted 1ightj,
the efficiency is relatively independent of insulator thiékneés, Fof

(54) found that over the range'Ovto 50 nm, the

example, Livingstone et al
quantum effiéiency incregsed by ovef four orders of magnitﬁde, but was
essentially independent of thickness over the range 50 t§ 200 nm. Their
variation of quantum efficiency with insulator thickness.is shéwn
reproduced in fig. 3.8. Clearly quantum mechanical tunﬁelling cannof'!
be the mechanism by which‘the minority carrieré‘are injected into the -

semiconductor bulk and an alternative mechanism must be responsible.

The explanation which is currently most favoured is that;‘first proposed
(58) (59) o

by Fischer , and subseQuently‘by Wafanabe et al This involves

a two stage process which is shbwnvschema£ica11y in fig. 3.9. (ﬁ,B; In
this figure the insulator is depicted, as haviﬁg the éame;bandgab as the
semiconductor. This is due to the fact that in many cases the same
material, bﬁt with different doping levels, is used as bétbythe insulator
and the semiconductor - see, for example, reference (55), This ié nof:a
necessary requirement(56) but it is used here in-order to simply_the,dis—

. cussion). Under the application of a forward bias, electrons arrive at
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the metal with enérgies given by Efm + o1 (stage 1). It is believed
that these 'hot' electrons recombine in an Augex fashion, creating an
energetic hole which may now surmount the hole barrierx LI and enter the
semiconductor where radiative recombination may occur (stage 2). This
model explains the relative independence of EL efficiency on insulator
thickness. The fact that plasma radiation from hot electréns-in the

(55)

metal has been detected in inefficient MS diodes has been used to

(60)

support the model. Furthermore, it has recently been shown " that by
using polymeric sulphur nitride (SN)X, instead-ofvthe metal électrode,.an
increase of up to 100 can be achieved over the ELvefficiéncf of diodes
fabricated with gold top electrodes. This is attriﬁuted to the fact that
the values of ¢,n achieved using (SN)X are " 0.75 eV higher than those
“achieved with gold, and consequently the electrons entering the metal in
stage 1 do so with significantly higher energies, .Howevér;‘this Auger
mechanism is thought to be an inherently inefficient one and this may
well explain why the.efficiencies achieved to date (v 10-4)'fa11 dis-
iappointingly short of the theoretical-maximum.. The limitéfion, therefore,
appears to be the inefficient injéction mechanism and it is.possible that
a ﬁuch higher efficiency could be achieved if a system, based on the more
conventional injection theory, could be developed. The pfoblem is
essentially the lack of a good quality insulator, with suitable proper;ies,‘

which can be readily deposited with an éccurately definad thickness.

3.4.4, Phqtovoltaic Properties of the MIS Diode

There are certain similarities betweeﬁ the physics of an MIS LED and
that of an MIS solar cell. For iﬁstance, both are dependent upon minority |
-carrier flow in their operationm, In.both cases the minority carriers are
required to traverse the insulatof with relative ease forvefficiept.
operation. In view of these similarities it was envisaged that ﬁeasurementﬁ

made on the diodes while under illumination might provide valuable
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information on the minority carrier transport process. In this section
the photovoltaic propérties of the MIS diode are briefly described in
order to establish the basic principles which will be referred to‘iﬁ
later discussions. It is not intended as a comprehensivevaccount and is
somewhat qualitative in its approach. For a more rigorous analysis the

(61)

reader is referred to the book by Fonash and the references contained
therein.

The main source of photovoltaic action in a SchottkyAbarrier or MIS
solar cell is the depletion region. For simplicity the Schottky barrier
structure is considered first. Figure 3.10 shows'the‘ﬁarious processes
which occur in an illumiﬁated Schottky barrier. The photogenerated
electron - hole pairs are separated by the field in the depletion region
and the holes are collected by the metal electrode. The electrons, however,
| must pass througﬁ the semiconductpr bulk before being coilécted; and if,
this distance is greater than the diffusion length, then -the photocurfent'
due to the electron flow is very small. Consequently, the photécurfent is
predominantly a minority carrier current. These photogenerated minority
‘ carriérs can be 'lost' by a number of processes, labelled 1 to & in
fig. 3.10, which all represent sources of ineffiéiency. Process 1
represents recombination in either the bulk or the depletionvregion, 2:
represents losses at the Ohmic contact, 3 is recombination via ihterfaCe
states and process 4 represents the thermionic emission of majority
carriers over the barrier. Those holes which are not lost are available
to do work in an externai load and comstitute the photocurfent. These
carriers are collected by the metal simply by arriving at.the'interface
- there is no barrier to hole extraction in this simple caSé; 'Alternatively;
- the holes may be trapped at the inﬁerface‘and subsequently tunnel into the}
" metal (process 5 in fig. 3.16), Tn most Schoftky barrier solar célls,'it 

is process 4, namely the thermionic emission of majority carriers from the
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semiconductor to the mefal, which is the dominant loss mechanism; This
emission is in the opposite sense to the photocurrent, and thus cancels
part of it. Such a loss can be significantly redﬁced by inserting.a
suitable insulator to form an MIS solar cell. The incorpqrgtion of such
an insulator can have a number of advantageous effects.: For example, it
can reduce the density of interface states both by satisfying the dangling
bonds and minimising the formation of extrinsic interface‘states. However,
the most important effect is the reduction that is possible in the
thermionic emission loss mechanism. There are two main causes of this:
The presence of fixed charge, of suitable polarity, inlthe insulator can
increase the Schottky barrier height, dpns DY increasing the siée of the
depletioﬁ region. Also, the presence of the'iﬁsulator re@resents another
barrier in series with the semiconductor depletion region which must be
surmounted. There have been many recent studies of MIS solar cells from
which it has become clear that the result of incorporating a suitable
insulator into a Schottky barrier solar cell is to increase, quite
significantly, thelop@n circuit voltage without éffecting'the magnitudg

of the short circuit current(62). It is not at first obvioﬁs how it is
possible to introduce a tunnellable insulator which_con;equehtly decrea?es
the dark (majority carrier) current, by the amount exp (;X%G), bdt which
has no significant effect on the minority carrier photocurrent, Card(63)'
has considered this theoretically with particular emphasis on fhe

- (n)Si system. He used essentially the sare theory that was

(44)

Au - 510,

developed to describe minority carrier injection in MIS structures and

this is considered next,

Mode of Operation

The apparent anomaly is explained using a similar argument as that
employed to explain the effect of enhanced mipority carrier injection.

In an MIS device, both electrons in the conduction band and holes in the
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valence band experience essgntially two current processes in series.
Namely, the normal process of drift and diffusion_(catagoriséd here as
one mechanism for simplicity) in the semiconductor and a barrierllimited
vprocess (which for holes is the barrier due‘solely to the insulator
bandgap, and for,electrons is‘that due to the depletion region in series
with the insulator). Since the concentration.of electrons iﬁithe con-
duction band is large then carriers caﬁ‘readily be removed or suppiiéd

to the interface. The largest impediment to electron flow is the barrier
at the surface. However, in the cése of the holes in the valéhce band the
‘cohcentration is much less, the hole flow is limited, not by.the insuiatof
barrier but by the rate at which holes afe supplied from the bulk. (The

difference is further éompounded by the fact that My > u%.) 'Tﬁus_the
insulator has a much more éignificaﬁt effect on the majbri:&léarriers than
on the minority_carrigrs. As the insulator thicknésé is incrgased, tﬁe
impediment to hole flow, -due to the insulator bérrier, increaées‘untii it
is comparable to the impediment due to the procésses of drift and
diffusion. At this éritical thickness, 8¢, the short circ#it photocurrent
will begin to be reduced by an increase in insulétor thickneég. This:is.
illustrated diégramméticallyvin fig. 3.1l which shows the band diagram

of an MIS diode under illﬁmination with an gxternéljload cqnnected. The
dashed 1ines indicate the'positiohs of ¢p and (15151 for the case Qf-a-thin
oxide (8§ < §c), and the dotted line represgnts ¢; in the case a thigker
oxide (8 > 8c). Rememberiﬁg that the change in quasi Fefﬁi level with
-disténce'represents a 'driving.forcel, it is cléar that in the former

case the largest impediment to hole flow is dueito'proqesées in the semi-
. conductqr, whefeas in the latter case it is»dugitd the barrier presented

(63) hasveQuated these{fwo current processes for

by the insulator. Card
holes and ﬁsed the c;itefion A¢oi &kT in'ordér to evaluate 6c, His
predicted value of 208 for the Au -~ SiO2 ~ (n) si system agrees well with

that found experimentally.
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Under illumination the total current is given by:

.qv

> -
= . - ' 28N
J J J,' exp (-x7¢) exp

s/c (3.62)

n'kT

neglecting the recombination current.

An expression for the open circuit voltage can be foundvby setting

J = 0 which yields;

o (3.63)

" v
The term J  represents the saturation current, as definéd by eq.(3.14),
but With'¢bn replaced witﬁ the barrier height under illﬁminaﬁibn ¢snl.
Similary n' represenﬁs the ideality factor under illumination, These
terms may be different from their_corréspohding dark values. Since thé

illumination can alter the charge 1oéa1ised:at the interface by photo-

ionization processes.

SUMMARY

This chapter has described Fhé pﬁysics of the Schdttky barfiér aqd
the thin-MIS diode in some detail.‘ A review of,the Eurfeﬁtithéories.con- '
cerned with.Schofﬁky barrier férmation was giveﬁ-firsf ana this”was
followed by an anaiysis of thé near-ideal Schottky diode, as defined in
§ 3.3.1, which was based essentialiy on the Bardeen modeli This near;
ideal situation is that usually aéhiéVed using normal (1aboratory)
‘preparation techniques and the theory described in § 3.3IWi11Mbe u;edbin ;
chapter 6 to analyse the GaP Schottky barrier dévices. Tbis theory Qéé
extended to account for the incorporation of a thin insuiator-into tﬁe

structure and the effect of this insulator on the device properties was
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discussed., 1In particular, it was shewn how the MIS structure could be
used to obtain EL due to the phenemenon‘of minority carrier enhancement.
A brief review of previous MIS LED work was given and from that it is
clear that the main problem preventing the}commercial realisation of MIS
LEDs, is eoncerned_with the insuletor. Langmuir-Blodgett'insnlating
films poesess many of the features which are desirable frem_the.yiewpoint
of MIS LEDs and in the next chapter, a brief description ef the

technology of LB films is given.
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CHAPTER 4

LANGMUIR BLODGETT FILM TECHNOLOGY

4.1 INTRODUCTION

This chapter deals with the téchnology of.Langmuir-Blodgettl(LB)
films. A Langmuir film is formed by spreading a smali quapfity of material
onto the surface of a liquid subphaée,.and SubSequently coméressing this
ﬁaterial so that a solid sheet, one molecule thick is produced. Generally,
the liquid qsed for the subphase is ultra-pure water, In*édditiou, it is
common to dissolve the material in a solvent, and spread thié solution_énfo
the'wéter surface, in order to aid dispersion; Once spréad{the solvent
evaporates, thereby léaving the film material on the watef surface, Undef
certain conditions, the film may be transferred onto a éuitable substrate;

:this is achieved by passing the substrate through the filﬁ on the surface
of the water. Subsequent traversals of the monolayer-subphase interface
enagble multilayer structurés to be built up. A film trahgférred in this
manﬁer is termed a Langmuir-Blodgett £ilm.

In thisAchapter specific details concerning the LB tecﬁniqqe.are
.described, A brief historical introduétion'is given firsé and Ehis is
fgllowed by a description‘qf the Langmuir trough used to deposit the films
dgsé;iﬁed in this study. Materials which.are uéed:to producé Lﬁ'films are
diséuséed in § 4.3 which is followed by a general'discuséion concerﬁing

film deposition.v The chaptervié conclu&ed with a diécuséién bf some

potential applications for LB films.

‘An Historical Introduction
The garlieqt rgpbrts of scientific experiments with 'Langmuir' films
involved observations concerning the behaviour of oil films on water; in

1774 Franklin(l) described the spreading of a small quantity of oil over
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(2)

a large area of water. However, it was not until 1891 that Pockels
described the first methods for manipulating these films using a very

crude trough and in 1899 Rayleigh(B)'

proposed that they were only one
mqlesule thick, Subseqqently; Irving Langmuir(A) showed that.films
consisting of long chain fatty acids gave the same value of cross-
‘sectional area ?er molecule, irrespective of the chain lengfﬁ. This
‘classic work led to the first detailed déscription of the»sﬁrusrure of
these films. Langmuir concluded nst oniy that tﬁey were, indsed, one
:monolayer thick, but also that thé individual molecules Qere.driented
nearly vertically Qn'thé wstervsurface ana hepce the film thiskness was
equal to the molecular length. Some years later, working with Katherine
Blsdgett(S); Langmuir developed the process to coﬁtrol and;traﬁsfer these
vfilms onto substrates which still forms the basis.of modern'Lﬁ film
technology. |

The trough used by Langmuir aﬁd:Blodgettkin their early work coﬁsisted.
of a metal container, which had 5een coated with saraffin.wax‘in order to
make it hydrophobic, filled to the brim with watsr. A coﬁtrol ;barrier',
also rendered hydrophobic, was used both to defipe the effectivefarés of |
the‘trOugh and to clean theé surface of the water, simply by{péssing it
' across :the surface thus forcing surfactant material into the unused.rsgiqn
behind the control barrier. Tﬁermaterial to be ‘used tobfsrm'fhe LB film
was coﬁpressed using sn'oil piston, the 0il being séparated from‘ths_
material by a waxed, silk thread floating dn‘ths~water aﬁd'féstened ts'
 the‘trough 6n each side, The substrates were ralsed and 1owered through |
the film by means of a simple hand~winder, the 011 piston malntalnlng a
‘constant surface pressure as the material was dep081ted :

- There have been many developments since these early. ploneerlng
experiments, a full account of which (up to 1966) can be found in the

book by Gsines(7). Mddern troughs?_although based on the principles
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described above, are much more sophisticated, both in mechanical con-

struction and in the instrumentation used to control the procedure. The

troughs employed to deposit the films used lnAthis'WorR;are'ofIan

advanced design, and a description of ome of them is given in the

following section.

4,2 THE LANGMUIR TROUGH

4.2, 1 Mechanical.Construction

A photograph of ong. of the troughs used in Durham is shown in f1g 4.1,
(6) |
us1ng a PTFE coated glass- flbre belt, 1ocated on PTFE rollers, as’ the'
barrler (marked 'A' in f1g 4 1) The use of a belt ellmlnates the need-er
for a trough f1lled to the br1m and allows a water 1eve1 uh1ch is varlable,'
w1th1n-the lrmlts imposed by the depth\of the belt. The actual trough
ltself.is:made of.glass (B)'aﬁd is located'in a metal frame ontovwhlch the

beams (C), which supportfthe barrier,”are mounted.::These-beams are, in

fturn, supported by V- shaped rollers 1ocated on sta1nless steel rods, and

are motor drlven via a toothed belt (D). The dlpplng head (E) consists of

‘a supported overbeam, to whlch a motor drlven m1crometer screw 1is attached i

The substrate is attached to the mrcrometer by a pressurevclamp, ‘and can be

raised and lowered smoothly at a controlled speediﬁ MlcrosWitchesyarel

located at the extremes of the .micrometer movement and adjustable trip rods

can be set to give the desired dipping range. Alternatlvely, a 11near
- potentiometer can be used 1nstead of the mlcrosw1tches and tr1p rods, to ..

' enable remote control of the dipping range.

Wherever possible, stainless steel or PTFE was-used in the construction

‘of the trough, and when this was not . posslble (e g for the large mctal

frame and. overbeams) the metal was elther chromc—plated or- anodlzed Thls

was not only 1mportant from the viewpoint of avordlng cont mlnatlon, but
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also increased the time intefval between major overhenls.»fThe:complete
trough structure was housed in a glass~doored cabinet whiCh was fitted_
with an extractor fan to aid in the removal of solvent Vapour,i The
microbalance head with which the surface pressure was monltered was
located on top of the cabinet, 1mmed1ate1y above the dipping area of the
ttough. A piece of filter paper ef known dimensions wes used as e
Wilhelmy plete. :This wes euspended by a thread from Qne“ﬁart of thev
microbalance and enabled the surface preesure’of the film to be measured.
This was deduced directly from the force exerted on theé plete_byvthe

compressed monolayer.

4.2.2. Instrumentation
A range of peripheral equipment is associated with the Lengmuir

trough: The surface pressure of the monolayer was monitored ueing ev
Beckman LM 600 microbalance;‘the output of which was fed direet1y to a
Bryans 2900 X-Y chart recordér which nas used to plot eempreseion
isotherms (see § 4.4.2). In addition, the eurface pressnre’and the area
enclosed by the barrier were monitored continuously,.thfouéhont.the
dipping procedure using a Bryans 312,‘2 channel Y-t chart recorder. The
pH of the subphase wae monitored using a Pye-Unicamva9409 bhumetet. .A
purpose- bu11t control box enabled several of . the functlons of the - o
Langmulr trough to be automated. This box afforded the user full control',f.
over both barrier movement and d1pp1ng head functlons It enabled the
~dipping operatlon to be controlled manually or automatlcally. In the
latter mode, the number of 'dips' required could be pre-progremmed and,
w1th the 11m1t sw1tches deflnxng the dlpplng range and the dlpplng speed
set to the requlred value, the rest of the procedure was | automated The’ 
barrxer could be closed (and hence the film. compressed) at a varlable K

speed, or reversed at high speed. In addition, a third barrler functlon,d“'
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i.e. 'control' enabled the surface pressure to be maintaihed_coﬁstant
throughout the dipping procedure. The output from the heokman balance,
which wasvproportional to the actualleurface pressure, was compared by

a d1fferent1al ampllfler with a preset voltage correspondlng to the B
de31red surface pressure. The output from the comparator,was fed back
‘to the barrier control circuit so that fluctuations in the scrface
pressure could be compensated by variations in the area.enc103ed bv'the
barrier. In particular,.the loss of_material'from the monolayer, due to
deposition onto a substrate, was automatically_compensated by a decreaae
'ih the area enclosed by the barriers, thereby‘maintaing a congtant N
surface pressure. The introduction of this feedback circditiinto the

(8, 9)

Langmciritrough design represented an imoortant advance'ih Laﬁgmuir
trough technology, and today is acknowledged as essentral for ‘the repeat-
able productlon of high quality LB fllms. .

‘As in any device processing technology, cleahliness is.of.paramount
importance, -and for this reason the troughs in Durham are‘housed ihva.
microelectronics, class 10000 clean room. Furthermore, avthorough
weekly cleaning.procedure was adopted which involved cleaﬁing,all.removfl
able parts of the trough (in particular the compoheﬁts'of the barrier
mechanism), changingﬁthe subphaee and.Wilhelmy'plate,'and also recalibta-
tlon of the 1nstrumentat10n Theﬂultrapure water subphaee-was supplied to
the trough v1a hlgh purlty polypropylene tubing. dThe,water'Vas'purified
by double ionization, act1vated charcoal organlc remov11, and 0.2 um
filtration. The resistivity of the flnal water, used for both the subphase
'and cleaning procedures, was approx1mate1y 10 Mﬂcm. A flne_glass vacuum
: hozzle,'attached to a water'drivenfbump, waé used to clean the aubphase
lsurgace before spreading the filmhmateriale' This alse énabléd thé @D??ed

mgnolayer to be removed once the deposition was complete.
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4.3 MATERTALS FOR LANGMUIR-BLODGETT FILMS

For the purposes of this discussion, the range of LB filmvmaterials
have been classified into 'classical' and 'novel' materials. Classical
materials have been taken to be the long chain fatty acids and alcohols,
on which much of the‘pioneering work was performed, and élso other
materiais with a similar long chain structure. The novel materials are
those which differ in some significant way to the classicai strucfure.
The majority of these have been épecially synthesised and Have only
recently been used to form LB films. The discussion is not intended to
" be exhaustive and only those materials used in.this work are described
in any detail. A comprehensivé review of the field up té 1980 can be

found in ref. (10).

4.3.1 Classical Materials

A material which is fo be suitable for the formatioq'of a Langmuif 
film must possess certain features. In the simplest case it should
~consist of a hjdrophilic end to the molecule (usually an acid or
alcohol group) to which is attached a hydrophobic region (ﬁsually a hydro-
carbon chain). On the surface of the water the polaf.group will tend to
encoufage the molecule to dissolve, whereas the hydrocarbon.chain will
tend to prevent this. 1In fact the solubility éf thg material is
essentially determined by the length of this chain. Iﬁ pfactice the chain
1eng£h must be.fairly long (&QO carbons)to be completely ihsdluble, and
this is important since in monomoleculér form, the area in contact with »
the water is very large when compared to.the volume of the materiél.
Fig. 4,2(a) shows the chemicai strucﬁure of stearic acid:whiqh ithhe,
fatty acid used in much of this study; Tt has eighteen carbons in the
alipﬁatic chain and is referred to as:ClS fatty:écid, In practice;_it
is advantageous to introduceka divaleqt metal iom (usually in fhe form.:

of a chloride) into the subphase, This can replace the
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H+ ions in the polar groupvof two acid molecules thus forming the metéi
salt. Cadmium was used as the ‘divalent metal in this study, énd the
cadmium salt of stearic acid (cadmium stearate, CdStz) is sﬁown in
fig. 4.2(b). The conversion of the acid monolayer to ité metal salt is

(11)

recognised to give greater lateral stabiiity and isiuSually necessary
for the successful deposition of high quaiity films, It’;lso prevents
the slow collapse observed in stearic acid Langmuir films due to the
dissolution of the film into the subphase; The degree 6f cbnversiOn_ofH
fatty acid to metal salt is chiefly depeﬁdent on- the pH of the subphaée.
Usually the reaction is incomplete, resulting in a mixed film of acid and
salt (see § 4.4.2). However, the amount of cadmium added to the subphase
can affect the quality of the deposited films; too much can-caﬁse.improper
stacking resulting iﬁ poor quality multilayers. In coumon withvmost
workers in the field, a 2 x 10-4 M solution was ﬁsed in this study.

There are a fange of other fatty ‘acids which have been used to form
LB films, e.g. arachidic acid has also been extensively studied. The
materials are allvvery similar in structure‘and only differ in the length.
of the hydrocarbon chain, and hence fhe_monomolecular dimension of the
formed film. For example, stearic acidbhas 18 carbon atoms in -the aliphatic:v
chain compared to 20 carbons in arachidié acid, This results in ﬁolecﬁlar |
1§ng;hs.of apprdximately 2.5 éﬁd g.g:nm'respectively. A‘number.of other
mg;éri§;§ with sfructures very similar tovthese fatty acids have been
used. These include a range of biologically important materials such as

(12) (13) 114 phospholipids )

(15)

» chlorophyll

cholesterol and a host of long

chain polymeric materials such-as diacetelyne and w-tricosenoic acid-

(w-TA)(16). This latter polymer is another of the matérials used in this
study and is therefore considered in some detail. The chemical»structure
of the molecule is shown in fig. 4.3, ‘It has 23 carbons in the aliphatic

chain, and only differs from the conventional fatty acids in having a
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double vinyl bond, CH = CHZ’ which replaces the CH3 group; Tbé ﬁétéfial
can be readily polymerized by an‘electron beam forming a 1iﬁear polymer
due to cross linking between thé‘iw' double bonds. It may thus hévev

important applications in the field of electron beam resists (sée>§.4.5)
and in fact it was in this context that it was first conéidered. In |

(17)

addition, a recent study has shown that it is possible to deposit
multilayers at high speed and still retain a high degree of order - an‘

obvious prerequisite for any electron beam resist material.

4.3.2 Novel Materiéls

In many instances,'thé LB techniqué provides an excellent method
for the deposition and/or study of a materigl of interest. However,
this material may not readily form a monolayer on the13urfdce of the
subphase and it must be modified in soﬁe way té render it suitéble for
use wiﬁh the LB technique. The simplest method of achieving this is to =
mix the material with a conventional fatty acid in oréer ﬁo form.a mixed_

(18)

Langmuir film or alternatively to cause the material to be adsorbed

(19).

onto a fatty ééid film Recently a great deal of interest has been -

generated in the photoactive properties of materials in the form of LB

(20"23) (se

films e § 4.5).  TIn these cases the active molecule (usually a
dye) isveither incorporéted in a cénventidﬁal'filﬁlﬁx subétituted'With
long hydrocarbon chains. Howevef, even {n thié lattér case, a mixed
film is necessary to enable high quality films tb be ﬁfoduced. ‘In.all
of these cases the specificbproperty of interest is necéssa;ily diiuted

and the resulting films have limited mechanical and thermal,stébilityf-

Recently some innovative chemistry has enabled a number of interesting
(24)

materials to be studied in LB film form: Vincett et.al havg shown
that the aromatic material anthracene, substituted with short (C4)

-aliphatic side chains can be built up into multilayers. This was
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expected to reveal the electrical properties of the conjugated m electron
system to a much greater extent than with a conventional long chain
 substitution, and the layers were indeed found to exhibit some very

. . : . . . (25, 26) -
~interesting electrical (and optical) properties . Very recently,
LB films of phthalocyanine (Pc) dye molecules without long chain sub-

(27, 28, 29). The first fiims .produced(27)

stitutions have been reported
;were of metal-free, unsubstituted Pc and were definitely not monomolecular,
although they were of reproducible thickness : Slnce tlen 11ght1y sub-

stituted Pc has been uSed(28)(29)

and successful depos1t10n of at 1east
bilayer, if not monoleyer, films has been achiesedc This is expected to
prove an’extremely important development fcr several reascnss Theh
_ phthalocyanines are well known to be extfemely stable, in.psrticulat their
melting points (greater than 400°C) are far higher than that of any cther
LB film material. Furthermore, the layers have been fcund to ndhere
strongly to both substrates and each other, and to resist ncchanical':
.abrasion and the action of many solvents. Early reports suggest that the g
films cossess insulating properties(27), although there exists the
vpossibiiity of producing LB.films of Pe w1th’sem1conduct1ng properttes,.
since the phthalbcyanines are a well established.gfoup:of orgenic'sémi;
conductors.‘ In addition to these impcttant propefties, Pc is also
recognised as an important'photqvolteic pigment(30); althouéh ité use
‘has been hindered hy difficulties experienced in producing it in thinbfilm :
form~by'other techniques, The phthalocyanines may well prohe to be an

important step towards the production of commercially vieble LB film-based

devices which to date has been prevented largely by the 1ns£ab111ty of the

more conventlonal materlals. For this reason Pc was also’ used 1n thlS Study R

‘and fig. 4.4. shows the chemical structure_of the partlcular_Pc derlvat;ve‘

used, It is a lightlyISubStituted, copper Pc and the thickness of the ..

-depos1ted film is approx1mate1y 0.8 nm(28).
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4.4 LANGMUIR-BLODGETT FILM DEPOSITION

The LB film materials used in this study were all‘synfhesised to a
high degree of purity and the spreading solvents used wéfe all of Aristar
(BDH) grade. 'Uéually, the material was dissolved in the solvent (invariably
chloroform) to a concentration of approximately 1 mg cm—3 and fresh |
‘solutions were made up at regular intervals to eliminate possible ageing
problems. The further brecaution of storing the w-TA iﬁ the dark was
taken.to eliminate the possibility of UV-poiymerBation.

The deposition procedure can be diﬁided into three‘&istincf procedures;
i.e. monolayer spreéding; monolayer compression (and ispfherm measufement),

and actual film deposition. These are now discussed in. sequence.

4.4.1 Monolayer Spreading

Prior to spreading the monolayer, the surface of the sﬁgphasevhad to :
be cleaned. This was achieved by closing the barrier to its.minimum.area.
and 'vacuuming' the surface with the previouslyfdescriﬁed:yacuum nozzle.

It was found that tﬁe cleanest surface could be achieved.byvthe sprééding
and subsequent femoval of a Langmuir film. This Qas thoﬁéht to be due
 tqvthe adherence of surface particles to fhe film. Thé amount of contamin-
ation on the surface could bé deduced.f;om the residual surface préssure as
the barrier was élosed to minimum area,f With care, ﬁﬁié ébuld-be réduced
E? é,g.qﬁ mN ?*1 and undér these éifcﬁmstgnces goo§ isOEhefms and high
quaiity monqlayers could be exéected. After cleéning tbevéurface éf thej.
| éubphase,»the material (iﬁ solution in the solvent) was spread using the
foliowing‘technique; A known amount of solution was depoéited; one d?op

| ét a timevuSiﬁg'a micrometer syringe system. The film was spread from fhe
centre of the trough so that any surfactant material,'remainihg afﬁef the -
: cleaniﬁg Prqy?durc, was forced to the'pgrimeterﬁqf the dipping arba, This
‘reduced the possibility of any reéidual material beihg deposi;ed énto the =
sﬁbétrate. The.solvent was fhen éllowed abou?;five minutes.in‘which to

evaporate with the extractor faniaiding the proces§,
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4.4.2 Film Compression and Isotherm Recording

As a matter of routine, a surface pressure - area plot (a 'compression
isotherm') was recorded each time a film was spread. Fig. 4.5 (a) shows
such an isotherm for stearic acid, where the area axis has been calibrated

in terms of the average area occupied by each molecule. Tt is convenient

to draw an analogy between the compression of a monolayer on the surface of

ﬁﬁé trough and the compression of a gas - the main difference being that

the the mbnolayér is essentially two dimensional and hgnce sqrfaée pressure
replaces bulk pressure and surface area replaces volumé; Before'compression;
the stearic acid molecules are well spaced out with the polar_groups

immersed in the water aﬁd the aliphatic chains oriented af random away from
the water surface. The monolayef.is_said to be in the gas phase. On com-
pressing the film, the average area occuﬁiéd'by eéch-mdleCule reduces but
there is 1itt1e change in the surface pressure until at approximately
2482/m01ecu1e, the monolayer undergoes é.phase change. The molecules begin
to interact and‘further compression results in a gradual increase in surface -

pressure. This is termed the liquid or expanded phase. The molecules can

be envisaged as being relatively closely spaced and almost vertically

aligned. A further'phasé change occurs at about Zogzlmolecuie and the

film is in the solid or condensed phase. The molecules are fdlly aligned

" and tightly packed. With the film in this condensed phase, a small com-

pressionvof the'monolayer results in a 1;rge increase in‘the surface preSsﬂré.
ﬁoweyef, in practice\fhe situation is not quite so simpie since the.conver-
sion of stea?ic acid to‘cadﬁium stearate is often promoted and, sihée this -~ *
reaction is pH dependent, the pH of tﬁe subphase'has a marked effect on the
shape of the isotherm;f Fig.>4,5(b) shows isotherms for a steari; acid/

cadmium stearate film at two different pH levels. At low pH the curve is,

very similar'to'the stearic acid isotherm and the film consists largely of 1 

stearic acid; However, at higher pH the extent of the liquid region is



‘Surface Pressure (mN/m)

- Arect Molecule (AZIMolecule) .

~Figure_4;5 .Typﬂcal cbmpression‘isotherms for (a) stearic acid and

b) a'mixed CdStzlstearic acid film at two different pH‘-

ieveis.:'

i
- b
5 8 20 24 27 30 15 18 2 24 27

30



- 93 -

‘reduced and the liquid-solid 'break' point occurs at a substantially
lower surface preésure. These tﬁo effects are indicative of the enhanced
stability of the filﬁ'which now is a mixed film of acid éﬁa'sélt. At
still higher pH levels, the liquid phase is virtually non-existent and at
a pH of 6.5 the monélayer is 1arge1y CdStz. It should be stressed that
isotherms obtained for fatty acids and their divalent metal salts are
nearly ideal. Many other films, including w-TA and Pc, do not exhibit such
Well—defined phase changes and the isotherms are, in general, mucﬁ more
rounded and featureless. (Typical isotherms for w-TA and Pc films are
presented in chapter 5.) The control of pH was much less érucial in the_
deposition of these latter materials since cadmium was not:incbrﬁorated
into the subphase. Good quality multilayers could be depésited without
the use of cadmium and, in fact, there was‘some evidence tolsuggest it
may be detriﬁental., In practice, irregularities in the‘isotherms, such
‘as additional features or poorly-defined breakpoints, were sometimes
observed. These were almost certainly due to contamination énd a thorough
clean of the subphase surface, or in rare cases the entire trough, always
resolved fhe p;oblem.

After recording a satisfactory isotherm, the fequired.surface pressure -
was preset and the trough was put into control mode. The monolayer wés
compressed to the preset'gurface preséure énd usually ieft for about 10

minutes to allow any final rearrangement of the molecular packing before

dipping commenced.

4,4.3 Film Deposition

In order to achieve successful deposition of high quality £11ms in a
repeatable fashlon, the film must be transferred onto the substrate whllst
in ithe.condensed phase, ThlS ensures that the depos1ted fllm is essentlally
homogeneous and slight variations in surface pressure have a relatively

small effect on the film structure.
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Classically, three deposition‘modes are recognised, naﬁély the
X, Y and Z modes. These deposition types are illustratedlschematically
in fig. 4.6 (a), (b) and (c) respectively. X-type deposition>is used to
describe,the.situation when deposition occurs only on the déwnstroke,
Z-type on the upstroke only, and Y-type (often termed normal deposition)
when pick-up occurs in both directions. The type observed in practice
bdepends on factors such as the pH of the subphase and the substrate
bpfeparatiOn. Although'f-type is by far the most often bbser#ed mode,
X-type is sometimes encountéred at. extreme pH levels. When Langmuir and

(31)

- Blodgett first discussed the different modes, Z-type deposition had

not been observed and its definition was merely speculative. Since then,

(32)

“however, this mode has been .observed and was also encountered in this

work when depositing lightly substituted Pc films. quever; the actual
stacking arrangement predicted from the deposition mode has been shown to

(33, 34)

be an oversimplification and. the exact stacking sequence is much

more complex. In particular, studiés of both X and Y-type deposited

(35, 36)
ms

- fil , have shown that the separation of the acid groups is

invariably twice the molecular length, suggesting that deposited films

always stack 'Y-type'. Several‘authors(37’ 33)

have invoked the‘idea‘of |
overturning of the molecules during X-type deposition to.explain this |
discrepancy. More recently,'aﬁothef deposition modé (XY-type)_has been
Qbserved(34) and an elegant model, based on the formation'qf‘two distinct
forms of salt, was used to'explain both this, apd X-type deposition

| withoﬁt invoking the idea of éverturning. The structure of déposited

_ ﬁultilayers is obviously a cbmplex_problem'which has yet to be conclusivelyb.
resblved. At present, only Y-type filmé are known to possess:a uniform, |
bilayer structure. In most 6f the devices prepafed for this study, the

deposition was Y-type - the substrate surface being sufficiently hydro-

philic to prevent deposition on the first downstroke. -
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_Figure 4.6 - Depicting the three types of LB film deposition, (a) X-type,

(b) Y-type and (c) Z-type.
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The quality of the first depoéitéd layer is of paramdunt imporfancé
to the quality of the eventual multilayér. fhis is due to fhe fact that
any faulté or inclusiqns are likely to be duplicated or to persist in
subsequent layers. Furthermore, the bondingbof the first layer is
fundamentally different to the 'head to head, tail to tail'lbonding of
subéequent layers. For these reaéons,extreme care was takeﬁ to enéufe a
high quality first layer énd this was acﬁiéved by depositing the first
layer very slowly (~ 1 mm/ﬁin.) immediétely after the substrate had been

etched. The deposition of subsequent layers is more straightforward and.

‘can, in general, be pérformed at much greatef speeds. The details of the

deposition conditions used and the procedures adopted are given in § 5.2.
During the deposition procedure a 2 channel Y-t chart recorder con-
tinuously monitored both the surface pressure and the changé in ﬁhe area

enclosed by the barrier, thus providing a record of the operation. A

typical example is shown in fig. 4.7, From this it can be seen that, as

the film is removed, the barrier area decreases in response to the feed-

back mechanism, thereby maintaining the surface pressure constant. A know- =

ledge of the sample surface area enables the deposition ratio to be

calculated which, for good quality films is very close to 100%. This is
diséussed in more detail in § 5.2 when the effect ofvsurface preparation

on this deposition ratio is studied.

The deposition of Pc LB films is more complex than that used for morékr_'

conventional films. Briefly the main complications are as follows: The
unsubstituted Pc is mnot soluble in the common-organic solvents. This

. . s (27)
necessitates either a metal substltut;on
tion such as that shown in fig. 4.,4. The latter of these enabIes ch}qroF

form to be used as the solvent. However, since the molecules do not:

possess the classical hydrophilic - hydrophobic structure,vtransfér onto

and/or a peripheral substitu- . -
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a substrate occurs only on the upstroke, i.e. Z-type depdsition; Simple

precautions are necessary to ensure that no transfer occurs on the down-

stroke(28).

4.4.4 Quality AsgéSsment
Langmuir-Blodgett films, especially those of'the fatty,acids or
other similar aliphatic materials are generaily good insulators with high
breakdown strengths (> 166 V/em) and dieleqtric'constants'uhich are almost
independent.of frequency, for frequencies N 106 Hz. The‘electrical
propertles of these f11ms are usually studied by 1ncorporat1ng them into
‘MIM or MIS structures and a number of such studies have been made (see
for'example,vref. (46)). ‘Poole-Frenkel conduction between neutral traps
~is thought to be che dcminant ccnducfion‘mechanism in multilayered LB
films although other mechanisms have Eeén obSefved under certain'circum-
stances. For example, in MISIdeviceéTfaBricated on n-type-semiconductors,v.
electron injection into the‘insulatcr resulting in space-charge-liﬁited |
characteristics, has been observed(AG)
A convenient measurement, which can be used to aseessfthe general.
'quaiity of an LB film is a reciprocal capacitance plet. This is usually ’
achieved by depositing.a stepped,thickneevaﬁ film>onto a;ﬁeca1'subetrate
-and producing MIM structures with e.veriety of insulator thicknesses. The

total capacitance_Ct5 (per unit area) of such a structure is given by

1 o nd ,
— = e 2E RO 4.1
Ct elb ' eox

where G‘X is the thickness of the interfacial metai-oxide film, € ox is
: [0 . - d

its permittivity, £1p is the.permittivity of the LB film, d is the single'J

monolayer thickness'and N is the number of monolayers incorporated into N



“improved infra-red detectors. -Recently, considerable interest has been

- 97 -~

the structure. Thus, a graph of Ct~l against N should be linear with
a slope equal to d/e1b for a good quality film: The intercept on the Ct_1

axis can be used to determine the mean thickness of the interfacial layer.

Such a plot is used in 55.2 to assess the effect of electrode evaporation

on the LB film quality.

4,5 APPLICATIONS OF LB FILMS

Although the LB technique was developed in the earlyitﬁéhtietﬁ ceﬁtury
and LB films have been studied for;Wéll over fifty yeérs,.it is only
recently that widespread interest has led to the_demonstrﬁtion of their
potential for use in electtdnic and optical devices. Thié section provides
a brief review of some of the more important applications for which LB films
have been considéred, A more detéiled discussion cén be found in ref. (10).

The insulating ﬁroperties of these fiiﬁs have beeﬁ~uti1ised in mapy‘
devices. TFor example, they have béenﬁused as the dielecfric in 1ow4iosé

(38)

capacitors (an area which is enjoying renewed interest) an in

(38). In addition, several electronic devices, based

1(39, 40)

capacitive hYgromete?s
mainly on the MIS structure, have been faﬁricated: Tanguy et a
studied MIS capacitoré formed on silicon and demonstrated near-ideél

behaviour. ‘The Dufham group have fabficatéd MIS field_effect transistors

(41) (42>, The same group has.uséd LB

(43)

based on InP and amorphous silicon

films to investigate the properties of MIS solar cells based on CdTe
and have achieved a significant improvement in efficiency over the corres-

ponding Schottky barrier cells, MIS devices have been fabricated on the

(44)

narrow bandgap materials InSb and HgCdTe with a view to producing

| : SO L (45)
generated in the production of ion and gas detecting FETs using an LB film 77

(46)

or the LB film - semiconductor interface as the .active regionm.
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A great advantage of the LB technique is that, within reason, the

physical size of the application is of little importance. The technique

is particularly suitable for 1arge area applications but also; because of
the hlgh degree of film perfectlon possible microscopic applications can

be contemplated. An important example of this is the use of polymerizable

(51, 17)

LB films as electron beam res1sts for microlithography Of the

materials studied to date, w-TAvappears to be the most promlsing'and a

(52)

resolution of better than 60 nm has been achieved Other applications

which have been convincingly demonstrated ‘include Josephson tunnel

(47) . ' (49)

junctions ., ultrasonic transducers ~and the use of LB films as

(50, 11) which makes possible a range of applications

optical waveguides
in the field of integfated optics. Applications in the field'of electro-
opties have also been envisagedlwhere it is hoped that control over the
precise molecular arrangement may enable the productlon of asymnetrlcal
structures w1th large non-linear optical coeff1c1ents( 7)

In addition to the mainly 'passive' applications discussed above, a
variefy of possibilities exist for the use of LB films as,’eCtive'llayersi

(53, 54) have demonstrated optical and enmergy transfer experi-

Kuhn et al
ments with the possibility of fabricating'light-driven 'molecular pumps'

to convert iight into chemical energy. 'fhe use of LB 1ayeis incorporating
dyes to study‘dye-sensitiéation effects (tne transfer of'eharge froanhoto;
excited.dyes to subsfrates, usually_semieonductors) nas also been demon- |

strated(ss)

Dye sensitization is already a standard technique in the
photographic industry and the use of LB films in this area is being
actively pursued. A range of biologically important materials have‘been

used in LB film form, both to model complex biological systemsvend to

'udeVelop novel active membrapes for filtration purposes such as reverse

(56)

osmosis . A particularly interesting area of research is concerned

withvthe formation of LB films from'ofganic'semicondncting materials.
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For e#ample, films of 1ight1y substituted anthracene have been prepared
and shown to exhibit electroluminescent and photoconductive préperties(26
Phthalocyanine is also a well-known orgéﬁic semiconductor and it is hoped
that LB films of thié material will possess some interesting'prdperties.
In partiéulér, it‘may be~possib1e to produce films exhibiting.either:n-
or p-type conductivitylby‘using sﬁitable metal substitutions. -Other
'activg' applications include the use of magnetic atoms, periodically
spaced in én LB film, to produce two dimensioﬁal magnetic arrayé(AS) and
éndbalso radioactive nuclides incorporated in a conveqtionalvfilm to
produce a dilute ra&ioactive source. |

The range of potential applications is clearly vast and_vafied and,
although much of the work is at aﬁ early stage, many are béiﬁg actively

pursued. In this study, the insulating prbperties of the conventional

fétty acid films, allied to the control over insulator thickness which

. is possible using the LB technique, have been employed to study injection

. electroluminescence in MIS structures. In addition, diodes fabricated

using‘fiims of phthalocyanine have also been studied in an attempt to

benefit from the attractive properties possessed by this material.

)-
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CHAPTER 5

EXPERIMENTAL DETAILS

‘In tﬁis chapter é general description of the equipment and materials
used in this work is givéﬁ, together with an éccount of the_eXperimeﬁtal
procedures adopted.: In addition, the results of some of the bésic, but
nevertheless very important'preliminary experiments concerned with device -

fabrication are presented and discussed.

5.1 SAMPLE DETAILS

(a) Gallium Phosphide

Thé»GaP used in this investigation was n-type, single crystal
material grown ebitaxially onto large aféé (~ 10 émz) n’ substrates. These
subgtratés were doped with sulphur to givé a carrief concentfation of
approximateiy 1018 cm-3. The GaP ebilayers were érown by vapour phasé
;ebitaxy to a thickﬁess of aboutlho um, These layers Were.sﬁlphur doped to
15 -3

give carrier concentrations in the range 107~ - 1017 em ~. Additionally,

the final 10 microns were doped with nitrogen to a concentration of

approximately 1018 - 1019

cm’s. The slicés‘were éupplied highly polished
and were pptically.ﬁery smqéth and uniforﬁ.:'Theiiptérnal duantum efficiency
of the nitrogen ac;ivated»EL from this‘météfiglAwés of thé'érder of 1%.

Tﬁe external quantum effiqiéncy of uﬁéncapsulétéd, p-n junction LEDs,

fabricated from GaP with very similar properties to that used here, is

typically ~0.05%.

(b) Zinc Sélenide

The ZnSe samples were single crystal, n-type material grown epitaxiallyv 
-onto GaAs single crystal substrates. These suﬁétrétes were either semi-
insulating or in some cases were heavily dopedﬁto provide a sample

(1)

suitable for a;sandwigh geometry. The ZnSe éﬁilayers were grown
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using the recently-developed technique of organometallic chemicalAvapour
deposition (OM-CVD), to a thickness of typically 3 um and were intentionally

doped with aluminium to yield carrier concentrations in the range

1 1 - . : .
10 6. 10 8 cm 3. The cathodoluminescence spectra of the ZnSe material

(2)

used here has been studied by Wight et al , and found to contain features
in both the blue and yellow regions of the spectrum. The relative
intensities of these emissions varied from one sample to another. The
external quantum efficiency of material which emitted predoﬁinantly in the
blue was measured to be 0.147% correéponding to an estimated internal

(2)

A somewhat higher external efficiency (%0.6) has

(3)

efficiency of 30
been deduced for the yellow emission due to the reduction in the effect

of internal reabsorption. No previous EL measurements have been reported

for conducting ZnSe grown by organometallic-CVD. .

5.2 DEVICE FABRICATION

5.2.1 Ohmic Contacts

(a) Callium Phosphide Samples

Since the active EL region of the GaP slices‘was only §V]Oum thick,
extreme care was necessary, particularly from thefviewpoint of etchants, to -
ensure that as little as possible of the surface material was removed during
device fabrication. The following'proceduré‘was:psed to givé_reproducible,
highly Ohmic, low resistance contacts withouf the neéd for éﬁ etching or
chemical polishing process at this stage of the fabrication:‘ The slices
were thoroughly_degreased by refluxing in isoprop&l alcohol. vapour for
several hours. High quality (99.999%) indium wire was used to make two
small, preformed contacts on the back face of each sample. These were.then'

annealed in an inert atmosphere at 500°C for 10' minutes. The Obmicity of

the contacts was measured using a transistor curve tracer. The resistance

thus measured was invariably of the order of a few Ohms and agreed well
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with the expected value which was calculated from the resitivity of the

bulk material.

(b) ZincvSelenide Samﬁles

Two geometries were used for the ZnSe samples in this work, i.e.
surface and‘sandwich gebmetries. For the surface arrangement, the Ohmic
contacts were formed on the same sample sufface as the barfier electrode, .
e, td the ZnSe.material.. In.the sandwich structure, the Ohmic contact
was formed, as usual, on the opposite:faée.to the barrier eléctrodéi-i.e.
‘to thé GaAs material. In both instanceé the samples were dégreasedfby
refluxingvin isopropyl aicohol vapour for several houré. .Preformed con-
tacts, made from indium wire for chtacts>to the ZnSe material énd from
an indium /5% tin alloy for contacts to GaAs, were annealéd in an inert .

atmosphere for 10 minutes at 275°C.

' 5.242 Surface Preparation

The Langmuir-Blodgett technique.is a room temperature, 1o§ energy
techhique which.céuses relatively little damage to the suBstraté surface
-when combéred to7other, more conventionalbﬁechﬁiQues such as sputtéring or
evaporation.. This means that tﬁe pre-LB film-depositioﬁ.sufface prgparé—
tion'is of parampunt.importancé,»as it caﬁ, in sqme'instaﬁces, determine
:ghglggtp;g of the LB film—substraté»intérface. This:is pérticularl&
@mpgrtggt Wpeg ﬁhe sﬁbstrgﬁe to'be coated is a seﬁiconductor§ it has been

‘shown for example, that the InP-LB film interface state denéity distribution

(4)

can be significantly altéred by‘suitablé surface pfepargtion _ f?om tﬁe
vviewpoint'of this work, a particularly importént consideratiqn.was-fhe |
influence and.exteﬁt'df the inevitable interfacial 1a§er which was presentw  :5
- bétwgeg thg‘LB film g#d the semicondﬁctor as a result of'thg Sﬁffgce" |
preparation. A variety of etchants and chemicaljpoliSheé were uéedvin '

>bfhis study and these are discussed below.
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"(a) CGallium Phosphide

'Three'different chemical polishes, whicﬁ have been reported as being
suitable for GaP were investigated. Tabie 5.1 lists these polishes end
some of their properties. Of these preparations, the pe;dxide treatment
is the least useful from the viewpoint of this work. Tﬁe resulting surface;i
as revealed microscopic.examinatioﬁ, was generally good; although it did
- contain a number of.gross‘defects which were the result of’preferential

etching. Moreover, the etch rate is“quite large and this necessitated

the use ofla very‘brief etch in the case of EL material eiﬁce the aétive
region was oﬁly n10um thick. This meant that it was leSéieontrollable
“than polisheS'with slower rates, and heece more likely te.froduce an uneven
.surface. It ﬁas ﬁot considered further in this work. The feiricyanide and

'Brz/CH OH preparations exhibited more controllable, slower_rates of action

3
-and this, coupled to their_non-pfefetential polishihg action; resulted in
high-quality, poliehed surfaces., ‘It wasvnecessary to follow the Brz/CH3OH
tfeatment with an HF, oxide-removal stage since devices. fabricated without
this inveriabiy exhibited non-ideal charaeteristics; This was attributed
~'to the presence of a significant interfacial layer (see §-6t3). The HF
‘stage was not necessary in the case of samples prepared using the fcrficyaﬁidc
treatment, as such‘eamples; although épeseesing a thin interfacial iayer,
still exhibited near-ideal characteristies'(see.§ 6.2). in:SUmmary, both
the ferridyenide and the Brz/CHBOH-HF pdliéheskreSult in similar, high4quality
semiconduetor surfaces and both are suitagble for use with the'GaP EL material, -
Howeﬁer, thellatter preparation is thought 1ikeiy to‘reeultbin_a ielati&ely
oxide-free surface whereas the former is expected to possess some.form of
interfacial 1eyér;'b |

The etch rates ‘listed in table 5.1 were determined by fifgt-prqtectipg
half of the semiconduetor with 'Laeomit' end theﬁ‘polishing the sample for¢‘f~

a known period of time, usually several minutes. .Subsequent removal of the

oh



'Etch' Rate

Hydrogen Peroxide
In Water

2747272072
4 1 -: 1

By leume

Preparation Concentrations | Abbreviation Comments
Bromine/Methanol 0.5% ‘Bromine _ Mixture must be used fresh (ages
. by volume Brz/CH3OH v lym/mm. rapidly). Results in polished, mirror-
' like surface

;Hydrofluoric Acid 40% by:-Volume HF - Oxide Removal. Used with Brz/CH3OH to

' ' ' ' produce high quality, oxidleree

surface.
Potassium Ferricyanide| = 3g K3Fé(CN)6 -Férricyanide -~ 2, 5um/min. | Used at 80°C. Results in high quality
Potassium Hydroxide 0.24g KOH ' ’ polished surface. '
In Water ‘ : .
o 10cecs H;0 .
2

.Sulphuric Acid/ H,S80, :H,_,0,:H, 0 Peroxide N 8um/min. Known to leave oxidised surface.

Surface quality good, although some

preferentially etched regions.

Table 5.1 Listing the various surface preparations used for GaP and some of their properties
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lacquer enabled the depth to which material had been removed to be

measured using a microscope with a calibrated stage.

(b) Zinc Selenide

The scarcity of the organometallic-CVD ZnSe material used in this
wprk meant that a comprehensive study of the effects of different surface
preparations was not possible. Furthermore, the fact thét'the ZnSe
epilayers were only ~ 3um thick meant thét extreme care was necessary
during surface preparation in order to prevent the ZnSe from being com-
pletely removed. The followiﬁg technique was found to yield Schoftky
barriers with reasonably good characteristics and was theféfore used to
prepare all of the ZnSe devices: The samples were refluxéd in isopropyl
alcohol vapour, for several hours and then polished, at foom temperature
using a mixture of ﬁromine and methanol (O.S%lbromine by volume) for
1 minute. This was followed by a cafbon,disulphide rinsé in order to
remove the surface bromine compounds which are a consequence of the

5)

polishing procedure

5.2.3 LB Film Deposition

In all cases, the first monolayer was deposited as soon as possible
after the semiconductor surface had been prepared. In practice this was

invariably within 30 minutes. Similar deposition conditions were used

each time a film was deposited so that, as far as possible, the structure

and properties of'the insulating films were reproducible.

(a) Cadmium Stearate

The following deposition cdnditionsAwere used to deposit CdSt2 LB

. _ | | Ty
films: The subphase pH was 5.75 (t 0.05) and its temperature was 18 (—Z)OC.

" The surface pressure of the monolayer spread on the water surface was

maintained at either 25 wN/m or 30 mN/m. Cadmium ions, in the form of
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CdClz; were added to the gubphase to 'give the required 2 }vc'io--4 M
solufion. It was shown in § 4.4 how é compression iséthérm could be
measured to give some indication of the‘quality_of the ﬁoﬁoiayer,'and
thié was foutinely perfofmed pridr to each deposifioﬁvproéedure. A
typical isotherm (pH = 5.75) is shown in fig. 5;1. (Af this pH, the

film consists largely of CdStz, although the conversion is not complete

~and there is still some stearic acid present.) The first monolayer was

always deposited slowly, at a speed of ~ 1-2 mm/min. Subsequent layers
were foundvto deposit better (see later) if the samples were desiccated
for ~1-2 hours under a low pressure of dry nitrogen. These subsequent

layeré were deposited more quickly, at speeds.of up to 10 mm/min.

(b) w-Tricosenoic Acid

The deposition conditions were as follows: The subphase pH was

5.5 (% 0.1) and the subphase temperature.was>18 X )°. ‘he surface

pressure of the monolayer was maintained at 35 mN/m. No cadmium was added

to the subphase. A typical isotherm, obtained under these conditions, is

shown in fig. 5.2, Since w-TA is known to undergo an ageing process on

(6

the surface of the Langmuir trough ~°, all depositions were completed in

less than 1 hour using a freshly spread monolayer. Difficulty_was

experienced when attempting to deposit an aged film (i.e. more than four

hours old) onto the semiconductors used in this work. The first monolayer

vwas déposited at a speed of v~ 1-2 mm/min and subsequent layers were

deposifed immediately at speeds of up to 50 mm/min. . The post-first layer.

drying stage was found_to_be unnecessary when using w-TA as the LB materia1.7  g

. (c) Substituted Phthalocyanine

~

The procedure used to deposit LB films of phthélocyaniqe is more
complicated than that used for the more conventional- films. This prqcédure

was described briefly in'chapfer 4,  The following depositidn conditions
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were used: The.subphase pH was adjusted to a value of 5.4 (i.O.Z) and
its temperature was 18 (t 2)90. The surface pressure of the monolayer
was maintained at 30 mN/h during the actual deposition. No cadmium was
added to the subphase. A typical iso£herm obfained under thése conditions
is shown in fig. 5.3. In this case all of the. layers were:&eposited
slowly, at a speed of v 1-2 mm/min.

Irrespeétive of the material used‘to form the LB film, the samples
were always desiccated, under a low pfessure of dry nitrcgen, for
approximately 2 days prior to top electrdde deposition. This is thought
to improve the quality of the LB film and indeed, if this sfage were
omitted, then deviceé fabriéated withbinsulatofs more than oﬁevmonolayer

thick invariably exhibited irreproducible characteristics.. v

Surface Preparation. 1In addition to being very important from the

viewpoint of the interface properties, the sample surface preparation is

also crucial with regard to LB film deposition. Usually this means'that

the surface must be either hydrophilic or hydrophobic in order to be

- conducive to pick-up. In the previous section, the propgfties of the

GaP surface, as prepared by three different tréatments,_wgre discussed.
One of these,vthg.peroxide etch; was found to be unsuitable. It is con-

venient at this stage to consider the effect of the two remaining surface

' preparations on the success of the LB film-depositidn procedure. This will

provevfo bévvaluabie in helping td choose tbe mbre suitablée chemical polish
with which to prepare the GaP for MIS diode fabrication. If was shown in
§;.4 how a record of thé dipping procedure could be made Sy mohitoring’
the surface pressure and the surfacevarea:of:the moﬁolayer as a funétién
of time. Fig. 5.4 shows such.a record for a saﬁple prepared'using the
ferricyanide treatment, onto which CdStz was deposited. It can be seen

that the surface pressure remains essentially constant (at 25 mN/m) as

the material is removed from the surface of the water, thus causing the
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change in the area enclosed by the‘barriet. From this change=in area,

the deposition ratio was calculated by comparing it to the surface area

' cfvthe sample which was measured usihg a microscope with a calibrated,
moving stage. These depcsition ratios are listed in fig. 5.4.>(It

should be noted that the LB‘film-was debosited in a steppethhickness
manner which explains why the change in area is not the same in all
cases.) The substrate in this instance'was dipped continuously, i.e.

with no drying time between the deposition of the lst.and Zhd layers.

The ratios are largely very good (i.e. close to 100%) with an obv1ous
exceptlon relatlng to the pick-up of the th1rd layer. This effect was
unique to the deposition of CdSt2 onto GaP, and was relatively.indepeh-
deht of the mode of.surface treatment. :Its cause is-uncertaih, although
it can he seen from the shape of the trace that the deposition gradually
improves as the third layer is deposited. It was found that this effect
could be eliminated, in the case of the ferr1cyan1de treated substrates,
by des1ccat1ng the sample for nv1-2 hours after the first layer had been
deposited. ‘Fig. 5.5 shows another record where, in this case, the sample
was desiccated for apcrcximately_Z.hours between the first.and secqhd

| depositiqhs. It can be seen that the effect is no longer apparent and
thevdepcsiticnvratios are all clcse to }OQZ. Ihis'?thirdllayerv‘effect

is ciearly related to the properties of the 1stx1ayer'and'this explains
why it was never observed attany cther’stage.ih;the procedﬁre (e.g.

during the deposition of the fifthllayer). Oneipossible ekplanatdoh is
that the crucial factof'is the adherence of the}secOnd layer to the first;‘
‘The unusual shape of the third trace in fig. 5:4 may ‘be due tofthe‘paftiaih
removal-of thedsecondflaﬁn'as the‘third.depositdoh'is atteﬁpted, rather
than 51mp1y the 1ncomp1ete deposition of the thlrd 1ayer ‘if.thisvisv

‘the case, then the drylng stage must render the flrst layer more con-

: duC&VE’wto plck-up.
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The problem was not so easily overcome, however, in the case of a
'sample prepared using the Brz/CH3bH-HF treatment.' Fig. 5.6 shows the
dipping record for such a sample, Both the dipping conditions (pH,l
temperature and speed), and the drying period were 1dent1ca1 to those
used to obtain the record shown in fig. 5.5. 1In this case the th1rd layer
anomaly was still evident, although somewhathreduced in magnitude. How-
ever, it could usually beAeliminated by the use of very slow.dipping speeds
(1ess than 1 mm/min.) although this was time-consuming and inconvenient.
. Another experimentally-observed.trend can.be seen.in fig. 5.6,_name1y that
the deposition ratios were, in general, lower'than in the corresponding
ferricyanide-treated samples. In concluding, it can be said’that the.
ferricyauide treatment results in a somewhat better surface.fromithe'view-
point of‘LB film deposition, although, with care, successful deposition is
possible using either treatment. The difference between the two surfaces |
‘vls likely to be due to the fact that the HF- prepared surface is expected
“to be essentially oxide-free, whereas the surface 1eft by the ferricyanide
7preparatioh is expected to be uniformly coated with a thin oxide ‘layer.
The eatent of this layer, and_its influence on devicevproperties, is

clearly an‘importaht issue and this is considered in §6.2.

5.2.4 Electrode Depos1t10n ,

Since conventlonal LB film materials have, ih general, low melting
p01nts, care must be exercised when evaporating metal electrodes (For
example, stearic ac1d has a bulk melting point of only W70 C - although for
CdSt2 it is sllghtly higher than this and 1ndeed, in monomolecular form it
may well he higher still.) Previously, thelmethod used to guard against
‘thermal damage to the filﬁ has been tovcoolvthe substrate to a low temper-
ature (m.-iQQQC) dgring the evaporating procedure. However, some authors

~ have experienced difficulty using this technique due to the mis-match of
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the thermal expansion coefficients gf the metal, insulator and substrate.

. This problem was found to be particularly acute when GaP w;s used as the
substrate,‘and only a very low yield of reliable’contacfs was possible.
Fig. 5.7 shows a phbtogréph of a gold electrode (on GaP)_exhibiting the
'crazed' appearance which is characteristic of this problem. Consequently,
an,alternétive method for the evaporation of metal electrgdés onto LB

films was sought. It was found that, providing the evafdration was
performed slowly, i.e. at a rate of about 0.5 nm/min ih-stages of v lnm

at a time, the thermal damage caused to the film was minimél. This can
bevseen by considering fig. 5.8 which,shoﬁs the reciproqal caﬁacitance,
plotted against the number of monolayers for two differéﬁt metal-in#ulator-
metal samples. These saﬁples wére.identical; aluminized glass slides,
_which had been simultaneously coated with a stepped thickness, cdst, LB
film.' The gold top eléctrodes were deposited (a) using the cooled substrate
vapproachvand.(b) using the slow, staged technique.' Eacﬁ point represents.
an agverage value détermined from several contacts én each fegion‘of.tﬁe"
two samples. It can be seen that the two éurves are véry‘similar. Both
afe.highiy:linear with almoét identical 310pes although the inferéepts on
'tﬁe capacitance gxig a;e'somewhgt diffe;ent. .These data:cén'be aﬁalyééd
according to'equaﬁion'é?l::ire' ¢t = Nd /e e *uéi/eieé;. T“isiyie¥3$

a vélué for d/eib of 9.8 (t.Q.Z) x.lo-lom which_agreeé well Withiprevious

_ ;gsults<4); Assﬁming:a' molecular chain length of 2.5’nm; yields a value
b‘for<the dielectric constant, clb,.of 2.5, Thé y;axis iﬁtefeépt can be
‘used to deduce the thickness of'tﬁe interfacial aluminium oxide11ayer;

The intercept of cufve (b) yields a value for Si of “4.5 nm (assuming a
.dielectric constant of 8.5 for the-aiuminium oxide). Agaih this vglue is
consistenf with that meésured'by other workers., Hoﬁever, the difference
in the two intercepts is quite significant. It is not tﬁought to be due

‘to a difference in the thicknesses of the Al,0, layer, since both samples
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were fabricated invparallel under identical conditions (e#cept.for the
method used to evaporate tbe top electrodes). The origin of this asomaly
is unciear, it may be due te a reduction in the effective electrode area
resulting from the cooling technique, or alternatively, itrmay be due to
contamination of the LB film prior to electrode-deposiﬁion (e.g. back-
streeming diffusion pump oil condensing onto the cooled substrate). Tﬂe
slow staged»technique is clearly the better of the two; it eliminates -
the problem of crazed confacts end.also appears to result in better metal -
insulator-interfaces. This technique was used to evaporate top electrodes
onte ail of the samples used in this study. The evapqratien procedure
itself was shutter controlled and performed at a pressureiofvless than
10-'6 torr to.a final chickness of N 15nm, as measured byra quarrz-crystal.
oScillator, film thickness monitor. The contacts were de11neated ‘using a
mefal mask contalnlng circular aperatures,'typlcally 0.5 to 1.5 mm in

» diameter.

5.3 DEVICE CHARACTERISATION

‘Figure 5.9 shows a schemetic diagram of the deviee'geometry of a
typ1ca1 sample prepared u31ng the procedures outllned in the prev1ous
.section. It is shown spec1f1ca11y for dev1ces fabrlcated on GaP but it
?év9é§?ntlally the same for the ZnSe sendw1ch~type-struetqres. For the
‘ZqSe surfece éeometry sampies, the Ohmic contact was made on the same
-surface as the gold electrode and was not coeted'with the LB film, Using
.reasonably large area substrates, it was possible to prepare samples with

up to nine dlfferent reglons of f11m thickness w1th approx1mate1y 15-25

cpntscts pervreglon. ThlS enabled a large number of dlgdes from each area -

to be sampled and representative ones chosen for full characterisation.
1In general, the'reprdducibiiity over a range of contacts from the same
region was good. Samples which did not exhibit such reproducibility were

not used further. The most reliable and convenient method of testing
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this reproducibility was found to be by monitoring the current-voltage

characteristics: 1In practice, the current taken by each device at a

couple of preset voltage levels was measured and these data were used

to choose typical contacts. This was found, in general, to be a more
sensitive technique than, for example, measuring the diode capacitance,

since the current taken by a diode is highly susceptible to defecté or

‘irregularities in the structure of the device.

Most of the experimehtal measurements'were pefformed_iﬁ a épecially
designed sample chamber,. A phofogfaph of thié chamber.is_sﬁown in .
fig. 5.10. vElectrical confaét was made using a gold'bail (v 0.5 mm in»
diameter) fastened to the end of the micromanipulator (A). A Pelticr

heater (B) placed beneath the sample mount, gave the chamber a limited

cryogenic faciiity‘with a range of approximately -30°C to +60°C. A

vacuum line connected to a rotary pump enabled the’chaﬁﬁér to be evacuated,
and a needle-valved gas inlet (C) allowed the atmosphere inside the

chamber to be controlled. Furthermore, mesh covered metal trays contain-

ing silica gel desiccant (D) were used to provide a dry atmosphere.

Illumination of the sample was possible through a glass window in the
chamber 1lid. Alternatively, ;hé optical fibre light piﬁe (E) could be

positioned either.directly over the electrode (as shown} or, pyquiﬁg-an

'alterpapive sample base, direétly underneath the electrode. This ébuld

' aisp be used for collecting the light emitted from the diodes and

guiding'it to the detection equipment. A thermometér, placed inside the

- chamber, enabled the ambient temperature to be monitored and the thermo-

coup1e (F) was used to measure the sample temperature whenever the

cryogenic facility was used.
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5.3.1 Electrical Measurements

The current-voltage data were obtained using a Time Electronics

type 2003S DC voltage calibrator and a Keithiey 410A or 414 picoamreter.
The arialogue output from the picoammeter was monitored using a Y-t chart
recorder so that the equilibrium current values could be taken. (The
time takenvfor the cufrent to reach equilibrium after a change in,voitage
~was very much dependent on the pafticulér substrate and LB film osed, It
was usually of the order of a few minutes although in some.instanees was
as long as ~30 minutes.j The capacitance-voltage measurements were made
using a Boonton. 72BD capacitance meter. This meter employs a 15mV(rms)
1MHz measurlng signal and enables an external bias to be applled via

* the measuring termlnals. The photoresponse data were obtalned by coupi-
ing the sample to a Bausch and Lomb, high intensity (250W5 greting mono- -
nchromator'by means'of the optiCal.fibre,‘and monitoring the short citcuit,
photocurrent‘with e_Keithley 410A picoammetet.'.Suitable ftlters, placed' .
between the monochfonator and the light pipe, wereﬂosedfto eliminete |
"second order effects. The complete system was calibrated-by feplscing :
"the sample with an Oriel 3810 thernopile, the output ofvwhicn nas |
~measured using a Keithley 181 nanovoltmeter, as a function.of photon
energy. ‘This ensbled the xeletiye nnnber of incident photons, and hence
the photoresponse per incident photon‘to‘be cslculated ss,e function of

the photon energy.

- 5.3.2 Opt1ca1 Measurements

The EL spectra were obtalned by collectlng the 11ght emitted (through,..:'

_the back face of the diode for GaP dev1ces, or through the gold electrode.
for ZnSe dev1ces) using the. opt1ca1 fibre attachment and gu1d1ng 1t to ‘a-

Hilger and Watts motor- dr1ven grating moncchromator coupled to an EMI

type 9558QC photomultlpller tube. The output from the photomu1t1p11er was
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recorded on a Y-t chart recorder via the analogue output_of a Keithley'
414 picoammeter. The time axis of Ehe'chart recorderjﬁas calibrated in
terms of the monochromator waveieﬁgth setting. A constant drive current
density of V10A cm.2 was used to excite fhe'EL. The efficiency meésure-
ments were made using a calibrated éiliéon photodiode. ‘The sample was
plaCed‘abéut 10 mm:from the photodiodé, iq a specially constructed
chamﬁer. The acti;e region of tﬁe_photodiode was NS_ﬁmvs§uare. In some
instances, particularly in the case of less efficienf-diodes, it was
necessary to use a larger drive current density. In_theée cascs heéting‘
effects were eliminated by using’a swiﬁching circuit.fo.pulse thé diodes
witﬁ avconstant current.‘ A frequency of 500 Hz with a 2% duty cycle was
used, providiﬁg:é maximumlcﬁfrent density of n25A cm-zl ”Thé voltage
developed across the‘diode, and the output from the Silipoh_photoceil

B were.measﬁréd using a Telequipment_Dldll oscil}oscopé. The eXterqal
quantum efficiencies (in phbtons/electron) were measuredlusing a
célibfated,vlarge area (~ 7 cm2) éilicqn pﬁotodiode; The‘photbvoltaic
meaSurements wefe made under épproximate AM1 conditipns which Qerc

‘provided using a Thorn OHS 1500W halogen lamp as a solar simulator.

5.4 GENIRAL PROCEDURES
| o in all aspects of semiconductor device fabrication, clesnliness |
Wés’qf paramount importance. Ektfemelcare ﬁas taken to eliminate con-
éémination of eitﬁer the semiconductor substrates othhe materials used
at any stage of the device fabricafioﬁ. Only‘thé purest (Aristar grade)
~chemicals were used and all’glassWaré was routinely bleaned with |
chromic acid, 'Decoﬁi 90',detergen;_and_purified Qatef prior tolﬁse.‘
?ﬁe:semicpnducﬁor surfaceApreparation was performéd in a fume éupbon}d
éiﬁuaieé in a clean room in order to minimise contamination of tﬁé

chemically prepared surface.
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Each time a different semiconductor slice was used to fabricate
MIS devices, a small piece was cut onto which near-ideal Schottky barriers
were formed by evaporating the tép eleétrodes soon after the surface
preparation. Measurements made on these diodes were then used to
characterise the slice and provide a standard by which fhe MIS diodes
were judged, After fabrication, as a matter of routine, all samples were
examined under an optical micfoscope. This revealed any gross defects
or inclusions in the LB film and also any faults in the top electrodes.
For device characterisation, the éamples were usually mounted onto a
PTFE base and a flying lead connection was made to the ohmic contact.
The samples were stored, between meagurements in an atmqspbere of dry

nitrogen at low pressure.
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CHAPTER 6

RESULTS AND DISCUSSTION : GaP SCHOTTKY BARRIER DEVICES

6.1 INTRODUCTION

In this chapter the characteristics(of GaP Schottky barrier devices;
fabricated using a4variety of surface preparations, are presented and dis-
cussed. Diodes fabricated using the ferricyanide and Bré/CﬁBOH - HF
treafments are shown to behave in a near-ideal fashion (as defingd in §3.3).
These diodes are fully characterised both electrically aﬁdfoptically ih
order to provide a standard by which the LB £ilm MIS diodgs Qan be judged.
In addition? the theory described in § 3.3'is employed to deduce as much
information as possible abouﬁ the structure of the Schottky diodes, |
particularly with regard t§ the extent of the uninteﬁtional'inteffacial
_layer which is inevitably present.. ﬁevices-prepared usiné a ﬁrz/CHBOH
surface treatment, without the HF oxide removal stége, are éﬁown to
éxhibit non—ideal charécteristiqs ﬁhich-are attributed to the preseﬁde of
a Significaht intgrfacial'layerf These devices are characterised and
gnalysed in terms of the mddel-describea:in §3.4, i.g. that pertaihing to
conventional MIS diodes. These dipdes are essentially MIS structures
incorporating a native 'oxide' layer as the insulator, and:ére therefore
useful as a comparison for the LB film MIS data which are presented in
chapter 7. Finally, the effecf,on thé‘Schéttky diode charaqteristics;‘of
:éxposing the semiconductor substrate to the conditions neceséitated by the
Lﬁ film deposition pfocedure is considére&., This is used to thain informa-
tioﬁ on the extent and influence of the intérfacial layer Whigh will be
Pregﬁﬁy betwgen'the sggiéonduétor surféce gnd thevLB £ilm in‘the dgvicés
"'studied'in-chapter 7. This aspect is clearly very important since ﬁhe.

. elegance of the LB technique, from the viewpoint of this work,blies in
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the ability to define the insulator thickness to a high_aegree of
accuracy. This benefit would obviously be lost if the inteffacial léyér

was completeiy'uncharacterised.

6.2. NEAR-IDEAL SCHOTTKY BARRIERS

The characteristics of Schottky diodes fabricated using two different
surfaée preparations are how considered. Diodes (a) wefe ﬁrepared using
the fefricyahidé treatment.and'diodes (b) using the sz/CﬂjoH-HF prepara-
tion. ‘Both samples were cut from the same crystalbéliée.and the fabricafion»
procedure, excepf for the surface preparation stage, was identical in both
casés. The‘gold‘electrodes wére deposited onto the two-éamples.simﬁitaneously

using the slow, staged technique described previously..

6.2.1 Measurement.of Barrier Height

The current density-vdlﬁagé éurves for tybical diodes fabricated uéing
.thé two different surfaces pfeparatioﬁs are sﬁoﬁh in fig. 6.1. ‘Only that
region of the cﬁaracterlstlc which corresponds to the barrier 11m1ted '
reglme 1s shown (for J 2 10Am -2 the characterlstlcs begln to be 11m1ted'by'
the series resistance of the dlodé). The error bars repfesént the standard
.deyigtiQQ Qf.the exberimental scatter measured over a 1argé number of contacts on
each slice. Theye'is a smal; but defipitg.differencé evident betwéen the
two diodeg, even when the experimeptai sgatfer is Faken:intg.account. .Thé
linear regions of the two curves arefﬁell described by éq§. (3.19) éﬁd (3.14)
ie. J = Jé exp (qV/nkT); where J, = A*T2 exp (--q¢bﬁ[ij. 'This is the
thérmionic emission theory (V. 2 3kT) describing current transport in a
Schottky barrler, and applylng this to the data shown 1n flg 6.1 yields
an 1dea11ty factor very close to unity (N 1.01) for both dlodes but sllghtly
different barrler heights in each case (1 37eV for diode (a) compared to

1.31eV' forvdiode_(b)). Fig. 6.2 shows an activation energy plot for a

“typical diode fabricatgdzusing the fer?icyanidé preparétion; Here the

'
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~

current taken by the‘diode at a fixed value of forward bias (0.7V) over
a range of different temperatures was measured aﬁd a grapﬁ of.ln(J/A*Tz)
against 1/T was plotted. According to the thermionic emission theory
quotgd abové, such a graph should be linear, with a slope related to the
barrier height and an intercept on the y axis of ~ In(1), i.e. zero. The

curve shown in fig. 6.2 is evidently highly linear, and analysing this

2.,

data yields a barrier height of 1.30eV and an intercept of In(9.3 x 10
Tt will be shown in §6.2.3 how these results can‘be used to assess the
extent of the intérfacial layer which is present in these devices.

Fig. 6.3 shows the capacitance-voltage data, for the same twoldiodes,
plotted as 1/C2 against bias. Once again, the characteristics are

slightly different in the two cases. Analysing these data according to

the equation:

C~2 = (2/quNd)(Vd-kT/q + Vr), i.e. eq. (3.31)

yields barrier heights of 1.40eV and 1.35eV for diodes (aj and (b)
respectively. This difference is small and much less significant than the’
corresponding difference in the conductivity data (see table 6.1 below).
"This arises from the fact that in the'latter case, ¢bn is 1égarithmicélly
dependent on the intercept (J,) whereas in-the‘former, it ié'linearly
dependent on the intercept (Vd - kT/q). The change in slopé, howe?er, is
not insignificant since the difference is cleariy not accounted-for by
experimental scatter. This disparity is attributed simbly to different
‘carrier concentrations in the fwo diodes since the'slopé‘was'found to vary
significantly between contacts even on the same sample. In fact the slope
increased gradually as different diodes across the face of the individual
samples wefe probed. The fact that the two semiconduétor’pieces were cut
from opposite énds of'thé crystal slice accounts for the fact that the

difference lies outside the limits defined by the experimental scatter.
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An approximate doubling of the doping concentration across the diameter

of the semiconductor slice was noted.

The photoelectric déta‘for the same two diodes are shown, in‘thé

form of Fowler plots, in fig. 6.4. Both diodes are well described by

~ the relationship; R = C(hv - h\)o)2 (i.e. eq.(3.30)) and extrapolating

‘back to R.= 0 yields barrier heights,'cj}bn = hvo , which are very similar

in each case ( n1.39eV).

' ‘The information gathered from these three_techniqués is collated in

‘table 6.1 below.

3=V Data 1/02 - V Data Photoelectric
Data
Ideality| Barrier Diffusion | Nd(cm-3) Barrier Barrier
factor Height(eV) |[Voltage(eV) Height(eV) [Height(eV)
Ferricyanide v ' . 15 . ' '
Preparation 1.01 - [ 1.37(-0.01)| 1.23ev 5.0x1077} 1.40(-0.03)} 1.39(-0.01)
(Diode (a)) ' ‘
.Br-z/CH.BvOHV-HF o, sl +
X . 1 1.02 | 1.31(-0.01){ 1.18eV 8.8x10 1.35(-0.03){ 1.39(-0.01)
Préparation » .
(Diode (b)) '

Table 6.1 . Information Deduced from figs. 6.1, 6.3 and 6.4

It can be seen from this data that there is a good égreemént»bétween

the barrier heights measured by the various techniques, although those . =

measured by the J-V technique aresomewhat lower than the values determined

from the other methods. Since the photoeléctric technique gives the only

direct measurement of this parameter, it can be assumed that the value °f,

1.39eV, measured for both diddes, is the most accurate. This means that -

the different values indicated by the J-V technique for the two diodes is

not due tg,a'reél'differeqce in barrier height. The only othef possibility‘j'

is that diode (a) possesses a more significant interfacial layer than
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‘diode (b) and hence the J-V cha;acteristics are affected by fhe (X%S)
tunnelling transmission coefficient (§3.4.1). However, this 1aye£ is not
of sufficient'magnituae to cause a bias dependent barrier height since the
idéality factor is still very close to unity. This interérétatibn is
corroborated by the fact that the photoresponée,'at any givéﬁ photon
energy, is smaller in the case of diode (a) (see fig. 6.4) wﬁich indicates
an additional impediment.to the current flow. This interfacial layer is
considered in more detail in §6.2.3. It is interesting.to qbte from

fig. 6.1 how,.at low bias, curve (a) tends towards curvé (b). This can

be explained if one assumes that the interfacial iayer contains a
significant pinholevdensity. At very low currents the éoﬁductionvoccurs
via theée pinholés and not by quantum mechaniéai.tunnelliné. However, "at
higher current densities this currenf path becomes saturated and thé
dominant mechanism is tunnelling which leads to the observed shift in thév

forward current characteristic.

6.2.2' Photovoltaic Properties

Gallium phosphide, with a bandgap of n2.25eV, is nof a'materia1 which o
:éne wouid'cdnsidér as suitable for solar ééll applicatioﬁs_since a large
proportipn éf tﬁe solar spectrum would pqﬁ bg gtiliséd by sﬁgh a ¢e11§
However, the phqtqvoltaip p;operties qf ;he MIS.deyi¢es wi}l be shown to
Prog%dé valuable infqrmatién about the mechanism of ;inority carrier
_ £ransport across the insulator. Thg photovoltaic characteristicé-of the
near-ideal diodes'are‘fresented here, both for future reféfencé, and.td
give additional information about the magnitudé of the interfacial iayer
present in these §gvices. Fig. 6.5 shows the current-déﬁsity-QoiEagg
gharacterist@gé.fq; avtypical Schottky.dibdg (ﬁype (b)) both in the dark

and under illumination. For this particular diode, the open circuit

) i . . ! * . ‘o -2 - S )
voltage is v 0.59V and the short circuit current is ~ 0,18 Am “, Table 6.2
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shows these characteristics for diodes (a) (prepared using the ferri-
cyanide treatment) and (b) (prepared using the Brz/CH3OH - HF treatment).
They were determined from a number of contacts on each slice, the

figures quoted being average values.

Ig/e (A/m%) v /. (Volts)

Diodes (a) | 0.19 (20.02) | 0.65 (%0.03)

Diodes (b) | 0.19 (Z0.04) | 0.60 (%0.04)

Table 6.2- Photovoltaic properties of diodes fabricated
using different surface preparations

The J-V characteristic of a Schottky diode under illumination can be

written as:

1

= 7t -
J =7, exp (qV/n'kT) JgJe for V. 3kT.

A relationship for the open circuit voltage can be found by equating J

to zero. This yields:

Where n' and JO' rgpresent the terms n anvao under illumination. For

the diodes used in this study, the values of n and Jo were almost unaffected‘
,by the iiluminatiOn. This can be seen from fig. 6.6 which shows a plot

of Js/c against Vo/c for a rahge of illumination intensities in addition |
to a usual 'dark' J-V characteristic. The slopes, and hence ideality factors

are similar 1in each case and there is only a slight change in J,. Tf the
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value of J,' deduced from fig. 6.6 along with the short circuit current
given in table 2 is used in the above relationship, Vo/c:is found to be
equal to 0.61 volts, This is in excellent agreement with the figure
quoted in table 2 for the diodes fabricated using the Brz/CH3OH - HF
tréatment and suggests that these diodes are particularly ideal, with a
minimal interfacial layer. The slight increase in opeﬁ circuit voltage
observed in the case of diodes (a) is most likely due to the presence of

an increased interfacial 'oxide' layer.

6.2.3 Assessment of Interfacial Layer

A number of conclusions can be drawn from the databpresented in the
previous two sections: Diodes (b), i.e. those fabricated using thec
Bré/CH3OH - HF treafment, exhibit the more ideal characteristics and are
genuinely near-ideal since.they agree well with the theory developed in
§3.3. The photovoltaic data suggesf that the interfaciai layer in these
devices is essentially ftransparent' to tunnelling elecﬁrons, i.e. the
(X%G) tunnelling coefficient can be éonsidered to be essentially zero.
However, diodes fabricated using the ferficyanide'éreparation are not so
ideal and this difference can be accounted-for by éssuming1the presence
of a more significant interfacial layer. Nevertheless the diodes still
behave largely according to the near-ideal model and they do not cxhibit
a bias-dependent barrier height. This is revealed by the fact that n is.
close to unity and that the barrier height méasured by the capacitance'
technique agrees well with that calculated from the photoelectric téchnique.
The thickness of this interfacial layer can be estimated indirectly from
either the phqtoelectric or J-V data, Assuming that the differencéAinb

v e (shown in table 6,2) is due to the presence of an interfacial 1§yer,

o/
63); i = n'kT 3,13
then Vo/c can be related to Js/c by eq. (3.63); i.e. Vo/c n’kT/q {1n( s/c/ o
L 3 ) -
+ %x28}. This yields a value for (x?8) of approximately 2. As has been

previously discussed, it is virtually impossible to assign a theqretical
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value to x (and hence deduce §) for such thin interfacial 1ayeré since
the band structure may be very different from that of bulk material.
This has been shown to be the case in the Si : Si0, system where Cafd,

2
and Rhoderick(l)

have fabricated_MIS diodes with varying, known insulator
thicknesses and haVe_experimentally-determined correspondingl(x%6)va1ues.
Assuming that the two systeﬁé are similar, it is possible tc infer an
approximate value for § from the daté.published in ref. (1). This yiélds
an interfécial layer thickness of v 1 nm. The differcnce in the two J-V
characteristics shown in fig. 6.1.can_ also be related to thc (x%ﬁ) term

by describing curve (a) in terms of eq. (3.39); i.e. J = Jn exp (- x’8)

. i . ) . :
exp (qV/nkT). ‘Assuming that (x?8) ~0O in the case of diode (b), then a

(N

value for (x*¢8) of 2.4 is deduced for diode (a). Again, by felacingfthis
to.the data in ref. (1), a value of ~1.2 nm is inferred for 8. It is
| interesting to note that,.glth?ugh the interfacial layer probgbly ccﬁtains 
pinhqles; they do not affect the photo?oltaic prqperties of the devices
v‘to anyvgreat extcnt gince.Vo/é has increased in accordance with éq.(3463).

In fact it has been shown(S)

that an MIS solar cell can'tolefate a large
Ipinholc_dencity (up tc 1000 cﬁ-z, d < 1um) withdcf significanc chpédécion’
of the device properties. " |
-Strictlycsccéking,vthe interfacial quice' thickness déduced above

~is actually the differencc between that‘poésesséd by the diqdcs fabficatéd-
- by the two techniques, although the chotoVoltaic data'kfor‘&iodcé (b)) do
give some justification for assuming that the (2%6) term is approiiﬁately
zero in the &évices fabfiéated using'thé Br2/CﬁSOﬁ1-'ﬁF'treatmént; »ﬁcWéch, 
the‘value of (X%G) can be deduced directly froﬁAthe activation energy
cﬁaracteristic shown in fig. 6.2. Sincé the_ﬁ;rricyaﬁide tfeéted sgmplés'
are best described by eq.(3.39)(see aboﬁc) fééﬁef than the simple thefmionigf
emigsion theory, then the intercept on the §' qxig shodld be equal fo

]n(_x4§) and not In(1). A value of 2.4 1is thus deduced for (x §) in
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the ferricyanide treated samples which is_in excellent:agreement with
that deduced earlier. Consequently, diodeé fab;icated using the
Brz/CH3OH - HF freatment.dan'be éséuﬁed té be free of any.éignificant
interfacial layer, whereas those fabricated.using the ferricyanide
preparation possess an intérfgcial layer, of the ordef of 1 nm thick,
which‘ﬁas an appreciableﬁfﬁﬁﬁélling transmission coefficient but which
does not result in a biaé dé§éﬁdent barrier height. Sﬁch diodes will

still be classed as near-ideélffarbthe purposes of this work.

6.2.4 Energy Band Scheme

According to the simple Schottky - Mott theory (eq. (3.1)), the
Schottky barrier height fér the gold : (n) GaP system shoﬁld be 1.1 eV.
This is cleafly‘not the case here where a value of 1339eV:has been
meastured, In'fact? a widé'rangevdf barrier heights haQé_been reportéd for
':this system and the éxaét_§a1ue depends on both the surfaCe preparation
and the semiconductor properties. Thé Bardeen model of a Schottky barrier,
i.e. the model used in the érevious séction to assess théfextéht of thé |
interfacialllayer, assumes that the Schottky barrier héigﬂt is determined
by fhe charge 1o¢a1ised at thelsemicoﬁductor surface in the interface
.sfétes? Thus, by applyipg ggfv§3.3)f ;fgf ?bn = ¢, (?; - Xs)'+ (1 f 02)
(Eg - ¢0) - A¢bn3 to this gygt?m aségying § & 1nm, Ei v 286,‘ v

(2)

, and neglecting the image force barrier lowering,

. 5 : : -y 1.
yields an interface state density of approximately 1.5 x 10?3 cm 2 eV .

Eg - ?Q = 1.6 ev
This value agrees well with the figures given in‘ref. (2) for a v#rigty of
Schottky diodes. This analysis will be extended in §6.3 when the effect‘
of incréasing 8 is discﬁssed‘and also in chapter 7 when the LB film MIS
diddes afe considered.

The propésediband diag:am for thé'ﬁeareideal Au ! (n) GéP diodes
described so far‘is shown iﬁ fig. 6.7. Dsais fhe'density of surface‘

states and the subscript 'a' is used to denote the fact that their
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population_is governed by quantum mechénical tunnelling to and from the
metal, i.e. they are populated according to the position of the metal
Fermi-level. Since the interfacial layer is so thin, only a.small
fraction of any applied voltage is‘developed‘acréss the insulator. This
ﬁeaﬁs fhat the poéition of the Fermi level at the interface is essentially
fixed relative to the band edgés, and consequently the chérge localised

in the interface states does not vary with applied voltage, which explains
the ideality of the diode characteristics. The band diagrém under the
application of a forward bias has been discussed previoﬁsly and is‘shown

in fig. 3.3.

6.2.5 Electroluminescent Properties

Irrespective of the method used to prepare the devices, none of the
diodes discussed so far emitted any detectable EL, e§en for-dfive cﬁ;rents
of up to SQAXcm-z which is approximatelyian ordér of ﬁagnitude higher than
tﬁat used in typical LEDs. The reason for this can be appréciated by
considering fig. 6.7. The metal-semiconductor barrier which prevents holes
from_being injected into. the semiconductor bulk (¢bp) i§'w2.09evrﬁigh.'
‘This i1s much greéter than the barrief pfesented‘to électrons (¢bn = 1.39eV)
.,grossing from the semic@nductpr‘intq the metal. Thefefqre the bulk of the
curfent, under thg apﬁlicatiqn Qf.é fqrwér@ Bias, is due to electron flow
anq the Wipdrity carrier'injegfion ratio , Y, is conséquently‘ﬁery.low."
In fact‘by appl&ing eq. (3.36) to the-Aﬁ : (n)GaP system,ly “can be
estimated. This equation, which is known to be aqcﬁfate'for Aﬁ :‘(n) Si

14 is value is extremely Smail Whiﬁh is a .

~diodes, yields y n 10°

_ q . ‘ o _ _
consequence of the fact that vy o exp {- kT (¢bp - ¢bn)} gnd is therefore
“acutely dependgnt»on the value of (¢bp - ¢bn)' S;nce the»EL efflCIeﬂGY B

is directly proportional to vy, it is not sumprising that no EL could be

deteéted.from}these near-ideal diodes. 'The scope for imprbvement, by
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incorporating an insulator which énables a significant degfée of band
realignment to occur, is enormous since it should be poséibie to
éffectively reduce the height of ¢bp t6 zero by alignment bf the metal
Fermi level and insulator valence band edge (see fig. 2.8).  Moreover,
the qontroi'of insulator thickness afforded by the LB technique should
engble diédes with the opﬁimum thickness.for EL efficieﬁcy_to be

fabricated.

6.3 NON-IDEAL SCHOTTKY DIODES

These diodes were prepared by.polishing the sample for ~ 2 mins.

3OH solution, and‘theniexposing the semiconductor surface

to atmospheric conditions for several hours before-depositing the gold

in a Q;SZ'Brz/CH

barrier electrodes. The HF okide-removal stage was omitte&f These
déviceg are more accqfately definéd as MIS étructures since the diode
éharacteristics.reveal the preéence of a substantial interfaciél layer..
‘which has a pronounced effect on the device properties. This layér is
evidently a éhemically pfeparéd native"oxide"and the diodes are termed
'non;ideal' in order to distinguish them from thosé cdntainingvthg

intentionally introduced, insulating layers (i.e. LB £ilms).

5.3.1 'Eléc#rical Qhéractefisation '

".ihe current densify-vqltage data for a fypical diode.is shown in
fig. 6.8 (curve (a)). For comparison purve.(b) shoﬁé‘the_characterisfié
of.a dibde fabficated using the normal Bré/CH36H - HF tréatmeﬁt. Thé-

 éorresponding barfieriheights, as measuféd by the photoéléttric'technique,‘
are also given in fig. 6.8, The %62 against voltage curves for the

'éame two déyiéeé afe shown in.fig; 6.9, It is immediately obvious tﬁat
‘l diodé (a) is very different from. the near-ideal'diode (b), Bpth the -
increése in the ideélityvfactor and the large voltage intercept on the

%EZ -V plot are indicative of a bias - dependence of the barrier height
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resulting from the presence of a subStaﬁtial interfacial layer. The
theory described by Cowley(3) (see §3.4.1), which was developed
specifically to fit the Au : (n) GaP system,; can be applied to.the data
in fig. 6.9. The main feetures of these data are that tﬁe"slopes of the
two curves are essentially the same whereas the intercepte‘are very
different. These are precisely the features around wﬁicﬁ the Cowley
tﬁeory(S) was develcped.H The model wﬁich wasifound to sest'describe this
behaviour was one‘based on the presence of charged inteﬁface states end an
interfacial layef significant enough to cause a degree{of band realign-
ment.under the application of a bias.e This results in a bias dependent
interface charge density. The variation of Vo (the intercept on the
voltage axisj with § predicted by this model(?) is reproduced in
fig. 6.10, from which an approximate.value of § can be deduced. vTﬁis
yields an insulator thickness of ~ 3nm for diode (a) in f&g. 6.9. However,
thié analysis must be censidere& as very approximate_siﬁceAthe’theory is
rather complex and in order to produce the graph shown in fig. 6.10, a
number of assumptions were made( ). In partlcular the dependency of
-the change in the interfece charge on the'degree of band reallgnment was
‘chosen arbitrarily to provide a reasbnable fit_to the experimentel data.
In addition, an unknown fractioﬁ.of the‘sgrfaée state charée may be
governed by interactions with the semiconductor band etrecture rather than
the metal. This latter problem is also encountered wheh éttempting to
relate the ideality'factcr of theseAdiodes to § usingveq,(B.AD. Never-
theless, the value of v 3nm predicted from figure 6.10 for § is not
unreasonable since in the Si : Sio2 system an.inSulator thickness of

(1)

v 2,2nm results in an 1dea11ty factor of 1 7°°°. The value of 1.8,

calculated from fig, 6,8, for diode (a) agrees we11 w1th thlS
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6.3.2 Electroluminescence Measurements

A consequencé of the voltage developed across the oxide under the
application of a bias, is that an increase in the miﬁority carrier
injection ratio is achieved for a given value of forwar&ibias. This
.effect has been discussed previously in § 2.4.3. and in more detail in
§ 3.4.1 and in fig. 2.8 the band realignment is clearly depicted.

Since Yy is an exponetial function of q/kT (¢bn - ¢bp)’ even a smali
change in the relative positions of the metal Fermi 1éVe1 and semicon-
ductor valence band will result in a dramatic increase:in Y and
possibly enable EL-to be detected. This was indeed found to be the casc.
Under the application of a forward bias (V Ya.uv) green/yéllow light
could be seen to be emitted from beneath the gold top electrode. The
spectral distribution of this emission is shown in fig. 6.11, A drive
current density of.loA cm_2 was used to excite the EL. Af least. two
mechanisms can be distinguished in this spectrum and these can be
identified, by their corresponding photon energies of 2:11 eV and 2.16eV,
as the NN1 and A-O processes respectively. The origins of these
mechanisms were discussed in §2.6.2 and will therefore not be described
here. However, the important aspect is that they are extremely
characteristic of minqrity carrier recombinatibn at nitxOgen impurity
centres. This confirms that'éhe‘EL is a result of enhanced minority
carrier injection due to the presence of the interfacial.laYer. The
possibility of exciton formation due to impact ionization is ruled out
since the turn on voltage for EL is known to be less than 4.4V, i,e.

the lowest voltage at which EL could be detectéd. The electric fiélds
necessary for impac£<ionizati6n could not be achieved using such low
volféges. The &.c. powef conversion»efficiency was measured to be at
least 2.4 (t 0.1) x 10_4%" Comparing this value to thét of "5 x 10'?%,

which is the cfficiency of a typical,-unencapsulated p-n junction diode
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aﬁd assuming an injection ratio of 160% fbr the p-n junction, yields a
value for vy of at least “0.5%. This represents a 1argé increase over

- the value of 10—122 predicted for fhe near-ideal diodes‘By eq. (3.36).
However, the light emitted from the area beneath the,gdld electrode was
not uniform. Fig. 6.12 shows a photograph of the emission as viewed
through the back face of the semicoﬁductor. The light caﬁﬂﬁe seen to
originate from numerous small regiqns. -This is indicative. of the |
irregular nature of the native 'oxide' layer with the bright spots

being regions of high electri; field. 'These diodes are clearly unaccept-
able as commercial devices although theyvérelmeful as a CQmparisonbfor
the MIS diodes fabricated using LB films. Sinée these fiimé are highly
uniform, both in thickness and in strucfure,'a significant imbrovement

in the uniformity of the light emitted shéuld be possible.i Furthermore,
tﬁe fine coﬂtrdl over'tﬁé insulator thickness wbicﬁ is afforded by‘;he
LB'techniqué will enéblé § to be optimiéed and . an imérbvement in ;he EL
gfficiency should be also possible. The results obtaiﬁed for sﬁch diodes

are discussed in chapter 7.

6.4 Gé.P/LB FILM INTERFACE : INTERFACi‘AL Il..AYERV'ASSvESSM‘ENT

Before proceeding to discuss’the'charaéteristics of LB film MIVS‘.~
diodes, it is useful at thié stage to consider the questiqn Qf'the
uninteﬁtionai intérfééial layér ﬁhich must be presént bétwéen‘the LB f11m4
and the semiéonductpr surface. ‘Iﬁ has alreédy been demopstrated that in~
the cése of the neér-ideai Schottky diodes, this interfﬁéial layer is of
thé order of 1 nm thick, .However, iﬁvfhe LB film diodes'éhis fhicknéss.»
may be somewhat different'as a résult of the device‘fabriéatibn procgdure.‘:
_ There are primarily tﬁree stagés during the depbsition of an.LB.film when -
an inferfacial iéyer may grow on the,semicoﬁduetor surface, These‘atg:
(i) the period during which the semiconductor is exposed to the aqueous

environment of the Langmuir trough, (ii) during the 1-2 hour, post-lst

o
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layer drying period and (iii) during the 2-~3 day pre-electrode deposition
period. (The two latter periods both inVolve storage'undér a low pressure
of dry nitrogen.) It has previously been mentione& that the J-V character-
istic is very sensitive to the presence of an interfacial layer, and

the effect of each of the'above:stagés én this charactéristic is now
considered in sequence. Fig. 6.13 shows threé typicallcurrent—voltagé
characteristics: Curve (a) represents the control diodé)where the barrier -
electrode wés deposiﬁed immediately after the ferricyaﬁide.surface prepara-
tion. . Curve (b) represents a typical diode which was prepared in parallel
with sample (a) but also dipped at usual speed.into the Laﬁgmuir tfoﬁgh

- (without a film spread on the surface) prior to depositién of the»barfier
electrode. Curve (c) is the charactéristic of a typicaL aiode from a

sample which was dipped with sample (b), but then desiccated for 2 hours
before metal electrode deposition. The error bars are again indicative of .
the experimental scatter over a wide fange of contacfs. fhere is little
difference between the three characteristics with all eihibiting-ideality'
factors very closé to unity (v1.01) and no significant change in the
magnitude of the forward current. In all three cases the reverse current,‘
for VR = 10V, was less than 10-12A i.e. below the sensitivity of the
measuring equipment. The barrier héights (see inset to'fig. 6,13); as
measured by the photoeleétric technique, yere veryvsimilar for'éll thfee

: di_odesT From these data it can be concluded that neither ekposing the
-sample to the aqueous environﬁent of the trough, nor stbréée undef dry
niﬁrogen forv2 hours increases -the magnitude of the intéffacial layer to

any significant extent. However, this was found not to-be the case for.
stage (1ii). Exposure to a low pressure of dry nitrogen'fér 2-3 days was-&i,:: |
fouﬁd to result in the growth of an appreéiable 'oxide! layer on the seﬁi-/
cénductor surface. The effect of this layer on the device characteristics'-”

can be seen in fig, 6,14‘wheré'qurve (b)>shows the characteristic of a
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typical diode fabricated by this method and (a), shown for coﬁparison, is

for a near ideal diode which had been desiccated for only 2 hours prior

to electrode deposition. The barriér heights of the two devices are also

listed in fig. 6.14. There is clearly a large difference between the
characteristicé of the two diodes. Although there has been little change

in the ideality factor (from 1.0l to 1.05), there has been a dramatic

decrease (of over six orders of magnitude) in the value of the forward

current at a given voltage. In addition, the extent of éhe bérrier

limited regime has been reduced and the series resistance;.associAted_ : :
with the diode has increased. All of these observations are indicative

of a significant interfacial layer and although the ideality factor is

still close to unity, these aiodés éannot be considered as fnear-ideai'.

The fact that the ideality factor remains largely unaltered indicateg,

that, although this layer may in fact be relatively thick, fhe majority

of the interface statés are populated according to the poéition of the
metal Fermi level. This can be deduced from eq.(3.41); i.e.

n = 1+ (S/Ei)(es/w + qDsb) /(1 + (G/Ei) gDsa) where it is evident that
interface states which equilibrate with the metal tend to méintninxl at
appréximately unity whereas those which equilibréte with'tbe semiconductor
teﬁd to increase n. Thé large decrease in the forward current can be
explained, at least in part, by tﬁe increase in.the Schottkf barrier height,
as revealed by the photoelectric measurement. This increase of 0.15 eV is )
predicted by the general expression for ¢bn derived by waleyvand Sze(Z)
(eq. (3.3)) as a consequence of an increaée in 8. Itvacéounts'fdf-é' RN
decrease in the current of over two orders: of magnitude, .The remainiﬁg |
decrease must be due to the (x%6) term in eq.(3.39)and by felating curve (b)
to this equation, it is possible to déduce a value of ~10 for (x%‘é), The
thickness of the interfacial layer can be estimated (a) by cdmpqring the |

) (D)

value for X§6 deduced here to data obtained using Si : 810, diodes , Or
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(b) by relating the increase in barrier heightvtp eq. (3.3). The former
of these methods yields é value of “3nm whereas the latter gives ~5nm,
which is abfeasonable agreemént considering the approximations involved.
It is interesting to compare the characteristics of these,diodes wifh'-
those discussed in §6.3.1. Although the effective tﬁickﬁess of the
interfaciai layer may, in fact, be quite similar in the twpvcases,lfheir'
properties are clearly very'different. This is understandabie since the
diodes discussed in §6.3 contained a chemically preparéd:interfaéial

. layer whereas those discussed in this section possessed-at'grown' layer
whosé»strﬁcture and properties may differ significantly.llrhe former of
these layers eyidently possesses the better insulating propértiés,
possibly due to a lower density of defects and pinholes.  The effective.
'resistance' of this layer is significant when compared to that of the
semiéonductor depletion region and this is manifest in the pronounced
bias dependence of the barrier height; The intercept on -the voltagé
axis in the C_2 -V data was much smaller in the case of'the 'grown'
iayer (1.6V compared withbs.lv for devices incorporating-ghe cheﬁically'
prepared léyer) which again indicates a much reduced bias-dependency of

~ the barrier height.

The cause of the oxide growth duriné stage (c) is uﬁqertain aithopgh
it could be a result of impufities contained in the nitfogen-gas or |
possibly residual oxygen-in the desiccator, since diodes fabricated on
samples exposed to the atmoSpﬁere for 2-3 days exhibited.similar.
characteristics. Whatever the cause, an important question arises: Does
this layer grow only in the exposed region of an LB filmfcoatéd sample;
or is it also present beneath the LB film? This is of paramount imﬁortanéé
since the elegance of the LB technique, from the viewpoint‘of this work,
lies in the ability to accurately define the insulator thickness.

Furthermore, it is important to distinguish between effects due to ;he
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presence of the LB film and those due to the interfacial layer. The

problem arises because it has been shown that some LB filmé ére porous

to certain gases(A), thus the insulator may not prevent the growth of

such a 1ayef. The question can be answered by again considering fig. 6.14.
Curve (c) represents the current-voltage characteristic of an MIS diode
fabricated with one monolayer (2.5 nm) of CdSt2, which was desiccated for

"2 hours before electrode deposition. Curve (d) corresponds to a diode
fabricated on an identical substrate except that it was desiccated for

"2 days prior to metallisation. The finer details of these curves will

be discussed in chapter 7 together with the other MIS data and are there-
fore not discussed here. However, it can be seen that fhere is only a

small difference in the magnitude of the forward current at a given

voltage and that the barrier heights are approximately the same for the

two diodes, This is in marked contrast to the difference between curves

(a) and (b), and indicates that the deposition of a monolayer of the LB

film prevents, or at least greatly retards, the growth of the interfacial
layer. Hence the.unintentional layer present in a metal LB film - (n) GaP
device can be assumed to be of the order of 1 nm thick and not to significantly
affect the device properties. It should be noted that once the barrier
electrodes had been deposited, none of the characferistics shown in fig. 6.14

exhibited any ageing effects over a period of several weeks.

6.5 SUMMARY

In summarising the results presented in this chapter, the following
conclusions can be drawn:

(a) Devices fabricated by either the ferricyanide or the Brz/CHEOH - HF
methods can be said to exhibit nearr~ideal characteristics, although those
prepared using the ferricyanide treatment posses a slightly more

significant interfacial layer (vl nm thick), This interfacial laysr
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represents an additional barrier to the transport of electrons across

the interface which manifests itself as a_(x%é) term. It is not, hoWever,
sufficient to cause an appreciable reaiignment of the band structure
under the application of a bias.

(b) No EL can be detected from any of these near-ideal diodes even
for drive current densities of up to V50A cm-z. This is a consequence of
the extremely 1ow value of vy in these devices.

(c) Diodes fabricated with a chemically prepared native_'oxide'
layer exhibit non-ideal characteristics which'céh be describéd.using the
MIS diode model discussed in §3.4. The thicknéss of this interfacial layer
is estimated to be "3 nm and is sufficient to cause a degfee_of band align-
ment under the application of a forward bias. This results in a
dramatic increése in the minoriﬁy carrier_injection ratio and enables
EL to be observed, although the emission is very irregular in nature and
has a low measured external efficiency (n 2 x 10-4%).

(dj It has been demonstrated that it is bossible to incorporate an
interfacial layer which has a pronounced effect on the current-voltage |
charécteristics without causing a significant increase in the>ideaiity
factpr. This is interbreted‘as an indication that the majori;y of inter-
face, states equilibraté with the metal. The criterion 'n 5 1.2' which
is often assumed to justify the use of the simple Schottky.bérrier thermioniq
emission theory may therefore not always be valié. |

(e) The interfacial layer present beneath ﬁhe LB film in the MIS
devices is not significantly different‘in eXtent:or influencé from that
present in the near-ideal diodes, i.e, it is of the érder‘qfll nm thick
‘and has only a small effect on the device prépevr'ties.. The gharacteristics
: of the LBLi1lm MIS diodes, which are described iﬁ fhe following chabtgr, can
therefore be attributed to the presence of thgpLB film and are not a con-

sequence of any unintentional interfacial layer.
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CHAPTER 7

RESULTS AND DISCUSSION : GaP MIS STRUCTURES

7.1 INTRODUCTION

The results presented in this section can be roughly divided into two
catagoriés. The first deals with the characterisation of the devices from
the viewpoint of their band structure, electrical properties and mode of
operation, and the second concerns the light-emitting properties of the
devices. Some of the data which will be presented later in this chapter,
together with the results of an independent, parallel study of the Au
LB film : (n) GaP system have been the subject of a number of recent

publications(1_6)

. It is clear from these reports that this system exﬁibits
a number of very interesting properties. In particular, the insertion of |
an LB film into the Au : (n) GaP Schottky barrier structure has beeﬁ demon-I
strated to significantly increase the effecti&e barrier héigbt in the
device. However, the mechanism by which this is achieved is not.uﬁder-
stood, and morevimportantly, the actual mode of operafion of the dévice
remains uncertain. This increase in the (majority carfier) barrier height
is very important from the viewpoint of this work since it quld be expected
to cause a significant improvement in the minority carrier injection ratio,
and hence the EL efficiency. A thorough investigation of this phenomenon

ié made and a model is ﬁroposed to explain both the resqlfs Presented here and
previouély published data. The EL propertiés are presented and interpreted
in terms of the model. Measurements made on the devices under illumination
are shown both to support the proposal and to provide someAiﬁsight iﬁtq the
actual EL mechanism. The question of device lifetimes and degradatidn
mechanisms is considered in §7,3.4,which concludes the work on fatty écid-
Based devices. In the final section -the 'model' systemvié extended to

" incorporate LB films of phthalocyanine and the properties of these diédes

-are examined. The chapter concludes with an assessment of the future

prospects for MIS LEDs based on LB technology.
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7.2 GENERAL CHARACTERISATION OF THE MIS STRUCTURE

In this section, the results of probing the MIS diode barrier, in
devices with a range of insulator thicknesées, are presented, analysed
and discussed. The methods employed are the J-V, C-V and photoelectric
tecﬁiques which were deécribed in §3.3.5 and §3.4.1, and used in chapter 6
to study the near-ideal Schottky diodes. Most emphasis is placed on the
Au : CdSt2 : (n) GaP system although some data are also presentéd'for
devices incorporating w-TA as the insulator. The-capacitance~v61tage
éharacteristics are discussed separately following the approach used first

by Cowley(j) which was later modified by Fonash(g).

7.2.1 Measurement of Barrier Height

(a) Au : CdSt2 : (n) GaP Devices'

Conductivity Data. The forward bias current density-voltage curves
for a number of typical MIS diodes with varying insulator thickness are
shown in fig. 7.1. Curve (b) corresponds to a diode fabricated with one
monolayer of CdSt, (molecular length of A2.5 nm), curve (c) corresponds to
a diode incorporating three monolayers, and (d) corresponds to five mono-
layers. Also shown (for comparison) is the characteristic of a near-ideal
Schottky diode, fabricated in parallel with the MIS deﬁicesf ‘Theré'are a
numbervof important features in these data: (i) All of the cur?es exhibit
well-defined linear regions which can be describeg by the relation
J = J_ exp (qV/nkT). Furthermore, the va1ué>of tﬁe ideality factor, n, is
approximately the same in all cases and is very close to unity (n ~1.05).
(ii) The effect of incqrporating one monolayer is very pfonéunced and
represents a decrease of over four orders of magﬁitudé in the value of the
interéept, JO. However, the effect of subsequeﬁt layers is ﬁuch smaller and
indeed a slight increase ‘in Js is observed in tﬁe case of curves (c) and
(d) over that of‘(b). (iii) As the film thickness is increased, the éxtent o

of the linear region is decreased and the deviation from linearity at higher
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biases is more pronounced. This indicates that, although the addition

of subsequent layers, after the first, have little effect on Jo,vthey do
introduce an additional, series impediment to current flow inlthe same
manner as the series resistance associated with the semiconductor bulk.

The effect of the insulator can be seen more easily in fig. 7.2(a) which
shows the J-V characteristic for a diode fabricated with 9 monolayers

(22.5 nm) of CdStZ. In this case a larger current range has Been investi-
gated and three distinct regions can be identified. The linear (barrier
1imited) region (a) is much reduced, as expected from the trend_discussed

in (iii) above. Region (c) is the usual,'sefies limited régimg‘and the
characteristic is near-ohmic for V Y 2.1v. Regioﬁ (b), which is completely
ébsent_from both the near-ideal énd non-ideal Schottky charadteristics, is
evidently a consequenée of the LB film., This, ﬁogethe; Qith‘the feature
marked by the arrow in fig. 7.2(a) will be discussed at a later stage.

(iv) The current carried by the diodes is much larger than that expeéted
considering the insulating properties»of the LB film. This is_demonstratéd
by fig. 7.2(b) which shows a.graph of 1og J againét V% for a Au : CdSt, : Al,
MIM device incorporating five momolayers of CdStz. The Cu?ve is highly
linear and characteristic of the Poole-Frenkel tyﬁe hopping mechanism which
is believed to be the dominént conduction mechaniém in multilayered LB-filﬁsp
The characteristic-éxhibits only a slight,dependéﬁce on the-pOlérityvof the
applied bias and the value of the dieléctric.coﬁstant estimatéd from the
slope of the curve is of the correct order of magnitude. Cémparing this
characteristic with curve (d) in fig. 7.1 revealé a clear anqmaly bgtween :
the currents measured in the MIM diode‘and those:measured in an MIS diode
incorporating’an identical insulating film, This aspect.must be ekplained
by any model which is proposed to explain the other didde characteristics;

Photoresponse Data. The photoelectric tecﬁnique is‘génerally:regarded

to give the definitive measurement of the metal-semiconductor barrier height,

i
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¢, - However, a more accurate assessment of the technique is that the
Fowler plot gives a direct measurement of the height of the barrier which
is surmounted by phptoexcited electrons in order to enfér the semiconductqr
conduction band. Fig. 7.3 shows the Fowler plots for the same four diodes
used to obtain the J-V data shown in fig. 7.1, with curves (a) to (d)
representing devices fabricated with 0, 1, 3 and 5 monolayers, respectively.
These data confirm the implications of the J-V results,‘i.e. that the effect
of the insulatqr is to increase the height of the actual.barrier presented

'~ to majority carriers, and that this increase is relatively independent of
ﬁhe film thickness. An increase of v 0.25eV is revealed dﬁe to_the‘incor-
poration of one monolayefvof CdStzband a subsequent slight &ecrease of

. ™ 0.05eV is measured due to the incorporation of additional layers. There
are two important features in these data : Firstly, the cﬁrves are all
‘reasonably linear - even for diode (d) where the insulator thickness is at
least 12.5 nm; and secondly, the barrier heights measured directly using
the photoelectric technique agree remarkably well with those calculated

from the J-V data (fig. 7.1) using the simple Schottky barrier theory
. * 2 N
i.e J = AT exp ( -q¢bn/kT) exp ( qV/okT)

The barrier heighfs measured by the two techniques are shown in table 7.1

beiow.

Measured Barrier Height (+0.01) (eV)
Diode - —~
J-V Data. Photoelectric Data. .
(a) 1.31 139
(b) ©1.58 o l.es
(c) 1.54 1.59
(d) 1.55 1,59
Table 7.1

Barrier Heights Measured by J-V and Photoelectric Techniques
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. . . . ' c . X .
This implies that there is no tunnelling transmission (x“§) term in the
expression for the current and presents another anomaly which must be

resolved.

(b) Devices Incorporating w-TA LB Films

These devices displayed characteristics which were very similar to
those described in the previous section, Fig. 7.4 shows the J-V character-
istics for diodes fabricated with a range of insulator thicknesses, and it
ié clear that they exhibit the same features as the CdSt2 devices. The
only difference is that the extent of ﬁhe barrier limited régime is reduced;
which indicates that the effect of the insulator at higher:biaseé is more
pronounced in the case of the w-TA diodes. The barrier heigbts, as
measured by the photoelectric technique, in diodes incorporating one and
three monolayers of w-TA were very similar (1.60 and 1.61-(1 0.01) eV
' respectively); ‘These too agree well with the values meééﬁred in the
corresponding ¢admium stearate devices, and also with the barrier héights
reported for a range of gdld : LB film : (n) GaP devices(l). However, the
slight decrease in the barrier height, observed in the CdSt2 devices due
to the incorporation of subseqﬁeﬁt layers (after the first), was not detécted _
in the w-TA diodes. This may be an effect of incorporating excess cadmium

ions in the CdSt, films and hence producing an effective dipole in the inter-

2
face region. (The w-TA films were deposited without the use of cadmium ions.
in- the subphase.) However, in view of the other similarities between the two .
types of devices (it will subseqﬁently become:eQident that the‘optica1
properties are also very similér) the discussion from this poihﬁ willzbe
concerned with the more generél gold : fatty acid LB film : (n) GaP systeﬁ.T,
Discussion

There are at least two possible explanations for the»results presented:

so far : The measured increase in the height of the barrier may be a 'real'

effect, i.e. an increase in the actual degree of band-bending in the .
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semiconductor, or it could be an ;apparent' increase which is related in
some way to the barrier presented by the insulator.

Consider first the possibility that the increase is a real increase
in the diffusion potential. There has been much interest in‘récént years
in the modification of the Schottky barrier height by interfaciél,'in5ﬁlat-
ing layers (see for example ref. (9) and the references conﬁained therein).
This is because of the fact that such an increase would be hiéhly desirable
in a number of electronic devices (for éxample in MESFETs, IMPATTs and MIS
solar cells). Many of the reports conéerning barrier height‘modification
have béen the result of incorporating native 'oxides' into the device
"~ structure and these have been explained using the Bardeen model_diséussed

(10)

in chapter 3. For example, Pruniaux and Adams _have demonstrated a

linear variation of ¢bn with 8§, approximately in accordance with the
general expression for the barrier height derived by Cowleyvaﬁd Sze(ll)
(i.e. eq. (3.3)). (An increase due to the presence of a native 'oxide'
was also observed in this work (see §6.4) where an increase from 1.39%eV to

(12)

1.54 eV was measured.) In some casés , however, the barrier height has
been measured only by the J-V and C-V techniquésgénd not directly;by tﬁe
photoelectric technique. The results from such étudies may‘not always be
cénclusive, a point demonstrated by Morgan and Frey(g), due to the
sﬁsceptibility of-these techﬁiques to the preserce of an interfacial 1ayér}
The firét report of an apparent increase in ¢bn{due to the preseﬁce of an  .

LB film, concerned diodes fabricated on CdTe(ls?

. In theée_devices the
beneficial effect on the photovoitaic properties was studied, although the 
authors stressed that an-independent measurgmeqt oflcbbn (bf the photo-
eléctric technique) would be necessary to'distihguish between a real chaﬁgéi‘v
in ¢, and an effect due to the (X%ﬁ) transmiééion coefficient for the

insulator bandgap. Tredgold and'Jones(l) first reported an effect on CaP

devices when studying the photovoltaic'properties of GaP MIS diodes.
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They showed that incorpbrating a single moholayer of stearic acid into

the Au : (n) GaP system aimost doubled the open circuit voltage of the
devices and they demonstrated that this was due to an effective increase
in the barrier héight. In their case the near-ideal Schottky barrier
height was mll.aeV and this increased to n 1;6eV due to the presence of
the monolayer. They demonstrated the phenomenon for a range of LB film
materials, although the effect of thicker insulators was not'étudied in
any detail. They used the fact that good agreement was obtained between
the J-V and photoelectric measurement of barrier height, and that the
ideality factors were close to unity, to intefpret their data in térﬁs

of a real increase in barrier height, assuming that the LB mbnolayer was
'transparent' to tunnelling electrons ki.e (x%é) Q). The expréssion
derived by Cowley and Sze (eq. (3.3)) was used to explain tﬁé,increase in
¢bn However, this model predicts a further increase in ¢bn on increasing =
the film thickness and the data shown in fig. 7.3 clearly show that this ié,
not the case. ‘If the increase in>the measured bérrier,height is a real
-incregse in ¢bn’ then the effect is evidently related to tbé prbperties

of the first monolayer (or the interface) and models based‘on the thickness
of the LB film muStvbe rejected. A possible explanation’was.proposédgby

(3), who suggested that a chemical reaction, similar to that

(14)

observed on aluminium substrates , could occur between the surface of

Batey et al

the semiconductor and the LB film, Such é reab?ion could have an‘effect
on égn analogous to that recognised to occur in a variety of metal—sgmi-_
conductbr systems (e.g. in metal-silibide- siiicon diodesvés discussed
in ' § 3.2.3). If this were the case,.then the éddition of subsequentvlayers;
might not be expected tq substantially changef&bn. Winter and Tredéold(é),i
having presénted further expefimental eVidenéé.to refute their éaflief‘

model (based on interface states) have.extended the idea of an interfaciali,ﬁ.

chemical reaction, They studied the effect of incorporating polymeric
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monolayers into Au : (n) GaP diodes which could be modified in various
ways to produce monolayérs with differing headgroups, but ﬁith the same
monomolecular thickness. They demonstrated a 1imitéd control over the
barrier height'(aS'ﬁeasured by the J-V, C-V and photoelectric techniques)
by depositing various modified versions of the polymer. Again, only the
effect of single monolayers was reported and the results were interpreted
as a real increase in barrier height, | o

| However, the data presehted here, for diodes incorporé;ing thicker
LB films reveal some inconsistencies in any model baséd on. a cqnventional
MIS diode with an increased barrier height. |

(i) The ideality factor of a thin-MIS structure is given by eq.(3.41) as

(/e (e / + qDsb)

n = 1 +* - v
1+ (G/Ei) gqDsa

It can be seen from this equation that, in order that n should be close‘
to unity, Dsa »> Dsb, i.e. the majority of the interface states must
communicate more easily with the metal than with the semiconduqtor. This
is clearly not a reasonable assumption when the insulator is greater than
five monolayers (12.5 nm) thick.
(ii) The barrier heights determined from the J-V charaétefistiCSvuSiﬁgb
the simple thermionic emission theory agree reasonably well wi£h tbe values .
measured by the photoelectriﬁ technique (see table 7.1).

This too is inconsistent with the idea of a conventional MIS diode
with a real change in ¢bn’ since no account has been mgde'of thé-additioga1 .-

% . o
barrier due to the insulating layer. That is, no (x°§) tunnelling trans-

mission coefficient was invoked in the analysis and it is clearly unreason-

able to suppose that this might be zerO'forvsuch thick insulators. More-
over, the greatest insulator thicknesses are known to be in exdess of the
direct quantum mechanical tunnelling regime (> 10nm) and this conduction

mechanism cannot be used to explain the experimental observations .
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(iii) The currents passed by the diodes are much too high.to be explained
by conduction through the bulk of the CdSt2 film. ‘This can be seen by com-
paring the gonductivity data in fig. 7.1 with those in fig. 7.2(p)(which
show the log J-V% characteristic of an MIM diode fabricated ﬁith 5 mono=
layers of CdStz). It can be seen that in this latter case é:voltage of 1y

causes a current density of v 3 x 10_8

Acm_2 to flow, whereas in the
corresponding MIS case, the current density is approximately.four orders
of magnitude greater than this.

There is clearly good reason to look for an alternativé_explanation of
the results. Batey et a1(5) have recently proposed that the barrier meésure&
by the J-V and photoelectric techniques involves the metal - insulator inter-
face rather than the conventional barrier due to the depletion region of the
semiconductor. In the following sections further evidence will be presented
to support this view and the model is discussed in some detail. The model
essentially proposes that the measured increase in the barrier height is not
a real increase, i.e. that the diffusion potential is not increased by the

presence of the LB film. An independent measurement of the diffusion

potential is an obvious test for this theory.

7.2.2. Capacitance Data

The C"2 -~V characteristics are most often used to measure the diffusion
voltage, Vd. These characterisfics, for the same four diodes used to
obtain the data shown in figs. 7.1 and 7,3, are presented in fig. 7.5; It
cén be seen from these data that the effect of incorporating an LB film
is, in general, to increase both the slope and the intercept of the curves.
At first sight, the data seem to suggest that the barrier.height increase is
real, and that the metal-semiconductor barrier height, calculated from the
intercept, is n 1.66eV in all cases where an LB film is present, However,

the change in slope is a certain indication that interface states, separated
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from the metal by the insulating layer are affecting the characteristics.
Thus, the interpretation of the curve is more complex,.and the value of
1.66eV, calculated for Vd cannot be considered as accurate. In fact, it
will be argued heré that the variatiou of zero bias capécitance with
insulator thickness can be used, in this case, to demonstrate that there
is no change in the diffusion voltage due to the presenée of the LB film.
The technique is essentially that used for the quality assessment of LB
films (see § 4.4.4), i,e. the C"1 ~N technique. In this case, however,
the device is modelled by three capacitances in series; that due to the LB
film (Clb)’ that due to the unintentional interfacial layer (Ci) and that
due to the semiconductor depletion region (Cd). This lést term, Cd’ is, of
course, voltage dependent but, because the measurements are all made at
zero bias, this is not important, The total capacitance (Cé) is therefore

given by the relation

bo— . (7.1)

where N is the number of monolayers, Gi and €; are the thickness and
permittivity of the interfacial layer, d is the monomélecular thickness
and €1 is the pefmittivity of the 1B film. (All capacitances are per
unit area.) Fig. 7.6 shows a graph of‘%g against N for‘MIs diodes
fabricated using a wide range of insulator (CdStz) thicknééses, AEach
point represents an average value detefmined from ten contacts on each
region of the slice and the experimental scatter can be seén to be small.
Neglecting, for the time being, point (b) which correspondé to diodes
incorporating one monolayer, the remarkable feature of the plot is thét
it is highly linear. The line which has been.fittéd to the data is the
result of a linear regression using points (c¢) to (g) and the correlation

v . v 1. ,
coefficient is 0,998. From this it can be concluded that Cd is either
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constant or varies linearly with N. The latter can be disproved by

calculating the slope of the curve, the value of which (106 (i8) m2 F—l

per monolayer) corresponds closely to the value of 110 (£2) mz'F—1 per
monolayer measured for the term (d/elb) from the MIM data shown in

fig. 5.7. The capacitance associated with the depletion region, and hence
the diffusion voltage, must therefore remain constant over-the insulator
thickness range investigated. Th%s is unexpected but can be explained
using precisely the same argument as that used t; explain Férmi level
pinning in the Bardeen model of Schottky barrier formation : Since the
interface state density is.known to be high (from Schottky barrier measure-
ments), then the charge associated with the potential drop in the insulator
(at zero bias) can easily be accommodated by the large density of interface
states, without a significant change in the position of the TFermi level.
Consequently, the diffusion voltage remains virtually unchanged. It can
be seen from eq. (7.1) that the value of,Cd is related to fhe intercept,‘

Co-l, by the relation Co—1 = Ci-1 + Cd—l. However, Gi is small (~vinm) and

hence Cd-l >> Ci—l and thus Cd o Co' The value of the diffusion voltage

%

can therefore be computed using eq. (3.23), i.e. C; = (q € Nd/2vd)“Z.
However, this is not necessary as it can be seen from fig. 7.6 that the
vaiue is, within experimental error, equal to the.difquion voltage in the
near-ideal Schottky diodes (point (a)). It is therefore concluded that
there is no change in Vd due to the presence of the LB film and con-
sequently, the increase in ¢bn is not 'real' according to.ﬁhé definition
given earlier. A real increase of the magnitude indicated by the pho;o-
electric measurements would ceftainly have been detected in the ¢l -y plot

3. 2 -1

since this would have given an intercept of » 5.2 x 10° m” F =, as indicated

by the arrow in fig. 7.6.



- 145 -

One detail in this figure remains to be explained, namely the fact
that point (b) does not fit the theory. The argument that this anomaly is
actually indicative of an increase in Vd is rejected, since diodes
fabricated with thicker insulators display an increase in the measured
barrier height but no anomalous capacitance behaviour. In fact the effect
is thought to be completely unrelated to the semiconductor depietion
capacitance since the same anomaly is sometimes observed, albeit to a
lesser extent, when studying the C_1 -N characteristics of MIMzstructures(ls).
The effect is not fully understood, although it is evidently a consequence
of the single monolayer or its interface. It is conceivable that the
properties of the first deposited layer are somewhat different in single
monolayer form than those exhibited by the first of a multilayer, and
this could affect the device capacitance, However, a more likely explana-
tion ié that the interfacial layer Béneath the thin LB film differs in some
way to that beneath the thicker films. This could result from a modification
due to gases permeating the thin LB film, but which are prevented from
reaching the interface by the thicker films. To test this theéry, three
identical samples were prepared in parallel and a‘single moﬁolhyer of

CdSt, was simultaneously deposited onto each. Gold barrier electrodes

2
were evaporated, onto sample (a) immediately, onto sample (b) after a two
hour drying period and onto (c) after a two day drying period. The J-V
and C_2 -V characteristics of typical contacts from each sample were
studied. Table 7.2 below summarizes the results obtained.from these
measurements.

It can then be seen from these data that the J-V characteristics are
very similar in all cases. (The only significaht difference, which is
not évident from the data in table 7.2,vis a siightly more pronounced

deviation from linearity at high biases in the: case of diode (¢)). This

is consistent with the data presented in § 6.4. However, there is a
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Conductivity Data Capacitance Data
Piode -2 ~2 -2 4 -1
Ideality Factor Jo(Amps m “) | d(C “)/dV(F “m'V *) | Intercept, v, (Volts)

-16 | 6 |

(a) 1.04 1.85 x 10 2.6 (+0.1) x 10 1.36 (£0.02)

(b) 1.07 3.29 x 10"16 2.9 (£0.1) x 10° 1.40 (+0.02)

(c) 1.06 2.09 x 10718 | 2.7 (+0.1) x 10° 1.48 (£0.02)
~Table 7.2

Results obtained from Conductivity
and Capacitance Measurements

definite trend evident from the capacitance data of an intercépt, Vo’ which
increases with the pre-electrode-deposition drying period. This tends to
support the interpretation of a post-LB film-deposition modification. The
effect is possibly due to a change in the relative permittivity of the
interfacial layer. Assuming that the interpretation is 6erect, then five
monolayers is evidently sufficiently thick to retard the process to such
an extent that it does not significantly affect the charactefistics.

It should be stressed that the C—1 -N technique was only successful
in this instancé Because Vd remained approximately constant, even for diodes
incorporating relatively thick insulators. it did not, in this case, suffer
from the problems which complicate the analysis in the-C;zl-V teéhnique.
Nevertheless, the C‘2 -V characteristics, corresponding to ﬁypical diodes
ghosen from the sampleiused to obtain the data in fig. 7.6, are’showq in
fig. 7.7. These will be referred to in § 7.2.4 when a semi-quantitative
analysis of the C—z -V data is given.

It has been demonstrated that anybmodél baséd on a real increase in
the 5arrier height is inconsistent with much of the experimental evidéncg
and an alternative explanation must be soughf. Such an alternative is

now proposed.
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7.2.3 Proposed Model

(7)(4)

A number of authors have expressed concern that the barrler
height measured by the photoelectric technique might be that assoclated
with the bandgap of the insulator rather than the depletlon reglon of the
(7)

semlconductorf Cowley argued that this was 1ncon51stent with hlS experl; ,f
mental results: Hetargued that the mechanism of currént flow in hls-dlodes
was thermionic emission over a parabolic (Schottky)'hartier; >H6we§ér, this
argument is not valid. 1In fact, the shape of the barrier is irrelevant
since the theory is based on the flux of carriers, incident on the interface,
with sufficient energy to surmouhththe borrier (see § 3;3.3), Tredgold'and
Winter(a) invoked the idea of photoexcitation over the insulator bérriet to
interpret photoelectric measurements on GaP MIS diodes incorporating’poly;
meric LB monolayers (although the devices_were stili discossed in terms of a
real change in barrier héight). A model is now presented, based on the
‘effect of the insulator bandgap, which c;n explain much of the available
experimental data for Au : (n) GaP diodés incorporating both'mOnolayor and
»multilayer fatty acid LB fiims Flg 7.8 shows an approx1mate energy 1eve1
diagram which is proposed for the Au : LB film : (n) GaP diodes., It was
deduced -on the following basis: It is evident from fig. 7;6 thét Vd,hevon
in the presence of an LB film, is v 1.4eV, The barriet height ofv& 1,§eV,’
measored by the photoelectric teohnique, is interpreted to be that preéeﬁted;
by the bandgap of the insulator. The validity of drawing_ouch a wellgdgfihed‘ .
insulator band structure must be questionable, evén though an.LB_filﬁ'iS
éssentialiy an ordered sheet of molecules and there is some evidénce to
suppose that consecutive layers are depos1ted partially ep1tax1ally In such
a molecular material, conductlon occurs Vvia defects which are assoc1ated w1th'
the precise molecular arrangement inythe material. In an LB film, it is
possible to envisage'defeots originating, for example, from the bonding -
between successive layers. Such defects, hoviné specific origins, are

iiﬂéi§ to éive‘riSe to levels at,certaiﬂ'en6r§f5§ and possibly to a psuedo
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conduction band. This is envisaged as the origin of the conduction level
located at “(Ef + 1.6eV). This level is, perhaps, best considered as an
energy, above which electrons may traverse the ‘insulator by a'mechaniém,
other than the normal Poole-Frenkel process, which is not necessarily

ohmic (és would be the case in a semiconductor). Unfortunately, there aré
few reports concerning the baﬁd structﬁre in LB films,‘and»fhe only published
data is related to the meaéurement of metal-insdlator barrier heights in MIM
structures(16-18). However, it is possible to estimate X5 the eleétron

affinity of the dinsulator, from such data by assuming that the simple

Schottky-Mott. relation, ¢bi = ¢

- 4 " A'A . -
n ¢xi, is valid, where.¢biAls the metal

insulator barrier height. A nuﬁber of syétems have been studied including
tin, aluminium and mercury electrode MIMiétructures. The ﬁin_- LB film
~gystem is expeqted to yield the most reli;ble va}ue of Xy sihce tin oxide

is relatively conductingband therefore less likely to.complicate the measure-
ment than, say aluminium oxide, Indeed the values reported for ¢bi ip the

(16,17)

Sn : LB film system are very consistent and yield an approximaté

value of 3.5eV for X5 - However? it shbuld be noted that the value obtained
using a number of other metals(18) was slightly different (2.3 (£0.7)eV).
Again, applyiﬁg the simple Schottky-Motththeory to the Au_:lLB fiim interfaée
yields an expected barrier height of v 1.6eV which is in excellent agreement
with fhe actual measured value. Unfoftunately, no other information is
available on the band structure in LB films‘ and, in particular, the size

of the bandgap is unknown, although it is expected to bevlgrge (of the

order of several eV).

Discussion
All of the experimental results presented so far can be interpreﬁed
using this model, For example, it explains both the increase in the.

-barrier height and also its relative insensitivity to insulator thickness,
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as ﬁeasured by the photoelectric technique., Indéed, ic expléins how this
measurement was even possible in the case of the thicker'insulators (i.e

§ A 10nm) when other authors have experienced difficulty using insulators
much thinner than this(lg). (The photoelectric technique was used,succees-
fully in this work for dioees with up to 15nm of CdStz'as the insulator.)
The decrease in the slope of the foWler plot with increasing film thickness -
is indicacive of the increased impediment to electron transport by the con-
duction mechanism in .the insulator 'conduction band'. Tﬁe unuscal features
of the J-V data (figs. 7.1 and 7.2(a)) can also be explained, By proposing
that the forward current is limited, not by thermionic emiesion over the
depletion region barrier in series with a transpcrt processlacross’the~
insulator, but by thermionic emission over a composite barrier comprised
of the semiconductor depletion region and the insulator Eendgap. The
height of this composite barrier is equal to ¢bi’vthe heighf of the metal-
insulator barrier. Over a limited range of bias, at leest,uhtil the semi~
conductor bands are flattened, the characteristic will fesemble that of a
Schottky barrier with an increased barrier height (1.6eV). Furthermore,
since the insulator is an integral -part of the barrier, then any bies—
dependence of the barrier helght will result only from 1mage force 1ower1ng
effects and the characteristic will be near-ideal with an 1dea11ty factor
close to unity, as observed in practice. ‘This mechanism also explains why

the J-V data can be analysed so successfully using the simple Schottky barrier

thermionic emission theory,
. % ' : ’ o
ie J = A’T2 exp (-q ¢bi/kT) exp (qV/nkT) S (7.2)

~and also explains the large current densities passed by'the diodes (via
the 1nsu1ator 'conductlon band'), This proposal is also supported by -
the data in fig., 7,9 which shows an activation energy plot for an MlS

diode incorporating one monolayer of Cdst,, In this_case, In (J/T )
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has been plotted as a function of 103/T, where J is the measured current
density at a fixed bias (1.1 volts in this case). The curve shbwn in

fig. 7‘9.is highly linear, and the value of ¢bi’ calcuiated from the slope
according to the abdve relationship, is 1.67 (£0.02) eV. .This is in
excellent agreement with the value of 1,64 (#0.01) eV ﬁéésgréd by the photo-
electric technique. Moreover, the value of A* calculated from the infercept

6 "2 which is very'cloée to the

on the y axis is 1.09 (#0.05) x 10 an 2 )
expected value. This indicates that there is no (x%d) terﬁ in the expression
for J, thus supporting the model. It will be rememberedAthat the inter-
facial layer in even the near-ideal diodes was signifiqanf'enoggh to

manifest itself in the activation.energyﬂplot (see §6.2-1>.

The full J-V characteristic shown in figs. 7.2(a) and 7.4 can now. be
interpreted. In the linear region (a) the current is 1imited by thermionic
emission o&ervthe composite barrier, according to eq. (7.2).. Region (é)_‘
is the normal series resistance limited region Qhere the‘characteéistic
becomes approximately ohmic due to the resistance associated with the semi-
conductor bulk. Region (b), which is evidently a consequeﬁce df4thé LB
film, is interpreted as representing an additioﬁal, seriés,impediment ?o
current flow resulting from the condﬁcti§nvmechanism in the insﬁlatof
'conduction band’. The origin of the feature marked by the arrow in
fig. 7.2(a) is unclear. It corresponds quite‘closély tévthe foltage at’
wﬁich EL is first detected from fhe diodes, Howevér, it is not thoughf to
be an increase in J due solely to the iﬁjection of minority>carriers since
the effect, particularly in the case of the w-TA diodes (fig; 7;4)_is too
large. Rather, it is believed to correspond to the Bias éf which tbé:field::
in the insulator becomes reQersed, from the direc;ionvshéwn,inifig. 7.8,
andvthereby enhances the transport mechanism in the LB film. ‘The'facf_fhét  1

this necessarily indicates that a degree of band reélignment has occured,

explains the simultaneous emission of light.



- 151 -

That the dominant current mechanism should be emission over the top
of the composite barrier (Je) rather than the conventional tunnel-assisted
emission (Jt) can be seen from the following simplified calculation :

Assuming that Jo is given by

3, - A2 exp (~q 4 /KT) exp (qU/KT)

and that Je is given by

* ' 1
Jo = A 72 exp (-q ¢bn/kT) exp (-x76) exp (qV/kT),

then the ratio Jt/Jc is given by
3./3 = exp {q/kT ( ) - x% } (7.3)
Jc = exp {q ¢bi ¢b X | 7i3 _

t n

Inserting ¢bn = 1.3%eV, ¢bi = 1.64eV, and using ¥ = 0.25eV and

R

§ = 25 (angstroms), yields Jt/Jc 0.05 and Jg is the dominant component,
even in the case of diodes incorporating only one mpnolayef. In addition,
the fact that MIS devices incorporating CdSt2 LB films fabricated on

(20)

CdTe are well-described by the conventional MIS tunnel diode can also

be explained, 1In these devices, the barrier height, ¢bn’ is much smaller

> and. the dominant

(v Q.7eV) and in this case eq. (7.3) predicts Jt/Je v 10
curfent mechanism is NP The same argument provides a_ppssiblé éxplaﬁation
forbﬁhe non-ideal nature of the J-V characteristics measured by Tredgold

and Jones(l) for Au : LB film : (n) GaP diodes. In their caée, the Schottky
barrier height was significantly less thaﬁ the 1.39eV measured here

(v 1.12eV in fact) and their increased barrier height was v 1.58eV;

Inserting these values into eq.(73) yields Jt/Je ~ 2 and both mechanisms

would be expected to contribute,
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The only experimental evidence which does not fit the model is the
apparent control of ¢bn reported for diodes incorporating various polymeric

(4)(6)

films It is possible that these systems behave quite differently
to the fatty acid system although it should be noted that the conclusions
were drawn largely from the C-ZV-V déta, and the effects of the insulator,

coupled to interface states were neglected.

7.2.4 Analysis of C-2 -V Characteristics

Two sets of experimental C-2 -V curves have been presented; In fig.7.5,'
the effect of incorporating relatively thin films was considered and in
fig., 7.7 a much wider range was investigated., 1In this section the data in
fig. 7.7 will be discussed. In view of the evidence (§ 7.2.2) which
suggests that tﬁe single mdnolayer : semiconductor interface ﬁay be modified
in some way, it is reasonable t§ assume that the séﬁe may be true for thiu»
multilayers of LB films. This is thought to be the effect observéd in
fig. 7.5 where the curve corfespénding to devices incorﬁoréting three mono-
- layers has a larger slope than that cbrresponding»to five. This impiiés
that five monolayers retards the mbdification to a much gréater extent
than three does, and this is consistent with the data in fig. 7.6.-

The effect of an interfacial layer and intefface staﬁes on thg C"z -V
characteristic was considered in some detail in é 3.4.1 following the

7)

theory developed first by Cowley( which wés then modified by Fonaéh(8)
The models considered by Fonash will be discusséd first since they were
analysed using the correct, differential variat{on of Vd (see § 3.4.1).
Thelfeatures of the data shown in fig., 7.7 are;f(a) the curves are all
highly linear, (b) an increase in insulator thi§kness causes an increase
in the slope of the curve, and (¢) increasing:;he insulator thickneés also
increases the magnitude of the intercept, Vo{v‘Foﬁash(S)'Considered éeveral

' different models. Here the assumption is made that both the surface states

which communicate with the metal, Dsa, and those which communicate with
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the semiconductor, Dsb, have a uniform density over the éﬁergy range .
traversed by the Fermi level. Fonash considered nine possible models
using such an assumption. Of these; only two predict that the éurve
should be linear; i.e. the simpie case of Dsa = Dsb = 0, and the case
considered in § 3.4.1 (eq.(3.55). However, in.both of fhese instances
the slope of the curve is not predicted to vary with insulator thickness
and neither model is therefore suitable. It is possible that one of the
other models correctly describes the data in fig. 7.7, énd‘that the
degree of non linearity predicted is small. However, carefullanélysié of
the various models has shown that, even making substantiailsimplifying
assumptions, none can be used easily to analyse the C-ZV-V data. The
purbose of this SeCtion‘is to try and demonstrate that surfécé states
together with an interfacial layer can give at least a qualitativé explan-
ation of the experimental results. In fact, the theory developed by

CoWley(7)

, which has been used extensively in the past to analyse C"2 -V
data, can demonstrate this quite nicely. This is now.used to analyse the
data in fig. 7.7, although it is acknowledged that there is a élight'efror
in the theory. According to the Cowley theory, eq.(3;54)describes the

an -V.relationshié. It can be seen from this equation_thaﬁ interféce
states in equiliﬁriumvwith the metal (which determine ul) tend to maintain
the slope and intércept of the C-2 -V characteristicvclose to the simple
Schottky barrier values, whereas those which equilibrété'with the semicon-
ductor (and hence determiné uz) tend to increase both the Slbpevand‘the
intercept. The diodes used to obtain the data shown in fig. 7.7lwef¢‘
chosen as ﬁypical, solely from the viewpoint of tﬁeir cabacitance

‘ cﬁaracteristics and are therefore expected to accurately diépiay the fva?i"
ation of the C-2 -V gharacteriétic with thickness, It is;evident from the
increase in slope with film thickness that a significant proportion éf-thgiv;'

interface states equilibrate with the semiconductor rather than with the
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metal. This is to be expected when the insulator thickness is 1afge.

However, a quick numerical check reveals that, even in the case of curve (g)
( 8§ = 62.5 nm), the interface étates cannot be considered to communicate
solely with the semiconductor : The interface state density, Dsb, determined
by setting ay to zero in eq.(3.54);and‘comparing the slopes of the two
curves (a) and (g), is approximately 1 x 10“11 — eV-l. This is two
orders of magnitude less than thét calculated for the near-ideaIISchoftky
diode interface. Moreover, the value of Vo’ the inferception.the voltage
axis, predicted using this vaihe for Dsb in eq. (3.54)is ~ 4.23V which is
much greater than the actual value of 2.04V, Thus, Dsa is signifiCant.com—
pared to Dsb, even for the diodes incorporating the thickest insulators. |
In fact, eq. (3.54) can be used to oBfain two simultaneous equétions which

: If the term (1 + o, + az)/(l +‘ai) is denoted

can be solved for oy and o

2 1

by =x then the two equations are

1 2 = X . o (7 48)
1 + ul
o L . \
v, o Vl2 vd* vd (1 +ooy az) ‘
and —_—————— + : = Vo , (7.5)
4(1+a1+ az) (1 + al) (1 + al) : v

Substitution from 7.4 into 7.5 yields
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The general solution for this quatfatic in 1/(1 + al)' is

L L ) 1
1 -V, 2% vd? o+ (V1Vd + V1(Vo - vd x)/x)*

1+ a V1/2x

' The results obtained by analysing the data in fig. 7.7 using eq.(7.6) are

shown in table 7.3 below. Curve (a), the near-ideal characteristic, is

= A (7.6) |

assumed to give the correct values of Yy (v 1.24V) and Nd (v 7.1 x 1021 mﬂg).
v v = ¥

Number of o] 1 : Dsa Dsh
Curve ] X ) o _ . oL .l_)_s_ﬂ
Monolayers (Volts) | (Volts) 1 2 (cm 2ev }) (em 2ev 1) 5oh
, ' 12 11 '
(c) 5 1.09] 1.48 0.11 1.9 1 0.3]2.2x10°7]3.6 x 107 |{6.1
(d) 11 1.17 | 1.68 | 0.5 | 2.7 ] 0.6]1.5x 102 |3.3 x 10°" |4.5
(e) 15 1.8 1.78 | 1.00 | 4.9 1.7]1.9 x 10'* |6.8 x 10'} |2.8
(£) 21 1.45 | 1.88 | 1.96 | 18.2 | 8.6]5.2 x 1012 | 2.4 x 1072 | 2.2
(g) 25 1.56 | 2.04 2.77 | 16.8 [10.0 [ 4.0 x 10*% | 2.4 x 1072 |1.7

Table 7.3

Tnterface State Densities Deduced from C_2 ~V Data

It should be noted that the errors involved in calculting o, and o, are
quite large. This arises from the fact that the term Vl(Vo - vdx)/x is

relatively small and thus the value (1 + al)-l is also sméll, especiélly

for curves (f) and (g). This means that the value ofvai, and hence o,, Dsa

' . . . g -2 . L
and Dsb, are very sensitive to a slight change in the slope of C ~ -V plot.

The maximum error involved in calculating oy from curves (f) and (g) has’ _‘

" been estimated at approximately 500%, This is large but pnly_represeﬁts

half of an order of magnitude in the corresponding intefface state densities.
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The error involved in the other cases is substantially less than this

(v 20% in the case of curve (a)). However, the ratio of Dsa : Dsb for a
" given insulator thickness should be reésonably accurate since o, 1+ 0 -
It can be seen from table 7.3 that this ratio decreases with increasing
film thickness which is precisely as expected. However, the relétively
high value of Dsa is somewhat surprising, In an ideal insulator, communica-
tion between the metal and the semiconductor is by quantum mechanical tunnell-
ing and Dsa can be assumed to bé zero for & ~ 10 nm, Howevef, in a real
insulator, other précesses (such as Poole-Frenkel conduction in LB films)
can give rise to an additiénal degree of metal—semiconductor_céﬁmﬁhication.
When this is considered (together with the fact that in a large bandgap
material interactions betweén the surface states_aﬁd the semiconductor bands
are less likely) it is not surprising that, even wﬁen §n 62.5 nm, Dsa is
still comparable with Dsb. The ;otal'interface state density

12 -2
cm

(v 2 x 10 ev'l) is reasonably consistent with the value

(v 1.5 % 1013 cm_2 eV-l) estimated for the nearfideal intefface.
A combination of the two groups of interface states can therefore give

a reasonable interpretation of the experimental data. Fufthermore, the

variation of Dsa and Dsb with‘insulatOr thickness is qualitgtively as

i

expected.

7,3 OPTICAL CHARACTERTISATION

The main part of this section is concerned with the EL characteristics
of the MIS devices; the photovoltaic properties are also described and the
section concludes with a discussion comparing the EL and photovoltaic

characteristics,

7.3,1 Experimental Results

(a) EI, Medsurements

The incorporation of an LB film into thé.Schottky_barrier structure

‘results in a yellow-green light emission from beneath the gold electrode
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when the device is operated under forward bias. The emission is of
uniform brightness across the area of the contact and this can be seen
from the photograph shown in fig. 7,10, This represents a merked improve-'
ment over the emission achieved using a 'native oxide' as the,insuiator which
was shown in the photogreph in fig, 6.12. The intensity of che EL was
found to be highly dependent on the insulator thickness. This is clearly
illustrated in fig. 7.11, which shows the spectral distribution of the
emission from typical MIS diodes fabficated with different insulator thick-
nesses. In all cases, the EL was excited using a constant drive current
of & 10A cm_2 and the effect of increasing the film thickness is pronounced.
Fig. 7.12 shows both the current density and the relative ELdintensity as
a function of the applied voltage for a device incorporating five monolayers
of CdSt2 as the insulator, It can be seen that the shape of the -two curyes
are very similar, and indeed, the ineet to fig. 7.12,which shows the:ELb
intensity as a function of current density,demonstrates that the variaticn

| 107l A o2

. , . . > . -
of these two parameters is approximately linear for J A~ 10 ~ A'c¢

, 1.e.
\Y 3 1.8V, The voltage at which EL was first detected was v 1,7 volts in
this case, which indicates that the 'turn-on' volﬁage for EL'emiseioc was
somewhat less than this, The general trend observed throughout this work
was a decrease in the 'detection vcltage' with increasing_filmlthickness.
This is not thought to represent a decrease in tﬁe adtual turn-on voltage,
ratber it is thought to be a consequence of the‘increasingeintensity
enabling the EL to be detected at lower voltages{ The EL data presented
so far havebeen described in terms of the EL intensity. - A ‘more impoctant
parameter is the actual FL efficiency and, in paiticular,.its dependency
cnvthe insulator thickness, This vatiatioﬁ is Showndin fig, 7.13, where the
d.c, power conversion efficlency is plotted asre function of insuletor
tcickness. The error bars arise from the facc“that each point represents

an averege value determined from measurements made on several diodes. The
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variation is clearly depicted; after an initial, gradual increase the
efficiency peaks sharply at an insulator thickness of v 27 nm, at which
the actual EL efficiency is &'3.8 X 10'3%. Repeating>the experimentvusing
w-TA as the insulator gives almost exactly the same optimum thickness>

(as shown by the dotted curve in fig, 7.13) buf a higher maximum efficiency
(v 6 x 10-3%). The agreement bet&een the two is really quité”rémarkable,
especially so in view of the fact that the monomolecular dimensions of the
two materials are different (the optimum thicknesé is ~ 9‘m§nolayefs for
w-TA dibdes compared with ~ 11 monolayers for CdSt2 devices). This aptly
demonstrates the importance of an accurately defined insulatgr thickness.
It is important to consider the effect of much thicker inéulators on the
EL efficiency since this may provide some infofmation about the actual EL
mechanism. This is illustrated in fig. 7.14 which shows a similar optimum :

curve but for a much wider range of insulator (CdStz) thicknessés. Once

" again, the optimum thickness is consistent with that shown previously, but

it is evident that, even in the case of insulators ~ 62.5 nm thick, the EL
can still be detected and, furthermore, it is still highly uniform in
appearance. This aspect, together with all of the other EL data, will be

discussed at length in the following section_onée the evidence from the

- photovoltaic measurements has been presented,

(b) Photovoltaic Properties

Figure 7.15 (a) shows the current-voltage characteristics, both in the
dark and under approximate AM1 cqnditions, for an MIS diodé faﬁricated‘Qith
one monolayer of w-TA. Coﬁparing;these with those fér'the ﬁea;-ideal Schottky
diode (fig. 6.5) reveals that, although the short circuit currenf density 1is
approximately the same in both instances, ailarge incrgase in the op¢n<circuit

voltage has been achieved, Furthermore, the fill-factors are similar in

" both cases and a significant improvement in conversion efficiency has been

obtained over the Schottky barrier structure. This has been reported previously
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(1)

for single monolayer MIS devices on GaP and, prior to that, for a

range of LB insulator thicknesses on CdTe(13). In this latter case, the
value of Js/c was shown to be unaffected by the presepée of the LB film
until the insulator thickness was ~ 3.6 nm, in accordance with the tunnel-
ling MIS theory described in § 3.4.4, However, the GaP diodes behaved

very differently. For example, fig. 7,15 (b) shows the J-V characteristic,
both in the dark and under illumination; for a diode fabricated with 7 mono-
layers ( v 21 om) of w=TA, Although there is a significént decrease in

the fill factor, the values of js/c and Vo/c are only slightly affected.
The full variation of these two parameters with insulator thickness is shbwn
in fig. 7.16. Again, each point represents an average over a number of con-
tacts from each region of the slice, The value of Js/c remains approximately
constant for thicknesses of up to N 21 nm, after which it decreases until,
at v 45 nm, it is v 40% of its maximum value. The value of Vo/c,however,

remains relatively unaffected by the film thickness after the initial large

increase, and in fact only decreases by n 157 over the range 3-45 nm.

7.3.2 Discussion

The uniformity of the EL emission is indicative bf the homogeneity of
both the structure and thickness of the LB film. The eiectrode shown in
the photograph in fig. 7.10 is n 1.1 mm in diameter which is really.quite
large compared with commercial LEDs (typically " 0.3 mm x 0.3 mm), and
there are no obvious irregularities in the emission., This demonstrates
the suitability of the LB techniqﬁe in a study such as this, However,
before proceeding‘further with the results, it is important to elucidate,
as far as possible, the operation of the device, and in particular the
mechanism by which the EL is excited.

The spectra shown in fig. 7,11 reveal that two dominant radiative
recombination processes govérn the emission, These are marked A and A-O

and are identified by their respective photon energies (given in fig. 7.11);
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they arise from the recombination of excitons boun& to isolated impurify
atoms (see § 2.6.2) and are highly characteristic of minority carrier
injection EL. Furthefmore, the very low turn-on voltage for EL ( 5 1.7v)
eliminates virtually all But minority carrier injection as the excitation
mechanism. The spectra are somewbat'different to those pbfained for the
'non-ideal’ Schottky diodes, one of which was shown in fig. 6.11. ‘This
is merely a consequence of the lower concentration of ﬁitrogen activation
centres in the substrates used to fabricate the LB film MIS diodes and
does mot indicate different excitation mechanisms in the two devices.
Having established minority carrier injection as the excitation méchahism,'
: T . S
it is clear that the effect of increasing the £ilm thickness (up to v 27 nm)
is to enhance the minority carrier injeqtion ratio, y, and hence the EL
efficiency. The mechanism by which this enhancement is achieved mqu now

be discussed,

Previous MIS LED Theories

There are two theories which have been used.extensively to explain
enhanced minority carrier injection in MIS devices under forwafd bias,
both of whicﬁ were discussed in chépter 3, These are (i) the funnelr.
injection theory (§ 3;4.2), and (ii) the two-stage Auger recombinatioﬁ
theory (§ 3.4.3,)..'The applicability of these two-theorieé_to the data
presented here will now be diséussed.

Direct quantum mechanical tunhelling of minofity carriers into fhe
semi¢onductor is clearly an unreasonable explanation for tﬁe:minority
carrier injection mechanism., The insulator thicknesses inyolved (“/271nm"
in the optimum case) are well in excess of fhelfunnelling regime (‘é 10 nm).
These relatively large dimensions suggest a possible similéfity between

these results and those obtained using II~VI materials whiph are often 

vinterpreted in terms of the theory (ii) above, For example, the results

of Livingstone et al, which were reproduced in fig, 3.8, are fairly typical
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and show that an ’opfimum' exists for insulators n SO'nmithiqk,»althoughj
for § & 50 nm, the efficiency is relatively independent of th; thickness.
However, for two reasons, this_mechanism is not thought ﬁd'be responsible
for thé injection of minority carriers in the GaP diodes, Firstly, such

a mechanism, whereby both minority and majority carriers sufmouﬁt the
barrier presented by the insulator bandgap, is expected to result in an
efficiency which is relatively independent of insulatorfthicknéss. "This
is observed in the case of the II-~VI diodes (at least fo; 5 50 nﬁ),vbut
not in the data preéented here where the efficiency - thic#ness curve is
much more acute (e.g. fig. 7.14), The sharp decrease observed in the case
of insulators greater than the optimum, indicates that. the impediment'ﬁo
minority carrier tramsport increases répidly as the'insulator'thiékness”is
increased beyond the optimum value. -This is not cénsisteﬁt'with the Auger
mechaﬁismf ‘The second reasén is.that-the bandgap of CdStz_is expected to
be large (v several eV) and the Auger process is thought to be inherently |
inefficient. The efficiencies measured in this work are believed to be
toé high to be explained using this meéhanism. This may explain ﬁhy the
efficiencies achieved to date ﬁsing‘iI-VI materials-failﬁdiséppointingiy

short of the theoretical maximum,

Proposed Mechanism forkMinoritz_Carrier'Enhancement‘
Before proceeding to discuss the mechénism, it is inétrﬁctivé to con- _’:’
sider the evidenee from the photovoltaic measurements: It ié clear frbm
‘the variation of Js/c with § that the impediment to the (minorit& ca:rief).
photocurrent due to the insulator is insignificant, when compared to the
processes_iﬁ the sémiconductor buik, for thiéknesses less'than N2l nm.
This revéals thg'existence of a relatively 'easy' current path for mindfiﬁy |
ca:riefé thfough the insglatar bulk and provides an explana?ion‘as to how, :

in the case of the EL measurements, the minority carriers can be injected
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into the semiconductor even though the insulator thicknesé is beyond
tunnelling dimensions, The possible origins of this mechanism are.diéF
cussed atva_latef stage, but for the present discussion it is sufficient
to assume that such a mechanism exists,

In view of thisvevidence, the most obvious_explanation is one based
on the essential principles of the tunmel-injection theofy, but employing
an alternative minority carrier transport méchanism."These are the
principles of band realignment and ease of hole transporﬁ across the
insulator, when coﬁpared to the processes in the semicondu6t¢r bulk. In
this interpretation, the degree of band reélignment achiéved undef forward
bias, for a given currenf density, increases with'insulator_thickness and
consequently, vy also increases. ‘Once the impediment tovholé curfént due
to the transbbrt process in the iﬁsulator becomes appreciable, then y is 5
reduced. An optimuﬁ is aéhieved>and the thickness at whiéh-it is obtainéd :
depends on the ease with wﬁich holes can traverse the insulator. Hdﬁever,
there is an inconsistency between this explanation and some of tﬁe experi-
mental fesults : Consider again fig, 7.12, which shows thé variation of
current densify an& relative EL intensity with the applied biés. For
v o2 1.8V, the J-V characteristic approaches Ohmic'behaviour and the
EL intensity varies linearly with J. This has thé important implication
that, for V -ir 1.8V, further band realignment has relatiQely little effect
on the-EL efficiency; and indeed in this voltage region the effiéiency Qas
found to be virtually independenf of bias. This was true for 311 of the
diodes, irrespective of their insﬁlator thickness, Thié'is an important
piece of evidence since it shows that at a voltage of &“1.8V, the semicon--
kdugtor valence band edge must be adjacent to empty statés in the he;al,'
i.e;fin the vicinity of the metal Fermi level. Figure 7,17(a) éhows the
‘simplified band diagrams of the MIS diede (i) in equilibrium ahd-(ii) undgr.‘

the application of a forward bilas of ~ 1,8V, From this figure, it is
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clear that this voltage is almost sufficient to align the metal Fermi
level and the semiconductor valence band edge; The implication éf the
experimental data that, at this voltage, Ev is adjacent to empty states.
in the metal, can be explained by invokingvthe concept of an Auger type

recombination of hot electrons in the metal (as in the II-VI MIS LEDs).

However, in this instance, the excess energy required is only v 0.3eV,

which is quite feasible in view of the energy with which the electrons

enter the metal ( N Efm + 1.6eV). It is proposed that this degree of

band realignment is achieved in all diodes, irrespecfiVé'of the insulator

thickness - certainly the bias required to pass the exgitation current
of ~ 10 A/cm2 was always in excess of 2V, Since total bénd realignmént
is therefore achieved even in diodes incorporating onlylbnevmqnblayéf,
the increase in obtained by'incorporating subsequent layers must néw
be explained. | |

To do this, it is convenient to separate, completely, the majority

and minority carrier currents and to think of the various impediments

to each current as effective resistances, Then a simple equivalent
circuit can be drawn, as in situation (i) in fig. 7.17(b). The total

current taken by the diode, Jt’ is comprised of a minority carrier com-

ponent, Jp, and a majority carrier component, Jn. there are two

mechanisms which can limit either current; the emission over the barrier

at the metal-semiconductor interface, and the process of drift and

diffusion in the semiconductor bulk. These have been assigned the

!n|

'effective resistances' Rb and Rd reépectively and the‘subscripts
and 'p' in fig, 7.17(b) refer to electrons and holes respectively., How-
ever, it must be remembered that both Rbn and Rbp themselves represent

two mechanisms in series; the actual thermionic emission over the barrier

and the transport process in the insulator.‘ In an ideal Schottky bar;ier,u i

Rbn >> Rdn and Rdp > Rbp, however the total impediment to majority
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carriers is much less than that presented to minority carriers and

Jn >> Jp, i.e, Y is small, On increasing the forward bias, the situation
is barely affected and y is still very smail. This is situation (ii) in
fig. 7.17 (b) where the size of each bloék is intended tovrepresent the
magnitude of the impediment, The inclusidn of one monolayer into the
structure alters the picture quite dramatically (situation (iii)); Rbn

is increased (due to the increase in the height of the barrier) but, under
the application of a forward bias, Rbp is much reduced (due to band realign-
ment). In this situation, the electrons are still limited by Rbn and the
holes by Rdp. However, since Rdp is still greater than Rbn, fhen the
inequality Jn > Jp is still valid, although much reduced in magnitude.

A significant increase in vy has been achieved. Increasing the insulator
thickness has two effects; it increases both Rbn and Rbp by increasing the
impediment due to the transport across the insulator. Héwever, the effect
on the electrons is much more significant since the holes are limited, not
by Rbp, but by Rdp., @ The result is ; further increase in vy with § until fhe
optimum thickness is reached. At this optimum, Rbp just.Becomes‘appreciable
when compared with Rdp; the maximum value of vy has beeniachiéved and Jp may"
be comparable to Jn (situation (iv)). Further increases in § increase both
Rbn and Rbp by virtue of the series impediment due to the insulator; however, :
Rbp increases more rapidly thén Rbn which results in the observed decfease»
in y.

The experimental observations can tﬁérefore be explained using ;he
essential principles of the tunnel injection‘theory but assuming different
mechanisms for the transport of holes and electrons, The factor wh@ph
determines the maximum EL efficlency is essentially the extent to which the . 
mechanism in the insulator 'conduction band' impedes tﬁé electron current.
This may explain why the diodes fabricated using'wﬂTA as the insulator gxhib;t

an optimum N 507 greater than those fabricated with CdStz. It is clear from -
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a comparison’of the data shown invfigé. 7.1 and'7.4, thét this impedi-
ment is.greater in the case of the w-TA diodes. |

One aspect has yet to be explained, and that is the actual process
by which tﬁe holes are transported across the insulatori The exact
mechaniém remains unclear although certain possibilities can be
eliminated.» For example, it has already been argued that excitation
over the hole barrier presented by the insulator is;not consistent with
the experimental observations. Also, the possiBility'of conduction via
.pinholes in the film isithought unlikely. " Although it is known that a ‘
large pinhole density can be tolerated witﬁout degradation of the photo- -

(22)

voltaic properties ., a dénsity significant enough to allow a photo-
current of ~ 0.14 A m'.2 to flow would surely have manifest itself as a’
deviation from ideal in the (majority carrier) J-V characteristics
presénted earlier. The fact that fhe process appeais.to be limited only
to hole transpoft suggests that condqction via energy 1évels located in
the insulator bandgap, and conveniently.sifuated with respect to the
semiconductor band structure, may provide an éccurate explanation. Suéh.
levelsvcould arise from the 'amorphous' nature of tﬁevinsulator or from
specific structural defects. In fact, such an altefnative for ‘the photo-
current transpért mechanism has been observed previously(ZB) where 6xide'b
traps, conveniently situated édjacent to the minority carrier band edge,
enabled insulatofs mucﬁ thicker than tunnelling'dimensions to‘be used
effectively in MIS solar cells. These traps had né detrimentalieffect on
the open circuit Voltagevof the devices since they did.not'éffect the
majority carrier current. Such results are vefy similar to those obéerved‘
| (24)

here. . A measurement of the type made by Yu and Snow where a transistor

structure was used to separately study the minority and majority carrier
currents, would undoubtedly prove useful in determining the precise naturefvu
of the process. Unfortunately, such a measurement' was not possible in this -

work,
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7.3.3 Comparison between EL and Photovoltaic Properties

It is interesting to Comparévthe photovoltaic and EL properties of
the MIS diodes since this has not previously been done, It has already
been mentioned that the similarity in the opération of thgltﬁo devices lies
in the fact that, in both cases, holes are required to traverse the
insulator. However, the direction of hole transport is different in the.
two devices and the minority carrier current levels involved ére also very
different (v 10-5 A em™? iﬁ the photocell compared with ~ 1 A em™? in the
EL diode). -furthermore, the behaviour of the hole quasi-Férmi level is'alsov
somewhat different in the two cases (see figs. 3.7(b) and.3:11). Despite
these differences, the optimum thickness for EL efficiency cérresponds
almost exactly to the value at which the photocurrent begins to be reduced
by the insulating layer. This can be seen by comparing the Aata shown in
fig. 7.16 fo the EL optimum curve in fig, 7.18. Both sets of data were
obtained from the same samplé and the optimum insulator thickness for EL
efficiency is precisely the value at which the photocurrent begins to be
affected. This is additionai confirmation that the holé‘transport process
is the‘same in both instances. Further, it is evident that the process is
bi-directional suggesting that the mechanism is, indeed, a bulk process
through the LB film, although the exact nature of the process rémains
uncertain.

Before proceeding to discuss the lifetimes of the LEDs,vif is interest-
ing to note how the photovoltaic measurements are consistent with the model
which was proposed in § 7.2.3. The variation of Js/c with‘6 has been discussed
previously; consider now the variation of Vo/c with § (fig. 7f16). The
feature of this curve is that the increase obtained by incorporating an LB .
film into the Schottky diode structure is relatively independent of its

thickness, The characteristic does mot conform to equation (3,63), i.e.
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Ve = <%>'(1n (3y,003,) + x8)

since this predicts an optimum in Vo/c for an insulatgr'tﬁickness of the
order of tunnelling dimensions. This has been observed éxperimentally in
Si : S‘iO2 diodes(ZI). (It should be noted that the fﬁlluexpression for
Vo/c contaiﬁs a contribution due‘to the incorporation of fixed chafge,
either in the insulator, or at the interface, which may or may not be
significant. For the purposes of this discussion it has been omitted;)

In fact, the data in fig, 7.16 support the model proposed éarlier. Accord-
ing to this model, the majority carrier barrier height ié that of the

insulator barrier, ¢bi’ and the dominant current mechanism is thermionic

emission. The data should then conform to the equation

|
Voje = n' (T/Q) In (3, /T

h in thi J = A'p? ( '/ &T)
where, in this case, J = = A exp (-q ¢ . 3

The barrier height‘predicted'by insefting the relevant values of Vo/c and
Js/c for the single monolayer diode into the above equafion»is v 1.67 eV
which agrees well with the measured value of 1l.64eV. TFor the five monolayer
devices, the predicted value is‘m 1.63eV and for the diodes incorporafing

15 monolayers, ¢bi n 1.56eV. The barrier heights a?é‘predicted to be
relatively independent of the insulator thickness and the results are, at

least quaiitatively, consistent with the proposed model,
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7.3.5 LED Degradation

(a) Device Lifetimes

All of the diodes fabricated using either CdSt2 or w~-TA as the
insulator exhibited relatively poor lifetimes, although those incorporating
w-TA were somewhat better in this réspect. Fig. 7.19 showé the relative
EL intensity as a function of time (a) for a diode fabricated with v 27 nm
(11 monolayers) of CdSt2 and (b) for a diode fabricated With a simiiar
thickness (9 monolayers) of w=TA. The curves have been normalized to show
the same initial intensities. The same (constant) drive éurrent of v 7 A cm
was used to6 excite the EL. It can be seen that the decay is much more rapid
in the case of the CdSt2 diode. There is little doubt that the w-TA is the
more stable material; it forms a much more ordered, closely packed film and
also appears to have better mechanical properties and these attributes are
thought to be reflected in the incfeased lifetime of the device. In general, .
the device lifetime was found to be a function of the current density used to
drive tﬁe device and diodes driven with high current densities, i.e. v 25 A cm-2
(under pulsed conditions in order to eliminate heatingvprpblems) lasted only
a few hours.. Under continuous long term operation the EL gradually diminishgd
until it was eventually undetectable (by eye) for normal arive currents, This
degradation is most likely to be a consequence of the LB film properties rather
than those of the semiconductor substrate, waever, it is important at this
stage to establish the origin of the degradation mechanism so that the prospecfs

for significant improvements by incorporating even more stable insulators, can

be assessed.

(b) Degradation Mechanisms

The failure of these devices appears to be a consequence of the relatively
large current densities (by LB film standards) which are necessary to excite
the EL. This is confirmed by considering fig. 7.20 which shows the current-

voltage characteristic of an MIS diode incorporating five monolayers of CdSFZ
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(a) before, and (b) after, 15 hours of continuous dperation at v 7 A cm-z.
Also shown (as the dashed line) is the characteristic of a typical near-
ideal Schottky barrier. At high bias, i.e. when the curve begins to be
limited by the series resistance of thé.diode, the two curves (a) and (b)
are reasonably similar. However; at low bias the cuxveé'diffef greatly,
and for a given applied voltage a mucﬁ larger current‘(by up to 3 orders

of magnitude) is taken by the diode aftef 15 hours of'con;inuous operation.‘
In fact, at very low bias, the curve (b) approaches that'éf thé near-ideal
Schottky diode. However, although the low biasvcurrentholﬁage characteristic
has been greatly affected, the majority carrier barrier height, ds measured
by the photoelectric technique, (seevinset to fig. 7.20) remains approxi- :
mately constant.‘ This suggest that an alternative current path has been
formed through the insulator which electrons in the semigoﬁductor find
'easier' than emission o?er the top of the barrier but in the phot&électrié
measurement , excifation over the insulator is‘stili domiﬁant. This |
indicates that the insulating pfoperties of the film aré not completely
destroyed. The exfent to which curve.(b) deviates from (a) is, in

geﬁeral, dependeht'on the drive current density and duration; Thus. it is
concluded that the effect of passing this’large,currenﬁ is to cause a
deterioration in the insulating properties of thé LB film resulting in the
formation of alternative current paths in-parallel'to the.normal thermionic‘
emission brocess. At low current densities, the cﬁrrgnt.can éasily £low
through the insulator (via these alternative paths) and the chaféé;éristic
approaches that corresponding to fhermionic emission Qverfthe semiconductor
depletion region (i.e. the near ideal characteristic). At highef current
"densities tﬁese paths become 'saturaféd' énd the curve approaches the-norma1 vf 
curve (a). This interpretation is supported by the fact that the open
circuit voltage developed by the diode under illumination had decreased L

from ~ 1.05V (in this case) to n 0.64V, i,.,e. to approximately that'observed f
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in near-ideal Schottky diodes. The insulafor, nowv'leaky' to majorify
carriers after 15 hours continuous operétion, does not present any
significant.additional impediment to the loss mechanism associated with
the thermionic emission of majority carriers from the seﬁiconductor into
the metal. |

It is clear that LEDs fabricated.from fatty acid LB films display
little potential from the viewpoint of commercial devices. This was not
unexpected in view of their poor mechanical and thermal pfoperties. How~
ever, it has been shown that a significént increase in deﬁice lifetime can
be achieved by using a more stable-LB-film (i.e. w-TA) and it is clear
that a further impfovément wiil be possible by incorporatiﬁg still more
stable films. An ideal candidate is the phthalocyanine material which has

(25-27)3 Measurements

oﬁly very recently been deposited in LB film form
made on devices fabricated using this material are presented in the follow-

ing section.

7.4 DEVICES INCORPORATING PHTHALOCYANINE LB FILMS

The phthalocyanines are one of a number of groups of organic materials
"which are known.to possess semiconducting properties. However,vbecause of
the almost fotal insolubility of the common phthalocyanine (Pc) derivatives
in most solvents, they have received 1itt1é attention as possible LB film
materials. Recently, however, as a result of collaboration between the
University of Durham and.ICI Ltd., these problems havé‘been circumvented
and LB films of a number of Pc derivatives have been successfully depositedi
In view of their excellent sfability, both thermally and structurally, and
the fact that these films adhere tenaciously to substrates and resist the
action of many organic solvents, the Pc material is an obvious choice for
the extension of the 'model' system towards a more commercially viable
device. Unfortunately, the research on phthalocyanine in LB film form is

.in its early stages and such films have yet to be fully characterised}v In
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particular, the conduction processes have yet to be fully investigated
and, although preliminary results reveal that they are fairly insulating,
the.possibility exists that fhey may exhibit semiconducting prbperties(27).
This in itself is sufficient reason to study LEDs incqrborating Pc since
most of the phthalocyanines exhibit p-type conductivity when preﬁared in

other forms, and this introduces the possibility of enhanced hole injection

into the n-type substrate.-

7.4.1 Electrical Characterisation

The diode characteristics were, in general, very different from diodes
fabricated using fatty acid LB films. TFor example, fig7.7.21 shows the
current density-voltage curves for diodes incorporating a range of different
thicknesses of Pc LB films; Curve (a) represents the characteristic of
a diode fabricated with one layer, curve (b) corresponds.fo the incorporation
of»five layers and curve (c) represents twenty layers. Thé thickness of

(26). Also shown in fig. 7.21,

each deposited layer is belieﬁed to be v 0.8 nm
for comparison, 1is the curve for a near-ideal Schottky ba#rier. The
characteristics are very different from those observed for the fatty acid
diodes and they do not exhibit the distinct regions shown in figs. 7.1 or

7.4. The effect of the film is much more noticeable in the Pc-based diodes.
Fven the effect of a single monolayer is very pronouncéd;although.it is only
N O.8lnm thick, and increasing the film thickness affects thé characteristigs
markedly. The conduction mechanism is clearly not the thermionic emissioﬁ
process which was proposed for:the fatty acid diodes,»But fhé lack of informa-
tion on the film properties makes these data difficult to interpret. The
'step-like' feature in the charactéristic, which is most evident in curve (b)
may provide some insight into the conduction mechanism. Similar féatu;es
have been observed many times in more conventiqnal MIS diodes and have

usually been attributed to interface states. However, an alternative

possibility is the charging of states in the film itself giving rise to a
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space charge effect. Certainly the time taken for the current to reach
equilibrium, after a change in bias, was very long (in soﬁe instances
several hours) which would appear to indicate a frapping mechanism.

Aftémpté té directly measﬁre the barrier heights of tﬁe diodes wére
unsucceésful; even in the case of a diode fabricated with one layer, the
metal-semiconductor photoreSponée could not be detected. This could be
interpreted aé én indication that the metal-insulator bafrier height, ¢bi’
is significantly greater than the i.64eV measured in the case of dibdés
fabricated using'CdStz, since in a diode with ¢bi_ N 1.8eV, the rglevanf‘
photoresponse would be -obscured by photoexcitation processes in the semi-
" conductor bﬁlk. Since the photovoltaic measurements of the fatty’acid‘
diodes could be used to ﬁredict the barrier height quite successfully,
the phqtovoltéic properties of the Pc MIS diodes were élso studied. In
fact, the devices were found to exhibit interestingly unusual photovoltaic
action. Fop-exéﬁple,_when a short circuited diode was illuminated, it
initially gave rise to a photocurrent of the same order of.magnitude as
. that measured in-the fatty acid diodes. Howéver, this gradually decayed
with time over a period of several téns of minutes until a new, lower
&alue was establishedf The magnitude of this decay decreased with
~decreasing 1ight.intensity and, in fact, under normal room illﬁmination
it was Virtqally absent, This could be further evidence for a large trap-
ping effect in the Pe films. Alternatively it could be a result of (oppos-
ing) photovoltaic action at the Au : Pc interface or even a photoconductive
effect in the P¢ film itself.A_This latter interpretation was corroborated
by the fact ghat the magnitude of the photocurrent was unusually depéndent
bn‘both bias and ambient conditioms, (the conductivity of the Pc is
known to be affected by certain ambients). if this interpretation is
cofrect, then -the p-type conductivity exhibited by.the Pc films should
’proQide somé interesting EL properties. These are described in § 7.4.2.

' In view of the above discussion, it is somewhat surprising that the

sz,-V characteristics of the Pc MIS diodes were very similar to those
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observed in fatty acid diodes. Theselcharacteristics, for a range of Pc
film thickness, are shown in fig. 7.22. Curves (a) té (é) correspond to
diodes incorporating 0, 1, 5, 10 and 30 layers respectively. As in the
case of the fatfy acid diodes, the general trend evident.in this figﬁre

is an increase in both the sloﬁe and the intercept of the curve with film
thickness. This suggésts that the mét&l and semiconduc;Qr are capacitively
doupled in the same manner -in both caseé (at 1east in the: absence of |
illumination) and with regard to the caPécitance measureménts,‘the film

acts as an insulator.

7.4.2 EL Measurements

Under the application of a forward bias (v R Z.AV),iﬁll of the diodes
emitted yellow/greéh'EL from beﬁeath the gold top eleétrode."The-spectrum
of the emission was identical to that shown in fig. 7.11.for the CdStZ -
based devices. No additional features were detected as a result of incor-
porating phthalocyénine LB films. Fig. 7.23 shows a graph of the dc pdwefv
convefsion efficiency against the numbgr of layers of Pc; The measurementé
were made using a drive current density of approximate1§ 7vA/cmg. There
:are a number of important features in this graph : Alfhoﬁgh the‘genefal
shape of the optimum curve is very similar to that achieved with the other
LB films, the insulatorthicknegesinvolved are somewhat diffefentf In
particular, the optimum (v 5.6 nm) is much.less than théttmeaéured in the
 case of the fatty acid devices and, in fact, isvcloseltp thé value which
would be expected from conventional tunnel injection theory. It(;g;res—
ponds closely to the value of v 4.0 nm méasured by Card and Smith for GaP
devices incorporating $i0, as the insulator. It is interesting to no#e
#hat‘ap-incpease of only ﬁ 100% is achieved in increasing the ihsﬁlator _g_ 
ghiékness from pnellayer to the optimum humber.of seven.' This is mﬁch'

less than the corresponding increase (of almost two orders of magnitude)
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in the fatty acid diodes (althbugh the maximum measured efficiencies are
similar). It is clear that the mechanism by which the'ﬁL is éxcited is
very different in'ﬁhe two cases. - Again, howevér, without a detailed know-
ledge of the Pc 1B film properties it is difficult to.draw-any.conclusions
about the'acfual mechanism, There are essentially two possibilities. :
Either the film acts as a conventional insulator and the tunnel - injection
theory is applicable, or the film acts as a p-tYpe_semicpﬁductor and the
diode is essentially a p-n junctioﬁ. In view of tﬁe clear depeﬁdence of
the efficiency on the Pc film thickness, the former of these possibilities
is thought to be more likely, although the latter cannot.be ruled out.
Another piece of evidence which supports this view is the fact that the

EL emitted from diodes fabricated.with 20 or 30 layers was vefy uneven ip
appearance and originated from numerous regioﬁs of high éiectric field.
This Was due to électrical_breakdown in the film and demonstrated that the
curfgnt mechanism was different in those diddes where the film thickness
was greater thén approximately 8.0 nm‘(i.e.'tunnelling dimensions). The
maximum'efficiency_shown in fig. 7.23 is ~v 2.4 x.IO-SZ. This was'typical
of that measured over a number of GaP substrates, alfhougﬁ‘the maximum
measufed efficiency was'm 8.6 x 10-3%"and corresponded to a diode fabricatgd
with 5 layers of Pc, These efficiendes will.be.discu39ed in more det311 in'.
§ 7.4.3 when the commercial viability of the devices isvcbnsidered.

Fig. 7.24 shows graphs of current density and relative FL intensity against
bias for a device fébriéated with 5 layers of Pcj the inset shows the .
relative intensity as.a function of current denéity. vThese'data also
indicate that the mechanism present in the Pc diodes is rather different

to that present in the fatty acid diodes, sincé in this latter case the
variation of relative intemsity with current is linear, In fact the éuperfg
1inear.characteristic shown in thé inget to fig. 7.24 is consistent with -

the tunnel injection theory since it implies that an increase in bias
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results in aﬁ increase in y, which in turn suggests.tﬁat total band
realignment has not been achieved. It will be remembered fhat, aééording
to thié theory, the optimum shown in fig. 7.23 is the result of improved
band realignment competing with an increased impediment to tunmelling

minority carriers as the film thickness is increased.

Device Degradation

In view of the fact that Pc was uSedbprimarily béqadsé of its p@tential
from a commercial viewpoint, the device degradation is clearly an impprtant
issug. Fig. 7.25 shows a graph of EL.inténsity as a function of time for a
device fabricated with 10 1ayers.of Pc and excited using é~constant current
density of 5A/cm 2;. There are a number of important features in this curve:
After a small initiql increase, the EL intenéity'decreased:gra&uallybwitﬁ
‘time over a period of sevéral héurs, as in the case 6f~thé fétfy acid |
diodes. However, there is an important difference; iﬁ the Pc diodés the
>intensity<approachéd, asymptotically, a certain intensiﬁy'level Io'and even
after several days of continuous operation, this intensity had remained at.
appfoximately this level. This is in marked contrast to the'fatty apid-.
based diodes Where the intensity diminished gradually'to-Zérd with timé.
Another important difference is the fact that the effect was, to a certain
extént,ifevérsiblé. ‘The dotted trace in fig; 7;25 showsiéﬁe Qéfiation"for
the same diode, after allowing v 1 hour for thg»device to recoﬁer. ‘It is
‘clear from these measurements that the degradétion is very differeﬁt from
that observed in theifatty acid diodes, although the actual mechanism remainsl»
-unciear. It is cértainly é function of the phthalocyanine.laYer siﬁcé‘the-
degradation is accompanied by a significant increase in fhe.conductivity of
: the fiim. This cah be seen from fig. 7.26 which shows the J-V chéracteris#ié
of a device incorporating five layers of Pc (a) befofe and (b) after 46
hours continuous operation. For a given bias, a significaht increase in
the conductivity of the film is evident, In fact, although the intensity of
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‘the EL has decfeased.considerably.in going from (a) to‘(bj, fhevactual
conver31on efficlency has not been so greatly reduced: A decrease from

3 x 10 37 to 9.5 x 10 4/ was noted in this case over the fime period of

~ 46 hours. The fact that the degradationveffect is, to a certain extent,
reversible may indicete that a chargeltrapping effect isjresponsible for
the increased conductivity, alternatively it may be an.effect due to the
heating of the semple resulting froﬁ the passage of a relatively large
current. One piece of eXperimentel evidence whicﬁ appears fo coofirm this -
latter interpretation was that a low temperaiUre_anneal (%_1OO°CFfor‘m,3
hours) appeared to remove the reversible property of the degradetion and
the intensity remained at the value Io' In addition to theée effeots, the
‘conductivity of the Pc films is known to change in resoonse to cerfain
gases(26) and hence ambient conditions may be an important fector. There,
is clearly much to be gained by a program of research almed at eluc1dat1ng»

the mechanisms responsible for both the operation and degradatlon of Pc-

based LEDs.

7.4.3 Assessment of Future Prospects

‘Before proceeding to discuss the prospects for commercial .viabilify,'-
it is useful to consider the device efficiencies that have been'achieﬁed.
The maximum_powe; conversion efficiency measored in Ehie work oorrespondedif
to diodes fabricated with 5 layers of pﬁthalocyanioe.- This-vaiue, of
8.6 x 10-3%, compares very'favoufably with fhe efficiencies measured by
other workers for MIS devices on GeP(28)<29). ﬁowever, it is difficﬁlt
to draw meaningful comparisons betweeﬁ figures quoted innibe literature
since many factors affect the measured efficiency. For‘examole, Soﬁe
measurements will have been maoe in an integratingisphere s0 thaf most

of the generated liglt is detected, whereas some efficiencies are calculatede

simply from that fraction of light which is incident on a photodetector.
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In some instances; the latter method is used and an integretiﬁg calcula-
tion is'perfotmed to account for theklight which is not.detected. Further-
more, the device can be arranged so that the'light ie:emitted‘either |
predominantly through the top electrode or the semicondUcter substrate.

A much more effective assessment can be made by directly cempering the
performance of the devices with those commereially ayailable, or better
still,unencapsuiated p-n junction diodes made‘from similar materials.

Both of these eomparisoné were made in this work simply b? replacing the
research diode with the commercial ones in the measufing'equipment aﬁd‘
ealculating their efficiencies. The commercially available, eneapsulated
diodeshad a measured power conversion efficieﬁcy of v 0.3%. This is quite
high considering that the GaP material has a.luminescence_efficiehcy of
only n 1% and is Qell over an order of magnitude better tham that

measured in the best Pc-~based diode.‘ However, it must be remembefed that
the .encapsulant is designed not only to increase the light extraction
efficiency buf also to directionalize the light output. In fact the view-
ing angle of such diodes is quite small (30°) hhich indicates that most of.
the light is emitted normally in*the:forward'directioh,,in.contrast_to thef -
research diodes where much of the light may be trapped or emifted ie
directions away from the detector. The comparison.is therefore unfair and

a more reasonable one is achieved using the unenceﬁsulated'diodes. Such
de?ices, operated at drive current densities of_between 6 and 25vA cm“2 were
found to have measured efficiencies in the range 5.5 x 10-3% to 1_x 10_2Z.
It is remarkable that the MIS diodes should be, on averege,.abqﬁt haif=as
efficient as p-n junction devices made from similer material, and impliee
that the minority‘carrier injectien ratie achieved in the MIS devices :
approaches that of the p-n junction, - These pfeliminary, COmparative

_ experiments are exfremely encoufaging, but further measurements, such as.

comparisons with a wider range of unencapsulated devices and with
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encapsulated Pc-based diodes are required to confirm them, However, if
the implications of these preliminary comparisons are correct, then thé
prospects for the MIS diodes are very promising. If thé samé level of
injection in the GaP diodes can be achieved in II-VI Baséd diodes, then
very efficient LEDs should be possible.

However, producing devices with a promising‘initigl»efficiency'is a
long wéy from producing a commercially viable device., Thé next important .
consideration is the device lifetime. The preliminary results for the
Pc-based diodes are encouraging and é program of research in tﬁis area
would certainly prove useful,

Ih the following chapter, the results of preliminary.éxperiments aimed
at extending the system to incorporate zinc selenide as the 1umineécent |

material will be discussed.

7.5 SUMMARY

In summarizing the results presented in this chapter; it can be said
that the Au : LB film : (n) GaP system exhibits some very interesting
electrical and optical characteristics. The following cbnclusions can
bé drawn: |

(a) The introduction of a fatty acid monolayer into the Au : (n) GaP
Schottky barrier structure results in an increase in the height of the
barrier presentedbto majority carriers from 1,39%eV to‘lgééév. The.additi§n
of subséquent layers has felativély little effect on the ﬁeight of this
barrier. | -

(b) Capacitance measurements show that this is not due to an,increase
in the actual diffusion potential and a model is presented whiéh is argued
to explain most éf the available experimental data. This model is based oh
‘the explanation that the barrier probed in both the J~V and photoelectric
techniques is the metal - insulator barrier rather thanbthat'presented by

the semiconductor depletion region.
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(c) The introduction of the LB film also enables EL to be emitted
when the devices are opérated under forward bias.‘ The spectrum of this
EL indicates that enhanced minority carrier injectibn.is.the mechénism.
fésponsible for the excitation of EL.. o |

(d) In contrast to the increase in barrier height,. the effi@iency
of.the MIS LEDs 1is acutély depéndent on the inéulatorvthicknesé; . The
optimum thickness is % 27 nm for diodes fabricated withvéiﬁher w-TA or .
CdStz. The. maximum efficiency was m¢asured to bé Vo6 ox 16—3% for a déVice'
incorporating nine monolayers (27 nm) of w—TA.

" (e) Measurements made on the devices under iliumiﬁation are shbwn' :
both to support the proposed model and to.reveal the preéénce ofva current
path throﬁgh the insulator for minority carriers.. This explains the fact
fhat, for insulatorvthicknesses well in excess of tuﬁnelliﬁg dimensidns,
minority carrier enhancement is stillvaghieved.

(£) The EL ﬁéasuremeﬁts are explained using a modified version of
the convenﬁional tunnel injection theory. The exact mechanism by which
the minority carriers traverse the insulator reméins uncertain although it
may be conduction via defeét'levels conveﬁiently situated in the insulator
‘bandgap.

(g) Deviqés inéorporating Pc»filﬁs behave_Qerybdifferently. It is
difficult to draw concluéiohs about the qperation of'suchidevices due to
a 1ack:of information.op the properﬁies of Pc  LB filmé; 'Nevertheiess,
the’qptimuﬁ insulator thickness for EL efficiency (v 5,6°nm) suggests thé;
the diodes may conform.to thé conventional tunnel injection théory, although
the possibility of the Pc exhibiting p-type conductivity, and hence forming
a p-n junction 6n the GaP, canpnot be ruled out, The maximum efficiency
measured was © 8.6 x 1037,

| (h) Comparisons between thech~baséd devicés and»the pefformanée of
p?n junction LEDs fabricated fro@ similar material indicates that,'subjecf :

to an iﬁ*&épth study of the deViée.degradatioﬁ,ﬁfbﬁértiéég thie Pc MIS
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structure may prove to be attractive from a commercial vieﬁpoint. ‘Ihis.
is particularly true if the system can be successfully’extended to.incor-
porate a II-VI material,as‘the luminescent material sincé the minority
carrier injectioﬁ ratio achieved in these devices appears.to be comparable

with that achieved in a p~-n junction.
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‘CHAPTER 8

PRELIMINARY STUDIES OF LB FILM DEVICE
STRUCTURES ON OTHER 'SEMICONDUCTORS

8.1 INTRODUCTION

This chapter présenté the experimental results of investigations into
a number of potehtial applications for LB film'materials~iﬁ MIS structures.
Thelfirst section‘represents the culmination.of-the,MIS;LEDIwork, in that it
describes the results of an attempt to extendbthe_researcﬁ-to incofpdrate
ZnSe as the luminescent material, This sémiéonduétof is- one ofbﬁhe'importanf
materials for blue electroluminescent devices; it has. a Wide, direct bandgap
( ~.2.72 eV) and is a very efficient phosphor; 'ﬁOWever, it ié difficult'to

(1)

pfepare in p-type fdrm due to the phenomenon of'self-cbmpensation -’ and con-
seqﬁentiy pFn junctions cannot easiiy‘be formedf It is therefore_an ideai.-
material with which to extend the GaP-based MIS System which was discussed
in the previous chapter. | |

- Also presentéd in this chapter are the resulfs of preliﬁinary investigé;
fions into two other potenfial apélications of LB films in MIS structures.
The first of these conéerns an attempt to benefit from theilow'temperature
deposition features of the LB.tephniuqe in varying the GaAs : LB filﬁ intereliﬁ
face properties, Wiﬁh”a view to inverting the'sutfa¢e oka-fype GaAs @ateriai, '
This is an essential prerequisite for the production of an-n-dhannel field
effect tfansistor based on GaAs;k The final section désgribesvthe results of
incorporating novel LB films in double dielectric strﬁctﬁres,.in particular

the metal : LB film : SiQ, : Si system. Both phthalocyénihe and anthracene

2
Lﬁ films are used to achieve very different effects which give rise to a
range of possible appiicatiqms.' ‘ |

The introductions gi&en to these 1atter topics are necessarily brief and"
therefore ratharsuperficial, ‘waever; in both instances a numbgr of récent_

references are quoted which will enable the interested reader to obtain am

ﬁﬁ?tb;aagé appraisal of the subjeqt.
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8.2 ZnSe : LB FILM MIS EL DEVICES

Zinc selenide, like most II-VI semiconductors is a difficult material
to grow, particularly in low reSisﬁiVity,-1arge.area,.sing1é crystal form,:
which is the ideal for a study such as this. prever,:recenf advances in
erstél growth techniques have enabled single crystaILZnSé £ilms to be
grown epitaxially ontb GaAs substrates using techniqﬁes suéh as molecular
beam gpifaxy (MBE) and organomefallic CVD, The materia1 used in this work
was grown by the ofganometallié cvD technique aﬁd has been described in
chapter 5. |

Two sample'géometries were used, A surface arrangement was employed -
when the GaAs substrate was sémijinsulating and a sand&iéh’structure in

the case of conducting GaAs substrates.

8.,2.1 Electrical Characterisation

(a) Surface’Geométfy Structureé. Figure 8.1 shows fhe current '
density%voitage curves for (a) a gold-ZnSe (carrier concentration = 1017 cmig)
Schottky'bafrier structure and (b) an MIS device incofpdratiﬁg one monolayef
of Cdst,; also shown are the_deviqe barrier heights (meaéured using the |
photqelectric technidue);' Consider first the Schottky barrier curve. - Thi$; 
is clearly non-ideal; the poor ideality factof indicéteé_thé presenée of:q if,
significanﬁ iﬁterfacial layer and there is also a large serigs resigtance
assoéiéted‘with the thin ( &~ 3um) ZnSe 1aYer;v The value of fhis' reéiéténée:
(f&lKQ), agrees well with that expected from the resistivityléf fhevmaterial, >
The effect of incorporating one mqnolajer into the'deQiqeﬁis to'caﬁse a.
significant drop in the value of the forward current at a given bias and e
also to increase the ideélity factor, This increaée in n s cdntfary to -
. the effect observed in the near-ideal GaP diodes where the nwv‘alue re,main'edll‘;‘"
close to unity. However, iﬁcorporatimg an 1B film into the mon-~ideal QaP

Schottky barrier structure (i.e, that including a gsignificant native ‘QXide‘)’
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also has the effect of causing a drop in the forward current and an increase
in the ideality factor. This, together with the similarities in the measured
barrier heights in the two different systems, suggest'they may,.in fact, be
very similaf.‘ If this is the case, then it may be possible.to'emﬁlate the
success ‘achieved with GaP LEDs using ZnSe as the éemiéonductor. Unfortunately,
the series resistance associated with these diodes prevented the EL properties
froﬁ.being properly investigated since a bias of se&eral.tens of volts was
required to produce a current of nTA cmﬁz, at which level the power
dissipation'in the diode was‘too great, Attempts to puiée-drive the devices

4
were equally unsuccessful,

(b) San&wich Geometry Structures. In an atfempt to eliminate the large
series resistance aséoicated with the thin film of ZnSé, a sandwich geometry
was‘employéd. Highly conducting GaAs substrates were used and an Ohmic
contact was made to this materiél, Unfortunately, the J-V characteris£ics of
these diodes were initially even less ideal than those achieved with the
surface geometry, Figure 8.2(a) shows a typicalvcharacteriétic.  in this
case tﬁe curve exhibits a barrier limited regime at low bias (region (i)),
but the cﬁrrent is severely iimited at a relatively low value by an alter-
native meéhanism (region (ii)), This latter region of the characteristic
can be described by the approximate relationship J = Jri exp (qV/nkT), wheré
in this casen ~ 8. The mechanism'responsiblg is thought to be recom-
bination at the ZnSe : GaAs interface, possibly via‘interface states. This
view is supported by the fact that strong illumination largely eliminates the
current 1imitation; preéumably due to photoexcitation effects at this inter-
face. The effect of light on the characteristic is clearly demonstrated in
fig, 8.2(b) which shows J~V curves measured,both in the dark and under
illumination. Tt is clear from these data that a large current can be made
to flow through the devices, provided thé limitation at the interface.is

reduced (by illumination in this case),
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Fortunately, the sitﬁation could'be improved quite ;oﬁéidefably by
gnnealing the éubstrate.‘ However, annealing also had the effect of reduc-
ing the cérrier concentration in the sample ~ an effect verified by
monitoriﬁg ﬁhe resistance between‘two surface ohmic-contActs in-between
the annealing stages, A reasonable compromise was found to be an anneal
at approximately 275%C for twenéy minutes, ‘Two small sémples were pfepéred
in parallel. Schottky barrier structures were formed‘onté one,vand MIS
diodes incorporating five layers of Pc were fabricated oﬁ»the other. The
structures were'found to be sufficiently éondUcting to enable‘a suitabie
current (from'an EL viewpoint) to be carried for biésés_of apbrpximately.

20V,

8.2.2 EL Measurements

Under an applied voltége of ®20V, corresponding to a drive cufrent
density of ~ 5 A cm—z, blue EL could be detected from the regiéhyéf'the.
goid electrode. The light, however, escaped from arOund the-edgeé'of the
electrode rather than through it, which‘is indicative 6f’thekprobleﬁs con-
cerned with light extraction in the direct béndgap ZnSe‘matefiél'(SQe- .

§ 2.6.3). No EL could be detected from the Schottky bérriér sfrudtures
using the same measuring equipment and similar drive cdnditioﬁs{

The spectral response of the emitted light is shoWn in:fig. 8.3. It
consists of a siﬁglé dominant ﬁechanism‘correspon&ing:td a photon energy
of v 2,64 eV, In this‘particular>caée there is no'evidence‘of the deep

2)

centre luminescence which has been detected previously(' in cathodoluminescence
studies of similar material, The photon enérgy of the emittedilight,is'very-v 
close to the bandgap energy ( v 2,72 eV) and can be correlated, using

previously reported cathodoluminescence spectra(Z), with the recombination’ '

of free excitons.
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The power conversion efficiency of the MIS diodeé was very low
(v 1.2 % 10#7); there are a number of possible explanations for this. For
example, the light extraction efficiency is likely to be very low in the
structures used here and the large voltage required télpass a suitable
current reduces the measured power conversion efficiency. In addition, .
the high resistance associated with thé'ZnSe ! GaAs interface is likely to
support a substantial proportion of ‘the appiied volfage and‘compléte band
realignment at the Au : LB film : ZnSe interface may not be achigvéd.

Nevertheless, these preliminary results are very encouraging -and there
is clearly much resgarch still to'bé done in this field, ‘éome suggestions

as to the direction of future research are made in the concluding chapter.

8.3 GaAs : LB FILM MIS' STRUCTURES

Iﬁ the early 1970s the increased demand for faster electronic devices
revealed some of the fundamental limitations of the Si :_SiO2 system. The
CIII-V éompounds, such.as InP and GaAs, were obvious materials witﬁ which toi
atfempt to produce devices with superior ferformances to silicon-béséd.onés,
The combination of high mobilities and reasonably well-adﬁénced growth
technologies led to the assessmeﬁt of these sémiconductors_gs po;ential
maferials. Most of the early research éoncentrated on GaAs bécause»bf its
better (at that time) prospects, although it ié now recognised that InP has
mucﬁ more controllable interface properties and it is currently favoured as
much as GéAs; (A 'state éf the art' review of InP MIS technology can be
found in ref.v(S)). However, the research on GaAs remains intense and many
believe that, if the shortcomings qonéerning the GaAs : insulatof interface
can be overcome, then this will prove to be the bétter material. A full
account of thé GaAs technology (up to 1981) can be found in the book by

(4)

Croydon and Parker ",
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The motivation for this work on GaAs was the realization that the use
of the (low temperature) LB technique to deposit a dielectric onto InP

5)

substrates( results in Very different interface prope?ties'to those
achieved using other, high témperature methods, Furtﬁérmore, these.
'properties can be significantly altered by the preﬂdepositionrsﬁfface
preparatidn in tﬁe LB film devices(S), since this, and not the damage
caused by the dielectric deposition, can determine the<inteffacé properties.
In view of the (1imitéd) success achieved using GaAs Mis;deviées incbrpora-
ting native'oxidés(A), it was hoped that the GaAs interface properties |
woﬁld be controllable in the same manner as that achieved with InP;

A convenient method of examiniﬁg the propertiesvof an MIS sﬁructure
is to study its admittange characteristics. Fig. 8.4.éhows the vﬁriation
of the measured capacitance and conductance of an Au :vSJiO2 : (p) Si MOS
structure. These experimental data show most of the features required for
transistor action: Under a sufficiently large forward bias, a high con-
centratiqn of majority carriers éccumulate at the semiconductor‘surfage,
the deévice capacitance is approximately the geometric capacitance
associated with the oxide, and the device is said to be ‘in accumulation'(A).
Altering the applied voltage towards reverse bias, gradﬁally'depletes the
semiconductor surface of majority carriers (B) until eventually the surface
begins to invert. Strong inﬁersion () occurs when thé depletion region
becomés ’screéned'_by the minority carrier inversion 1ayer and ié thus
prevented from extending further.  The capacitance in the inversion region
is determined by the ability of the minority carriers to. follow the
measuring signal and at very iow ffequencies fhe aécumulation and inve;sion;‘
values should be equal. The conductance data exﬁibit a small peak (m) -

(6)

which can be attributed to losses due to interface states and a larger

peak, which is often observed in p~type material and results from lateral -

conduction in the surface inversiemn 1ayer(7). This lateral conduction also
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explains the rise_in-the’capacitance in inversion, even.though the measur-
ing frequency is relatively high(7)._ Froﬁ the viewpoint of this work, itv
is the inversion characteristics of the éapacitancé data that are important,'
since they give é first indication of the‘suitability of the materiél for
producing inversion mode FETg. | |

In this study a wide range of surface prepérations were used prior to
LB film deposition and they wére found to result in a range of different
admittanée characteristics. Only two will be described hére as they
demonstraté effective1y the degree of.variétion fhat is<§ossib1e. de ‘
identicgl (p) GaAs samples Were‘fabxicated in parallel uﬁder ideﬁt{cal con-
-ditions, except for the method used'té,prepére the surfaée priqf to |
vinsﬁlator deposition: Both samples were chemically ﬁblished with a 0;2%.

Brz/CH OH mixture for two minutes and then refluxed for several hours in

3
alcohol. (This treatment was believed, from previous ekperience; fo reéulﬁ.
ihAanv'oxidised'surface.)  However, immediately prior.to film deposition,
sample’(b) was given an HF oxide-femoval treatment which was expected to ‘
leave a relatively clean, oxiae-free'surface. Saﬁplé (a) was not_dtherwiée :
treated._ Diacetylene pdlymer was the LB materiai ﬁsedbés the.dieiéctrié and
31 layers (&93 nm)iwere depositéd onto eaéh sample."The filﬁ was poiymerized;
‘by exposure to UV‘light; and then desiccated for &'2 déyé' befbre-the Au N
glgqgrédég were depoéited. .Figurev8.5(a) andl(b) ?how'the admittance data
(at m<SKHz) obtained from two contacts; one each frbm:samples (a).ahd.(b)
fespéctively. There is clearly a 1arge‘difference betweenvthé'two Sets of .
daté. Both of the capacitance characteristics exhibit'apbarent-adcumulatioh.
(A) (although the accumulation capacitance is slightly less than the éxpectédif
vélue of n 200 pf), and depletion (B), and both ofv the éonductanée’ cu_rv_es‘
contain peaks (D) which‘can be attributed to interface states, -In additiOﬁ,:

both conductance characteristies exhibit a sharp increase in forward bias (g).

This has been observed previously in LB film-based MIS. devices (see, fpf
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example, ref. (5)) énd is interpreted to represent charge ipjecticn-into
the insulétor.-'The:majcr diffcrecce in the two sets of data is-in'the
reverse bias regimer In sample (a) there is no evidence for an 'rnversion
layer and the capacirance characteristic exhibits 'deep depletion'. The'
semiconductor bﬁlk is not screenedAfroﬁ the metal and, hecce; the;debletion
layer grows continuously with reverse bias ( (c¢') in fig;' 8.5 (a)). " The
capaciténce characteristic in sample (b), however, 1is very different. The
extent of the depletion part of the characteristic is much.reduccd, and in
the region marked ‘c! the capacitahcejlevels offband'thcﬁ begiﬁs.to increase
again. One possible explanation for'this is that invcréicn has bcen
achieved and the increase is due to'rhc response of‘miﬁorrty carriers. How-
ever, it should be noted that additional data obtained fromvsample (b) were
highlyccon?ideal. For exampie,'a lcrgekamcunt of borh hySteresis'and
frequency disperéion were observed, énd the data shown in fig. 8.5 (b)
cannot_be considered as conclusive evidence that inversicn has becn'achicved}'
Nevertheless,‘the data presented'demcnstrate the larée variacion in the
device‘characteristics that can be achieved by varying the pre-LB film‘
deposition-treatmect; and are encouraging in this respecﬁ.' Work is
curréntly in progress to explore the effect.of ocher'suerCé prcéarationsl
iﬁ detail,.and_to;fabricate.FET structureskfor 1aterai conductivity.measure-_1
ments,»which should give an unambiguous indication of wﬁcther inversion iS-@‘
achieved. ‘

8.4 DoﬁBrE DIELECTRIC STRUCTURES “: ‘LB FILMS ON 810,
Preliminary investigations of two potential applicatioﬁs for LB films
on $i0, have been made. The first of these concerns the use of Pc LB films},f.f
to improve the breakdown characteristics of metal : Si02 ; §i MOSAv |
capacitors, The second investigaﬁion concerns: the incorpovation of énthraééﬁe',
LB films into the silicon MOS structure with a view to cbtaining enhahcec x;i:~'

current injection into the $i0, at low voltages.
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8.4.1 Improved Eléctrical Breakdown using Pc LB Films

Low voltage breakdown (i.e. electrical breakdown at appiied electrio
fields which are less than the intrinsic breakdown strength) is a serious
problem in the production of large -area MOS capacitor structures. hIt is
usually associated w1th structural defects, 1regu1ar1t1es or pinholes at .
the 8i0, : metal interface leading to a local enhancement of the electric
field‘which initiates breakdown. " The study of the breakdown mechanisms in
insulators (particularly éioz) is currently a much studied topic (see for
ekample, ref. (8) and the references contained therein),'and.numerous i
methods for controlling this breakdown hane been employed For example,
electron traps in the oxide have been demonstrated to be effectlve(g)
such traos are filled by 1nJected electrons, cau81ng the build-up of a
space charge which retards the growth of 1oca11zed electric fields and
prevents premature breakdown. More recently(lo) it has been demonstrated
that the presence of a siiicon4rich SiOé layer on top of the SiO2 region
‘causes a similar reduction in theioccurrence of low voltage breakdown andiv'
this too is believed to.be due to the build up of a sbace_charge'in.the'Si.;-'
rich'Sioé layer.which'oppoSes the breakdown, | |

In this work.LB films of Pc have been deposited onto Si : Si02‘subatrateé.
in an attempt to simiiarly control the breakdown of the SioZ and also to
benefit from the highly uniform nature of the LB fiin.

A large area p-type Si : (50 nn) Sit)2 sanple was half coatedbwith six
layers of Pc, and gold top electrodes (®.1 mm in diameter) were subsequently
deposited. (It shonld be noted.that the material ueed in thiS‘anplication,' g

(11

was metal- free unsubstltuted Pe and the thickness of each deposited layer *
is belived to be & 40 nm.) To test the device breakdown characteristics in
this preliminary investigation, a.voltage ramp (v 0.5 Y/sec) was applied to

each device and the J-V characceristic‘was monftored directly on an X-Y

chart recorder. Figure 8,6 shows four typical characteristics, two from



LE>Irreversible 11079
breakdown
=\NEo
L | | 4,1’. 1 { ﬂ
~70 -60 -50 -20 -10 - 0

Bias (Volts)

Figure 8.6 Ramped current-Voltage characteristiCSvcorrespoﬁﬂing to MIS

devices (a) with, and (b) without, six layers of Pc.

-10~9
~~
1]
. Q.
£
<
gt

gé .

3
©

J107°

5 1
-40 -30 0
) Bias (Volts)

Figure 8.7 Ramped current-voltage cﬁaracteristics corresponding to MIS

devices (a) without, and (b) with, a Si-rich sio, injector

. layer,

Current (Amps)



- 190 -

each region of the slice; Usually, in a study such as this, a 1srge
number of contacts from each region must be measured snd statistical
analyses performed. However, the effect of inccrporating.the Pc film is
very pronounced and is aptly demonstrated by the four curves shown in

fig. 8.6. The two curves marked (b) ccrrespond to contacts on the uncoated
region of the slice. At a voltage ofkabout -55V (corresponding to‘sc

7 \Y cm_z)}thc current increases rapidly, probably

~electric field of ~ 1 x 10
due to intrinsic breakdown in thc Si02.. However the breakdqwﬁ characteristic
is very irregular and the additional, lower voltage‘feétcrcs are interpreted
in terms of 1oca1izcd breakdown in‘thé SiO2 at regions of highielectfic

.field (at defects etc.). :Howéver, in contrast, che contacts inccrporating
the Pc film exhibited a very smooth, coﬁtrclled brcakdown at approximatelf
'tﬁe samc value ofvelectric field ( v 10 MV/cm). The mechanism by which thisi"
effect is obtained is not yet clear. The Pc film evidentiy'opposes the opsct
of premature breakdown mechanisms, and in view of the evidence for scacé
charge effects‘in Pc LB films (which was meﬁtioned:in the previous chapter),r.
it is possible‘that the mecbaﬁism is similar(to that achieved using-Si-ricﬁ
SiO2 layers(lo). Ic_addition, the effect of the very uﬁiform}LB film in

'physically 'sealing off' pinholes and defects etc. in the SiOz_may also be

~ important. This latter effect has been used successfully to helpistudy '

_interface states by the electrdn spin resonance fechniéuézlz)'where.ic is
necessary to use very large area contacts in order to obtsin a stfong signal.,tc
Attempts to use the basic @etallthin-SiOZ/Si system wcre'chsuccessfulg due
to the 1érge leakage currents dbtainedf However, the incbrpofafion of oﬁlys
a few monolayers (of ijA) into the structufe-reduced the 1eaksge.dramatica11Ys.c
and enabled the technique to be used effectively. It should prove ipterestiﬁg.i
to study the effects of incorporating LB films of the (much thinner) |
snsubstituted Pc material (see chapter 4) since it was shown in the previous.,

chapter how just a-single monolayer can have a pronounced effect on the

EbﬁdﬁétiVit& characteristic of the Schottky bartier stfccécfé.
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8.4;2 ’High'Chrrent ihjection‘into SiO2 using Anthracence LB Filme

There are a number of applications ﬁhere the injedtien of current
into silicon dioxide might be desirable For example, the operation of
the electrlcally alterable read only" memory dev1ce (EAROM) depends, for
its operation, on such an 1nJect10n mechariisn. However, S;O2 has a.}arge
energy gap ( %.9eV)'and'therefore forms very large energypbarriers with
all metals and semicondictors. This makes eurrent injeetioht(by Fowler-
Nordheim tunnelling, for example) very difficulf to aéhieve‘ahd in'con-
ventionai planar structures, many fens of volts are reauired for device
operation. Theiproblem is purely one of the injectiqn;of'darriers into
the SiOz, since once this has been achieved,;thehelectronsrhave'a reiafively

high mobility ( ~ 30 cm2/V-sec) in " the SiO There have been many recent

9t
feporﬁs concerning the enhancement of injectibn into the{SiOz; at low

(13)

voltages; for example, very thin insulators or asperities on polysilicon

(14)
(10)

surfaces have been used. Another technique which has.been reported

fecently is. the ase of Si-rich SiOz, deposited on top'of the normal
Sioz 1ayer. vThis'matefial is composed of two distinct phases with regiohs
of amorphous silieoh dispersed in ab(mainly SiOé}_oxide matpii.’ High_tem-plp_;
perature annealing causes small crystalline 'islands' of'silicon’to'form;
typically % 10 nm in diamefer. The conductivity bf this material increaseelx
rapidly w1th the applled field and at moderate fields it is much more con-~
ducting then normal 8102. Enhanced electron injection 1nto‘8102 is be11eved

(10)

to be achieved by a local enhancement of the e1ectr1c f1e1d at the

Si-rich 8i0,: S‘102 crystallites. Fowler-Nordheim tunnelllng has been

(15)

2
' establlshed as the mechanism by which the electrons are 1nJected
Various appllcatlons of this pheanenon have been demonstrated: For
example, it has been used to produce a non-volatile memory device(lp)

capable of being 'written' with low voltages (as low as -13Y) in the space

of a few milliseconds. Also the 'ramped! current-voltage characteristics -
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of this injector device have been used to study trapping centfes in
SiO2 layers(ls). | |

The anthracene material used in this investigation, although not
described fully in pfevious chapters, is a well-characterised LB film

(16, 17)

material The molecule is essentially an anthrance moiety, onto

which two éhort aliphatic side chains have been'substituted(l?). One_of_
these provides the hydrophobic end to the molecule (Cn Hn+1) and tbeb
othgr, consisting of an acid (CZH4COOH) grquping,>provides the hydrophilic
end. It has been shown(16) that, in LB.film form, the ﬁolecules‘are almost.
éertainly‘arranged‘as layers'of tilted anthracene nuclei,.which‘are
separated by alternating layers of interleaving aliphatié Cﬁains and polar
end grbups. | |

In view of the similarity between the physical modélvof the Si-rich
§i0, material and the microscopic model of the anthracene LB film (an
Aélternating arréy of conducting and insulating regions), an attempt has
been made to emulate the work described above by replécing the Si-rich SiO2
with an anthracéne LB filmf

The samﬁle used to obtain the results which will'bé'presented in this
éeciton, was a p-type Si substrate, covered with ~ 50 nm of'SiOZ; and sub-
sequenflylcoated'with 6 monolayers of C4 aﬁthracene (molecular length

n 1,22 nm(16)).

The top electrode was gdld (%.15 nm thick, ~ 1 nm in
-diameter). To perform this prelimiﬁary investigation, nqmefqus contacts
‘ffom both.regioné of the sampie-were studied; each.oné waé ramped with an
increasing negative voltage (40.5 V/sec) and the»current'ﬁas'monitpred as
a function of épplied bias on an X-Y chart recorder. Control sampies'
(identical to those described aﬁove,‘but incorporating 20 nm of Si-rich

$102 instead of the anthracene, and with Al top electrodes instead of Au)

.were also studied,
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Figure.8.7 shows the current yoltage enaracteristic of two oontacts
from these control samples; (a) corresponds to the conventional AlfSiOZ:Si
sample and at a bias of n ~35V, the current increases rapidly.:_This is
thought to representvcharge injection into the SiOz, by FowlerfNorheim
tunnelling from the Al electrode, rather than intrinsic electrica1>break-
down.- The incorporation of the Si-rich layer (b) produces evnarked" |
decrease in the voltage (and hence the_auerage e1ectric fiel&) which is
required to initiate injection. The voltage required for this particuler
contact was relatively low, -17v,'whicn is in aecordance with previous
reports for similar structures(IS)..

‘The.results from the'anthracene-goated sample are snown rn fig. 8.8.
The four curves marked '(a)' are typical characteristics eorresponding to
contacts on the uncoated region, whereas those markedv'(b)' are:tynical
characteristics from tne coated region of the-slice.l'In this_Caee, the
increaee in currentvobserved in the curves marked '(a)’ is most 1ike1y to
result from breakdown (the ayeragevelectric field is_of‘the order of_

10 MV/cm) The difference Between these cheracteriSties and.the correspond—
ing curve in fig. 8 7 is merely a consequence of the hlgh work function of
the gold_top electrode and is not relevant to this,study. However, the
.devices incorporating the anthracene LB film exhibited'injeetion character-
istice at very low vaiues of applie& voltage (é 5V‘in mOSt cases). .The'inset “
to fig. 8 8 shows the characteristic of a typ1ca1 contact over a fuch 1arger ‘
current range and. demonstrates that high current injection can be achleved |
in these devices without catestrophlc failure. The orlgln of the 1nJect10n
mechanism remains unresolved the data shown in the inset to flg 8 8 do not
conform to any obvmus power law. However, if the oper_atlon 1s_ anal_ogous

to that observed in the Siﬂrich.sioz work (as it.was hoped) then it is

possible to envisage an ordered array of injection sites (anthraceme nuclei) -
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in very close préximity to the Sio2 interface. This qoﬁld exﬁiéin'the
very low voltage required for injection, -
These éreliminary data afe very encouragingg high current,iﬁjection
“into SiO2 has beén achieved at very low vélues of applied yoltagg ~ 5V),
aﬁd, hence,'the_poténtial for apblications in the area of 1ow.voltage

programmable memories has been demonstrated,
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'CHAPTER 9

CONCLUSTONS'ANﬁ'SUGGESTIONS'FOR FUTURE WORK

CONCLUSTONS

The aim of the research reported in this thesis was to inVestigate
‘the feasibility of using insulating films, formed by the titechniqué,as
the dielectric in MIS light emitting diodes. A model systém, based on
well-characterised materials, was studied first ‘and this wés subsequently
extended to incorporate more stable LB films and an efficient II-VI .
phosphor.(ZnSe).as the.luminescent matérial.

Géld : (n) GaP Schottky diodes, fabricated so as té ﬁinimisefthe
extent of the interfacial layer, are shown to behave in a near-ideal
fashion. The interfacial layer, whiéh,must inevitably be'present,‘has
little effect on tﬁe_diode characteristics. Such diodes do not emit any
detectable EL. The introduction of a fatty?acid monolayer into the
'near-ideal’ structufe produces a substantial change in the height of the
effective barrier presented to majority carriers and élso'enabléé EL to
be detected. The addition of subsequent monolayérs has.relatively little .
effect on the effective bérrier height but causes a further increase in
the EL efficiency. This.inéfease is due to an enhancéméht of the minority
carrier injectionvratio s Y. An,optimum‘thicknessbfor EL gfficieﬁcy exists
which is ~ 27 nm in the case of diodes ipcorporatiné.eifher‘w-fA'of CdSt2 o
as the insulator, This value is.much greater thén that predicted,on the
basis of direct quantum mechanical tunnelling, Meaéuréments made on the
diodes undér illumination reveal the presence of a current path acroés
‘the insulator for minority carriers, even in relatively thick (% 20 nm)
insulétors and this can explain the relativelyllarge, optimum thickness
for EL. The essential principles of the minority carrier tunnel injection
theory are used to explain the EL results although the carriers traverse

the insulator by processes other than quantui Hadnanic4l Eunnelling.
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The ianease in‘the effective barrier héight, due to~the incorpéra-
tion of anbLB film is shown not to resuit from an increase in thebdeéree.
of band bending in the éemiconductor, and a model is propbéed whiéh
accounts for most of the experimental results. -

ﬁevices incorpofatihg LB films of phthalocyanine (Pc) beﬁéve-very
differentiy to the fatty acid-based ones. In this case ;he optimum thick-
ness for EL efficiency is v 5.6 nm.which'suggests that thé diodes conform
to the tunnel injecti&n thédry, althoughxthé possibilitybof the Pc exhibit-
ing p-type:conductiVity, and hence enabliﬁg enhanced hole injectibn into’
the GaP, cannot bé ruled out. The maximum EL efficiency of the§e devices
(me#sured to be v 8.6 x 1Oi3%)-is‘about'ha1f of thatvmeasured in unencap-

. sulé;ed p-ﬁ junction devices fabricated from similar ﬁafefial. This
implies that a high injection rafio has been achieved in the LB film MIS
devices. Preliminary investigatiom into the reliability of the devices
are encouraging although a more detailed investig?tion is required before
an accurate assessment of the commeréial viability can be made..

The system has been extended to incofporate ZnSe . as thé lumiﬁescent:_»T
material. In this case the presence of a Pc LB film enabiés near;gap (que);'

>%),

EL to be observed. Although thé'measured_efficieﬁc§ is low (v 107
these early'results'aré very encouraging since the ZnSe subsfrateS uéed tbl
date are far from ideal. Significant improvementé shouid 5e pgssible usiqgv
more suitable semiconducfor subgtrates. Indeed, if the injection fatigs
obtained in the GaP devices can be achieved using ZnSe,kthgﬁ a,§éfy efficient}
blue LED will be produéed; If this is the case,.then Pc;bésed MIS.devices. 
could well form the basis of a commercial device. o

In addition to the LED work, a number of other potentiél abplicatiops_
for‘LB films in MIS‘structures are demonstrated in this research. :Fo?

example, the incorporation of a Pc LB film into the Si : SiO2 MOS

structure is shown to improve the electrical breakdown charagteris;ics-of
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the device, ‘The incorporation of an enthracene LB film, on the other
hand, is shown to enﬁance electron injection into theSiO2 et“low volt=-
ages which has potential applications in the'field of semieondccto: memory
~devices, Also, the influence of the eample'surface precaretioh on the

admi ttance cherecteristics.of GaAs MIS estructures inccrpofating'thickerj
'LB filme-is shown to be very pronounced, This gives a degree of ccetfol

over the interface properties of the MIS device which may enable n-channel,

inversion-mode FETs to be fabricated on p-type GaAs.

SUGGESTIONS FOR FUTURE.WORK

A number of areas which woqid benefit from further stuey have been
.identified. Future work on LB film-based MIé LEDs ehcuid concéntrate on
the use of stable LB films such ae phthalocyanine, There are essentially
three areae where further research should prove fruitf91; First, it is
impbrtant to fuily charecterise the Pc.: (n) GaP system, sc that thé
'ﬁeChanism of eperation can be established".An in-deptﬁ etcdy of“the
degradatlon mechanlsms, whlch may requlre the encapsulatlon of some dev1ces,'<
would also be very useful and would enable the commerc1a1 v1ab111ty of‘MIS
LEDs, based on LB technology to be accurately .assessed. F1na11y3 the |
'ekteneicn of the research to dete oc ZnSe-based diodes, perhaps using
single crystal (bulk) matefial iﬁ the fifst instaﬁce,.shdeld pfbve ipterest¥
ing ahd; hocefully, reﬁarding.

Other areas where further study could prove\rewarding inclﬁde a detailed
-1ﬁvest1gatlon into the effect of other surface preparatlons on the LB f11m :
(p) GaAs 1nterface and the fabrication of FET structures on such material
so that 1atera1 conductivity experiments can be used to give an unamblguous
1nd1cation of whether or not inversion has been achleved (A related
application is the potential for fabricating very high speed'Schottky gatc

FETs from ternary and quaternary alloys (e.g. the GalnAs:syStem) where the’
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carfiervmobilities‘canbbe‘very high (in excéss of 10,066 cm2 V"1 -sec.).
Thg presencé.of'an LB film between thevgaté and the sémiconductor could
increase .the effective barrier height of the device,>thereby reducing
the reverse leakage current which is so detrimental in these deVicés;)
It should prove interesting to study the effect'of very thin LB
films, in particulér films>of the substituted Pé maéérial, on the
electrical breakdown charécteristics of MOS structufes. It may be possiﬁle
to achieve resdlts,'similar to those described here, using ultra-thin LB
films which would have potential appliéétions-in the field of low=-loss or
high-strength capacitors. The finai afea which wouid benefit from
further researgh is the Qork_oh charge injection.into éioz, The very 1ow
voltages required for injecfion which.ﬁave’been demdnstréted in this wérk‘
give rise to én;important pdtential application'in thé fabrication of low
&oltage-EAROM devices. In this study, the effect héé merely been demon-
strated and thefe is much to be gained from an investigétion into fhe
injection mechanism, and in éttempting to benefit from theIVersatiIity

of the LB technique.
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. APPENDIX A

'THE QUAST 'FERMI LEVEL

Inlﬁény instaﬁces, it is convenieht to retain théICOncept of the
Fermi level and to draw energyvband diagrams even under non-equilibrium
conditions. To d¢ this 6ne inVokes the concept.of quasi Fermi lévéls
(one each fpr eléctrons and holes) which are defined as fhﬁse quantities
wﬁich; when substitutedAiﬁto the ﬁlaée bf the Fermi level, give fhe con-.
‘centration of each carrier under non4equi1ibrium éonditions. ‘Consequently,

they are also defined by the expressions

k=]
]

- N_ exp (¢n - EC)/kT ni_exp‘((bn 4-Ei)/kT B (A;l)

and

o
i

N, exp (Ev.f ¢p)/kI‘ ni exP (Ei‘- ¢p)/kT  (A2
 where ¢P and ¢n represent the hole and electron quasi Fermi levels
réspectively and E, is the'position of.the intrinéié Fermi level. .

The general expression for current flow in a depletion region is
given by eq. (3.15) as

' . dn
A qnunE+an —

dx -

I
]

as_ , . kT -
or J,=qH m |- using Pn =W o (A,B?
.dx - q .o

A similar relation holds for holes,fi.e.v

' dx. ' ‘
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It is'evidentvthaf‘fhe eiectron and hole currenf densities are propor-
tional to the gradients of their respective quasi Fermi"levéls. Thus,
this gradient caﬁ be considered asva-'driving force' for the respective
current coﬁponenté.

In a fo?ward biased p-n‘junctioh it is usually aésumed thatquasi
equilibrium holds, i.e.vthat the product 'p x n' is constant thfoughout
the depletion region (although it is greater than the equilibriuﬁbvalue
of niz). This haé the important iﬁpliqation that both, ¢é andl¢n remain
flat throughout the‘spacé chargé region, 'Furthermbre,'if‘thé applied

voltage is assumed to be dropped predominantly across this region, then

the séparation of oy and ¢p is given by the applied voltage, Vf5 i.e.

O 7 ()

(1(2).

A number of authors have considered the. behaviour of the_quaSi

Fermi levels in Schottky diodes under various biasing conditions. Crowell

(1)

~and Beguwala ~’ performed theoretical calculations to show that, at least
in silicon Schottky diodes, the electron qﬁasi Fermi level remains essentially
flat throughout the depletion region. This indicatés that the processes of

drift and diffusion in the semiconductor are insignificant when compared

with the emission process over the barrier and hence confirms the thermionic

(2)

emission theory of current transport, Rhoderick subsequently analysed

published data for a range of different Schottky diodes and confirmed these

1(2)

theoretical predictidns. Furthermoré, he demonstrated

that the hole
quasi Fermi 1e§e1 could also be considered és flat throughout the depletion
region (under forward bjas) as in a p-n 5uﬁction.

'The céncépt of the quasi Fermi 1evé1 is very usefulglit éan be used

both as a diagrammatical representation and as a mathematical formalism.
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FIGURE CAPTIONS

Internal field emission in a reverse-biased Schottky diode

Energy band diagram of a p-~n junction (a) in equilibrium

and (b) under a small forward bias.

Radiative recombination processes (refer to text for

description).

Simplified E-k diagrams, depicting recombination (a) in a
direct bandgap material and (b) in an indirect bandgap

material.

Schematic diagram of a p-n' junction (a) in equilibrium,

(b) under reverse bias and (c¢) under forward bias.

Simplified energy band diagramé depicting the formation of

‘an ideal Schottky barrier (a) before, and (b) after,véqn-f'

tact has been made,

Energy band diagram of Schottky diode (a) under forward

bias and (b) under reverse bias.

Exaggerated, idealised band diagram of a thin-MIS diode

(a) in equilibrium and (b) under fofward bias.

Schematic diagrams depicting various structures used in

large area display devices; (a) A,C. driven device, (b)

'D.C, driven 'composite! device and (¢) D,C. driven powder

device.,

Cathodoluminescenée spectra obtained from nitrogen~doped

18 (28))'

(v 10 en™) GaP material. (after Wight et al
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Figure 3.1 Depicfing variation of (a) charge density, (b) electric
field strength, and (c) electrostatic potential with dis-

tance for an ideal Schottky barrier:

Figufe 3;2 - Sequence of eﬁergy'band diégrams dépicting.Schpftky'barrier
|  formation in.the presence of a high densify of surface
states. (NB.‘ The inteffacial layer has been omitted for
simﬁlicity.) | |
. Figure 3.3 Energy band diagfam of a Schottkybbarrier incorporating an
| interfacial layer of.étémic dimensipns (a)'ihlequilibrium

and (b) under the application of a forward bias;

. Figure 3.4 Image_force 1owering;in a Schottky barriér._‘The.inset'
illustrates the effect on both the conduction and valence

bands.

. Figure 3.5 Schematic diagram depicting basic current transport processes
in,anvMIS diode under forward bias.

"Figure 3.6 . TField and thermiqnic field.emissioﬁ in a'degenerately.doped

- Schottky barrier structure.

.Figﬁfe 3.7  Energy band diagram of an MIS diode, (a) in equilibrium and
(b) under forward bias showing the behaviour of the quasi-

Fermi levels.

Figure 3.8 Variation of EL quantum efficiency with insulator thiqkness

~ in ZnSe MIS diodes (after,Liviﬁgstone et,51(54)).

Figure 3.9 Minority carrier injection by two stage Auger recombination

proceséf(refer to text for explanation).



Figure 3.10

Figure 3.11

Figure 4.1

‘Figure 4.2

Figure 4.3

“Figure 4.4

Figure 4.5

 Figure 4.6

Figure 4.7
Figure 5.1
Figure 5.2

Figure 5,3

Figure 5.4
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Various processes which can occur in an illuminated

Schottky barrier solar cell.

Band diagram of an MIS diode under illumination with an
external load connected, depicting the behaviour of the

quasi-Fermi levels.

Photograph showing one of the Langmuir troughs used in

Durham.

Chemical structure of (a) stearic acid and (b) its cadmium

salt, cadmium stearate,
Chemical structure of w-tricosenoic acid (w-TA).

Chemical structure of the 1ight1y substituted phthélocyanine~

material used in this study,

Typical compression isotherms for (a) stearic acid and

'(b) a mixed CdStz/steéric acid film at two different pH

levels.

Depicting the three types of LB film deposition, (a) X-type,'

(b) Y-type and (c) Z-type.
Typical deposition record for CdSt2 onto GaP.

Typical Cdst,

compression isotherm at pH 5.75, -
Typical w~TA compression isotherm at pH 5.6,

Typical Pc compression iéotherm at pH 5,5,

Deposition record for CdSt, onto ferricyanide-~treated GaP

(continuous deposition).
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Figure 5.6

Figure 5.7

Figﬁre 5.8

Figuré.5;9

_Figuré 5,10

Figure.6;1

- Figure 6.2

'Figure 6.3

'Figura 6.4
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Deposition record for CdSt, onto ferricyanide-treated GaP

2
(including two hour drying period between lst and 2nd

depositions).

Deposition record for CdSt2

onto Brz/CﬁgoH*HF—tréated GaP
(including two hour drying period). '

Photograph of a gold electrode on GaP exhibiting the
'crazed' appearance which is characteristic'of'thermal expan~

sion problems,

Reciprocal capacitance as -a function of the number of mono-

layers, N, for two different MIM samples.
Schematic diagram of the device geometry.

Photograph of the sample chamber uséd for both electrical

and optical measurements.

Current density as a function of forward bias for typical
diodes prepared using (a) the ferricyanide treatment and (b)"

the Br2/CH30H - HF tréatment, (The,fevérséncurrent wés

undetectable for an applied bias of -10V).

\

Activation energy:piot'for a near-ideal Schottky diode

prepared using the ferricyanide treatment.

Reciproeal capacitance squared against bias fof'the_two diodes

used‘to‘obtain the data shown in fig, 6,1.‘

(Photoresponae per incident photon)%-versqa photoq_enerng ‘
('Fowler plots!) for the two diodes used to obtain the data

shown in fig. 6,1,
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Figuré_6.5 Current density versus bias for a typical Schottky diode
(type (b)), both in the dark and under approximate AM1

illumination conditions,

Figure 6.6 ~ Showing dark J-V characteristic of a near-ideal Schottky
diode (type (b)) and also the variation o'f\Js/c against
V_, for the same diode.
ofc :
Figﬁre 6.7 The propoéed band diagram for the near-ideél’Au : (n) GaP '
Schottky diodes,
Figure 6.8 Current density-voltage data for a typiéal_non-idealldiode

(a). Also shown is a near-ideal charactefistic (b). The

inset shows the measured barrier heights. (The reverse

current was undetectable for V. = -10V).

vFigure 6.9 Reciprocal capacitance squared against voltégé curvé:for a
typical non-ideal diode. Also shown is a ﬁear-ideal
characteristic (b).

Figure 6.10 ' Variation of v, with & for noﬁ-ideal GaPISchottky diodes.

'(After.Cowley(3)).

‘Figure 6.11 Spectral distribution of EL from a typical non-ideal Schottky _:

diode.

Figure 6.12 Photograph showing the ir;egulér»natufe of the EL emission

from a mon-ideal Schottky diode.

Figure 6.13 Three typical J-V characteristics for diodes fabficated Qsing '

different techniQuesb(refer to the text for a‘desdription).y . >_‘

The corfeéponding barrier heights are listed in the'inset.. E

Figure 6,14 Showing typical‘JFV characteristics for four different .
| diodes (refer to the text for a description). The correspond-

ing barrier heights are listed ifi th& insék,
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Figure 7.1 Current density verous forward bias for diodes incofporatihg
a‘range.of cdst, insulator thicknesses; (a) no insulator
(néaf«ideal curve) (b) one monolayer, (c) three monolayers
and (d) five monolayers. (The-reverse current was undetect-

able for V = ~10V).

Figure 7.2 (a) Current density versus forward bias for a diode ‘incor-
porating nine monolayers (22.5 nm) of cdst, .
5 L .
(b) Current density versus V*® for an MIM device incorporating

five monolayers (12.5 nm) of cdst,.

Figure 7.3 Photoresponse data (Fowler plots) for the same four. diodes

uséd to obtain the data shown in fig. 7.1.

Figure 7.4 - Conductivity data for diodes incorporating a range of (w-TA)
insulator thicknesses; (i) one monolayer, (ii) seven -mono-

layers, (iii) nine monolayers, (iv) eleven monolayers.

Figure 7.5 Reciprocal. capacitance squared against voitage for the

same four diodes used to obtain the data showh,in fig. 7.1.

Figure 7.6 ) Reciprocal capa01tance agalnst the number of monolayers for‘ 
MIS diodes 1ncorporat1ng a wide range of 1nsu1ator (Cd%t )

thlcknesses.

Figure 7.7 Reciprocal 'capacitance squaredagainét Voltage:for'typical o
MIS diodes incofporating a range of insulator (CdStz)

thicknesses,

Figure 7.8 | Approximate energy level diagfam proposed.for the Aujfatty-
acid LB £ilm : (n) GaP system, ' '
Figure 7.9 Activation energy plot for an MIS diode incorporating one

fionblayer of Cdéﬁz.



Figure 7.10

Figure 7.11

Figure 7.12

Figure 7.13

Figure‘7.14

Figure 7.15

Figure 7.16

Figure 7.17

Figure 7,18
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- Photograph showing EL emission from a typical MIS diode

(taken through the back face of the semiconductor).

Spectral distribution of the EL emitted from typical MIS
diodes incorporating (a) one monolayer, (b) thrée mono-
layers, (c) five monolayers and (d) seven monolayers of

CdStz,

Current density and relative EL intensity as a function
of bias for ‘a device incorporating five monolayers of

CdStz, (Inset shows the intensify as a function of J).

D.C. power conversion efficiency as a.function of insulator .
(CdStz) thickness (the dotted curve shows the same variation

for diodes incorporating w-TA).

D.C. power conversion efficiency as a function of

insulator (CdStz) thickness,

- Current density-voltage characteristics, in the dark and

under illumination, for an MIS diode fabricated with

(a) one monolayer and (b) seven monolayers of w-TA,

Variation of open circuit voltage and short circuit current

with the number of monolayers of w-TA.

"(a) Simplified energy band diagram of an MIs_'didde (i)

in>equi1ibrium and (ii) under a forward bias of ~ 1,8V.
(b) Simplified equivalent circuits depicting the various
impediments to current flow in MIS diodes (refer to text

for an explanation).

EL efficiency as a function of the'number of monolayers Of;‘-'

w-TA. (From the same sample used to obtain the data in
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Figure 7.19 Relative EL intensity as a function of time for a diode
incorporating (a) 11 monolayers ( ~ 27 nm) of Cdst, and

(b) 9 monolayers (v 27nm) of w-TA.

Figure 7.20 Conductivity data for a diode fabricated with five mono-
layers of CdSt2 (a) before, and (b) after, 15 hours of

© continuous operation.

Figure 7.21 Current density-voltage curves for diodes incorporating
(a) one layer, (b) five layers and (c) twenty layers of Pc. -

(Also shown is a near-ideal Schottky diode characteristic.)

Figure 7.22 " Reciprocal capacitance squared against‘voltage curves for
diodes inéorporating a range of different thickness of Pc.
Curves (a) to (e) correspond to diodes incorporating O, 1,

5, 10 and 30 layers respectively.

Figure 7.23 D.C. power conversion efficiency against the number of

layers of Pc,

Figure 7.24 Current density and relative EL intensity against bias
for a device incorporating 5 layers of Pc. (Inset shows

intensity as a function of J).

1

Figure 7.25 ' Relative EL intensity as a function of time for a device

fabricated with 10 layers of Pc.

Figure 7.26 Conductivity data for a device incorporating 5 layers of

Pec (a) before, and (b) after, 46 hours of continuous

' operation,

Figure 8.1 - Conductivity data for (a) an Au:ZnSe (surface geometry)
Schottky barrier and (b) an MIS diode ingorporating one
monolayer of CdSt,. (The inset shows the corresponding

barrier heights.)



Figure 8.2

-Figure 8.3

Figure 8.4

Figure 8.5'

Figure 8.6

Figure 8.7

Figure 8.8
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(a) Conductivity data for an Au:ZnSe (sandwich géoﬁetry)

Schottky diode.

(b) Conductivity Data, both in the dark and under illumination

for the same diode.

Spectral distribution of EL emission from an MIS (ZnSe)

diode incorporating five layers of Pc.

Admittance data at various frequencies foran..Au:SiO2 (p) Si

MOS device.

Admittance data for Au:LB film: (p) GaAs MIS structures
fabricated using two different surface preparations, (Refer.

to text for a description.)

Ramped current*Voltage.charaéteristics corxeépondingvto MIS

devices (a) with, and (b) without, six layers of Pc.

Ramped'éurrentfvoltage characteristics corresponding to MIS -
devices (a) without, and (b) with, a Si-rich 510, injector -

layer.

Ramped current-voltage characteristics cbrreSpépding to MIS
devices (a) without, and (b) with, six layers of anthracene.

(The inset shows the current voltage-characteristic of a
typical contact over a large current range)
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