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ABSTRACT

Langmuir-Blodgett (LB) films have previously been used as organic
insulating layers in compound semiconductor metal-insulator-
semiconductor devices, with promising preliminary results., This thesis
describes the first investigation of the use of LB films in gallium
arsenide metal-insulator-semiconductor devices. Diodes incorporating
thin layers of y-tricosenoic acid or substituted copper phthalocyanine
possessed 'leaky' electrical characteristics, 1i.e. there 1is some

conduction through the LB film.

This 'leaky' behaviour was exploited to produce the first metal-
insulator-semiconductor-switch (MISS) incorporating an LB film. MISS
devices on n—p+ GaAs were produced with good switching characteristics
and a high yield (~90%Z), using LB film thicknesses between 9 and 33 nm.
It was shown that the 'punchthrough' mechanism was responsible for the
switching behaviour. p—n+ GaAs/LB film MISS diodes behaved rather
differently, with good switching characteristics only found at reduced
temperature, Some degradation of the characteristics of LB film MISS
devices was noted, although this was reduced by using the more robust

phthalocyanine LB films,

Metal-~tunnel-insulator-semiconductor diodes were produced on the

ternary alloy Ga using LB film monolayers. The barrier

4710 53885
height was apparently larger than that of Schottky barriers on this
material, with a very substantial reduction in current density due to
tunnelling through the LB film., Using this technique it may be possible
to produce very high performance GalnAs field-effect-transistors, which

are analogous to GaAs metal-semiconductor field effect transistors.
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CHAPTER 1

INTRODUCTION

Galliuw Arsenide is becoming increasingly important to the
semiconductor device industry. The principal reason for this is that
electrons travel at higher velocities in this material than in silicon;
thus devices fabricated in GaAs can operate at higher frequencies, GaAs
is expensive and it is more difficult to use than silicon, however there
are applications which demand the higher performance that can be achieved
using GaAs. GaAs devices are now widely used in analogue microwave
applications, and gigabit/s digital integrated circuits have become
commercially available. In addition, interesting experimental
developments are exploiting two other valuable attributes of GaAs, which
silicon does not possess. The first of these is the direct bandgap,
which allows integrated optoelectronic devices to be constructed. The
second development is the production of high quality hetrostructures, by
depositing epitaxial AlGaAs layers, which permit the tailoring of
material properties and structures to produce new devices such as the
high-electron-mobility transistor (HEMT). These two developments will
inevitably become very important in this era of high speed lightwave
communications.

The greatest difference between: GaAs and silicon technologies 1s
perhaps the widespread use of metal-oxide-semiconductor (MOS) structures
in silicon processing. High quality silicon dioxide layers can be grown
on silicon, and the electrical properties of the silicon-silicon dioxide
Interface are excellent, This fortunate state of affairs has enabled S5i

MOS devices to take over a large and growing sector of the market.




Recently, experimental devices using insulating layers thin enough to
conduct, by quantum-mechanical tunnelling or other mechanisms, have been
investigated. These come in a variety of different structures, including
memory devices, the metal-insulator-semiconductor-switch (MISS), solar
cells and 1light emitting diodes. Unfortunately, it has not proved
possible to develop a metal-insulator-semiconductor technology for GaAs,
because of a lack of compatible insulating films. Oxides grown on GaAs
are nonstoichiometric, with poor mechanical and electrical properties.
Good insulators, such as silicon dioxide and silicon nitride, can be
deposited onto GaAs. However, the properties of the
insulator-semiconductor interface are generally very poor, which may be
due to disruption of the GaAs surface caused by the energetic deposition
process. One possible route to solving this problem is to use an
insulating layer which can be deposited without disturbing the
semiconductor surface, for example Langmuir-Blodgett (LB) films,

Certain organic materials can form layers upon the surface of a
liquid which are a single molecule thick; these are called Langmuir
films. These layers can be transferred ontec a solid substrate by passing
it through the surface of the 1liquid; by repeating this process
multilayer Langmuir-Blodgett (LB) films can be built up, one monolayer at
a time. These LB films are highly ordered and uniform organic 1layers,
whose thickness 1s directly related to the number of monolayers
deposited. This room temperature technique 1is not aggressive, therefore
it should not damage the surface upon which the film is deposited. The
electrical properties of the LB film can be very good, if care is taken
to control the deposition process. A unique asset of LB films is the
excellent uniformity of, and control over, their thickness, which is

determined by the molecular dimensions. This may prove of particular



importance when applied to wultra-thin metal-insulator-semiconductor
structures, because these are highly sensitive to variations in insulator
thickness. Indeed, it is extremely difficult to reliably form ultra-thin
insulating films using other techniques, because the layers required are
only a few atoms thick. This is the case even for the growth of silicon
dioxide on silicon, which has been exhaustively researched. The
preliminary investigation of metal-insulator-semiconductor (MIS) devices
incorporating LB films, on a variety of -elemental and compound
semiconductors, has yielded some promising results, which suggest that it
may be possible to exploit the advantages of the Langmuir-Blodgett
technique.

The object of this work was to investigate the suitability of LB
films for use as the insulating layer in metal-insulator-semiconductor
(MIS) devices based on GaAs (or related materials). Conventional MIS
structures using thick insulating layers (such as those which are
required for use in insulated gate field effect transistors) were briefly
investigated, but the results obtained were not promising. Therefore it
was decided to concentrate on thin layer MIS structures; this offered
several interesting possibilities, including the
metal~insulator-semiconductor-switch (MISS), which was the subject of a
major part of this study. Also of interest was the use of an LB film
layer to modify the effective barrier height of Schottky contacts. This
is particularly desirable on materials with a low barrier height, such as

Ga As, which is potentially even better than GaAs for use in high

4710, 53
performance devices, One other area which was briefly examined was the
use of 'active' LB film layers to produce chemically sensitive MIS
devices. It {is possible, using the LB technique, to deposit thin,

uniform and reproducible chemically sensitive layers, and this could



allow improvements in the accuracy, speed of response and sensitivity of
microelectronics sensors to be obtained.

In chapters 2 and 3 the basic physics required for an understanding
of this work 1s covered, including the theory of Schottky barriers,
metal-thin-insulator-semiconductor devices, and the
metal-insulator-semiconductor switch. The following chapter describes
the physics and applications of Langmuir-Blodgett films. The
experimental techniques used to fabricate and characterise devices are
detailed in chapter 5. The first of the two results chapters covers the
basic characterisation of the GaAs/LB film MIS system. Schottky barriers
were used to test the efficacy of the preparation of clean GaAs surfaces.
They were also used to determine how the LB film deposition process
affects the GaAs surface, which must be clearly established before the
effects of the LB film can be quantified. The effects of variations of
LB film thickness and composition upon the electrical characteristics of
GaAs MIS devices were studied. The work on GalnAs is also described in
this chapter. Chapter 7 describes the results of the study of GaAs/LB
film metal-insulator-semiconductor-switches. The dependence of their
characteristics upon both the LB film and the GaAs substrate were
investigated. An attempt was made to provide a simple explanation for
the behaviour of these MISS devices, utilising all the available data for
the GaAs/LB film system. Silicon/LB film MISS diodes and the work on LB
film sensors are also covered in this chapter. The: final chapter
discusses the conclusions drawn from this work and puts forward some

suggestions for future work.



CHAPTER 2

SCHOTTKY BARRIER AND TUNNEL MIS DIODES

2.1 Introduction

Rectification at point contacts between metals and semiconductor

)

crystals was first observed by Braun in 1874 From about 1905 to 1925
these 'cat's whiskers' were in widespread use as detectors in radio
receivers. However, at this time, the operation of these devices could
not be satisfactorily explained. In the early 1930's it was realised
that the potential drop occurred almost entirely at the contact(z), and
Wilson proposed a theory based on the newly discovered quantum-mechanical

(3)

tunnel effect . However, it was soon realised that this predicted the

opposite polarity of rectification to that observed(a). In 1938

(5) and Mott(6)

Schottky independently proposed that this behaviour could
be explained by diffusion of carriers over an energy barrier in the
semiconductor, and that this barrier could arise from work function
differences between the metal and the semiconductor. The term 'Schottky
barrier' specifically refers to the most common case of a uniformly doped
semiconductor, however it 1is now also widely used to denote any
metal-semiconductor contact.

Point contact diodes again became important in the 1940's due to the
need for low noise microwave detectors, and during this period two
important theoretical advances were made, Bethe's Thermionic Emission

(7 and Bardeen's Surface State Model(s). In the 1950's and 1960's

Theory
studies of Schottky barriers were stimulated by the increasing use of

evaporated metal contacts in semiconductor devices and by a better

appreciation of the importance of the properties of interfaces. Progress



continued into the 1970's, when the emergence of U.H.V. techniques first
permitted detailed studies of both clean semiconductor surfaces and the
initial stages of Schottky barrier formation.

Today Schottky barriers are playing an increasingly important role
in semiconductor device technology, for example as photodiodes and in
MESFETs (Scheottky gate FETs). There is also considerable interest in
modifying contact properties by introducing a thin insulating 1layer,
hence producing a tunnel MIS diode, which can significantly improve
photovoltaic, electroluminescent or electrical characteristics. It 1s
not possible, or desirable, to comprehensively cover this immense field
in this thesis, therefore the reader is referred to the many books and
reviews on the subject(9-17). The first of the three main sections of
this chapter covers the physics of Schottky barrier formation, commencing
with the simple models of Schottky and Bardeen, before discussing more
recent developments., Following this is a description of the electrical
characteristics of nearly ideal, abrupt, Schottky diodes. However,
interfacial layers occur in many practical metal-semiconductor contacts,
or they may be intentionally introduced, resulting in the slightly
different behaviour which is discussed in .the final part of this chapter.

2.2 Schottky Barrier Formation

In this section we first consider Schottky's original model, which
demonstrated that a barrier could result purely from the requirements for
thermal equilibrium between metal and semiconductor, We continue by
describing Bardeen's model, which takes into account the effects of
surface states. Although these models are widely used they are not
totally satisfactory, and the recent progress in this area is discussed
in the section on further developments. It should be noted that only
n-type material 1s considered in this chapter, for convenience and

clarity, as the generalisation to p-type 1s stralghtforward.



2.2.1 The Schottky Model

Schottky established that a potential barrier could arise at a
contact between an ideal metal and an ideal semiconductor, even if both
materials remained uniform up to an abrupt b0undary(4’18). This can be
most easily explained by considering the metal and semiconductor to be
initially separated, but electrically connected to maintain thermal
equilibrium, and then being brought into intimate contact. Band diagrams
for the two ideal surfaces are shown in fig. 2.1a and 2.1b, ¢m and ¢s are
the work functions of the metal and semiconductor, Xg is the electron
affinity of the latter and 3(=¢S - XS) is the energy of the Fermi level
of the semiconductor below the conduction band minimum (c.b.m.).

The case where electrical connection has been established, but the
separation is large, is shown in fig. 2.1lc. In this case o > g0 s is
most common in practice. The work function difference gives rise to an
electric field, E, which requires a negative charge on the metal surface
and an equal positive charge on the semiconductor surface. The charge on
the metal can be accommodated close to the surface because of the large
density of states at the Fermi level. Therefore the penetration of the
field into the metal is negligible (it 1is equal to the Thomas-Fermi
screening length ~.05 nm). However, in the semiconductor the charge can
only be accommodated by conduction band electrons receeding from the
surface, which leaves uncompensated donors in a region depleted of
electrons. As the separation i1is reduced and the charge required
increases, the surface of the semiconductor becomes completely depleted
to a depth, w, (fig. 2.1d). When the separation approaches zero then the
potential drop across the gap must go to zero and then the work function
difference must be accommodated entirely by the depletion region of the

semiconductor (fig. 2.2). The band bending in the semiconductor is Vdo’



the (zero bias) diffusion potential. By inspection

Vio = ¢p = 9, (2.1)
Therefore if ¢m > ¢S there is a potential barrier and the contact is
rectifying, but if ¢m < ¢S the bands are bent downwards and, as there is
no barrier, the contact is ohmic. (For p-type material the contact 1is
rectifying 1if ¢m < ¢S.) The barrier height between metal Fermi level and

semiconductor conduction band, ¢b’ is given by

¢b = ¢m - XS (2-2)

as first stated by Mott(6).

We have assumed that there are no dipole
layers at the surfaces, but this 1s unlikely due to boundary effects.
However, the model is still valid providing the dipoles are unaffected
when contact is made.

The shape of the potential barrier is determined by the space charge
density. If the band bending is greater than 3kT/q then the electron
density in the conduction band is reduced by an order of magnitude,
giving a space charge almost entirely due to uncompensated donors. The
calculation of the barrier profile is simplified if the transition region
is ignored and if the space charge density is assumed to change abruptly
from qu to zero at the edge of the depletion region. 1In this 'depletion
approximation’ the shape of the barrier is determined entirely by the
distribution of ionised donors, Schottky described the most common case
of constant donor density throughout the semiconductor. Applying Gauss's

theorem we find that the electric field increases from zero at the edge

of the depletion region (at X=w), to a maximum at the



interface (at x=0), which is given by

max (2.3)

From Poisson's equation the band bending in the semiconductor follows a

parabolic profile and the depletion width is given by

w = s d (2.4)
q Ny
When an external bias is applied these equations still hold, however the
diffusion potential changes to accommodate the bias.

Schottky's model explained the observed rectification at
metal-semiconductor contacts. However, it soon became apparent that the
variation in contact properties with metal work function was much smaller
than predicted. This was not satisfactorily explained until 1947, when
Bardeen propqsed a model that included the effects of surface states.

2.2.2 Bardeen Model

(8)

Bardeen proposed a model which could explain the discrepancy

between Schottky's theory and experimentally observed barrier heights.
In his model the height of the barrier is controlled by surface (or
interface) states in the semiconductor band gap, which arise from the
abrupt termination of the lattice. The model also requires a thin
interfacial insulating layer, of atomic dimensions, which is assumed to
be completely transparent to electrons and therefore have no effect on
carrier transport in the contact.

Fig. 2.3 shows the band diagram of a metal-semiconductor contact

with an interfacial layer of thickness § and permittivity e V, is the

19 V4



= 10 -

potential drop across the layer and ¢o is the energy, measured from the
valence band maximum (v.b.m.), to which all interface states must be
filled for charge neutrality at the semiconductor surface. It is assumed
that the density of interface states per unit energy, Nss’ is constant
over the range of interest. 1In equilibrium there must be overall charge

neutrality, therefore

Qm = -(st + Qsc) (2.5)
where Qm’ st and Qsc are the charge densities per unit area on the metal
surface, in surface states and in the depletion region, respectively.
This equation has been solved for the zero bilas case by Cowley and
Sze(lg). However, if a sufficient forward bias is applied such that the
flat band case is reached (fig. 2.4), then QSc = 0 as there is no space
charge region(lz). It is assumed that the charge in the interface states
is controlled by the Fermi 1level in the metal, as would be expected

because the interfacial layer is thin. Therefore, applying Gauss's

theorem, the flat band barrier height, LN is given by

do = Y (by = x) + (L= ¥) (B, - ¢) (2.6)

where y is defined as

€4 (2.7)

ei + qGNss

This result was first derived by Cowley and Sze as an approximation to

the zero bias case. These authors also showed that the transition
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between the 'Schottky limit' of negligible surface state density (i.e.
y=1) and the 'Bardeen limit' of very large density (i.e. y=0) occurs over
a reasonable range of values.

In this model the barrier height 1s a function of applied bias
because of the presence of the interfacial layer. 1t can be shownvthat
the barrier height change is proportional to the electric field at the

semiconductor surface, Emax’ that 1s

¢b = ¢b0 - Emax (2.8)
where
o = § s (2.9)
Ei + q 6 Nss

Taking the worst case of zero surface state density and for a moderately

17 cm-3), then ¢bo - ¢b N L06 eV,

This small variation of barrier height has only minor effects (see

heavily doped semiconductor (Nd nv 10

section 2.3.1).

This simple model has been widely used and provides an explanation
of barrier formation that is satisfactory as a first order approximation.
Considerable efforts have been made to promote a more complete
understanding of Schottky barriers. These studies, including the large
body of work on 3-5 semiconductors and in particular GaAs, are described
in the next section.

2.2.3 Further Developments

In their analysis of the Bardeen model Cowley and Sze(lg)

noted a
reasonable degree of agreement with the observed barrier height

dependence on metal work function, especially when the variability of
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work function measurements was taken into account., The fit was often
better for chemically etched semiconductor surfaces than for those
prepared by vacuum cleavage; this might be expected as the former always
leaves an interfacial layer which isolates the sgmiconductor surface from

the metal. Although, on initial examination, it seems difficult to apply
the Bardeen model to intimate contacts, such as those prepared by vacuum

(20)

cleavage, Heine argued that even in this case an interfacial region
must exist. This 1is created by mixing of metal and semiconductor
wavefunctions; 1interface states arise due to tunnelling of metal
wavefunctions into the semiconductor bandgap (Metal Induced Gap States).
Although this demonstrates the utility of Bardeen's model, it must be

noted that Archer and Yep(ZI)

found that the variation in barrier height
with the doping concentration of silicon substrates was much smaller than
expected, thus demonstrating a limitation on the validity of Bardeen's
formulation.

Studies on covalent semiconductors showed that the barrier height
(on n-type material) was often approximately two thirds of the bandgap
for a wide range of metals and semiconductors(zz). It was soon realised
that ionic semiconductors possessed very different characteristics,
showing large variations in barrier height, as expected from the Schottky

mode1(23). Kurtin and coworkers(za)

formalised this by defining an

interface parameter, S (= 3¢b/8Xm where Xm is the electronegativity of the

metal), They found a sharp transition between S0, the Bardeen limie,

for covalent materials and Sv1 for ionic materials, which they ascribed

to the Schottky limit (fig. 2.5). This gives a fair indication of trends

in contact behaviour, however the validity of this approach has been
(25,26)

questioned . In particular, it is often not possible to obtain a

linear fit for S, therefore this model is not universally applicable.
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Andrews and Phillips first demonstrated that strong bonding at the
interface could influence Schottky barrier formation(27). They found a
strong correlation between the barrier height of transition metal -
silicon diodes and the heat of formation of the silicide. The importance
of interfacial reactions in barrier formation on other semiconductors,

(28,29)

including GaAs, has been shown by the work of Brillson . A sharp
transition between unreactive and reactive cases was found when barrier
height was plotted against heat of reaction (between metal and
semiconductor) (fig. 2.6). A strong correlation between interface
thickness and the heat of reaction was also noted, however the basis of

(26)
this latter observation has been questioned .

Spicer and coworkers discovered that the Fermi level at cleaved
(110) surfaces of 3-5 semiconductors becomes pinned by submonolayer

coverages of metals or oxygen(3o’31)

(fig. 2.7). The pinning position
was almost independent of the metal and was in agreement with reported
Schottky barrier heights. These authors proposed a 'Unified Defect
Model', which explained these observations as being due to defects
characteristic to the semiconductor, created by the energy released as
the metal condensed on the surface. Although the nature of these defects
is not yet certain there is some evidence that they are associated with
anion vacancies. This wmodel conflicts in some respects with that of
Brillson, and the interpretation of the available data 1is still the
subject of some controversy(26’32’33). Different approaches to the
barrier formation conundrum have included the 'Effective Work Function'
model of Woodall and Freeouf(34). This proposed that the GaAs-metal
interface consists of microclusters of different phases which modify the
effective work function and hence the barrier height. In addition, Lee

(35)

et al suggested that their results on GaP Schottky barriers could be
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explained by the presence of a relatively thick amorphous layer at the
interface.

In conclusion, we find that at present there is no satisfactory
universal model of Schottky barrier formation. Several theories have had
some sﬁccess in explaining the details of a limited range of contact
systems. However, even 1In these cases there are opportunities for
differing interpretations of the data, Undoubtedly part of this problem
is due to the sensitivity of surface and interface properties to the
details of their preparation. As this area is of great technological
importance there is a large and growing research effort, as can be seen

(15)

in the recent review by Brillson which includes over 1000 references.

2.3 Near-ldeal Schottky Barriers

We will define a near—ideal Schottky barrier as one in which the
interfacial region between metal and semiconductor is thin enough to have
negligible effects on carrier transport or the capacitance of the device.
Many contacts fabricated on chemically prepared or cleaved semiconductor
surfaces will be near—ideal, although some chemical treatments leave
substantial interfacial layers. The discussion of the characteristics of
near—ideal Schottky diodes commences with the mechanisms of current
transport, then the capacitance of these devices 1s considered and
finally methods of measuring the barrier height are described and
compared.

2.3.1 Current Transport

Possible current transport mechanisms in Schottky barriers are
illustrated in fig. 2.8. The dominant process 1n most devices 1is
thermionic emission of majority carriers over the barrier. 1In these
unipolar devices minority carrier injection is usually insignificant (cf.

p—n junction behaviour), and it will not be considered in this section.
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In heavily doped semiconductors thermally assisted tunnelling,
thermionic-field emission, becomes important, and for degenerate material
direct tunnelling, field emission, can occur. These processes are of
little relevance to this work and are not discussed in detail. If the
mobility of the semiconductor is sufficiently low then diffusion in the
depletion region, not thermionic emission, may 1limit current flow. 1In
addition, recombination and generation in the depletion region may be
significant in low lifetime materials for reverse and low forward bias.
However, before describing these processes we must first consider image
force barrier 1lowering, which can play an important role in carrier
transport over the barrier.

Image Force Barrier Lowering

Image force lowering, also known as the Schottky effect, is due to
the attractive force which acts on a charged particle near a metal
surface. This causes an effective lowering of the potential barrier for
electrons (or holes), although there is no change in the barrier profile
in the absence of charge carriers. The simple model used here assumes
that screening effects are negligible, i.e. the carrier density at the
top of the barrier is small.

For an electron at a distance x from a metal surface the attractive
'image force' is given by

2
q

' 2
4y es (2%)

]
Note that €0 the high frequency permittivity, 1s used because electrons

approach the barrier with thermal velocities. However in practice we may
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'
assume ES = 68, the static value. The lowering of the potential must be
added to the potential energy of the barrier, in order to find the true
potential felt by an electron (fig. 2.9). This gives a potential maximum
at x_ and a barrier lowering of A¢bi. Since the image force 1is only
significant close to the metal then it may be assumed that the field in

the semiconductor is constant and equal to Emax; this gives

>
d Emax
A =
¢bi (2.10)
47 ¢!
8
For a doping density, N, = 1017 cm-3 and a diffusion potential of 1 volt,

d
then A¢bi v ,05eV, which is large enough to affect current transport

over the barrier. In the remainder of this section we will use ¢e to
signify the effective barrier height when referring to transport of

carriers over the barrier, where

(2.11)

Thermionic Emission Theory

This theory of carrier transport in metal-semiconductor contacts was

formulated by Bethe(7)

, who assumed that the current limiting process is
the thermionic emission of electrons over the potential barrier. 1In this
model the effects of drift and diffusion in the depletion region are
assumed to be negligible, and the electron quasi-Fermi 1level of the

semiconductor is therefore flat (fig.2.10). At the semiconductor side of

the boundary the electron concentration is given by
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n = NC exp [-q (¢e - V)/kT] (2.12)

where the effective density of states in the conduction band, Nc’ is

defined as
* 2 3/2
NC = 227 m kT/h") (2.13)

If we can assume an isotropic Maxwellian velocity distribution for the
conduction band electrons at the top of the barrier then, from elementary

kinetic theory, the electrom current from semiconductor to metal is given

by

qV

A (2.14)
KT

* -
J = A T2 exp q ¢e exp
kT

*
A 1is the effective Richardson constant of the semiconductor (= m*/me

*
times the Richardson constant, A )and is given by

* 4 * k2
A = Tmoq (2.15)
_——
h

At zero bias the current from metal to semiconductor, Jms’ must be equal
to Jsm° The barrier to electrons passing from metal to semiconductor is

constant (=¢b), therefore Jms is constant and the total current is given

by

qV
exp| —
kT kT

7= A2 exp 9 ¢ -1 (2.16)

For forward bias, V, of greater than 3kT/q volts Jms is negligible and

the total current is given, approximately, by equation 2.14.
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An alternative approch was proposed by Henisch(g) and Spenke(lo), in
which a Maxwellian distribution of electron velocities 1s assumed to
occur at the edge of the depletion region. If the mean free path, A, is
greater than w, the depletion width, then electron emission occurs fromv
this plane. In fact, 1if we can chose a reference plane which is in
equilibrium with the bulk, possesses a Maxwellian velocity distribution
and 1is also less than a mean free path from the interface, then the
current is limited by thermionic emission. It is sometimes proposed that
the validity of the thermionic emission regime is set by the condition A
> w, however the above argument shows that this limit is too stringent.

In practice, for most common semiconductors, the observed current
transport characteristics are in good agreement with the predictions of
the thermionic emission theory. Some refinements of this theory are
discussed later, but first it 1is necessary to briefly describe the
original diffusion theory of carrier transport in Schottky barriers.

Diffusion Theory

In the diffusion theory of Schottky and Spenke(ls)

the current is
assumed to be limited by carrier transport in the depletion region, as
governed by the usual processes of drift and diffusion. The current due

to diffusion and drift of electrons in a semiconductor is given by

J = q.n.p.e+ q.De (2.17)

% ¥

where p is the electron mobility and De is the diffusion coefficient for
electrons., These are linked by the Einstein relationship, enabling the

current to be restated as

(2.18)
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where we define an electron quasi-Fermi level of energy, S , by the

equation

n = n_exp [-q (EC - %) /kT] _ | (2.19)

where Ec is the energy of the conduction band minimum.

In the diffusion theory the current is determined by integrating
equation 2.18 across the depletion region (using the depletion
approximation to obtain the barrier profile). The 1limits for the
integration are given by assuming that the electron quasi-Fermi level is
aligned with metal Fermi level at the interface and aligned with bulk
Fermi level at the edge of the depletion region (fig. 2.11). This is
equivalent to the initial assumption of this theory, that the current is
limited by diffusion and drift in the depletion region, The

current-voltage relationship thus obtained is given by

-q ¢ qVv
J = qN_ pu E__ exp bllexp[ 2 | -1 (2.20)
RPRETWEY

This 1is almost of the same form as the thermionic emission result
(equation 2.16), apart from the preexponential term; this also has a
slight voltage dependence, since Emax « (Vdo - V)%, which prevents
saturation of the reverse characteristics.

As the thermionic emission and diffusion theories give very similar
current-voltage relationships, then the only indication of which process
dominates is the magnitude of the preexponential term. For nearly all
diodes studied the thermionic emission theory gives a better fit to the
results. It is reasonable to assume that both processes act in series,

therefore several combined thermionic emission - diffusion theories have

been proposed, and these are considered below.
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Thermionic Emission-Diffusion Theory

The most developed theory combining thermionic emission and
diffusion processes is that of Crowell and Sze(36). This assumes that
the current 1is diffusion limited on the semiconductor side of the
boundafy (at X when image force effects are included) and thermionic

emission limited between this point and the metal., The current due to

thermionic emission is given by

J o= qv_ (n-no) (2.21)

defining a ‘'recombination velocity', v (n - no) is the change in
electron concentration, at xm, from that at equilibrium., The diffusion
current on the semiconductor side of X 1s calculated as in the original
diffusion theory. Thesé two currents can then be equated giving (after

some rearrangement)

J = q chr 9 ¢ EX_ _ (2.22)
T TH v vy TP TR\ T

7L the effective 'diffusion velocity', is approximately equal to

vg= M E (2.23)

If we assume a Maxwellian distribution of electron velocities at the top

of the barrier (at xm) then, since v is due to thermionic emission,

AT (2.24)

H
"
N
1
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We can now see that equation 2.22 1is equivalent to the thermionic
emission case (equation 2.16), if V4 >> v This 1inequality is roughly
equivalent to Bethe's condition for the validity of the thermionic
emission theory of Emax > kT/qA.

Crowell and Sze extend their theory to include the effects of
optical phonon scattering in the boundary region and quantum mechanical

reflection at the interface. In this case the current can be described

by a modified thermionic emission equation,

L) -q¢, qVv
J= A T exp T eXp | T -1 (2.25)

*k
where A is given by

*
* %
A - fo fq 2 (2.26)

1+ fpfqu/vd

fq is the quantum mechanical transmission coefficient and fp is the
phonon induced probability of emission. The overall result of this
theory is the replacement of the effective Richardson constant A* with a
new constant A**. Reasonable estimates give fp fq ~ .5 and, since \F >>
v, for most semicondutors, we then find that A** is approximately half
the value of A*. Although this well developed theory agrees quite well
with experiment it 1s still not comprehensive; this 1is because a

satisfactory treatment of electron transport 1in rapidly varying

| potentials is not available.
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Non-Ideal Current Transport

Experimental studies of Schottky diodes show deviations from the

ideal characteristics described above. It is found that in general

qV
J = exp ( nkT ) (2'27)

where n is the ideality factor. For the ideal cases described above n =
1, however experimentally n 1is always greater than 1 (although for
near-ideal diodes n is usually less than 1.,1). Also, in reverse bias,
the expected current saturation is rarely observed. The most important
causes of these effects are described below,

The effective barrier height, ¢e’ appears in an exponential term in
the current-voltage relationship, therefore even a small bias dependence
can have a significant effect. Two possible causes of a bias depenence
have been discussed previously. The first of these occurs in all diodes
and is due to image force barrier lowering (equation 2.10). This is

5

proportional to Emax and is therefore a function of bias, The second
effect arises when a interfacifal layer is present (as in the Bardeen
model, equations 2,8 and 2.9), which gives a barrier Ilowering
proportional to Emax' These effects, although small, cause an increase
in the ideality factor. These mechanisms can also be important under
reverse bias, which increases Emax; the resultant barrier lowering may be
the cause of non-saturation of the reverse characteristics.

If thermionic field emission 4s significant then the ideality
factor, n, can be much larger than unity, in addition the reverse current
will not saturate(37). However, this process only becomes important at

low temperature, or for high doping densities. Another process that can

cause an increase in the ideality factor is recombination in the space
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(38)

charge region. Yu and Snow demonstrated that this can be significant

in Schottky barriers on low lifetime semiconductors, especially for low

forward bias. The theory was initially developed for p-n junctions(Bg),
and for the case of forward bias
qV

J =« exp| —— (2.28)
2kT

If this component is small it may cause an apparent increase in the
ideality factor, n. If the effect is more significant a separate region
in the log J versus V characteristic, with an n value of 2, will be
found. Under reverse bias the corresponding generation current, which is
proportional to depletion width, may be a cause of non-saturated
characteristics.

It can be concluded that the current-voltage characteristics follow
equation 2,26 with an ideality factor, n, greater than, but usually close
to, one. This non ideality can be caused by several mechanisms and these
also prevent saturation of the reverse current. It must be pointed out
that the electric field may be greatly enhanced at the edges of contacts
unless special precautions are taken (e.g. guard rings). This can
greatly increase the non-idealities caused by field dependent processes
and is especially important for reverse bias.

2.3.2 Capacitance

The capacitance of Schottky barriers arises because of the space
charge in the semiconductor depletion region and the equal and opposite
charge on the metal surface. Since the depletion width is a function of
applied bias, the capacitance must be voltage dependent, If the

depletion approximation is used then the charge in the depletion region,
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Qsc’ (due entirely to ionized donors) is given by

= !
Qe = (2 EaN; V) (2.29)

The capacitance is usually measured by superimposing a small a.c. signal
on a d.c. blas; this is the differential capacitance. The capacitance

per unit area is given by

Y
3
Cc = Qsc _ q esNd (2.30)
) = w. -
v 2V, =¥
where V 1is the applied bias (forward positive). A more rigorous

analysis, taking into account the effect of the transition region at the

edge of the depletion region, yields

c - 16 Ny (2.31)
2 (V 4, - V- k/q

In both cases 1/C? is proportional to the bias and the slope is inversely
proportional to donmor density.

The above analyses both assume that the space charge is due solely
to a constant density of ionized donors and that any interfacial layer is
negligible. The first assumption will not hold if the surface of the
semiconductor is inverted, or if there is a large density of deep trap
levels. The effects of interfacial layers are discussed later in this
chapter in section 2.4.2,

2.3.3 Barrier Height Measurement

The barrier height at a metal-semiconductor contact can be obtained
from three types of measurement. The techniques measure either

current-voltage, capacitance-voltage, or photoresponse characteristics.
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The results of these methods are complementary, and ideally at least two
techniques should be compared to ensure that misleading results have not

been obtained.

Current-Voltage Measurements

In section 2.3.1 it was shown that the barrier height determines the
current-voltage characteristics of Schottky diodes. In theory the
barrier height can be found from either forward, or reverse, bias
characteristics. However reverse bias measurements may be unreliable
because the current often differs from the ideal case (see section

2.3.1)., 1In forward bias, for v > 3kT/q, the current is given by

J =J_ exp aVv (2.32)
nkT

where (from equation 2.25)

3 =" exp ( - aldy, - A ) ) (2.33)

° KT

Therefore a plot of 1ln J against bias should form a straight line of
slope q/nkT, with an intercept on the current axis at Jo. If A** is
known then ¢b can be calculated; however an approximate value of A** can
be used, since a factor of two change in this gives an error of less than
kT/q in ¢b.

If A** or the active area of the device are unknown, then ¢b can be
found by determining Jo as :a function of temperature. An activation
energy plot, of 1n (Jo/T2) versus T—l, should yield a straight line of
slope - q (¢b - A¢bi)/k, with an intercept at 1/T = O of In A**. If the

barrier height is a slowly varying function of temperature then this

technique yilelds the zero temperature barrier height. Techniques have

also been devised for determining the barrier height even when a large
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series resistance causes the plot of 1n J versus V to become
nonlinear(éo_az). Unfortunately, they are all of limited utility, either
because they assume n = 1, or due to their use of tedious calculations.
I-V methods for obtaining barrier heights are only reliable if the
interfacial layer is thin enough not to interfere with carrier transport.
A high ideality factor (n > 1.1) 1is usually due to the presence of a
substantial interfacial layer. However a low ideality factor (n < 1.1)
is not always an indication of an intimate contact, and under certain
conditions a small n value can be obtained despite the existence of a
(43)

significant interfacial layer .

Capacitance Measurements

It can be seen from equation 2.31 that a plot of 1/C? versus reverse
bias voltage has a slope of 2/(q€sNd) and an intercept on the voltage

axis of (—Vdo + kT/q). Once the zero bias diffusion voltage, V and

do’

the doping density, N are known it 1is possible to calculate, ¢ the

d’ b’
barrier height. Image force effects do not need to be taken into account
with capacitive measurements, unlike other techniques of barrier height
measurement, This i1is because capacitance is a function of barrier
profile and 1is unaffected by transport of carriers over the barrier.
However the technique 1s wunreliable where there is a significant
interfacial layer at the contact, as will be demonstrated in section
2.4,2. A good review of the practical difficulties of this method has
been given by Goodman(aa); the effects of deep traps, effective area

variations and circuit considerations are covered.

Photoelectric Effect

If 1light of energy hv > ¢b - A¢bi is incident on the metal then

electrons can be excited and pass over the potential barrier into the

semiconductor (fig. 2.12). This generates a photovoltaic E.M.F,, causing
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a current to flow. The photoelectric theory was developed by Fowler(as)
for the emission of electrons from a metal into a vacuum, but it applies
equally well to this case. It was assumed that the current is directly
proportional to the 'number of available electrons’', N . Fowler showed

b
that for hv - ¢e >> kT then

2
N, o« (hv -¢,) (2.34)

L
<

Therefore a plot of (photocurrent/applied photon)” against photon energy,
hv, should yield a straight line, with an intercept on the energy axis at
hvo = by T By As the photon energy approaches the bandgap this
relationship must break down, because an additional photocurrent due to
band to band excitation is then generated.

To observe the photoelectric effect the metal can be illuminated
either through the semiconductor or, if thin (i 50 nm), directly. The
latter is possible because the mean free path of hot electrons in a metal
is fairly long ( ~74 nm in gold for an energy of leV(46)). The
photoelectric technique is generally considered the most accurate method
of determining the barrier height, and it has the advantage of yielding
the result directly. This method can be used for contacts with
interfacial layers, however the magnitude of the current may be greatly
reduced by the quantum mechanical tunnelling effect. Excitation of
electrons from interface states may also cause problems, although this
can be minimised by the use of thick (a50nm) gold electrodes combined
(47)

with direct illumination

2.4 Metal Tunnel-Insulator Semiconductor Diodes

In the preceeding sections we have largely ignored the effects of

interfacial layers in Schottky barriers. Here we consider the behaviour
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of diodes which have a thin insulating layer, of thickness in the range
where quantum mechanical tunnelling 1is important (<6nm), between metal
and semiconductor, These tunnel MIS structures are of great interest,
not only because many practical Schottky barriers possess significant
interfacial 1layers, but also because considerable changes 1in device
characteristics can be obtained by deliberately forming an insulating
film at the contact. These structures are being studied for use in

(48) (49)

improved solar cells , electroluminescent MIS diodes and for the

reduction of leakage currents in MESFETs (Schottky gate FETs)(SO).

2,4.1 Current Transport

The most widely used treatment of tunnel MIS diode characteristics
is due to Card and Rhoderick(SI); they described the four main effects of
the insulating layer. The first of these is a reduction in the current
through the device, caused by tunnelling through the insulator which
impairs electron emission into the metal. As in the Bardeen model, the
potential across the insulating layer is a function of applied bias, and
this causes a reduced dependence between diffusion potential and bias,
therefore increasing the ideality factor, n., The zero bias diffusion
potential can be affected by the charge in the insulator. Finally,
charging of interface states can be controlled either by tunnelling to
the metal or the interaction with the semiconductor bands; the relative
importance of these competing processes is determined by the thickness of
the insulator. 1In this approach it is arbitrarily assumed that surface
states can be divided into two groups, one in equilibrium with the metal
(of density DSa per unit energy) and the other in equilibrium with the

semiconductor (of density DSb per unit energy). Dsa and DS are

b
functions of the insulator thickness, §; for thin films the interface
states communicate mainly with the metal (DSa > Dsb) and for thick films

the converse is true.
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Card and Rhoderick modified the thermionic emission theory, allowing
for the finite transmission probability for quantum mechanical tunnelling

through the insulator, and obtained

d +%) (2.35)

) L q
J=A T exp (-x°8) exp| - _ (Vv
kT

for forward bias, V > 3kT/q. x is the mean barrier height presented by
the insulator (fig. 2.13); other symbols have been defined previously.
Image force effects are assumed to be negligible. The second principle
assumption of this model is that the potential barrier of the insulator
can be approximated to a rectangular profile, with a transmission
probability that remains constant over the bias range considered. It
should be noted that y 1is unlikely to correspond to the bulk properties
of the insulating material. This is because thin insulating films are
often of inhomogenous composition and thickness; tunnelling 1is very
sensitive to these variations and hence y 1is an effective 'averaged'
value.

The diffusion potential, V can be related to the bias, V, by an

d)
ideality factor, n, such that

(2.36)

For a truly exponential current-voltage relationship n will be constant,

and this is the only case considered here. Using this relation then
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equation 2.34 may be reformulated as

-q¢ qVv
3= A" 12 exp (X%G) exp( ~b ) exp( —_ ) (2.37)

We can see that this 1is very similar to the near-ideal diode case
(equation 2.16), apart from an additional term in x%é; this term equals
the probability of an electron tunnelling through the insulator. To
determine the ideality factor, n, and thereby provide a complete
description of the current voltage behaviour, it 1s necessary to
calculate the relation between applied bias and diffusion potential.

Card and Rhoderick showed that

8 €
/ s/ + qD )
( e;X v sb (2.38)

n=1+ 3
1 + ( /ei) qua

From this it can be seen that the ideality factor is reduced by interface
states in equilibrium with the metal, and increased by those in
equilibrium with the semiconductor . Therefore, in general, n increases
as the insulating film thickness is increased.

In this section, it has been demonstrated that the forward bias
characteristics of tunnel MIS diodes are similar in some respects to
those of Schottky diodes. However, for the same metal-semiconductor
barrier height, the introduction of an insulating film may greatly reduce
the magnitude of the current because the electrons must tunnel through
the film. Also, the ideality factors of tunnel MIS diodes tend to be

significantly larger than those observed for near ideal Schottky diodes.
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2.4.2 Capacitance

The first analysis of the capacitance of thin MIS diodes was by
Cowley<52), who sought to explain the behaviour of metal-interfacial
layer-GaP diodes. 1In his experiments it was found that plots of 1/C?
versus blas were linear and had a similar slope to that expected for
ideal Schottky barriers (see section 2.3.2); however the intercept on the
voltage axis increased for increased interfacial layer thickness. This
intercept no longer corresponded to the zero bias diffusion potential,
and was occasionally several times greater than that value. It was shown
that the characteristics of these diodes could not be explained in terms
of a MIS model without interface states. When a constant density of
interface states was added to the model then the behaviour of these
diodes <could apparently be explained. However, this analysis and
subsequent ones based upon it make a fundamental error, which was
corrected by Fonash(sa). These analyses are discussed below and their
predictions are compared to experiment.

As before, the interface states are divided into two groups, those
in equilibrium with the metal (Dsa) and those in equilibrium with the

semiconductor (Ds ). It can be shown that

b

"

Yy 1+a (2.39)

oV 1+C_/c, +a' +a"
qs sc’ 1

where we define

qG D (2.40)

sb/ei
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and

o = qé Dsa/ei (2.44)

CSC is the capacitance of the depletion region (section 2.3,2) and Ci is

the capacitance of the interfacial layer = G/Ei. Equation 2.39 relates a.

change in diffusion potential to a small quasistatic change in bias,
denoted by the letters qs. However for a small high frequency bias
change, as occurs in capacitance measurement, the interface state charge

is unable to respond. For this high frequency, a.c., case then

V4 1 (2.42)
3V T 1+c¢C /C
sC

Qg ¥ Q.. . ¥V 0 Vy (2.43)
C==-—7 =- =" Cse —
5V 3 v 3V R

This 1is where the theories of Fonash and Cowley diverge. Cowley's
approach 1is equivalent to inserting equation 2.39 into equation 2.43,

which yields

c - A +a)Ce (2.44)

[ 1"
1+ Csc/Ci +a' + 0«
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As noted by Fonash, this 1s clearly in error because the quasistatic
derivative (calculated assuming that the interface states can respond to
the bias change) has been used, although we are considering the high
frequency case (where the states cannot respond). The correct analysis

must substitute equation 2.42 into equation 2.43, which yields

-1
o S . (2.45)
T

This result, as obtained by Fonash, appears to be more physically
realistic as the capacitance is now a series combination of the depletion
region and insulating layer capacitances.

Fonash also considered many other possible cases, such as states

following the signal, Dsa = 0, DS = 0 or the possibility of variations

b
in the densities of states with energy. 1In general the 1/C? versus bias
behaviour is nonlinear and the slope of the curve is expected to be equal
to, or less than, that of an ideal Schottky barrier (except for certain
restrictive cases). This is rather perplexing as many studies have shown
linear behaviour over a wide bias range and slopes significantly larger

than expected (for example(SA’Ss)).

It 1is apparent that the present
theory does not satisfactorily explain this behaviour, and the problems
in this area clearly merit further study.
2.5 Summary

This chapter begins with a discussion of the formation of Schottky
barriers, starting with the simple Schottky and Bardeen models. Although
these are very useful they are inadequate in some respects, therefore

more recent developments are briefly discussed. In the next section, we

define a near-ideal diode as one with a negligible interfacial layer and
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discuss the electrical characteristics of these diodes. It is noted that
near-ideal characteristics (e.g. n A~ 1 and linear 1/C? vs. bias plots)
are not always indicative of a near-ideal structure. The characteristics
of the tunnel MIS diode are then considered. A conflict between
theoretical and experimental capacitative behaviour is pointed out; this
obviously merits a thorough investigation. Metal-thin insulator-

semiconductor diodes are also considered in the next chapter, in

connection with their use 1in MISS structures.
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Figure 2.1

Band diagrams illustrating the formation of a Schottky
barrier between a metal and an n~type semiconductor,

(a)
(b)

(c)

(d)

Ideal metal surface; E_ is the Fermi level and ¢

the workfunction of the metal.

Ideal n-type semiconductor surface; E, is the Fermi
level, ¢ is the workfunction of the "semiconductor,
X. is 1% electron affinity and § is the energy of
the Fermi level below the conduction band minimum.
Metal and semiconductor when electrically connected
in order to maintain thermal equilibrium, yet
remaining spatially separated. Note the electric
field, E, in the intervening space.

Metal and semiconductor in close proximity (whilst
remaining electrically connected), This shows the
penetration of the electric field 1into the
semiconductor. The surface of the semiconductor is
depleted of conduction band electrons, thus revealing
a positive space charge due to uncompensated donors.
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Band diagram of an intimate Schottky contact between a
metal and a n-type semiconductor. The Schottky barrier
height is given by ¢b' Vdo’ the zero bias diffusion
potential, {8 equal® to the bandbending in the
semiconductor, and W is the width of the depletion region.
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Figure 2.3
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The Bardeen model of a metal-semiconductor contact 1s
shown 1in this band diagram. There is a thin interfacial
layer of thickness 8. The potential drop across this
layer is V,. The interface states at the surface of the
semiconductor must be filled to an energy ¢ for charge
neutrality. ©
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Figure 2.4
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Band diagram for the Bardeen model with sufficient forward
bias, V, applied to flatten the bands. Note that the
barrier height 1is now ¢bo’ wvhich does not equal the zero
bias barrier height, ¢b°
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Figure 2.5 The index of interface behaviour, S, plotted as a function
of the ionicity of the semiconductor, AX (see text for
definitions). This shows a sharp transition between
Schottky model like behaviour for ionic semiconductors (AX
large) and Bardeen model 1like behaviour for covalent
gemiconductors (AX small). (from ref. 24)
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Barrier height, ¢, , plotted against the heat of chemical
reactivity between metal and semiconductor, AH,. A
distinct difference between reactive and unreactive
interface behaviour can be discerned. (from ref.28)
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Surface Fermi level position for (110) GaAs (both n and p
type) for various coverages of metal adatoms. The Fermi
level is completely pinned by less than 207 of a monolayer
of metal., (from ref. 31)
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Band diagram 1llustrating the possible conduction

mechanisms in an ideal Schottky barrier;

(a) thermionic emission or diffusion

(b) thermionic field emission

(¢) field emission

(d) recombination in the depletion region (generatiom for
reverge bias)

(e) minority carrier injection.



Figure 2.9

Figure 2.10
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Potential profile at the top of a Schottky barrier,
{llustrating image force barrier lowering, A¢bi.

—— barrier without image force effect

——-- potential of electron due to image force

«... combined potential including image force effect.

Band diagram showing thermionic emission over a Schottky
barrier. J and J are the electron currents passing
from metal "fo semiconductor and vice versa. V is the
voltage applied to the diode,
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Figure 2.12
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Current transport in a Schottky barrier controlled by
diffusion in the depletion region. Note that the energy
of the Fermi level in the semiconductor, § , is defined
with respect to the metal fermi energy (Efm = 0).
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The photoelectric effect as used to measure the barrier
height (in the Fowler plot technique). Electrons in the
metal are excited by 1light of energy hv > ¢ ., enabling
them to cross the potential barrier into the semiconductor
hence generating a photocurrent.
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Band diagram for an idealised tunnel
metal-insulator-semiconductor diode with an applied bias,
V. The insulating layer, of thickness §, presents a a
barrier to electrons tunnelling from semiconductor to
metal of (mean) height Y.
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CHAPTER 3

THE MISS DEVICE

3.1 Introduction

The first report of negative resistance in a metal-thin insulator -
+
n-p semiconductor structure (fig. 3.1) was in 1972 by Yamamoto and

1)

Morimoto Their devices consisted of a thin Si0, layer (< 10nm) on

2

silicon, and when the p layer was positively biased an S-type
characteristic was observed (fig. 3.2). Similar characteristics were
found for complementary metal-thin insulator - p-n devices. It was noted
that these diodes appeared to switch much more rapidly than other devices
exhibiting S-type negative resistance behaviour (for example the Shockley
diode). These structures became known as MISS devices (for Metal
Insulator Semiconductor Switch) or less commonly as the Inversion
Controlled Switch (ICS). Considerable interest in these MISS diodes
developed because of their relatively simple structure and the prospect
of high speed operation.

It was discovered that other insulating layers could be used to form
MISS devices, such as thin (2-20 nm) silicon nitride(2’3); thicker
'semi-insulating' films such as silicon oxynitride, amorphous siliconm,

amorphous germanium, tin oxide and polysilicon were also suitable(a’s).

Switching has also been briefly reported for a GaAs MISS diode(6). Three

(6-9) in which a third (ohmic)

terminal MISS devices were developed
connection 1is made to the upper semiconductor layer (fig. 3.3). By
varying the current through this 'base' terminal it 1is possible to

control the switching voltage (fig. 3.4). As these characteristics are

similar to those of thyristors, these structures are often referred to as
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Metal - Insulator - Semiconductor - Thyristors (MIST). Three terminal
devices with MOS gates have alsc been reported(lo’ll).

From the first reports of the switching phenomena it was realised
that some kind of regenerative or 1internal feedback process was
involved(l), that the high impedance state corresponded to deep depletion
of the semiconductor surface and that the surface was inverted in the on

state(z). Simmons and El—Badry(12’13)

recognised that switching often
corresponded to either 'punchthrough' of the surface depletion region to
the p-n junction, or the onset of avalanche multiplication in the
depletion region. However for many MISS devices the switching voltage
does not correspond to either of these limits. Buxo et al(lé) first
modelled an alternative process, where switching arises from a
multiplication mechanism that occurs in MIS diodes, obtaining agreement
with experimental switching voltages (in fact the mechanism had first

(6)). It should be noted that the three

been suggested by Yamamoto et al
processes mentioned above all involve similar regenerative mechanisms;
more than one of these may be of importance in a particular device if the
conditions of operation are varied (e.g. in three terminal devices).
Calculations of MISS device characteristics have been made using models
of the regenerative process; however, due to the complexity of the system
agreement with experiment is often poor.

Many applications for MISS devices have been proposed, although
there are considerable technological problems to ‘be overcome before any
of these become practicable. One possible application 1s in logic
circuits, where a device with two distinct states is highly desirable.
Some simple 1logic circuits have been fabricated, including simple

(15) (6,16) (17)

gates , shift regilsters and RAM cells Other proposed
(17)

(17-19)

applications are as oscillators » photodetectors and palladium
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hydrogen sensors(zo). At the present stage of development it 1is not
clear whether MISS devices will be able to compete with conventional
device structures. There are also other two state devices, with similar
characteristics, that may rival the MISS diode for certain uses. One
example is the Shockley diode, which has been integrated into RAM

(21)

cells . Another two state device is the Planar Doped Barrier Switch,

a device fabricated using M.B.E., consisting of a triangular n - p+ - n
barrier and a p-n junction(22’23).

In this chapter we commence with a description of the physics of the
switching process. The two active components of the device, the p-n
Junction and the MIS diode, are initially considered in isolation., It is
then explained how their interaction causes switching (N.B. for
convenience only M—I-n-—p+ devices will be considered), The next section
reviews the results of detailed modelling of MISS devices, making some
comparisons with experiment and also discussing their dynamic
characteristics. Finally, conduction mechanisms in thin insulating

films are outlined,.

3.2 Physics of the MISS Device

As the title suggests, we are here concerned with the essential
features of the operation of MISS devices. Although some simple
quantative expressions have been included, a full numerical analysis has
not been attempted. 1Indeed, it is shown later in this chapter that the
present quantitative models are of limited utility; this may be due to
either a lack of agreement with experiment or, in more comprehensive
models, sensitivity to a large number of parameters (which are often not
well known). It is hoped that the approach taken here will enable the
salient features of MISS diode operation to be discerned. The discussion

is broken into three sections. The first two of these describe the
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components of the structure, the MIS diode (reverse biased) and the p-n
junction (forward tbtilasged). Finally, we consider the regenerative
feedback mechanism that links them together and causes switching.

3.2.1 Metal - Semi-insulator - Semiconductor Diodes

Introduction

In the previous chapter we considered one limiting case of the MIS
diode, where the characteristics are Schottky diode like. 1In that case
the insulator is thin enough (< 4nm) to allow appreciable tunnel currents
to flow and, at the semiconductor surface, minority carriers are in
equilibrium with the metal. The other limit of MIS diode behaviour is for
a perfect (thick) insulator. 1In this case both majority and minority
carriers are in thermal equilibrium with the bulk of the semiconductor.
A major difference between this case and that of Schottky-like behaviour
(apart from the obvious absence of current flow) is the limit imposed on
the surface potential (ws) by the onset of strong inversion at the

semiconductor surface (fig. 3.5). This occurs when
ws (inversion) w2wb (3.1)

where wb is the difference between the bulk Fermi level and the intrinsic

level, given by

v = 1n< D (3.2)

where ni is the intrinsic electron concentration. This is in contrast to

Schottky type behaviour where ws can increase without 1limit (until
breakdown 1s reached). It must be noted that for a material, such as
(24) the

GaAs, where MIS structures possess large surface state densities

range of ws may be further restricted.
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In MISS devices we are Interested in the intermediate area between
these two limits; this will occur for various insulator thicknesses;
depending on the conduction mechanisms involved. Most studies of this
non-equilibrium (Schottky like) to equilibrium (ideal MIS) transition
have been on the SiOz/Si system( » where conduction is by quantum
mechanical tunnelling and a very narrow thickness range 1is involved

(n3-5nm). The most important feature of these non-equilibrium MIS

diodes, especially as regards their application in MISS devices, is the
possibility of the semiconductor surface being either deeply depleted or
inverted; factors affecting this may dinclude the bias or, more
importantly, external injection of minority carriers.

Characteristics

We first consider deep depletion, as shown in fig. 3.6. For the two
limiting cases, of Schottky like and ideal MIS like behaviour, it can be
shown that the quasi-Fermi levels are mnearly flat throughout the
depletion region(zs), therefore we will assume that the quasi-Fermi
levels are also flat in these 'non-equilibrium' diodes. In deep
depletion, the minority carrier current is limited by generation, and the
parameter ¢, the separation between the hole quasi-Fermi level and the
metal Fermi level, is small. The majority carrier current is also small
and 1is determined either by the field in the dinsulator, or the
metal-semiconductor or metal-insulator barrier, depending on the
transport mechanism., As the insulator is thin, most of the potential

across the device is dropped across the depletion region. Therefore, we

may approximate the surface potential to

ll)s vV o- Voo (3.3)
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where wso is the zero bias band bending. The depletion width is similar

to that of a Schottky barrier and is given by

X

(3.4)

£
[aW
(]
T
£ [
Zl o
o
~—————
<
4]
f\)\"

Q.

In this deep depletion, or semiconductor limited, case the current is
small and the potential drop occurs mainly across the semiconductor.

A nonequilibrium MIS diode is shown in strong inversion in fig. 3.7.
Unlike in the ideal MIS diode, the quasi-Fermi levels are separated. In
this case the inversion criterion, found by inspection of fig., 3.7 is

given by

b N2+ V-4 (3.5)
where ¢ is the separation between the minority carrier quasi-Fermi level
and the metal Fermi level, as defined by Jen et al. who obtained the

above expression(zg).

In this case the hole current is limited by
conduction through the insulator, due to the availability of holes from
the inversion layer, therefore the separation of the quasi-Fermi levels
(= V - ¢) 1is small. Once the semiconductor surface is inverted any
additional bias increases the field in the insulator and lowers the
metal-semiconductor barrier, hence augmenting the majority carrier
current. However the increased field also augments the minority carrier
current, therefore significant currents will only flow if the supply of
holes to the semiconductor surface, by generation or injection, is
sufficient to sustain inversion. Some MIS diodes may be inverted for
small reverse bias, yet become deeply depleted at hrigher bilas as the

27
minority carrier current becomes semiconductor limited( ).
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The degree to which a nonequilibrium MIS diode is semiconductor or
insulator limited may be varied by changing the supply of wminority
carriers, for example by 1illumination. Thus 1increasing the minority
carrier supply causes the semiconductor surface to become more heavily
inverted. This enhances the field im the insulator, offering the
possibility of an increase in the majority carrier current. This was

first observed by Shewchun and Clarke(Bo)

in tunnel - SiOz/Si structures.
The multiplication factor, M, defined as the rate of increase in total
current for increased minority carrier supply current, could be as high
as 1000(31’32) (fig. 3.8). Yamamoto et al. first suggested that this
mechanism was important 1in MISS switches(6), and we will see that this
linkage between minority carrier injection and majority carrier current
is a crucial part of the regenerative process, even if the linkage is
weak,

In summary, we have described the non-equilibrium MIS diode, defined
by the limits of Schottky barrier like and ideal MIS like behaviour. It
has been shown that the semiconductor surface may be deeply depleted or
inverted, dependent on the supply of minority carriers. We have outlined
the link between minority and majority carrier currents, giving the

possibility of a large multiplication factor.

3.2.2 The p-n Junction

At the boundary between p and n type regions of a semiconductor
there is a potential step. The field in this region causes the boundary
to become depleted of free carriers (fig. 3.9). The profile of this
depletion region is determined by the space charge density, which is due
to uncompensated donors and acceptors. When an external bias is applied
across the junction the potential profile is changed, disturbing the

carrier concentrations in the junction region and a current flows (fig.
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3.10). The electron and hole currents are determined by the normal
processes of diffusion and drift (equation 2,25).

Shockley first solved these equations, assuming negligible
recombination in the depletion region and low injection conditicns (i.e.
minority carrier density << majority carrier density), obtaining the

ideal rectifier equation

J = JS (exp (qV/kT) -1) (2.6)

JS is given by the celebrated Shockley equation(33)

JS = 4 DEpno + q DnLngo (3.7)
P n

where Poo and npo are the equilibrium minority carrier concentrations in
the bulk n and p type regions respectively and Lp (= /ﬁ;_?;) and Ln

(= /5;—?;) are the diffusion lengths for holes and electrons (Tn and Tp
are the electron and hole lifetimes). 1In forward bilas, minority carriers
are injected into the bulk of the semiconductor and recombine within a
diffusion length of the Jjunction. 1In high purity n-type GaAs this
distance, Lp, is of the order of a few microns(34). It can be shown that
the first term in the Shockley equation represents the hole current in
the depletion region and the second term the electron current.

Therefore, if we define a hole injection ratio, a, as the ratio of hole

current to electron current, at the edge of the depletion region, then

a = DE Pho Ln (3.8)
D n L
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For efficient hole injection a large value of pno/npo is required; which
will occur 1if the doping on the p side of the junction is much heavier
than that on the n side. 1In such a p+-n junction a can be much greater
than 1.

In practical p-n junction diodes the current only agrees with the
Shockley theory over a restricted region of forward bias. At high
current levels the injected minority carrier densities approach the
majority carrier density and this 1is referred to as high injection. this
causes an increase in majority carrier density and the current is then
given by J « exp (qV/2kT)(35). Of more interest in the context of MISS
devices 1s the low forward bias region, where recombination in the
depletion region becomes important reducing the injection ratio, a. Sah

(36)

et al. showed that this additional recombination current (for V >

3kT/q) is given by

JR = Jo exp (qV/2kT) (3.9)
where Jo is a constant. For low forward bias this will be the dominant
component of the current flow. At the edge of the depletion region the

majority carrier current is then approximately equal to J however the

R’
minority carrier current 1is still givem by the Shockley theory.

Therefore, for small forward bias, the hole injection ratio is given by

a = q DE Pho exp ( EX ) « J (3.10)
Ln Jo 2kT

from equations 3.6, 3.7 and 3.9.
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It can be seen from equations 3.8 and 3.10 that as the current
through the p+ -n junction is increased then the hole injection ratioc, a,
increases, until a maximum value is reached, as shown in fig. 3.11. 1t
can also be seen in this diagram that at low current levels little hole
injection occurs and at high current levels hole injection dominates. We
can now begin to discern the role the p-n junction plays, by controlling
the supply of minority carriers to the semiconductor surface, in the MISS
device. In the next section we combine the p-n junction with the MIS
diode and discuss the effects of the coupling between the devices.

3.2,3 Regenerative Switching

Here we commence by describing the off state of the MISS, which is
followed by an outline of the regenerative process occurring in the
negative resistance region and then the on state is covered. Finally two
speclal conditions are described which 1limit the possible range of
switching voltage.

The Off State

The band diagram of the MISS device in the high 1impedance state is
shown figure 3.12. The semiconductor surface 1is deeply depleted because
the insulating layer is thin, allowing minority carriers to 'leak' to the
metal. As described in section 3.2.1, the current is small because the
electron current, Je, is limited by the metal-semiconductor barrier
height or by the insulator. The hole current, Jh’ is limited by thermal
generation (Jg). This assumes that hole injection, Jh*, is negligible.
This assumption 1s reasonable since minority carrier injection at p-n
junctions is minimal at low current levels (see section 3.,2.2). The
potential across the p-n junction, Vj’ is small because the current is
also small. Therefore, as we saw earlier (section 3.2.1), most of the

potential is dropped across the depletion region at the semiconductor
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surface. We can conclude that, in the off state, the p-n junction has
little effect and the MISS device behaves like a non-equilibrium MIS
diode in deep depletion.

The Regenerative Mechanism

Before describing the feedback process we state two necessary
conditions for feedback to occur. Firstly holes injected by the p-n
junction must be able to reach the semiconductor surface, therefore the n
epilayer width, L must not be significantly larger than the hole
diffusion length, Lp' Secondly, the MIS diode must be of the
non-equilibrium type described in section 3.2,1. If these criteria are
satisfied then a feedback loop will exist, similar to the one shown in
fig. 3.13. Feedback occurs because the electron and hole currents are
linked at both the p-n junction (by minority carrier injection) and at
the semiconductor surface (through the MIS multiplication effect). These
two processes can provide a net gain round the loop, despite losses such
as those due to recombination. If there is net gain round the loop we
can see that either the current will increase without 1limit (and the
device breakdown) or a new stable state must be reached. This new state
arises because of the build up of inversion charge at the semiconductor
surface, which increases the field in the insulator and decreases the
band bending in the semiconductor.

The On State

In the low impedance state of the MISS device the semiconductor
surface is strongly inverted, 1limiting the band bending (ws) in the
depletion region (fig. 3.14). The field in the insulator is large,
permitting substantial current flow. However, as the insulating layer is

thin, the voltage drop, V is relatively small. The p~n juaction is

i)

forward biased, therefore V, is also small and the total potential across

3
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the device has fallen to a few volts. The on state is stable because the
losses in the feedback loop; due to the hole current to the metal (Jn)
and recombination in the epilayer (JR*), are large. The current is
limited by the insulator, and since a small increment in applied bias
greatly increases the field in the oxide then the impedance in the on
state 1s low. In some materials (e.g. GaAs) the high density of surface
states prevent inversion of the surface, and it might be thought that
this would prevent the occurrence of an on state; however in this case
the inversion charge can be replaced by surface state charge, giving
similar results,

We have not yet described how the device returns to the off state.
The turn off process can be visualised as the feedback mechanism
operating in reverse; as the current through the device is reduced a
point will be reached where the inversion charge cannot be sustained, due
to reduced minority carrier injection, and this triggers the turn off
process., Although the regenerative mechanism has now been described, the
magnitudes of the switching and holding voltages (and currents) have not
been considered. These are determined by the gain in the feedback loop
and in principle they could occur at any, essentially arbitary, points,
However, two special conditions are defined below, which together define
the maximum switching voltage for a given epilayer structure.
Avalanche

When the MISS device is in the off state the field in the depletion
region may be very large, and if the doping density is high this field
may become sufficient to cause avalanche multiplication. This occurs
because electrons accelerated by the field can gain enough kinetic energy
to generate electron-hole pairs by impact ionisation (fig. 3.15). The

holes generated by this process are swept towards the semiconductor
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surface and we can see that this auguments the feedback mechanism,
Indeed this may be considered as forming another feedback 1oop(37) (in
concert with the MIS multiplication effect) which may allow three
separate stable states to exist(38). As the avalanche gain may become
very large we can expect switching to occur. The potential across the
depletion region required for the avalanche gain to become very large,

Va’ is given by the approximate expression(39).

3/2
Vo 60( E ) Ny (3.11)
1

= e

b is the background

doping in cm_3. For MISS devices where this mechanism is important, the

where Eg is the semiconductor bandgap in eV and N

switching voltage is approximately equal to Va because, in the off state,
most of the applied bias is dropped across the depletion region at the
semiconductor surface.

Punchthrough

The second limit on the switching voltage is due to 'punchthrough',
which occurs when the depletion region at the semiconductor surface
begins to encroach upon the depletion region of the p-n junction (fig.
3.16). If the bias is increased beyond this point then the band bending
in the p-n junction is reduced, thereby increasing minority carrier
injection from the p region. The hole injection actually begins to
increase before punchthrough is reached because the width of the neutral
n-type region, w is reduced, thus altering the boundary conditions for
diffusion from the p-n junction. When v is less than a hole diffusion
length (Lp) then the Shockley equaticc {cquation 3.7) is modified and, to

a good approximation, Lp is replaced by wn(ao). From equations 3.8 and
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3.10 we can see that this will increase the hole injection ratio, «a.
Therefore hole injection 1s enhanced as punchthrough 1is approached,
becoming very large at punchthrough. This greatly increases the gain in
the feedback loop, consequently triggering switching. At punchthrough vy
=w, - wj, where Yy is the MIS depletion width, v, is the epilayer
thickness and wj is the p+-n junction depletion width (i.e. a one sided
abrupt junction). wy can be found from equation 3.4 and if it 1s assumed

that the potential across the device 1is mainly dropped across the

depletion region, then

ot 2esd( v - wj) (3.12)

where th is the voltage across the MISS device at punchthrough (N.B. w

3

must be calculated for a small forward bias).
Summary

It is unfortunate that this explanation of switching in MISS devices
is rather recondite due to the complexity of the process. However, it is
hoped that the main features of MISS diode operation have been
emphasised. The first of these features are that the high and low
impedance regilons correspond to deep depletion and inversion of the
semiconductor surface respectively. Switching between these states is
due to regenerative feedback between the two components of the MISS
device, the p-n junction and the MIS diode. Upper 1limits on the
switching voltage are defined by punchthrough or the onset of avalanche
multiplication, depending on epilayer doping and thickness. 1In the above
discussion a detailed treatment of the characteristics has not been
attempted. As will be seen in the next section, although it is possible

to perform such calculations the results are of limited utility.
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3.3 A Review of MISS Characteristics

In this section the previously reported work on modelling MISS
device characteristics 1is reviewed and those factors found to be
significant are emphasised. 1In addition, the dynamic characteristics of
MISS devices are covered as they become of great importance in many
applications.

3.3.1 Detailed Switching Characteristics

The approach usually taken when modelling MISS device
characteristics 1s to solve the continuity equations for electrons and
holes. As the structure of the device is complex, with conduction and
recombination/generation processes occurring in several distinct regions,
it 1is not wusually possible to find analytic solutions, therefore
numerical methods must be used to compute the solution. There are many
problems with this approach, even when the well characterised 8102/Si
system 1is being studied (as 1n the great majority of cases discussed
below). The principal problems arise because many of the parameters are
not well known, for example surface state distributions, carrier
lifetimes and insulator characteristics. This problem is obviously even
more serious where less studied (or more variable) materials are
concerned, In addition, many of the models ignore two dimensional
effects and this is often unrealistic, as has been shown in experimental
studies of devices with different geometries(Al’hz). Many models are
also grossly simplified, for example by ignoring surface states. As a
result of these shortcomings, few successful comparisons of experimental
and theoretical characteristics have been published, which perhaps
indicates that the results of the theoretical models discussed below

should be treated cautiously.



- 50 -

The first attempt at a quantative MISS model was made by Buxo,

(14,43)

Millan and co-workers They considered devices switching before

punchthrough or avalanching occurred and found a reasonable fit to

experimentally observed switching voltages. Independently, Habib and
Simmons formulated models for switching near punchthrough(qq)

(38)

and
switching by avalanche multiplication It was found that switching
only occurred over a limited range of oxide thicknesses and even within
this range the characteristics varied significantly, as is shown for
punchthrough devices in fig. 3.17, These authors also noted a reasonable
agreement between the calculated switching voltage and the approximate
expression for punchthrough voltage (equation 3.11). For MISS diodes
switching due to avalanche multiplication, it was found that wunder
certain circumstances a three state characteristic was obtained (fig.

3.18). Habib and Simmons further extended their model and noted that for

thicker oxide films the off state could correspond to deep depletion with

a clamped inversion charge(As).
Sarrabayrouse et al. extended the original regenerative
mode1(46’47). They found that the calculated variations in switching

voltage with illumination and temperature were 1in agreement with their
experimental results. Habib and Eltoukhy modelled the effects of a

(48)

single surface state level and demonstrated the significant effects

that these states had on MISS characteristics (fig. 3.19). Faraone et

al.(Az)

proposed a simple two dimensional model, which accounted for the
experimentally observed variation in switching voltage with device area
by assuming that the effective p-n junction area was larger than the
metal contact area.

Although these models gave a good fit to experimentally ohbserved

switching voltages the calculated current levels in the off state were
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much smaller than found in practice. Millan et al. were able to obtain a
better fit using a model that incorporated resonant tunnelling via traps
in the insulator(Ag) (fig. 3.20). The same authors also calculated the
effects of changing the insulator thickenss; metal-semiconductor barrier
height, epllayer doping and p-n junction injection efficiency, all of
which resulted in marked changes 1in the switching voltage. Zolomy
modified previous models by including two-dimensional effects, surface

states, inhomogeneity in the insulator and some other details(so).

Not
surprisingly, substantial variations in the calculated characteristics
could be obtained by varylng the many parameters of this model. Martinez

and Piqueras modelled the polysilicon MISS device(51)

and found that the
operation was somewhat similar to that of a Shockley diode. Finally, we
note that Fiori de Mattos and Sarrabayrouse, in a recent study of the
effects of variations in several critical parameters, concluded that any
attempt to fit theory to experiment was purely speculative due to the
sensitivity of MISS characteristics to these variations(sz).

We can conclude that theoretical models of MISS devices are at
present inadequate, largely due to the complexity of the structure. This
also emphasises a major problem with practical devices since it 1is
necessary to control many parameters in order to obtain repeatable and
stable devices. 1In addition it 1s not clear which critical factors must

be improved for optimum results.

3.3.2 Dynamic Characteristics

The first reports of MISS diodes noted that the switching action was

perhaps faster than for other S-type negative resistance diodes(l’z’ﬁ).

The turn on time was possibly as short as a few nanoseconds. Later

studies of the turn on characteristics showed three distinct phases in

(5,14,53,54)

the process as shown schematically in fig. 3.21. The first



of these (1), the capacitive rise time, arises because the device 1is
charged up through a series resistance, RS (the resistance is essential
to prevent destruction of the device in the on state). This part of the
turn on process 1s shortened if the value of RS is reduced. The second
stage (2) 1is thought to be due to the time required to build up inversion
at the semiconductor surface. This 'Inversion Charge Delay Time' is
inversely related to pulse amplitude and ranges between a few ns and
several hundred ns. The final phase (3), the 'Feedback Regeneration
Time', corresponds to the rapid collapse of the depletion region in the
semiconductor as the regenerative process takes effect. The overall turn
on times observed range down to a few tens of nanoseconds for reasonable

series resistances and pulse amplitudes(14’53’54).

It would be expected
that the switching speed could be increased by reducing device
capacitances and epilayer width (and by increased mobility), however
studies of the optimisation of dynamic characteristics of MISS devices

(55) studied the

have not yet been carried out, Simmons and Taylor
limitations and practical viability of MISS devices. They concluded
that, for memory applications, the MISS device did not compare favourably
with conventional MOSFETs when switching speeds were taken into account.
This limitation may also apply for other potential applications of the

MISS diode.

3.4 Conduction in Insulating Films

Electronic conduction in thin insulating films plays a very
important role in the MISS device, therefore the conduction mechanisms
are briefly described in this section. We can distinguish between
barrier limited or bulk limited processes, and these are discussed
separately. However, in general, the conduction mechanism may be field

and temperature dependent, therefore both types of process could be of
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importance in some materials. Characteristics of thin insulating layers
are often controlled by high densities of defect levels and can therefore
differ significantly from those of bulk material. High field effects are
also relevant, even for relatively small potentials, because the layers
are usually extremely thin,

3.4.1 Barrier Limited Conduction

There are two types of barrier limited conduction process, thermal
excitation of carriers over the barrier into the insulator conduction
band and quantum mechanical tunnelling through the potential barrier
presented by the insulator.

The first of these conduction processes, often called Schottky
emission, 1s directly comparable to thermionic emission in Schottky
barriers. Again, we must take into account the effects of image force

barrier lowering. This is given by equation 2.18, and if we define
s
By = (@®/4m e)) (3.13)

)
where €y is the high frequency permittivity of the insulator, then the

current over the barrier is given by

ks
J = AT? exp ( - gfg_ ) exp ( B E ) (3.14)

where A is the Richardson constant, ¢o the barrier presented by the
insulator and E the electric field in the insulator. Therefore for
Schottky emission the log of the current is directly proportional to the

square root of the field.
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Stratton analysed tunnelling currents for thin insulating films(56)

and found that the current was given by an equation of the form

g = Gmomaexp (-b) " KT 1 - exp(ec, V] (3.15)

kT)

cl2 h* " sin (= cy
where bl and c, are auxilliary functions dependent on barrier profile and
applied voltage. Tunnel currents are only significant for very thin
films (< 6nm) and their most important characteristic is a very weak
temperature dependence. Resonant tunhelling via defect states can also
occur, which can greatly enhance the tunnel current(57). At high fields

the metal-insulator barrier is narrowed and even 1in thick films

tunnelling may become important (fig. 3.22). This process 1is called

Fowler-Nordheim emission(58). In this case the current is given by
1/2 3/2
2 2 *
R s (as,) (3.16)
8rh ¢ 3qhE

and the log of [current/(field)?] is directly proportional to the field.

3.4.2, Bulk Limited Conduction

In low mobility materials conduction may be better described by

hopping between localised states(sg) (60)

or by polaron conduction than by
electronic band conduction, although only the latter process 1is
considered here. If the carrier density is controlled by donor or trap
levels we must consider the Poole-Frenkel effect(61). This is due to the
lowering of the coulombic potential barrier of the trap by the electric
field (fig. 3.23). Although this mechanism 1is, in a certain sense, a

barrier limited process 1t 1s considered here because conduction is
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limited in the bulk of the insulator and not by the metal-insulator
barrier. Since the coulombic potential is four times the image force

potential, the barrier lowering is twice that given by the Schottky

effect (eq. 2.18). Therefore the current - voltage relationship is of
the form
5
J = Jo exp (BPF E*/kT) (3.17)
where
3 /ey
BPF = (q /ﬂei) (3.18)

This is similar to the case of Schottky emission, apart from a factor of

two in the exponent (i.e. BPF = 2 BS). However in a system with both

neutral trap and donor levels the Poole-Frenkel effect may exhibit the

(62)

same slope as the Schottky effect It should be noted that these

calculations of Poole-Frenkel behaviour are rather approximate; Hill has
. (63)
considered the process in more detail .
If the contact to the insulator is ohmic then the current may be
space charge limited. This would give a power law relationship between

current and voltage for a trap free insulator(64). However Rose(65)

has
shown that in a defect insulator the current is considerably reduced
because most of the space charge is trapped and therefore immobile. He
found that for trap densities of '\:1018 cm—3 space charge limited currents
were reduced to almost immeasurable levels., We will not consider this
effect further, except to note that modulation of other conduction

mechanisms can occur if the space charge significantly alters the

electric field.
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3.5 Summary

In the first part of this chapter the principles governing the
operation of MISS devices are discussed. We begin by considering the two
'components' of the device in isolation; these are the MIS diode and the
p-n junction., It is then shown that the interaction between them gives
rise to a regenerative feedback process and that this 1s responsible for
the switching behaviour. Switching often occurs at punchthrough or due
to avalanche breakdown, although in many cases the devices may switch
before either of these points is reached. The review of published models
of MISS devices shows that there are serious limitations on thelr use,
These arise because of the complex nature of the device and they make it
difficult to meaningfully fit theory to experiment. The speed of a MISS
device is a function of the applied voltage and the (external) series
resistance. However it is not clear how the intrinsic speed of the MISS
structure can be optimised. In the final part of the chapter we find
that éonduction in the thin insulating layers used in these devices may
be due to one of several mechanisms. Conduction processes in LB films

are considered in the next chapter.
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Figure 3.1 Schematic diagram showing the structure of a MISS diode,

in this case on an n on p semiconductor.
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Figure 3.2 Current-voltage characteristics of a typical MISS diode.
The negative resistance region is bounded by the switching
(V., I) and holding (VH' 1,,) points. The off state 1s
the high impedance region bgaow I , and the on state is
the low impedance region above IH'
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Figure 3.3 Schematic {illustration of the structure of a three

terminal MISS device, the metal-insulator-semiconductor
thyristor (MIST).
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Figure 3.4 Current-voltage characteristics of a typical MIST. The
base current controls the switching voltage, as in =a
conventional thyristor. For an n on p device both
collector and base are positively biased with respect to
the emitter.



Figure 3.5

Figure 3.6

M I >

Band diagram for an ideal MIS diode at the onset of strong
inversion. E_ is the Fermi level in the semiconductor, E
is the intrinsic 1level, ¢ 1s the band bending in the

semiconductor (the surface SOtential) and wb is defined as

Ef - Ei'

N\ v

Band diagram showing a 'nonequilibrium' MIS diode in deep
depletion (i.e. the band bending, ¥, is greater than that
required for inversion in an ideal MIS diode). Note the
splitting into separate quasi~Fermi levels for the
conduction (E, ) and wvalence (E, ) bands. V 1is the
potential acrods the device, an PVi is the potential
acrogs the insulating layer,
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Figure 3.7

Band diagram for a ‘'non-equilibrium' MIS diode in
inversion, For this structure ¥ at inversion is greater
than 2y, , because of the spliéiing of the quasi-Fermi
levels, which is in marked contrast to the behaviour of an
ideal MIS diode. Note that in this case the parameter ¢

is large (c.f. fig. 3.6).
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Figure 3.8
The calculated reverse bias current-voltage

characteristics for an Al1-510,-Si tunnel MIS diode, for
varying supply rates of injecged minority carriers, J ,.
The current multiplication effect can be clearly seen, Bnd
in this case the gain is greater than 100. (from ref 31).
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Figure 3.9

The p-n junction at zero bias. The top of this diagram is
the band structure of the junction. The middle section
shows the corresponding space charge density. The lower
part of this figure plots the electron and hole
concentrations across the junction,
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Figure 3.10

The forward biased p-n junction. The upper half of this
diagram shows the band structure, with the electron (E_)
and hole (Ef ) quasi-Fermi levels marked. 1In the lowgr
half, the cogresponding electron and hole concentrations
are shown; the dashed lines show the equilibrium (zero
bias) concentrations. The increase in minority carrier
concentrations due to minority carrier injection can be

clearly seen,
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Figure 3.11 Graph of hole injection ratio, a, (as defined in text) and
injected hole current as a function of the total current
through a p -n junction. At low current levels 1little
minority carrier injection occurs,
current is due to recombination in the depletion region,
At high current levels hole injection is dominant, because
the p side of the junction is more heavily doped than the
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n side, thus suppressing electron injection.




Figure 3.12

Band diagram illustrating the off state of the MISS
device. The arrows indicate the direction of carrier
flow. J and J, are, respectively, the electron and hole
currentsethrougg the thin insulating layer. J_ 1is the
generation current in the depletion regio%. The
recombination currents in the neutral (n-type) epilayer
and the p-n junction are denoted by J and J *,
respectively. J * and J * represent the curfents due to
electron and holé injection at the p-n junction.
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Figure 3.13

This flow chart is for the feedback process 1in MISS
devices. If there is a net gain round this loop then
there are two principal effects, an increase in the
current through the device and a redistribution of the
potential within the device. The 1latter leads to a
reduction in the voltage that can be sustained by the
device, which results in a negative impedance region in
the I-V characteristics,
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Figure 3.14

This band diagram shows the MISS device in the on state.
Comparison with the off state (fig. 3.12) shows that the
voltages across the insulator, V_ ,, and the p-n junction,
V,, have increased, while the band bending at the surface
o% the semiconductor, ¢, has decreased markedly. The net

effect 1is that the voltage across the device, V, has
fallen.



Figure 3.15

Figure 3.16

Avalanche multiplication occurs if the electric field in a
semiconductor 1s sufficiently high, as 1s shown
schematically in this diagram. The field accelerates
electrons to kinetic energies that are large enough to
generate electron hole pairs via impact ionisation. The
generated electrons and holes are themselves accelerated,
and the process repeats itself. 1In this way a single
electron may generate a shower of many electrons (and
holes), which corresponds to a large current
multiplication.

\

M I N e

Band diagram of a MISS diode at 'punchthrough'. Note that
the n-type epilayer is completely depleted, therefore any
additional bias will tend to flatten the bands in the p-n
junction region,
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Figure 3,17 Calculated current-voltage characteristic for a
punchthrough mode MISS device for different oxide

thicknesses (from ref. 44).
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Figure 3.18 Calculated current-voltage characteristic for an avalanche
: mode MISS device which possesses three stable states (from
ref. 38).
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Figure 3.19 Calculated current-voltage characteristic for a MIf§ digge
with a single surface state level of density 6x10"" cm .
The position of this level 1in the bandgap has very
significant effects on the characteristic (from ref. 48).
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Figure 3.20

Comparison of the theoretical and experimental
current-voltage characteristics of a MISS diode. The
circles represent experimental data. The lines are from
numerical models, the dotted line is for direct tumnelling
through the insulator and the continuous line 1is for a
model which also incorporates resonant tunnelling effects.
The fit is much better for the resonant tunnel model (mb.
this model is not valid in the on state). (from ref. 49)
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The upper part of this diagram illustrates the response of
a MISS device to a pulsed signal. The lower part of the
diagram shows the circuit, with the pulse, V , applied
across a series resistor, R , producing a voltage, V ,
across the device. The three distinct phases of the turn
on process are; (1) the capacitive rise time, (2) the
inversion charge delay time, and (3) the feedback
regeneration time.



Figure 3.22

Figure 3.23
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Band diagram for Fowler-Nordheim tunnelling. The large
electric field in the 1insulator produces a triangular
potential barrier. At very high fields electrons can
tunnel from the metal into the conduction band of the
insulator, giving rise to a current.
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The Poole-Frenkel effect 48 1llustrated by this band
diagram. The potential barrier of the coulombic trap
level is lowered due to the high external field in the
insulator. The barrier lowering is A¢.
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CHAPTER 4

LANGMUIR~BRLODGETT FILMS

4.1 Introduction

It has long been known that certain oils will spread on the surface
of water, and the quantitative observations of Benjamin Franklin

(1)

suggested that the resulting films were extremely thin Scientific
study of these films began in the 1880's with the experiments of Agnes
Pockels, who invented the basic techniques for manipulating them. Her
work was first published as the result of correspondence with Lord
Rayleigh(z), who was the first to suggest that the films were of one
molecule thickness.

The foundations of modern studies of monomolecular films were laid
down by Irving Langmuir and Katharine Blodgett at the General Electric
Research Laboratories. During the First World War, theoretical concepts
to explain previous observations were developed; in particular studies of
long chain fatty acids showed that the molecules were oriented vertically
on the water surface(a). Later, during the 1930's, Langmuir and Blodgett
investigated the transfer of these monomolecular films from the water
surface onto solids. 1t was discovered that multiple layers could be

built up(s)

and these possessed useful optical properties. The outbreak
of World War Two curtailed studies of these multiple layer
'Langmuir-Blodgett' films, and interest in them remained subdued for two
decades. The recent revival of interest stems largely from the elegant
work of Kuhn, who exploited the possibilities offered by the LB technique
(6)

to construct organised systems of molecules
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In this chapter we first discuss the preparation of LB films,
including the details of the necessary apparatus, Details of the
deposition conditions used in this work are not covered here (see section
5.3.4). The next section describes some of the properties of these
layers, with particular emphasis on their electrical characteristics.
Finally we consider some potential applications for LB films; the
discussion in this section concentrates on semiconductor devices
incorporating LB films.

4.2 Preparation

A detailed description of the intricacies of LB film preparation is
not attempted here; instead we concentrate on the basic principles. A
more comprehensive discussion of the behaviour of monomolecular films is
contained in the excellent book by Gaines(7). Also covered in this
section is the apparatus used to produce these films, the Langmuir

trough.

4.2.1 Basic Principles

Fatty acids, such as stearic acid (fig. 4.1), are typical Langmﬁir
film forming materials. They are amphiphlic, that i1s they possess
distinct hydrophilic and hydrophobic regions. The latter consists of the
long hydrocarbon chain, and the hydrophilic head group is in this case a
carboxylic acid unit. Other long chain molecules with polar headgroups,
such as alcohols and amines, also form Langmuir films. The film material
is usually spread upon the water surface using a volatile solvent that is
immiscible with water. Once the solvent has evaporated an expanded film
is left on the surface, as shown in fig. 4.2(a). In this situation the
molecules are widely separated, thus behaving like a two dimensional gas.

As a Langmuir film is compressed the surface pressure rises (surface

tension falls); a phase diagram for the two dimensional film can be
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obtained by plotting surface pressure against film area (this is usually
referred to as an isotherm). A typical isotherm for a fatty acid
material is given in fig. 4.3, showing the three distinct regions that
are often observed., For large areas the surface pressure is low - the
'gaseous phase'. As the area is reduced and the molecular area becomes
small, the surface pressure begins to rise and the film behaves as a two
dimensional liquid. On further compression the molecules become closely
packed and the surface pressure increases rapidly. This 'solid phase’' is
stable up to a threshold pressure, above which collapse occurs. 1In the
compressed 'solid' films the molecules are aligned vertically (fig.
4.2(b)) and a high degree of order may also occur in the plane of the
film. The area per molecule, AO, is comparable with the molecular cross
section, demonstrating that a truly close packed monolayer has been
formed. Isotherms are very sensitive to the pH and purity of the
subphase, therefore extremely pure water must be used 1if repreatable
results are to be obtained. 1Tt should be noted that many materials do
not exhibit distinct phases (unlike the fatty acids); this is especially
true of complex molecules such as dyes and polymers, which usually give
very rounded and featureless isotherms.

Under certain circumstances it is possible to transfer a compressed
Léngmuir film from the water surface onto a solid. The most common
method used to do this 1is to vertically dip the solid into the subphase;
by repeatedly inserting and withdrawing the substrate it 1is possible to
build up a Langmuir-Blodgett film with a thickness of many monolayers.
Three types of deposition have been recognised. The most common of these
is 'Y type', in this case pickup occurs on both the upstroke and
downstroke, as shown 1n fig. 4.4. Pickup on the initial insertion is

dependent on the solid substrate; 1f the surface 1is hydrophilic (as
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shown) no film transfer occurs, however for a hydrophobic surface a
monolayer is deposited during this first insertion. On each subsequent
insertion and withdrawal a monolayer is deposited and a head to head,
tail to tail structure is built up (fig. 4.4d). At high pH levels fatty
acids may pickup on the downstroke only and a head to tail multilayer
would be expected (fig. 4.5a). However X-ray measurements on these 'X
type' films indicate that the structure is identical to that of Y-type
films. It is believed that this is due to molecules flipping over during
deposition(7). Z-type deposition, involving pickup only on the upstroke

(fig. 4.5b), had been postulated by Langmuir, although it was not
observed until recently(s). Successful deposition is dependent on many
factors, especially the cleanliness of the substrate, the subphase purity
and it's pH. Other factors may also be important, for example when
dipping fatty acid films it is usual to add divalent cadmium ions to the
subphase (v 10_4 molar); this enhances the stability of the monolayer and

(9)

facilitates film deposition .

4.2.2 The Langmuir Trough

At its simplest the Langmuir trough comprises a basin containing the
subphase, barriers to confine and compress the monomolecular film and
some means of measuring surface pressure. The troughs in use at Durham
are a development of a design first proposed by Blight et al(lo); a
typical example is shown in the photograph fig. 4.6. A motor driven
constant perimeter, variable area compression system is employed(ll),
consisting of a PTIFE coated glass fibre belt located on PTFE rollers
(fig.4.7 inset). The trough itself is made of glass and 1is supported by
a metal framework which also supports the dipping mechanism, a motor
driven micrometer screw to which the sample may be clamped. The surface

(12)

pressure is monitored using a Wilhelmy plate , consisting of a 1 cm
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wide strip of filter paper, suspended by a thread from a microbalance
head (mounted above the trough). Where possible the structure is made
from stainless steel and PTFE, with other metal chrome plated or
anodised, to minimise the risk of contamination and to prevent corrosion.
The complete structure is housed in a glass doored cabinet which is
fitted with an extractor fan to aid solvent evaporation.

The peripheral equipment associated with the trough comprises a
purpose built control box, a Beckman LM600 microbalance, Bryans 312 2
chanmel Y-t and 2900 X-Y chart recorders and a Pye-Unicam PW 9409 pH
meter. The control box regulates barrier and dipping head movements and
in particular maintains constant surface pressure using a differential
feedback system (fig. 4.7). The introduction of feedback systems to
maintain constant surface pressure(l3’14) was an important technological
advance and is essential for the repeatable production of high quality LB
films. Using the chart recorders pressure-area isotherms and plots of
pressure and area versus time could be obtained, the latter allowing the
dipping process to be recorded.

Cleanliness is of great importance in any device processing
technology, therefore the Langmuir troughs are housed in a class 10000
microelectronics clean room. The purity of the subphase is a critical
factor in the deposition of high quality LB films. At Durham a two stage
water purification system is used, comprising an Elga reverse osmosis
unit followed by a Millipore 'Milii Q' polish; the water supplied by this
system has a resistivity of > 10 MQ cm. Analysis of the freshly purified
water shows low levels of contamination, especially when compared with
the impurities leached from the glass trough in a 24 hour period(ls) (see

table 4.1).
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4.3 Characteristics

Many different mclecules have been used to form LB films including
dyes, biological materials and polymers or their precursors. Many of
these substances pcssess interesting optical, electrical or chemical
properties, In this section we do not attempt to describe all these
characteristics, instead we concentrate on the relevant properties of the
materials used in this work.

4.3.1 General

The bulk of this work concerns LB films of w-tricosenoic acid
(w-TA), a fatty acid with a vinyl double bond at the end of the carbon
chain (fig. 4.8). Films of this material are similar in many respects to
the 'classic' LB film materials, the saturated fatty acids such as
stearic acid. However high quality films of w-TA can be produced without

the addition of cadmium to the subphase(l6). Fig. 4.9 shows a

transmission electron diffraction pattern for an w-TA LB film(l7),
demonstrating that structures produced by this technique can be highly
ordered in the plane cf the film. Fatty acid multilayers are also highly
ordered normal to the plane of the film; this is illustrated in figure
4,10, which shows the neutron reflectivity profile of an 29 layer fully

(18)

deuterated cadmium arachidate LB film Physical parameters are

reproducible from one monolayer to the next, as can be seen from the data
plotted in figure 4.11. In fig. 4.11(a) the reciprocal capacitance of
metal-cadmium arachidate LB film - metal structures is plotted against

(19) .

the number of monolayers in the film the 1linear relationship

indicates that each monolayer has the same dielectric thickness. A band
in the infra-red reflection spectrum of the same material has been used

(

0
to demonstrate the uniformity of successive monolayers 20) (fig. 4.11b).

Fig. 4.11(c) shows the count rate of 14C 8 rays as a function of the
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number of monolayers of barium stearate labelled with lAC(Ql)

, again
confirming the uniformity of the deposition process, Finally fig.
4.11(d) shows the attenuation of X-ray photoemission signals from a
substrate coated with cadmium dimethyl arachidate(zz),

Fatty acid LB films are not mechanically robust and have low melting
points, They are therefore easily damaged and this may be a significant
limitation on their use. As a consequence of this there is considerable
interest in less delicate LB film materials. The most promising
materials in this respect are the phthalocyanines (Pc). These are highly
conjugated heterocyclic structures which are stable up to 400°C, in
addition they possess interesting optical and electronic properties that
can be modified by substituting different metals into the centre of the
ring. However preparation of LB films of these materials is not a simple
task as they are almost completely insoluble in common solvents. The
molecules also lack distinct hydrophobic and hydrophilic regions and are
therefore less likely to form ordered monolayers on the water surface.
These difficulties can be partially overcome by the use of substituted

derivatives(23—25)

s+ such as the asymmetric copper phthalocyanine (Cu:Pc)
shown in figure 4.12, Films of these materials adhere tenaciously to the
substrate, however they are much less ordered than the classical fatty

acid LB films.

4,3,2 Conduction Mechanisms

Measurements of the electrical characteristics of LB films must be
treated with caution for a number of reasons. It would be desirable to
deposit LB films on noble metal substrates, unfortunately this is not
practicable. Therefore there is always a thin oxide layer underneath the
film and this may affect the measured conductivity. The film quality is

also crucial, and consistent results began to be obtained only
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comparatively recently (the work up to 1980 has been reviewed by Vincett

(26)y

and Roberts In addition environmental effects, such as ambient and

humidity, can be significant(27). In this section we concentrate on the
behaviour of fatty acid LB films because of their relevance to this work.

Fatty acid LB films are good insulators with high breakdown
strengths (> 106 \Y cm_l). For single monolayers the films are thin

enough for quantum mechanical tunnelling to occur. Characteristics

consistent with tunnelling have been observed(28_30), and for stearic
- 3] i

acid monolayers Careem and Hill('l) found agreement with the expected

behaviour over a wide voltage and temperature range, Tunnelling

characteristics have also been observed for fatty acid monolayers between

(32-34)

superconducting metal contacts Perhaps the most convincing

evidence of tunnelling in LB films is the observation of inelastic

(35)

tunnelling by Ginnai et al in barium stearate monolayers. These data

cannot be explained in terms of conduction through pinholes.

At low flelds conduction in fatty acid multilayers is approximately

ohmic(27’28’36’37). Measurements of the low frequency ac conductivity

¢ 1(36-39)

show an " dependence with 0.5 < w ; this has been interpreted

in terms of hopping of carriers by thermally assisted tunnelling between

localized states. Further support for this model is provided by the work

of Sugi and co—workers(qo’AI), in particular by the observed conductivity

(42)

dispersion at low frequencies in heterogeneous LB structures . At

high fields a log J « Vl/2 behaviour is usually observed(27’30’36’37’43).

This could be due to either Schottky emission or a Poole-Frenkel process,

however there is a lack of agreement on which mechanism occurs. This

could be due to differences in electrode materials, although the process
(31)

may also be dependent on film thickness . On some substrates

different behaviour has been reported, for example a J « V2 behaviour has
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been observed on InP, indicative of space charge injection(ha), while
thermionic emission across the potential barrier presented by the LB film
has been reported for GaP MIS structures(as) As yet no conductivity
data on w-tricosenoic acid LB films have been published. However it is
expected that the w-double bond does not significantly alter the
behaviour, particularly as the electrical characteristics of diacetylene
films(A6) (which contain two triple bonds per molecule) are similar to
those of other fatty acid films.

In the bulk state phthalocyanines may be semiconductors (usually
p~type). Their conductivity can be markedly increased upon exposure to
oxidising gases, but although the process is reversible recovery is slow
and may require heating. The electrical characteristics of
phthalocyanine LB films have not yet been fully investigated. Fig. 4.13
shows the current-voltage behaviour for a LB film consisting of 40

monolayers of tetra-tert-butyl manganese phthalocyanine(47).

At low
fields conduction is ohmic and at higher fields conduction is space
charge limited. The behaviour of Cu:Pc is similar, however the high
field region 1is less pronounced. LB films of phthalocyanines also

exhibit a pronounced sensitivity to oxidising gases. The lateral

conductivity of a film of Cu:Pc increases by more than an order of

(24)
9 .

recovery of these layers is much more rapid than that of vacuum deposited

magnitude when exposed to a 20 VPM concentration of NO The

thin films, and this is probably due to the thinness and more ordered
structure of the LB film,

4.4 Potential Applications

Interest in possible applications of LB films has only emerged in
the last decade, largely due to the realisation that the LB technique

allows the fabrication of organised molecular structures, which are
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difficult or dimpossible to construct wusing other methods. Many
applications require essentially passive layers, and in those cases the
technique's advantages include the uniformity and precisely controlled
thickness of the films, In addition large areas can be coated and
minimal surface damage is caused by this room temperature deposition
process. Other applications require active LB film layers, for example
dye layers and chemically sensitive films. 1In LB films the molecules are
oriented and highly ordered, therefore useful differences from bulk
behaviour may occur. The final category of applications will utilise the
unique capabilities of the LB technique to construct complex ordered
systems. These may have their properties tailored to suit specific
applications (Molecular Engineering). Some of the proposed applications

(38,48)

of LB films are summarised in table 4.2. 1In the remainder of this

section we discuss the use of these films in
metal-insulator-semiconductor devices.

The first reported MIS diodes incorporating a LB film(ag) were
formed on p-type silicon. The capacitance of these structures exhibited
the normal accumulation, depletion and inversion regions as the bias was
varied. These devices were of little practical interest as nearly ideal
insulating oxide layers can be grown on silicon. The first LB film MIS
diodes on a compound semiconductor, n-type InP, also possessed promising
characteristics(so). In particular, an increase in capacitance at low
frequencies in the strong inversion region was observed and the

11

calculated density of interface states was ~ 3x10 cm_zeV—l. Roberts et

al later reported the characteristics of the first transistor

incorporating a LB film, a simple depletion mode InP MISFET(Sl). LB film

MIS devices have also been fabricated on p-type InP(sz), (53),

p~type InSb and n-type Hg 47 Cd 53 Te(54).

p~-type CdTe

In addition FETs have been
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S 5
reported on amorphous silicon substrates( 5).

All these devices used
relatively thick multilayer LB films as insulating layers.

The LB film technique also enabled metal-tunnel
insulator-semiconductor diodes to be fabricated, utilising films of a few
monolayers thickness, The first investigation of this type of structure,
on n-type CdTe, showed that MIS solar cells incorporating a thin LB film
could be up to 407 more efficient than comparable Schottky barrier

(56).

cells Thin film MIS devices on n-type GaP have been quite

extensively studied(45’57-62).

Measurements of current-voltage,
capaclitance-voltage and the photoelectric characteristics of these diodes
show Schottky 1like behaviour and the barrier heights calculated from the
three techniques concur(57’58’60’61). These barrier heights are greater
than those of similar Schottky barriers (i.e. fabricated identically
apart from the omission of LB film deposition), although there are some
differences between the work of Tredgold et al and that of Batey et al
which may be due to differences in preparation, Several models have been
proposed to account for this behaviour, Perhaps the simplest of these is
an increase in the barrier height due to fixed charge in the LB film,
however this does not fit the observed behaviour. Winter et al have
proposed that the barrier height increase is due to the intrinsic dipoles
of the headgroups of the film molecules(ﬁl). Batey et al investigated
the electrical, photoelectric and electroluminescent behaviour of diodes
incorporating several monolayers, and they proposed a different model in
which electron transport occurs by thermionic emission from the
semiconductor, via thg conduction band of the LB film(45’62). This work
also demonstrated electroluminescent efficiencies approaching those of
(45,59)

p-n junctions . Similar LB film structures have been fabricated on

ZnSeS and these offer the possibility of efficient blue
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electroluminescence(63).

(64)

LB film thin MIS devices have also been
reported on GaAs » although their characteristics are rather different
from those reported in this thesis. This may be due to the use of
different surface treatments before film deposition.

lnvestigation of LB film M1S devices has demonstrated that useful
properties can be obtained, and significant dimprovements could result
from further development., However there are many technological problems
to be solved before the application of LB films in practical devices can
be considered. Perhaps the most rewarding avenue for future development
is the incorporation of active LB films layers in integrated sensors.
Preliminary investigations using gas sensitive phthalocyanine films have
shown some promise(63). Developmenté in this area may soon enable
physiological sensors to be produced which utilise biological LB film

layers, such as proteins and enzymes, as active layers in chemically

sensitive FETs (ChemFETs or ISFETs).



Table 4.1 (a) Impurity concentrations freshly - purified

'millipore' water.

(b) Impurity concentrations present after 24 hours in the
Langmuir trough.
Total Organic
Na K Sn Fe Al Si Content

0.05 0.02 0.01 <0.02 <0.2 <0.5 92
0.3 1.05 0.06 0.21 <0.2 <0.5 145

(Values in Parts per Billion)




Table 4.2 Potential applications of LB films.
Topic Molecular Flectronice Application

‘Model Systems in
Fundamental Research

spectral sensitiszetion, fluorescence quenching, energy
Modification
organic

Spectroscopy of E;iilox Monolayers;
transfer betveen excited states. Model membranes to mimic photosynthetic system.
of solid surface propertias. Exsmination of lipids, proteine and brane ph 'H
semiconductors.

Applied Chemiatry

Surface chemistry snd behaviour of surfactants; Catalysis; Filtration/Reverse Osmogis membranas;
Adheation; Surface Lubrication.

Fiiiettan Bean
Microlichography

Cood sensitivity and contrast; scceptable plasma atching resistance; less scattering of electron
and therefore bettsr resolution; negative and positive resista poasible.

“Integrated Optics

Fila thicknass plus refractive index of film and hence guided wave velocity can be controlled
vith great precision; acceptable attenuation loss. Possible uses in conventional optics and
optical dats storage.

Non-Linear Fﬁy.tco

Control of molecular architecturs to produce ssysmatric structures with high nonlinear
coefficients, e.g. in alectro-optics or pyroslectric detectors.

Dilute Radioactive
Sources

Radioactive nuclide incorporated in conventional LB Film; used to measura the ranges of low
anetgy electrons.

’_l'loctronle Displays

Large area capability of LB films fs an adventage; the monolsyers can either be the

active electroluminescent laysr or used to enhance efficiency of an inorganic diode;

passive application to align 1iQuid cryatal display. Deposiction of liquid-crystsl type moleculae
also possible.

[ Photovoltaic Cells

sed as a tunnelling layer in an MIS solar cell or as am active layer in p-n junction diode,
perhaps involving an inorganic/organic junction.

[ Tvo Dimensional
Magnetic Arrays

Magnetic atoms e.§. Mn, periodically spaced in LB film; possible applications {nclude magnetic
econtrel of superconducting junctions snd bubble sand magneto-optical devices.

"Fleld Effect Davices

Accumulation, depletieon and inversion regions possible with a variety of semiconductors; can
thereafore form the basis of several devices e.g. CCD, bdistable switch, gss detector or
pyro/piezo FET if suitsble LB films Are used.

Biologicsl Membranes

Attractive supporting mambranes for commercisl exploitation of biological marerial, e.g.
immobilization of membrane bound enzymea in nolid state sensors; ISFET type acructures.

Suparwmolecular
Structures

Speculstive work aimed st superconductors, orgsnic metals, Esaki superlattices, JD
memory storage, moleculsr switches.
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Figure 4.1 Molecular structure of stearic acid. This long chain
fatty acid is a typical Langmuir film forming material.
There are two distinct regions in the molecule, a nonpolar
(hydrophobic) carbon chain and a polar (hydrophilic) head
group.



before compression
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Figure 4,2

SURFACE PRESSURE (Nm-1 )

Figure 4.3

after compression

Schematic diagram showing a Langmuir film on the water

surface. The molecules spread across the surface because

of the attraction between the water and the hydrophilic
head groups, but are prevented from dissolving by their
hydrophobic 'tails'.

(a) In an uncompressed film the molecular separation is
large and the molecules are aligned randomly.

(b) In a compressed monolayer the molecules are close
packed and aligned in the direction normal to the
surface {nb. the molecules may be slightly tilted due
to packing considerations).
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Pressure-area isotherm for a typical fatty acid Langmuir
film (schematic). Three separate regions can be seen, the
'gaseous’', 'liquid’' and 'solid' phases. In the latter the
area per molecule corresponds closely to the molecular
cross section, indicating that the film is closely packed.
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Y-type deposition of a Langmuir-Blodgett film
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(d)

Shows a compressed Langmuir film on a water surface.
No deposition usually occurs during insertion of the
solid substrate through the film.

When the substrate is withdrawn from the water a
monomolecular layer is picked up.

As the substrate is reinserted another monolayer is
deposited. This process 1s repeated during
subsequent insertions and withdrawals,

This produces a head to head, tail to tail multilayer
LB film. The film thickness is proportional to the
molecular length and the number of monolayers
deposited.
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Figure 4.5 X and Z type deposition of LB films

(a) In X-type deposition material is only transferred to
the substrate during insertion into the subphase. A
head to tail structure would be expected to result,
although in practice the structure resembles that of
Y type films (see text).

(b) 1In Z-type deposition film transfer only occurs during
withdrawal of the substrate from the subphase.
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Figure 4.7 Schematic diagram showing the principal components of a

modern Langmuir trough. The purified water subphase 1is
contained in a glass trough. The Langmuir film on the
water surface 1is confined by a constant perimeter,
variable area barrier system. The 1inset shows this
barrier opened to its maximum extent (a) and closed to its
minimum extent (b). The surface pressure is controlled by
a feedback system, which consists of a Wilhelmy plate
connected to an electrobalance (to measure sgurface
pressure) and a comparator which controls the barrier
motor.,
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Figure 4.10 Neutron reflectivity profile for a 29 layer LB film of
fully deuterated cadmium arachidate, deposited on glass.
(from ref. 18).
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Figure 4.11

Properties of LB film layers as a function of the numbers
of monolayers deposited,

(a)

(b)

(c)
(d)

Reciprocal capacitance per unit area of cadmium
arachidate films deposited on an aluminium substrate.
(from ref. 19)

Infra-red absorption for,the symmetric carboxylate
stretching mode (1432 cm °) in cadmium arachidate LB
films. (from . 20)

Count rate of 14C 8 rays from barium stearate layers
labelled with = C. (from ref. 21)

X~ray photoelectron signal intensity from silver
substrates coated with cadmium dimethyl arachidate LB
films. (from ref. 21)
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Figure 4.12 Molecular structure of the asymmetrically substituted
copper phthalocyanine derivative.
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Figure 4.13 Current-voltage characteristic for a 40 monolayer

thickness of tetra-tertiary butyl manganese phthalocyanine
deposited on a NESA conducting glass substrate (nb. no
polarity dependence) (from ref. 47)
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CHAPTER 5

EXPERIMENTAL TECHNIQUES

5.1 Introduction

In this chapter the details of device fabrication and the techniques
subsequently used to characterise the devices are described, Details of
the semiconductor materials used are given first. This is followed by a
description of the stages in the fabrication of devices; these are
cleaning, ohmic contact formation, chemical polishing, LB film deposition
and electrode deposition. 1In the final section, the techniques and
equipment used for device characterisation are described.

5.2 Semiconductor Materials

The details of the semiconductor materials used in this work are
summarised in Table 5.1. The majority of the compound semiconductor
samples were supplied by the SERC Central Facility for 3-5 Semiconductors
in the Department of Electronics and Electrical Engineering of the
University of Sheffield. Epilayer thicknesses and carrier concentrations
were measured using a mercury probe C-V profiler/plotter. Layers grown
by 1liquid phase epitaxy are known to be of nonuniform thickness,
therefore these figures are only approximate. All LPE samples possessed
some visible surface features (e.g. meniscus lines), but these did not
appear to cause any problems with device fabrication or measurement,
Single crystal GaAs wafers, polished on one side, were obtained from MCP
Electronics ple. The 2" wafer of epitaxially grown silicon was kindly
supplied by Dr. M. J. Morant of the University of Durham. The materials
supplied in wafer form were too large for convenient handling, therefore
they were scribed and broken into convenient sized pieces for device

fabrication,
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5.3 Device Fabrication

There are four main stages in the preparation cof
Metal-Insulator-Semiconductor devices. Firstly, an ohmic contact must be
made to the semiconductor substrate. Secondly, the semiconductor surface
must be treated to make it suitable for the deposition (or growth) of the
insulating layer. The insulator is then deposited, in this case using
the Langmuir-Blodgett technique. Finally, metal contacts must be
deposited onto the insulating film. These stages and the pre-preparation
cleaning procedure are described in this section.

5.3.1 Cleaning

This first stage in the preparation of devices is tc remcve any
organic contamination or particulates from the semiconductor surface.
This was done by refluxing in organic solvents, using Soxhlet extraction
apparatus., Samples were placed iIn clean glass extraction thimbles and
refluxed in trichloroethane (BDH 'analar' grade) for several hours. This
was followed by refluxing for a similar period in isopropyl alcohol (BDH
'analar' grade). Care was taken when removing samples from the solvent
in order to minimise recontamination. This procedure was carried out

immediately before chemically polishing or forming ohmic contacts to

samples.

5.3.2 Ohmic Contacts

Many techniques have been used to make ohmic contact to
semiconductors(l’z). For the devices described in this work relatively
simple techniques could be employed due to the 1large area of the
contacts. For the compound semiconductors the samples were cleaned (as
described above), then preformed soft metal contacts were placed on the
unpolished back surface of the semiconductor. For n-type material indium
wire (99.999%7) was used for this. In the case of p-type material an

alloy of indium with 57 zinc by weight was used. At least two separate

contacts were made on each sample to enable the contact resistance to be
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tested. Contacts to both n-type and p-type material were alloyed at a
temperature of 300 °C for 5 minutes under flowing dry nitrogen. Contacts
produced by this method consistently possessed low resistance ohmic
characteristics,

A more complicated procedure was used for silicon samples. They
were first cleaned and then treated with hydrofluoric acid (407) as
described in section 5.3.3. The samples were then mounted on a metal
shadow mask to allow two separate contact areas to be evaporated. The
evaporation was performed in an Edwards 306 vacuum coating system at a
pressure of < 2 x lO_6 torr. The contacts to the p-type back face of the
silicon were made by thermally evaporating aluminium (99.9997) from a
tungsten filament to a thickness of &~ 50 nm, The contacts were annealed
at 300°C for 5 minutes in flowing dry mnitrogen, producing a 1low
resistance ohmic contact.

5.3.3 Chemical Polishing

To prepare semiconductor surfaces free from contamination and damage
it is usually necessary to use a chemical polishing treatment. A great
variety of different chemical compositions have been reported(3’4’5).
Chemical polishing is often sensitive to the exact conditions used and
this may critically affect the quality of the surface finish., Several
polishing solutions for compound semiconductors were tried during this
work. Treatments discarded due to poor polishing or because they
resulted in non ideal Schottky diode characteristics included:~ sulphuric
acid: hydrogen peroxide: water (SHH), sodium hydroxide: hydrogen
peroxide: water, and aqueous citric acid solutioms.

The polishing treatment finally adopted for GaAs consisted of a

bromine/methanol solution, which was followed by a concentrated

hydrochloric acid rinse. The 1:2000 (by volume) bromine/methanol mixture
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was always freshly prepared and had an expected etching rate of =~

(6)

.1lp/minute for a (100) surface. This polish is known to leave an

oxide layer on the GaAs surface, therefore a concentrated hydrochloric
acid rinse was used to remove this layer(7), The effects of omitting
this stage are discussed in section 6.3.1. The quality of the polished
surface was found to be critically dependent on the cleanliness of
apparatus used. All glassware was cleaned before use by thoroughly
rinsing with chromic acid, deionized water, and finally methanol. Before
polishing the sample, the ohmic contacts were protected by a coating of
'lacomit' to prevent chemical attack. Samples were polished for 1 minute
in the bromine/methanol mixture; pclishing was stopped by flooding with
methanol. The samples were then immersed in conc. HC1l for 5 minutes,
rinsed in methanol and finally dried between clean filter papers. A
similar treatment was used for GalnAs, however in this case the bromine
concentration was ,27 by volume. The concentrated hydrochleric acid
rinse was omitted because it attacks indium based materials.

A simple surface preparation was used for silicon samples. The
treatment comprised a 1 minute immersion in 407 hydrofluoric acid,
followed by a thorough rinse in deionised water; samples were dried
between filter papers. This treatment removes any oxide layer without
etching the silicon(B), and the resulting hydrophobic surface is very
suitable for the deposition of LB films. Hydrofluoric acid is highly
corrosive and toxic, therefore its use was restricted to within a

specially designed fume cupboard.

5.3.4 LB Film Deposition

Deposition of the first monomolecular layer onto semiconductor
substrates was performed as soon as possible after the etching procedure

had been completed; in all cases this was less than 30 minutes., Large
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samples could be clamped to the dipping head for film deposition.
However it proved easier to dip small samples if they were first mounted
on clean 'chance select' microscope slides using 'lacomit'. This enabled
the whole of the sample to be ccated with the LB film. Before use slides
were cleaned by ultrasonic agitation in 'Decon 90' detergent (Al0% by
volume), followed by two deionised water rinses and they were finally
refluxed in isopropyl alcohol. After LB film deposition had been
completed, samples were desiccated in a low pressure dry nitrogen
atmosphere for two days before top contacts were deposited. This has
been found necessary to ensure consistency between samples. The
procedure for LB film depcsition was outlined in section 4.2.1, Details
are given here of the specific deposition conditions for the £film
materials used in this work.

w-Tricosenoic Acid

For w-tricosenoic acid the subphase pH was adjusted to 5.5 (¥ .1) at
a temperature of 18 (#2)°C. No cadmium was added to the subphase. 1In
all cases the pressure-area isotherm was obtained before dipping
commenced (fig. 5.1); this gives an 1indication of the film quality.
During dipping the surface pressure was maintained at 37 mNm_l.
w-Tricosencic acid films wundergo an ageing process on the water

(8)

surface Therefore the first monolayer was deposited using a freshly
spread film, less than 1 hour old, at a dipping speed of ~n 1 mm/minute.
After the first insertion into and withdrawal from the subphase, the
sample was allowed to dry for at least 30 minutes. This is known to
improve thé deposition of subsequent layers. A freshly spread monolayer

was used for depositing these layers and a higher dipping speed of

~3mm/minute was used.
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Figure 5.2 shows the dipping record for an etched GaAs sample. The
surface pressure and area are plotted as a function of time, enabling the
dipping pressure to be monitored. Deposition does not occur during the
first insertion into the subphase. The first monolayer is deposited
during the first withdrawal. Subsequent lavers are deposited during both
insertion and withdrawal, producing a Y type film. GalnAs samples showed
similar behaviour to GaAs during dipping. The behaviour of hydrofluoric
acid treated silicon was rather different because the highly hydrophobic
surface allows a monolayer to be deposited during the first insertion.
Deposition then occurs in both directions and again a Y type film is
produced.

Phthalocyanines

Two different phthalocyanines were used in this work and the
structure of one, CuPc has been shown in fig. 4.12. The other,
tetra-4-tert-butyl phthalocyaninatosilicon dichloride (SiPc), is shown in
fig. 5.3. Similar deposition conditions were used for both these
materials. The subphase pH was adjusted to R' 7 at 18 (*2)°C. For
.dipping a surface pressure of 30 mNm—1 was used and the dipping speed was
2.5 mm/minute. These films are deposited only during withdrawal (Z
type), however due to the rigidity of these Langmuir films some partial
pickup also occurs during insertion. This undesirable behaviour can be
minimised by releasing the surface pressure during insertion. In this
case the solid substrate passes through the expanded film and little
material transfer occurs. The film 1is then recompressed for the
subsequent withdrawal/deposition, and the process is repeated until the

required film thickness has been built up.
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5.3.5 Electrode Deposition

The final stage in the preparation of Schottky barriers or MIS
devices is the deposition of metal top contacts. The most common method
used is thermal evaporation of the desired metal in a high vacuum. This
has proved satisfactory for LB film MIS devices, providing care is taken
to avoid damage to the delicate, low melting point, LB film. An Edwards
306 01l diffusion pumped vacuum coating system, with an ultimate vacuum
of § 1 x 10-7 torr, was used, To define the electrode area samples were
mounted on a metal shadow mask. The electrode material, usually gold
(99.999%), was evaporated from an electrically heated molybdenum boat at
a pressure of g 2 x 10_6 torr. The rate of evaporation was monitored
using a quartz crystal film thickness monitor.

To avoid damaging the LB film the metal was evaporated in stages,
and the evaporator and sample were allowed to cool between stages. This
technique has been found to be preferable to evaporating onto a cooled
substrate, because the latter method can cause electrode cracking due to

)

the mismatch 1in thermal expansion coefficients The metal was
deposited in stages of é 2 nm thickness, at a rate of § 0.02 nm s—l; the
interval between stages was approximately 20 minutes. The total
thickness of the evaporated electrode was usually in the range 15-25 nm,
with the former value being close to the minimum required to ensure a
continuous metal film. A photograph of a completed device is shown in

fig. 5.4.

5.4 Device Characterisation

This section describes the electrical, photoelectric and gas
sensitivity characterisation of the devices studied in this work. 1In all
cases care was taken to ensure that representative and repeatable

results were obtained. Each sample was examined to ensure that
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characteristics were consistent between contacts; this was usually done
by measuring the currents at selected bias voltages. Many measurements
could be performed in air, but vacuum or an inert gas ambient was used
when necessary; in addition, samples were stored under a low pressure of
dry nitrogen in order to minimise any degradation due to oxidation or
water absorption.

5.4,1 Electrical Measurements

These were performed with the samples mounted in a shielded, light
tight, chamber or a cryostat. The custom made shielded chambers (fig.
5.5) were gas tight and could be evacuated or filled with gaseous
ambients. Trays containing silica gel desiccant were used to provide a
dry atmosphere inside the chambers. Windows or an optical fibre light
pipe permitted illumination of samples. For measurements at low
temperatures an Oxford Instruments DN 704 liquid nitrogen exchange gas
cryostat was used (fig. 5.6). An Oxford Instruments DTC2 temperature
controller enabled the temperature to be controlled to a precision of 1K
between 77K and 350K.

Samples were attached to small brass blocks using conducting silver
paste; this made electrical connection to the ohmic contacts on the back
of the samples and also enabled them to be securely mounted inside the
shielded chambers. Contact to top electrodes was made using a gold ball
formed on a thin gold wire, which was attached to a micromanipulator.
For use 1in the «cryostat, samples were affixed ‘to mica sheets.
Unfortunately, in this case problems were encountered in making
satisfactory electrical connections to the sample. Due to the stresses
imposed by thermal cycling a light pressure contact using a gold ball was
not suitable; heavier pressure contacts would damage the LB film.

Connection could be made using thin wire and silver paste, but it was
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difficult to avoid damaging the LB film, especially if it was thicker
than one monolayer. To ensure no degradation had occurred, the
characteristics were measured before and after the paste contact was
made. Further measurements were only carried out if no change had
occurred.

For DC current-voltage measurements, a Time FElectronics 2003s
voltage calibrator or a Keithley 241 regulated high voltage PSU was used
to supply the bias. The current was measured using Keithley 410A or 414
picoammeters. When currents above 10 mA were to be measured a Fluke
8060A DMM was used. To ensure that steady state values were recorded the
current was monitored on a chart recorder. For measurement of MISS
structures a series resistance was inserted using a resistance box and
the voltage across the sample was measured using a DMM. TLow frequency
I-V characteristics of MISS devices were examined on a Tektronix 575
transistor curve tracer., Capacitance-voltage measurements were performed
using a Boonton Electronics 72BD digital capacitance meter, in
conjunction with the voltage sources mentioned above.

One shielded chamber was modified to allow two 10:1 oscilloscope
probes and a series resistor to be mounted internally (fig. 5.7). This
was necessary to allow pulsed measurements of MISS device characteristics
to be performed (the probes minimise the capacitive loading, which limits
the rise time). A Phillips PM5716 50 MHz pulse generator and a Hitachi
V-203F 20MHz oscilloscope were used for these measurements.

5.4,2 Photoelectric Measurements

Two types of photoelectric measurement were performed in this work.
The first of these, the Fowler Plot technique, wuses sub-bandgap
monochromatic illumination to determine the barrier height of a Schottky

contact. A Bausch and Lomb 33-86-02 monochromator and a high intensity
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tungsten source supplied the required i1llumination. A long wavelength
pass filter was used to remove any higher order reflection from the
grating. The output of the monochromator was either directed onto
samples mounted in the cryostat, or focussed into the optical fibre light
pipe to illuminate devices mounted in the shielded chamber. The
illumination was calibrated using an Oriel 7102 thermopile detector and a
Keithley 181 nanovoltmeter. Photocurrents were measured using
synchronous detection in order to improve the resolution. The light was
mechanically chopped and the photocurrent was detected by an ORTEC
Brookdeal 9502 Ortholoc lock-in-amplifier.

In the second kind of photoelectric measurement, the current-voltage
characteristics were examined under white light illumination. This was
provided by a 60 W incandescent tungsten lamp. These measurements were
not intended to investigate solar conversion devices, but were used to
examine minority carrier transport in MIS devices (see section 6.4).

5.4.3 Gas Sensor Measurements

These measurements were performed using a small stainless steel

chamber, because the gas used, NO is corrosive and toxic. This chamber

2*
was connected to a Signal 852 gas blender using stainless steel pipework
and valves, as shown in fig., 5.8. The system exhausted via a fume
cupboard and could be evacuated using a rotary pump. The calibrated gas
blender allowed a mixture of two gases, in the range 0.017 to 1007, to be
obtained. The sample chamber was flushed with pure carrier gas
(nitrogen) before admitting the gas mixture. The electrical

characteristics of devices could be continuously monitored during this

process, which allowed the size and speed of response to be determined.



TABLE 5,1 SEMICONDUCTOR MATERIALS
Growth Epilayer Epilayer Substrate_
Material Technique Type Orientation Doping/cm 3 Thickness/um | Doping/cm Size Supplier
Gahs LPE nonn (100) 0.7-10x10"> 45 ~ 1018 .5-1 cm?® | Sheffield
+ 15 18 2
GaAs LPE n on p (100) 0.3-8x10 2-5 ~ 10 .5-1 cm Sheffield
GaAs LPE ponp (100) 1-4x10%° 10 a1018 .5-1 cm? Sheffield
+ 15 18 2
GaAs LPE P onn (100) 2-15x10 3-10 10 .5~1 cm Sheffield
MCP
GaAs Horizontal n (100) 3x1016 A 2" Electronics
Bridgeman
ple
Ga 4710 53he LPE nonn (100) 2-6x101° 3 2x108 .5-1 cm® | Sheffield
on InP
+ 15 ”
Si n on p (111) 1x10 4.3 2" diameter
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Dipping record for a GaAs sample being coated with an
w-tricosenoic acid LB film. The surface pressure and the
area of the film are plotted against time. During the
first 1insertion through the film (1) no material 1is
deposited, but a monolayer 1s deposited upon withdrawal
(2). A fresh Langmuir film was spread for the deposition
of subsequent layers, which occurs during both insertions
(odd numbers) and withdrawals (even numbers). The pickup
ratio was 9557 (= the ratio of film area lost to the
surface area of the sample).






(T T e —wweew

MANIPULATOR

e/ i |

1 7

—

LEAD.
THRO

[ I == I = |

) /

SILICA GEL

TN

Figure 5.5 Schematic diagram of one of the shielded chambers used

during electrical characterisation. The chamber is both
gas and light tight.



'0' RING SEALED
SAMPLE ACCESS PORT

A
i

COMBINED EvACUAT[
AND SAFETY vaLyg o
/ FOR SAMPLE SpACE

TOP PLATE INCLUDING
YACUUM VALVE ELECTRICAL
CONNECTOR AND LNp Flit AND EXHAUST,

L

////’”“’—”
. 1 e 100mm
AT DIAMETER
363m LIQUID NITROGEN
L~ RESERVOIR
A
HEAT EXCHAMGER AND
’ | TEMPERATURE SENSOR
g e
CHARCOAL
GETTER
SAMPLE SPACE
133mn
WINDOWS
43m §F
{
[ 79%m
Figure 5.6 Schematic diagram of an Oxford Instruments DN704 exchange

gas cryostat, Helium is used as the exchange gas to
ensure good thermal coupling between the sample and the
1iquid nitrogen cooled heat exchanger.



SKIELDED CHANBER

Ja
PULSE AN 10:1 PROBE N OSCILLOSCOPE
CENERATOR g . | ]
. —
R =
o
—1 10:t PROBE 22— osuLioscore
Hiss
DIODE
=
Figure 5.7 Schematic diagram of the circuit layout used to perform
pulse measurements on MISS diodes.
N, SIGNAL
GAS-TIGHT
NO. v N 152 GAS CHAMBER
AN Ny BLENDER
1000 v.p.m.

EXHAUST ——— —(X)—
ROTARY PUP ——(X)

Figure 5.8 Schematic diagram showing the essential features of the
apparatus used for experiments involving exposure of

devices to N02 ambients.




- 79 -

CHAPTER 6

RESULTS AND DISCUSSION

SCHOTTKY BARRIER AND MIS DIODES

6.1 Introduction

Three quarters of this chapter are devoted to the study of GaAs
Schottky barriers and metal-thin-insulator-semiconductor diodes
incorporating LB films. The main objective of this investigation is to
provide a foundation of knowledge which could be used to underpin the
work on MISS devices, which are described in chapter 7. It is obviously
important to understand the behaviour of MIS diodes because of the
crucial role they play in the operation of the MISS structure (see
chapter 3). However, we commence with a study of Schottky barriers,
since this provides useful information about the GaAs surface. Perhaps
most significantly, we can use them to determine the effects of the LB
film deposition process on the semiconductor. This information aids the
investigation of LB film MIS devices and helps to clarify the role of the
LB film. In the final quarter of +this chapter we consider
Ga.471n.53As/LB film MIS devices. This ternary semiconductor has very
desirable transport properties and offers the promise of very high speed
operation, One of the principle technological limitations of this
material 1is the very 1low barrier height of Schottky contacts; this
prevents the fabrication of practical MESFETs because the gates would be
too 'leaky'. By replacing the Schottky gate with a thin MIS diode the
reverse leakage current can be substantially reduced, which will allow
practical devices to be produced.

6.2 Near-Ideal GaAs Schottky Barriers

In this section we describe  the characteristics of near-ideal

Au-GaAs Schottky barriers on both n-type and p-type material. These
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diodes can be regarded as a benchmark to which other diodes can be
compared. In addition, it is instructive to compare the results obtained
with previous reports of Schottky diode behaviour, as this allows the
quality of sample preparation to be assessed.

6.2.1 n-type GaAs

Small pieces of GaAs, cleaved from bulk n-type wafers, were prepared
as described in section 5.3. The thermally evaporated gold top
electrodes were of 450 nm thickness and of 1.3 mm diameter. The devices
were electrically characterised over a temperature range of 150 - 350 K.
Room temperature photoresponcse measurements were also used to determine
the barrier height.

Current-Voltage Characteristics

Typical room temperature log J vs. V behaviour, for both forward and
reverse bias, is shown in fig. 6.1l. The forward bias characteristic is
linear over more than 5 decades of current, with an ideality factor of
Al.06. At low forward bias there is an excess current; this is probably
due to recombination in the depletion region (see section 2.3.1). If the
Richardson constant is assumed to equal the theoretical value of A* = §

A cm"2 K‘Z’ then the effective barrier height (¢e = ¢b - A %ﬂ) is .86eV,
as calculated from the intercept on the current axis,

Forward bias measurements were performed over the temperature range
150-350K. The results are given in fig. 6.2 and table 6.1. The
characteristics remain linear over the whole temperature range, except
for the excess current at low bilas; this becomes more significant at low
temperatures, as would be expected from the temperature dependences of
thermionic emission and recombination currents (see section 2,3.1)., The

ideality factor remains small down to 190K, and the effective barrier

*
height remains constant, with a value of .839 * ,006eV (assuming A = 8
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-2 -2 i AP . . .
Acm K “). Below 190K a significant increase in ideality factor occurs
and the barrier height appears to decrease. One possible cause of this
is the onset of thermionic-field emission. Padovani and Stratton derived

(1),

an approximate upper Jimit for the thermionic-field emission regime 3

this can be written as

2
Vv, - E'EOO. cosh™ (E, /kT) (6.1)

2 i 3
2 sinh (Eoo/kT)

where

1
E,oo- O Na (6.2)

2 m* >

16

The doping density of the n-type GaAs, N is 3 x 10 cm—3, giving Eoo =

4’
3.4 meV, This limit is plotted in fig. 6.3 for a diffusion voltage, Vd,
of .8 volts. Comparison with fig., 6.2 shows that at the two lowest
temperatures the characteristics encroach upon the thermionic-field
emission regime. Therefore, the increase in ideality factor, n, and the
apparent reduction in barrier height that occurs below 190K can be
confidently ascribed to the effects of thermionic-field emission. The
activation energy plot for this Schottky barrier is shown in fig. 6.4. A
good straight 1line fit is obtained, except at low temperature (see
above). The slope yields an effective barrier height (¢e) of .839 ¢
.005eV, and the intercept on the vertical axis (at 1n A*) gives a
Richardson constant of A* =9 +5A cm_2 K—z.
Capacitance

The reciprocal of capacitance squared (at 1 MHz) is plotted against

bias in fig. 6.5. The linear relationship expected from theory (see

section 2.3.2) is not observed, instead a curve with a downwards facing
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concavity is obtained. Borrego et al(z) have observed a 1/C2

characteristic with a change in slope occurring at approximately 1.3
volts for Au-n-GaAs Schottky diodes. This was attributed to the
uncovering of a deep trap level, which lies between .9 and 1.2eV below
the c.b.m. However this does not give a good {it to the data in fig.

6.5. Pellegrini and Salardi assumed that the 'effective' dielectric

constant is a function of the electric field(B). They proposed that this

nonlinear dielectric susceptibility is due to the lack of inversion

symmetry in GaAs and to imperfections of the lattice. Their model yields
c = C, + C (6.3)

where Cd is the depletion region capacitance (equation 2.33) and CO is a
constant 'excess capacitance', C0 can be obtained from the intercept of

-1
a graph of capacitance vs., (V, - V) * (fig. 6.6). Taking V

= ., V
do 8 V, we

do
obtain CO = 4600 pF cm—z. If we now plot (C - Co)_2 against bias (fig.

6.5) we obtain the expected straight line. This gives an intercept on

the voltage axis (= V - kT/q) at .78 V, therefore the (zero bias)

do

diffusion voltage VdO = ,805 * .01 V. The doping density, calculated
from the slope of this line, is Nd = 3.9 x lO16 cm—3, which is close to

the quoted value of 3 x 1016 cm—3.

Photoresponse

The photoresponse was measured using monochromatic illumination,
chopped at 106 Hz, covering a wavelength range of .9 to 1.6 um. The
Fowler function ([photoresponse/applied photon]%) is plotted against
photon energy in fig. 6.7. The expected linear dependence (see section
2.3.3) 1is observed over the energy range between ¢b and Eg. The

intercept yields an effective barrier height, ¢e’ of .800 % .005 eV.
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Discussion

To permit comparison of the above results, the true barrier height,
¢b, must be calculated from either the effective barrier height (¢e = ¢b
-4 ¢bi) or the diffusion voltage (vdo = ¢b -%). The doping density and
diffusion voltage obtained from the capacitive measurements (Nd = 3.9 x
016 -1

cm and V = .805 V) can be inserted into equation 2.10, yielding

1 do

an image force lowering, A dﬁi’ of .03 eV. From the doping density, the
energy of the Fermi level below the c.b.m., §, can be calculated to be
.06 eV. We can now calculate the true barrier height as determined from
the various measurement techniques; these results are shown in table 6.2.
The values of barrier height lie within a range of .04 eV. Although this
is slightly larger than the experimental errors, the agreement is quite
good when the approximations of the theoretical models are taken into
account. However, the room temperature results agree with the activation
energy result (which should give the zero temperature barrier height);
this appears to indicate that the temperature dependence of ¢b is
unexpectedly small.

The Richardson constant, as measured from the activation energy
plot, is 9 * 5 A cm'_2 K_z, which 1s in excellent agreement with the
theoretical value (8 A crn_2 K—Z). This shows that any X%G term due to
tunnelling through an interfacial layer (equation 2.39) is negligible,
demonstrating that these diodes are near-ideal as defined in section 2.3
(i.e. the interfacial layer, if present, offers no impediment to carrier
transport). The barrier height of these diodes is .85 * .02eV; reported

(4

values of ¢b for Au-n-GaAs range between .80 and 1.03 eV Adams and

(5)

Pruniaux have shown that the treatment with concentrated hydrochloric

acid followed by a methanol rinse (as used here) produces a very thin
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surface film (v 1.3 nm). The same authors alsoc reported a very similar
Au-n-CaAs barrier height (.83 eV) for Schottky diodes equivalent to those
described in this section(6).

6.2.2 p-type GaAs

Gold Schottky barriers were prepared on LPE p on p1 GaAs samples,
again using the procedure described in section 5.3. The room temperature
current-voltage characteristics are shown in fig. 6.8 (on semilogarithmic
axes) and fig, 6.9. The forward log J vs. V characteristic is nonlinear
because the low barrier height makes the voltage drop across the series
resistance significant. The series resistance was less than 5 Q; the
dashed straight line shown in fig. 6.8 was obtained by assuming a series
resistance of 4.5 Q. The ideality factor, n, for this line was 1.05 and
the effective barrier height was calculated to be .50 * .leV (assuming A*
=75 A em 2 K2,

The plot of reciprocal capacitance squared against bias yields a
straight line (fig. 6.10), in contrast to the curve obtained for the
n-type diodes discussed in section 6.2.1. This difference may be due to
the lower defect density of this high purity LPE grown material. The

15 -3
cm T

b

doping density determined from the slope of the line is 2.3 x 10

015 -3

this 1is comparable to the supplied value of 1-2 x 1 cm . The

intercept on the voltage axis yields a diffusion voltage, V of ,305 #*

do’
.01 V. The energy of the Fermi level below the v.b.m., as calculated
from the measured doping density, is .203 eV. Therefore the barrier
height obtained from the capacitance measurement is oy = .51 = .01 eV.

In order to measure the photoresponse of these contacts it was
necessary to cool the sample to 200K, using the exchange gas cryostat, to

increase the impedance of these diodes. A wavelength range of .90 to

1.60 pm was covered, and the light was chopped at a frequency of 300Hz.
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The resulting Fowler plot is shown in fig. 6.11. The measured effective

barrier height, ¢e, is .49 * .01 eV,

Using the values of doping density and diffusion potential measured
above (Na = 2.3 x 1015 cm—B, Vdo = ,305 V), the calculated image force
lowering is A ¢bi = ,012 eV, Table 6.3 gives the barrier heights
calculated from this and the above data. These results are reasonably
consistent with those reported for the Au-n-GaAs diodes in section 6.2.1,
This demonstrates still more conclusively that Schottky diodes, prepared

as described in section 5.3, are truly near-ideal.

6.3 Non-Ideal GaAs Schottky Barriers

It is comparatively simple to fabricate non-ideal diodes, in fact
great care was needed in all the stages of the preparation if consistent
near-ideal characteristics (as described in section 6.2) were to be
obtained. We begin this section by discussing non-ideal diodes, which
were produced by changing the fabrication procedures described in section
5.3. Samples were also subjected to a simulated LB film deposition
process, in which no LB film layer was deposited. Schottky diodes were
then fabricated on these samples, and their characteristics are discussed
in the second part of this section. This procedure allows some of the
effects of the LB film deposition process on the GaAs surface to be
deduced.

6.3.1 Effects of Chemical Preparation

The forward bias characteristic of a typical non-ideal diode 1is
shown in fig. 6.12. This diode was prepared by chemical polishing in
bromine/methanol (1:2000 by volume), followed by a methanol rinse.
Comparison with the near-ideal behaviour described in section 6.2.1 shows
a decrease in current by several orders of magnitude at high bias, with

an increased ideality factor (n > 1.1). At low bias a large deviation
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from the exponential characteristic occurs, this is due to an ‘'excess
current', The high bias characteristic dindicates that a substantial
interfacial layer is present between metal and semiconductor. Tunnelling
through this layer reduces the magnitude of the current, and the
potential drop across the layer causes the increase in ideality factor
(see csection 2.4.1). An 'excess current', at low bias, 1is frequently
observed in metal - tunnel insulator - semiconductor diodes. This may be
due to conduction band electrons recombining into surface states and then
tunnelling into the metal, as proposed by Kumar and Dahlke(7).

The above results demonstrate the importance of the HCl treatment in
producing comparatively oxide free GaAs surfaces, although use of a
stronger Br/methanol solution (without the HCl treatment) could produce
near-ideal behaviour. Several other chemical polishes were briefly
evaluated. The common SHH polish (conc. H2804 : 307 H202 : HZO) was
tried in 4:1:1 and 10:1:1 volume ratios. Near-ideal characteristics
could be obtained, but the results were a little inconsistent. A three
stage procedure which was claimed to leave < 1lnm of oxide was tried; it
consisted of a 4:1:1 SHH polish, followed by a 407 hydrofluoric acid

(8)

rinse and a final 1:1 NaOH (molar) : H202 (.76 molar) polish However
non-ideal diodes were produced, with similar characteristics to those
described above. The final polish studied was composed of 10 parts to 1
of 507 (by weight) citric acid solution and 307 Hzoz(g);
diodes were obtained. It was concluded that the Br/methanol - HC1

again non-ideal

treatment (described in section 5.3.3) was most suitable for this work
because it consistently produced a relatively oxide free surface.

6.3.2 Effects of the LB Film Deposition Process

During the LB film deposition process the sample is exposed to the

atmosphere for several minutes and then immersed in water for ten or more
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minutes, before the first monolayer is picked up on withdrawal. It is by
no means obvious that this process will not affect the surface of the
semiconductor. This may be especially true for GaAs, as it has been
reported that water oxidises this material(s’lo)b In order to examine
these effects several Schottky barrier samples were prepared on n-type
GaAs, which were exposed to conditions intended to simulate various
stages of the dipping process. The samples were prepared together, using
the standard Br/methanol - HCL treatment, and were processed as follows:-

(a) kept under methanol for 20 minutes, blown dry with nitrogen.

(b) left in air for 20 minutes,

(c) left in air for 15 minutes, then immersed in 'millipore' water

for 5 minutes, blown dry with nitrogen.
(d) 1left in air for 10 minutes, immersed in 'millipore' water for
10 minutes, blown dry with nitrogen.

Gold top electrodes were simultaneously evaporated onto all four samples.

The forward and reverse ln J vs. bias and the 1/C? characteristics
of diodes (a) to (d) are shown in fig. 6.13 and 6.14 respectively.
Device (a) has current-voltage characteristics similar to those of
near-ideal Schottky barriers, although the magnitude of the current is
reduced by a little less than a decade. The capacitance data must be
interpreted with care because there may be significant doping density
variations between samples (despite the fact that they were all taken
from the same wafer). However, it can be seen that the intercept of the
1/C* plot of device (a) is larger than that for the near ideal case.
This data could be interpreted in terms of a small increase in barrier
height, but it is perhaps more probable that a thin oxide layer grew on
the GaAs surface before electrode deposition. However, it should be

emphasised that these effects are relatively minor ones.
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Device (b) presents a rather less ideal I-V characteristic. The
ideality factor has increased to 1.1, and the forward current has fallen
by two orders of magnitude. This has revealed a more extensive 'excess
current' region, at low bias, than that observed in near-ideal diodes.
The magnitude of the 'excess current' has not increased, as can be seen
in the reverse characteristic, therefore it is probably caused by the
same mechanism as before, i.e. recombination in the depletion region (see
sections 2.3.1 and 6.2.1). The intercept of the 1/C? plot has also
increased significantly. This, together with the J-V characteristic,
strongly indicates the presence of an interfacial layer. Reported
measurements indicate that this is probably of approximately 2 nm
thickness(s).

The characteristics of devices (c¢) and (d) were very similar, and
will be considered together, The immersion in ultra-pure water has had a
pronounced effect on the log J vs. V behaviour. At high forward bias
(>.5v) the current still seems to be controlled by thermionic emission
and tunnelling through the interfacial layer, with an ideality factor of
<1.5 . However, the reverse current and the 'excess current' at low
forward bias have both increased significantly. The slope of the low
forward bias characteristic (n~2) suggests that the 'excess current' is
due to recombination (c.f. section 2.3.1). This change could be
explained by an increase in barrier height, which would increase the
minority carrier concentration in the depletion region. However the
change could also be caused by an increased interface state density; this
would allow electrons to recombine into these states and then tunnel into
the metal(7) (c.f. section 6.3.1). The latter explanation seems more
probable, because the 'excess current' increased for a longer immersion.
loreover, the intercept on the current axis (extrapolated from the high

forward bias region) was larger for the longer immersion, implying that
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the barrier height may even have decreased slightly., The difference in
ideality factor between diodes (c) and (d) could also be explained by a
difference in interface state densities, However, the differences
between these samples are quite small (although they are significant).
Consequently, it may be expected that a longer immersion in water would
only cause minor changes 1in the characteristic, The non-ideal
current-voltage results and the relatively large intercepts from the 1/C?
vs. bias plots again indicate that a significant interfacial layer has
formed. Reported data suggest that this layer may be of the order of 2.5
nm thickness(S).

This investigation, although yielding litele quantitative
information, has given a valuable qualitative insight into the effects on
the GaAs surface of the dipping process. It has demonstrated that
immersion in the ultra-pure water used in the Langmuir trough allows the
growth of a thin oxide layer. 1In addition, the surface state density at
the semiconductor surface is probably increased. Roberts et al have
reported that w-TA LB films can effectively seal silicon surfaces against
atmospheric attack(ll). Therefore it 1s expected that once the first
monolayer has been deposited then the GaAs surface is largely protected
against further oxidation. Thus it 1is reasonable to assume that in
devices coated with LB films the GaAs surface 1is similar to that of
diodes (¢) and (d). These results can therefore be compared with those
of devices incorporating LB films, and this allows the contribution of

the LB film to be assessed.

6.4 GaAs/LB film MIS Diodes

In this section the characteristics of LB film MIS diodes on n-type
GaAs are described. The discussion is in two parts, the first describes

devices incorporating w-tricosenoic acid films and the remainder is
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concerned with those using phthalocyanine films. 'The latter are also

discussed in section 7.4.3, which describes the effects of exposure to

gaseous NO_ upon devices incorporating phthalocyanine films,

2

6.4.1 w-Tricosenoic Acid Devices

These devices were prepared by the method described in section 5.3,
and two slightly different device structures were fabricated. The first
type used large pieces of bulk n-type GaAs, which allowed the LB film to
be deposited in a 'step' structure having a sequence of film thicknesses
along the sample. This also left an undipped portion (referred to in
this text as 'O layers'), which must not be confused with an ideal
Schettky barrier. This area without a LB film was exposed for 48 hours
between etching and top contact evaporation (largely under dry nitrogen
in a desiccator). Only one film thickness was deposited on the smaller n
on n+ LPE samples. The results given are typical; variations between
contacts on any sample were small. However, varations between samples
prepared at different times were more significant, although still
relatively small. This is probably due to differences in the surface
oxide 1layers on the GaAs caused by slight wvariations in sample
preparation,

Electrical Characteristics

The In J vs. V characteristics of bulk n-type GaAs diodes
incorporating 0, 1, 3 and 5 monolayers of w-tricosenoic acid are shown in
fig. 6.15. The reverse bilas characteristics are omitted for clarity
(reverse currents at .5 V:- O layers = 5 x 10_8 A cm—z, 1l and 3 layers =

-9 -2 . -10 -2
2 x 107 A cm and 5 layers = 4 x 10 A cm 7). The O layer diode has
similar characteristics to those of the type (c) and (d) diodes discussed

in section 6.3.2 (fig. 6.13). The latter devices incorporate an oxide

layer which is believed to be similar to the one underneath the LB film,
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Therefore it is reasonable to assume that the differences between the 0
layer device and those incorporating LB films are due to the presence of
the organic layers. The diode incorporating one monolayer shows a drop
in the forward current of approximately two decades, together with a
reduction in slope at high bias. The three layer device exhibits a
further reduction in current and slope at high forward bias. However, at
low bias (< ,5V) the current is significantly greater than that of the 1
layer device; this was consistent across all contacts tested. The diode
incorporating 5 monolayers has similar characteristics to the 3 layer
device, but with a further small reduction in current density.

The current-voltage characteristics for a device incorporating 11
layers of w-TA, deposited on an epitaxial n-n+ GaAs wafer, are shown in
fig. 6.16. Comparison with the 5 layer diode described above (fig. 6.15)
reveals a reduction in current density, at high forward bias, of
approximately two decades. The current levels are similar for reverse
and low forward bias. Although the carrier concentration in this sample
is an order of magnitude less than that of the bulk GaAs, it is unlikely
that this has any significant effect on the I-V behaviour.

Plots of 1/C? against bias for the above bulk and epitaxial diodes
are shown is fig. 6.17 and fig. 6.18 respectively. 1In the former case we
find that the slope increases with LB film thickness and the intercept
remains roughly constant, The 0 layer characteristic appears to be
anomalous as it lies between those for 1 and 3 monolayers. The 11 layer
device exhibits a more complex behaviour, although this becomes linear at
large reverse bias., It is notable that in this latter case there is no
evidence of the curved characteristic always found for devices on bulk
n-type GaAs (eg. Fig. 6.5 and fig. 6.17). This indicates that the
defects which cause the curvature are either absent, or much reduced in

number, in the epitaxial material (see section 6.2.1).



Photoelectric measurements (in white light) on the bulk n-type
diodes yielded the results shown in fig. 6.19. As might be expected, the
short circuit current decreases as the LB film thickness is increased
from 1 to 5 monolayers. Again the O layer device behaves in an anomalous
fashion intermediate between that of the 1 and 3 layer diodes. The
degradation of the fill factor for increasing LB film thickness 1is
typical of the behaviour of MIS photodiodes.

Discussion

It is evident that current transport in the forward direction is
considerably influenced by the w-TA LB film, especially for high bias.
It is not unexpected that the effects are more significant for large
forward bias because this reduces the barrier to electron transport in
the semiconductor. Therefore, for far forward bias, the insulating LB
film becomes the limiting factor for current transport. For reverse bias
the diffusion potential can increase greatly (providing inversion does
not occur) and the semiconductor will support the majority of the bias
applied across the diode. We shall now discuss the data in detail and
will demonstrate that they do support these suppositions,

The continuous decrease 1in capacitance with increasing reverse bias
(fig. 6.17 and fig. 6.18) shows that the semiconductor surface is deeply
depleted at large reverse bias. To permit this the LB film must allow
minority carriers (holes) to pass from the semiconductor to the metal,.
This then prevents minority carriers at the surface from equilibrating
with the bulk of the semiconductor, thus giving rise to deep depletion.
The photoelectric data also show the LBfilmto bepartiallytransparent to
holes, since the short-circuit current represents a hole current from the
semiconductor to the metal. Petty et al have observed similar behaviour

(12)

for GaP/LB film MIS diodes They measured the short-circuit
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photocurrent and the electroluminescent efficiency, both of which depend
on hole transport through the insulator (although in opposite
directions). It was found that even relatively thick w-TA films, up to
approximately 13 monolayers (v 40 nm), were not impervious to minority
carriers.

It has not been possible to determine the mechanism of hole
transport in the LB film, however analysis of the forward bias
characteristics yields important information concerning electron
transport in the film. It is desirable to calculate the electric field,
E in the insulating layer, but this i1s difficult because the bias is
divided in a complex manner between the LB film and the semiconductor
depletion region. We can simplify this relationship by assuming that a
large enough forward bias has been applied to almost flatten the bands in
the semiconductor. Under this condition the potential across the film,

Vi’ is given by

V, =V -V -V (6.4)

where Vio is the potential across the insulator at zero bias. For GaAs

we can assume the diffusion potential, V is .8 volts, because of the

do’
Fermi level is pinned (c.f. the Schottky barrier case, section 6.2.1).
Consideration of the workfunctions of Au and GaAs suggests that Vio is

negligible. Therefore, for large forward bias, the potential across the

1B film is given by

Vi V- .8 (6.5)
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As has been discussed in section 4.2.2, high field conduction in
)
fatty acid LB films has been reported as being proportional to exp (Eﬂ).

This has been explained as being due to either Schottky emission or a

X

Poole-Frenkel mechanism. Fig. 6.20 shows In J plotted against Vi (=« E%)
for the diode incorporating 11 layers of u-TA (c.f. fig. 6.16). For
large forward bias the plot is linear, which is consistent with the above
mentioned conduction mechanisms. The dielectric constant of the LB film
can be calculated from the slope of this line; for the Schottky emission
case (equation 3.13) then Ei = .6 and assuming Poole-Frenkel conduction
(equation 3.16) then ¢, = 2.4, The dielectric constant of w-TA is

i
(13)

approximately 3 , which agrees approximately with the value calculated

by assuming Poole-Frenkel cconduction. For the devices with thinner LB
films the linear regions in In J vs. Vil/2 were less well defined and the
degree of agreement with the Poole-Frenkel mechanism was quite poor.
However in these cases the analysis is complicated by the presence of the
thin oxide 1layer (see section 6.3.2), which becomes increasingly
significant as the LB film thickness is reduced. Therefore the electron
conduction in these GaAs/LR film MIS diodes is probably controlled by the
Poole~Frenkel mechanism, for high forward bias.

We must also consider the apparently anomalous behaviour of the O
layer device. Both capacitive and photoelectric measurements reveal
behavicur intermediate between that of devices incorporating 1 and 3
monolayers of w-TA. Perhaps the simplest explanation is that the oxide
film in this region is considerably thicker than that in the area coated
with an LB film. Apother possibility is that fixed charge in the LB film
causes a small decrease in the band bending in the semiconductor. This

could account for the increased capacitance of the 1 monolayer LB film

diode (fig. 6.17). However this does not explain the photoelectric data,



- 95 -

as this would be expected to give rise to a smaller photocurrent in the
LB film covered regions (contrast to fig. 6.19). Therefore these
discrepancies appear to be due to differences in the thickness or
composition of the oxide layers in the two regions,

The characteristics of the GaAs/LB film MIS devices reported by

Tredgold and El—Badawy(la)

differ from those described in this section,
In particular their results for devices incorporating a monolayer are
more 'Schottky-like' than those described above (i.e. they correspond
more closely to the behaviour described in section 2.4). Although they
use stearic acid films, not w-TA, this is unlikely to be of significance
as the two materials have very similar properties. The major differences
between this work and that of the above authors is in the preparation of
the GaAs surface prior to LB film deposition. Tredgold and El-Badawy use
a treatment that results in an oxidised GaAs surface. This oxide layer
may differ from that which forms on our samples during LB film deposition
(see section 6.3.2), which 1is possibly the cause of the differences

between their work and ours.

6.4.2 CuPc Devices

Diodes 1incorporating 1, 2 and 4 monolayers of CuPc were fabricated
on bulk n-type GaAs (using a 'step structure' as described in section
6.4.1), Fig. 6.21 shows plots of 1In J vs. V for these devices; the
characteristic for the 4 layer device is not shown as it is very similar
to that of the 2 layer device. Variations in the characteristics of each
type of diode were reasonably small. At reverse and low forward bias the
characteristics are very similar. However at high forward bias there is
a distirct difference between the 1 monolayer diode and those
incorporating thicker films. These characteristics are not markedly

different from those of the w-TA devices shown in fig. 6.15; for a
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similar number of monolayers, the high forward bias currents are slightly
lower for the devices using CuPc films.

1/C?% vs. bias data for these diodes are shown in fig. 6.22. As for
devices incorporating w-TA films, the slope of the curve increases as the
film thickness is increased, with little change in the intercept. It is
interesting to note that the 4 layer device characteristic differs
significantly in slope from that of the 1 and 2 layer ones, whereas the
J-V results showed a difference in behaviour between the 1 layer diode
and that of those incorporating 2 and 4 layers. There does not appear to
be an obvious reason for these trends.

Perhaps the most intriguing data in this chapter are those shown in
fig. 6.23, the results of the photoelectric measurement of these CuPc/LB
film diodes. The one monolayer device shows the expected behaviour,
which is very similar to that of the device incorporating 1 layer of w-TA
(fig. 6.19). However, a completely different characteristic is found for
the 2 and 4 layer diodes. ©Normally, tc a first approximation, the
current in an illuminated diode can be expressed as the dark current plus
a constant photocurrent. Although the photocurrent is actually a weak
function of bias, and the two currents are not 1independent, the
variations from this simple behaviour are usually small. For the 2 and 4
monolayer CuPc MIS devices this 1s clearly not the case as the
photocurrent appears to increase greatly from forward to reverse bias,
This behaviour must be the result of a strong interaction between the
effects of illumination and the dark conduction processes,
Phthalocyanines are known to exhibit photovoltaic behaviour, and as the
optical absorption of CuPc LB films is measurable for even a single

(15)

monolaver , then this interesting effect may be due to the interaction

of competing processes in the semiconductor and the LB film. Although
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the mechanism is at present completely unknown, this interesting effect
may well merit further investigation.

6.5 GalnAs/LB film MIS Diodes

In the investigation of the quaternary semiconductor alloy InGaAsP
(grown lattice matched to TnP) it was found that the ternary limit of

Ga 47In 53As was the most attractive material for use in high speed

semiconductor devices(16’l7). Low field electron mobilities as high as
2.-1 -1 (18)
13,800 cm"V “s at 300K have been reported , and from this peak
7

(16)

electron velocities as high as 3.1 x 10" cm s—l have been predicted
However, fabrication of practical MESFETs on this material is not
possible, because of the very low barrier height of metal contacts to
n-type GalnAs. For example, the reported Au-n-GalnAs barrier height of

.2eV(19)

corresponds to a saturation current density (equivalent to the
gate leakage in a MESFET) of approximately 300 A cm—z at 300K, It 1is
possible to increase the apparent barrier height of Schottky contacts by

introducing a thin interfacial oxide 1ayer(20), and MESFETs with

'insulator assisted' Schottky gates have been reported(21’22).

This
final part of chapter 6 is concerned with GalnAs/LB film MIS diodes.
Devices were fabricated using two different chemical treatments of the
semiconductor surface, and monolayers of either w-TA or SiPc were used to

provide an insulating layer of tunnelling dimensions.

6.5.1 w-TA Devices

A different chemical polishing treatment from that described 1in
section 5,3.3 was used for the preparation of these GalnAs diodes. This
is because concentrated hydrochloric acid attacks 3-5 semiconductors
containing indium., A .27 bromine/methanol chemical polish was used for
most of the devices fabricated (type A). This treatment is known to

(23)

leave an oxide layer on the surface of both GaAs and InP Therefore
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some GalnAs MIS diodes were prepared using an additional rinse in
hydrofluoric acid (407%) in order to remove the oxide; these type B diodes
are described in the second half of this section. Apart from the changes
described above, the preparation of the two types of contact was
identical (and as described in section 5.3).

Type A Devices

The forward and reverse current-voltage characteristics of a typical
type A diode dincorporating a monolayer of w-TA are plotted (on
semilogarithmic axes) in fig., 6.24. The error bar shows the extent of
the variations between contacts on a sample., A linear region in forward
bias can be discerned, with an ideality factor of between 1.5 and 1.8;
the extent of this region 1is limited by the effects of the series
resistance. The value of Jo is approximately 6 x 10_5 A cm_z, more than
six orders of magnitude below the theoretical value for an ideal Schottky

(19,

barrier (¢b = ,2 eV This corresponds to an apparent barrier height
* -2 =2 * (24)

of . 57eV (taking A = 5 A cm K since m /m = .41 Y. The reverse
characteristic is quite soft, however a large reduction 1in reverse
leakage current has still been obtained.

The 1/C? vs. V characteristics are plotted in fig. 6.25, giving a
fairly good straight 1line. The doping density, calculated as for a
Schottky barrier (i.e. ignoring the effects of the interfacial layer) is

1.3 x lO17 cm—3. This 1s larger than the supplied figure of 6 x 1016

cm—3; the slope 1s therefore 1less than that for an ideal Schottky
barrier, indicating that the model developed by Fonash could be valid in
this case (see section 2.4.2)., The intercept at .66 volts is larger than
the apparent barrier height and much greater than that for an ideal

(19))_

Schottky barrier (where ¢b = .2 eV This 1s a strong indicatiocn

that the apparent barrier height does not correspond to a true barrier
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height (see section 2.3.3); this is to be expected as the thickness of
the interfacial layer is at least 3nm.

Forward bias characteristics were measured over the temperature
range 200-300K (fig. 6.26); the parameters determined from this are given
in table 6.4, The ideality factor is independent of temperature and has
a value of n = 1.73 + ,02. The apparent barrier height, calculated from
the intercept on the current axis, JO, decreases at lower temperatures.,
This again indicates that the true barrier height is not being measured.
If the tunnel MIS model of Card and Rhoderick(zs) is examined (see
section 2.4,1), it can be seen (from equation 2.39) that an activation
energy measurement (see section 2.3.3) should yield the true barrier
height, because the term exp (X%%) is constant. In this case the
intercept at 1/T = O has a value of 1n A" - X%G.

The activation energy diagram for a type A diode 1s shown in fig.
6.27. A reasonable straight line fit can be made to this data, which
yields a true barrier height of .18 eV. This is comparable to, but
slightly less than, the reported Schottky barrier height of .2 eV(lg).
The value of X%G is .15 eV%R; if we assume that the insulating layer
thickness is equal to that of a monolayer of TA (i.e. 3nm) then the
barrier to tunnelling, y, is approximately .25 eV. This is of a similar
magnitude to the values reported by Card and Rhoderick for Au—SiOz—Si

diodes(zs).

From their model (see section 2.4.1) the ideality factor, n,
is given by equation 2.40. Since the tunnelling layer is relatively
thick we will assume that all interface states equilibrate with the

semiconductor (i.e. DSa = 0), giving

(6.6)
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By taking appropriate values for doping density (6 x 10 cm 7)), film
thickness (3nm) and dielectric constant (ei = 3.0 eo\ we can calculate

/s

ch. For the observed range of n = 1.5 to 1.8, we obtain an interface

12 12 2 -1

state density, D ,, of between 1.8 x 107" and 3.4 x 10 cm eV

sb

The tunnel MIS diode model of Card and Rhoderick appears to provide
quite a good description of these GalnAs/w-TA devices. Using the model
to analyse the data yields reasonable values of barrier height (.18 eV),

tunnelling barrier, x (.25 eV) and interface state density (v 2.5 x 1012

cm2 eV—l). As the barrier height is little different from that of a
Schottky barrier, we can see that the substantial reduction in current
density achieved by the introduction of a monolayer of w-TA 1is due
solely to tunnelling through this layer. The small size of the barrier
height change also indicates that neither the effects of fixed charge in
the LB film, nor those of the dipole layer formed by the fatty acid
headgroups, are significant. Similar conclusions were drawn from
unpublished work, carried out in this laboratory, on GaP/phthalocyanine

MIS diodes(26).

Phthalocyanines subsituted with either copper or
manganese were used; in bulk form these materials are respectively n-type
and p~type semiconductors. If the electrostatic interaction with the LB
film has a significant effect on the band bending in the semiconductor
then we would expect differences between diodes incorporating these two
materials. However, the current-voltage and photoresponse (Fowler plot)
characteristics of these devices were almost identical, thus any change
in the diffusion potential caused by the LB film must be insignificant.
Although the reverse characteristics do not saturéte, the current
densities obtained are similar to those reported for other GalnAs MIS

(20-22)

structures and may be sufficiently low to allow practical GalnAs

MESFETs to be fabricated.
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Type B Devices

Ln J is plotted as a function of bias in fig. 6.28 for a typical HF
treated MIS diode incorporating a monolayer of w-TA. Comparison with the
characteristic of type A diodes (fig. 6.24) reveals that the current
density has increased by approximately two decades. This is accompanied
by an increase in ideality factor to approximately 2, The first of these
effects was not unexpected because the HF treatment removes the oxide
from the semiconductor surface, thus reducing the total insulator
thickness (5 LB film + oxide). It was not possible to measure the
capacitance characteristics of this device because of instrumental
problems caused by its low impedance.

Examination of I-V characteristics at temperatures down to 77K (fig.
6.29) reveals very different behaviour from that seen for type A diodes
(fig. 6.26). At low temperatures two distinct regions in the forward
bias characteristic can be seen. At high bias the behaviour is similar
to that expected and is comparable with that of type A diodes. However,
at low bias a distinct 'knee' is evident, and the temperature dependence
of the current in this region is quite small. Extrapolation of this
region to the current axis gives an approximately constant intercept (v 4
X 10_3 A cm_z) independent of temperature. This ‘knee' in the curve is

(7

reminiscent of the behaviour observed by Krumar and Dahlke for

Cr-SiOz—Si diodes. They attributed this to a two step
recombination-tunnelling process, which occurs via interface states. The
small temperature dependence of the characteristics 1in this region
strengly suggest that the tunnelling step of the process is the rate
determining step.

The parameters of the upper portion of the I-V characteristics are

given in table 6.5; it is assumed that in this region the current is
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controlled by thermionic emission and tunnelling through the LB film (as

in the model of Card and Rhoderick(zs)

). The ideality factors reveal the
pitfalls of this analysis. At the highest temperatures the slope may be
underestimated because the two regions are indistinct, hence n may be
overestimated. At low temperatures the upper region dis of Ilimited
extent, making line fitting rather dubious; this may account for the
increase in n with reducing temperature. These problems will also affect
the activation energy plot (fig. 6.30), however a linear behaviour is
found over a limited temperature range. Analysis of this portion of the
curve vyields a true barrier height of .14 eV and a tunnelling
coefficient, X%G, of 13 eVl/2 R, giving a tunnelling barrier, y, of .20 eV,
These values are all slightly smaller than the corresponding ones for
type A diodes. As the difficulties described above would tend to cause
us to underestimate ¢b, it is not possible to decide whether this change
is significant. However the value of X%G is probably overestimated,
implying that the tunnelling thickness, §, is less than that in type A
diodes. This would be expected if the HF treatment had removed a thin
layer of oxide.

The other differences between these type B diodes and the type A
diodes is the slightly higher ideality factor in the former case (n n 2
c.f n~n 1.7). This indicates that the density of interface states has
increased slightly (equation 6.6). This may be related to the appearance
of the tunnelling-recombination limited region in the I-v
characteristics. It therefore seems probable that the different
behaviour of type B devices 1s due to a defect level which arises as a
consequence of the HF treatment. Differences between bromine-methanol
and HF treated surfaces have also been observed for InP/LB film MIS

(27)

diodes (although in this case the LB film was much thicker), and

these may be due to a similar, defect related, effect,
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6.5.2 SiPc Devices

These devices were prepared wusing the same bromine-methanol
treatment as the type A «-TA diocdes (see section 6.6.1). In this case a
single mcnolayer of silicon phthalocyanine (SiPc) was deposited prior to
top electrode evaporation. The forward and reverse blas characteristics
of a typical diode are plotted on semilogarithmic axes in fig. 6.31. The
characteristics are similar in form to those of the tvpe A diodes
discussed previously (which used ®w-TA LB films), although the current
densities are a decade higher, The ideality factor is also similar at
approximately 1.7. If we assume A* = 5 A cﬁz K_2 then the apparent
barrier height is .50 eV, approximately .07 eV less than that of
comparable w-TA devices. The plot of 1/C? vs. bias is linear (fig.
6.32), with an intercept at .52 volts. The doping density calculated

-3
from the slope is 2.1 x 1016 cm ~, which agrees quite well with the

supplied value of 2.3 x 1016 cm—3. The apparently close agreement
between the current-voltage and capacitance data must be regarded
cautiously because the LB film is a substantial interfacial layer (see
section 2.4),

This caution is justified upon examination of the forward bias J-V
characteristics over the temperature range 200-300 K (fig. 6.35). The
parameters extracted from this data are given in table 6.6 As for w-TA
devices, a decrease 1in apparent barrier height with decreasing
temperature is apparent. A notable difference from the behaviour of type
A diodes is the increase in ideality factor with reducing temperature.
In the tunnel MIS model the ideality factor, n, is determined by equation
2.40. Since the total density of interface states (= DSa + Dsb) is

unlikely to vary, the only cause of a temperature dependent n is a change

in the proportion of states which equilibrate with the metal (Dsa) and
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the semiconductor (Dsb). Communication between the interface states and
metal is via tupnelling, which is only weakly dependent on temperature,
Communication with the semiconductor occurs via recombination/generation,
which decreases with falling temperature. Therefore we might expect the
ratio Dsa/Dsb to increase with reduced temperature, as the relative
importance of tunnelling increases. However, examination of equation
2.40 shows that this would cause a decrease in n with reducing
temperature, which is contrary to the observed trend. This dimplies
either that this model does not apply to these devices or that the model
itself is invalid.

A temperature dependence of n of the form n = 1 + TO/T has been
observed for many Schottky barriers(28’29), where TO is a constant
(usually < 50K). This has been ascribed to a temperature dependence of
the work function of the metal(zg). In fig. 6.34, the ideality factor,
n, is plotted against 1/T; it is obvious that the above behaviour does
not apply. A better fit to the variation is n = .2 + 400/T, however
there is, at present, no model that can explain this behaviour.

The activation energy diagram is shown in fig. 6.35. However, as
there appear to be problems in fitting the tunnel MIS model to these
data, the interpretation of this is problematical., The slope suggests a
true barrier height of .15eV, comparable with that observed for w-TA MIS
devices. The intercept corresponds to a value of ;56 = 14 eV%A. If the
thickness of the SiPc monolayer is 2.2 nm then x = .41 eV, rather larger
than the corresponding value for w-TA LB films. We can conclude that the
behaviour of SiPc/GalnAs MIS diodes is slightly different from that of
diodes incorporating monolayers of ©-TA. Although the differences are
fairly small, this cannot be explained by the present models of device
behaviour because the characteristics of the SiPc devices do not fit

these models.,
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6.6 Conclusions

This chapter covers two themes, a systematic study of GaAs/LB film
devices and a less extensive investigation of LB film tunnel-MIS devices
on the ternary alloy GalnAs. The first of these began with an
investigation of GaAs Schottky barriers. The semiconductor surface was
prepared wusing a combined bromine/methanol and hydrochloric acid
treatment. The characteristics of these near-ideal diodes were
comparable with the best reported in the 1literature. This work was
followed by an investigation of the effects on the GaAs surface of the LB
film deposition process, It was found that a thin oxide layer 1is formed
on the GaAs surface during immersion in the ultra-pure water used in the
Langmuir trough. In addition, an apparent increase in the interface
state density was observed. Study of n-type GaAs MIS devices
demonstrated that even a single monolayer LB film (of either w-TA or
CuPc) had a significant effect. For the case of a diode incorporating 33
nm of wTA, it was shown that electron transport in the LB film occurred
by a Poole-Frenkel mechanism. The w-TA films appeared to be relatively
transparent to holes, as was shown by the photoelectric measurements.
For diodes incorporating CuPc films an unexplained anomalous
photoelectric effect was found, which may merit further investigation,

GaInAs tunnel-MIS diodes were prepared using single monolayer LB
films. The current densities in these devices were substantially smaller
than in Schottky barriers on this materfal. Type A diodes, prepared
using a bromine/methanol treatment and using w-TA LB films, had the
smallest current densities. Analysis of the results indicated that this
effect was probably due to electrons tunnelling through the LB film. The
band bending in the semiconductor did not appear to be increased by the

presence of the LB film., The main motive for reducing current densities
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is to allow the fabrication of MESFETs on GalnAs. These results indicate

that LB films could be used for this purpose.



TABLE 6.1

Au-n-GaAs Schottky barrier current-voltage

characteristics versus temperature

Temperature Ideality Factor J /A c:m-2 Barrier Height (A.-B)
/K n é (=4 - 84 )/eV
e b bi
350 £ 1 1.035 ¢+ .01 7.1 x 1077 .841
320 ¢ 1 1.055 ¢ .01 5.6 x 1078 .834
290 ¢ 1 1.045 ¢+ .01 1.1 x 107? .850
-11
260 * 1 1.065 ¢ .01 3.2 x 10 .835
-13
230 + 1 1.075 * .01 2.2 x 10 .833
-16
200 ¢ 1 1.075 ¢ .01 2.0 x 10 . 840
-17
190 + 1 1.085 ¢ .01 1.7 x 10 .836
170 ¢ 1 1,10 ¢ .01 9.2 x 10720 .821
-21
150 ¢ 1 1.18 ¢ .01 2.3 x 10 739

mean ¢e (excluding values at 150K and 170K, see

text) = 0 .839 * ,006




Table 6.2 Au-n-GaAs Barrier Height

Photoelectric Measurement (Fowler Technique) .830 + ,005 ev
Forward Bias 1n J-V measurements

(A* = 8, average of measurements at several temperatures) -869 + .006 eV
Activation Energy .869 * ,005 eV
Capacitance measurement .865 + .01 eV

Table 6.3 Au-p-GaAs Barrier Height

*
Forward Bias In J-V measurement (A = 75) .51 + ,01 eV
Capacitance measurement .51 ¢ .01 eV
Photoelectric Measurement (Fowler Technique) | .51 * .01 eV




TABLE 6.4 Current-Voltage characteristics for Type A

GalnAs MIS diodes versus temperature

Temperature Ideality Factor J /A cm—2 Apparent Barrier Height (A*=5)
/K n ° ¢b/eV
300 1.75 1.4 x 1070 .57
290 1.70 8.8 x 10°1° .56
280 1.71 7.3 x 10710 .55
270 1.77 6.1 x 10°° .53
250 1.73 2.7 x 10710 .51
230 1.70 1.0 x 10710 .49
215 1.73 8.1 x 10 1 .46
200 1.73 3.8 x 107} J44




TABLE 6.5

Current-Voltage characteristics for Type B

GaInAs MIS diodes versus temperature

Temperature Ideality Factor J /A cm-2 Apparent Barrier Height (A*ES)
/KX n (see text) ° ¢b/ev
302 1.90 6.6 x 1078 .47
281 1.78 2.6 x 1078 .46
262 1.86 1.7 x 1078 44
240 1.96 1.0 x 1078 .41
217 2,03 4.6 x 107° .39
197 2.11 2.2 x 1077 .37
177 2.14 7.4 x 10710 .34
151 2.43 4.2 x 10710 .30
127 2.89 2.9 x 10710 .26




TABLE 6.6 Current-voltagg characteristics for

SiPc/GalnAs MIS diodes versus temperature

Temperature Ideality Factor J /A cm'-2 Apparent Barrier Height (A*US)
/K n ° ¢b/eV
297 1.53 9.6 x 107° .51
275 1.62 3.6 x 107 .49
255 1.79 1.7 x 107° 47
237 1.91 1.1 x 1072 44
217 2.02 4.3 x 107° .42
201 2.20 2.3 x 107° .40




[

~ FORWARD

:T/_fs cm™2
S
A

Fﬁ
yA
1]
V4
(V4
pn
O

-8

0

A y
o o3 _ (o) 09
BIAS/V
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1/C? versus bias characteristics of a near-ideal Au-n-GaAs
Schottky barrier. The lower curve is the experimentally
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according to the theory of Pellegrini and Salardi® (see
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Graph showing capacitance as a function of (V —V)-L“ for a
near-ideal Au-n-GaAs Schottky barrier. This 1s used to
find the 'excess capacitance' (see text). (contact area =
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Fowler plot of the photoresponse of a near ideal Au-n-GaAs
Schottky diode. The intercept on the energy axis gives
the barrier height.
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1/C? versus bias characteristic of a near-ideal Au-p-GaAs

Forward bias current-voltage characteristic of a 2
Schottky diode. (contact area = .013 cm®)

near-ideal Au-p-GaAs Schottky diode. The series
resistance is less than 5Q. (contact area = .0l13 cm?)
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Fowler plot of the photoresponse of a near~ideal Au-p~GaAs
Schottky diode at 200 K. The intercept on the voltage
axis gives the barrier height.
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shown for comparison. (contact area = 2x10 ° cm?)



-l
o

°)

]
[

CURRENT / Acm™
°

o

=10
1o

Figure 6.13

 §

L

A 4 —d

03 0-¢ 01
BIAS/ V

Current-voltage characteristics of Au-n-GaAs Schottky

diodes which were subjected to the following surface

treatments prior to electrode deposition.

(a) 20 minutes in methanol

(b) 20 minutes in air

(c) 15 minutes 4in air followed by 5 minutes in
'millipore' water

(d) 10 wminutes in air followed by 10 minutes 1in
'millipore' water.
The forward bias characteristic for a near-ideal
Au-n-GaAs Schottky diode 1is flso shown for
comparison. (contact areas = 8x10 - cm?2)
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film/n-type GaAs MIS diodes incorporating 1, 3 and 5
monolayers of w-tricosenoic acid. The device marked '0O'
was on an area not coated with an LB film (see text). The
characteristic of a near-ideal Au-n-GaAs Schottky barrigg
iszalso shown for comparison. (contact areas = 2x10
cm*)
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1/C? versus bias characteristics of LB film/n-type GCaAs
MIS diodes 1incorporating 1, 3 and 5 layers of
w-tricosenoic acid.. The 'O' layer device was on an area
not coated with an LB film (see text). The characteristic
for a near-ideal Au-n-GaAs Schottky clgode is also shown
for comparison. (contact areas = 2x10 cm?)
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1/C? versus bias characteristic of an LB film/n-type GaAs

MIS diode incorporating an,11 layer w-tricosenoic acid
film. (contact area = 2x10 - cm?)
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Figure 6.20

Photoelectric characteristics of LB film/n-type GaAs MIS
diodes incorporating 1, 3 and 5 monolayers of
w-tricosenoic acid. The device marked 'O layers' was on
an area not coated with an LB film (see text). F.F.
signifies tbs fi11 factor of the characteristic. (contact

area = 2x10 -~ cm?)
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High field forward bias conduction in a LB film/n-type
GaAs MIS diode incorporating 11 monolayers of
w-tricosegoic acid. The current is plotted as a function
of (V-.8)° which 1s proportional to the square root of
the field in the LB film (see text). (contact area =
2x10 ~ cm?)
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Current-voltage characteristics of LB film/n-type GaAs MIS
diodes incorporating 1 and 2 monolayer copper
phthalocyaine films. The characteristic of diodes
incorporating 4 layer films was almost identical to that
of the 2 layer device. The characteristic for a
near-ideal Au-n-GaAs Schottky bfrrier is also shown for
comparison (contact area = 2x10 ° cm?)
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1/C? versus bias characteristics of LB film/n-type GaAs
MIS diodes incorporating 1, 2 and 4 layers of copper
phthalocyanine. The characteristic of a near-ideal

Au-n-GaAs Schottky Qﬁfrier is also shown for comparison.
(contact area = 2x10 - cm?)
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Photoelectric characteristics of LB film/n~type GaAs MIS
diodes 1incorporating 1, 2 and 4 layers of copper
phthalocyanine. F.F. signifies the 'gill factor' of the
characteristic. (contact area = 2x10 ° cm?)
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Figure 6.24 ° O«

Current-voltage characteristic of a Type A LB film/n-type
GalnAs MIS diode incorporating a monolayer of
w-tricosenoic acid. The error bar indicates the extent of
the variat{gps between contacts on a sample. (contact
area = 8x10 ° cm?)
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Figure 6.25

1/C? versus bias characteristic of a Type A LB film/n-type
GaInAs MIS diode incorporating a _, monolayer of
w-tricosenoic acid. (contact area = 8x10 ~ cm?)
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Figure 6.26 Forward bias current-voltage characteristics of a Type A
LB film/n-type GalnAs MIS diode incorporating a monolayer
of w-tricosenoic acid as a function of temperature. The
measurement temperatures were 300K, 290K, 280K, 270K,
250K, 230K, 215K and 200K, going gsom the top curve to the
bottom one. (contact area = 8x10 cm?)
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Activation energy diagram for a Type A LB film/n-type Current-voltage characteristic of a Type B LB film/n-type
GalnAs MIS diode incorporating K. monolayer of GalnAs MIS diode incorporating a monoclayer of

w-tricosenoic acid.(contact area = 8x10 cm?) w-tricosenoic acid. (contact area = ,013 cm?)
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Figure 6.29 Forward bias current-voltage characteristics of a Type B

LB film/n-type GalnAs MIS diode incorporating a monolayer
of w-tricosenoic acid as a function of temperature. The
measurement temperatures were 302K, 281K, 262K, 240K,
217K, 197K, 177K, 151K, 127K and 77K, decreasing from the
top curve to the bottom one. (contact area = .013 cm?)
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Activation energy diagram for a type B LB film/n-ﬁype Current-voltage characteristic of an LB film/n-type GalnAs
GalnAs MIS diode incorporating a monolayer of MIS diode incorporating a monalayer of copper

w-tricosenocic acid. (contact area = .013 cm?) phthalocyanine. (contact area = 8x10 ~ cm?)
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Figure 6.32 1/C? versus bias characteristic of an LB film/n-type

GalnAs MIS diode incorporating a lngnolayer of copper
phthalocyanine. (contact area = 8x10 - cm?)
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Forward bias current-voltage characteristics of an LB
film/n-type GalnAs MIS diode incorporating a monolayer of
copper phthalocyanine as a function of temperature. The
measurement temperatures were 297K, 275K, 255K, 237K, 217K
and 201K, decreasing_grom the top curve to the bottom one.
(contact area = 8x10 - cm?)
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diode incorporating &, monolayer of copper phthalocyanine.
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- 107 -

CHAPTER 7

RESULTS AND DISCUSSION - MISS DEVICES

7.1 1Introduction

The operation of MISS devices relies upon a thin insulating layer,
which must have uniform and reproducible propérties. It is well known
that there are many problems associated with dielectric layers grown on
or deposited on GaAs. The aim of the work reported in this chapter was
to circumvent these problems, by the use of LB films, in order that GaAs
MISS devices could be produced. The first section covers devices
fabricated on n on p+ GaAs using w-tricosenoic acid LB films. The
characteristics of the devices are studied to determine their dependence
on film thickness and the properties of the epitaxial GaAs, which allows
the switching mechanisms to be determined. The pulse response of the
devices and their reliability are investigated as these are of great
importance in practical applications. Devices on the complementary p on
n+ GaAs structure were also studied, although in rather less detail., A
preliminary investigation of MISS diodes incorporating phthalocyanine LB
films was also carried out. Of particular interest in this case 1s the
effect upon the devices of gases to which phthalocyanines are sensitive,
such as NOZ’ and it was hoped that a useful sensor could be made.
Finally an attempt was made to fabricate LB film MISS devices on silicon,

for comparison with the GaAs diodes.

7.2 n-p' GaAs/w-TA MISS Diodes

All the diodes described in this section (and most of those in
subsequent cections) were prepared using the procedure described in

section 5.3. The evaporated gold contacts were of .5 mm diameter and
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approximately 20 nm thickness. The samples were initially examined using
a transistor curve tracer, which allowed an impression of the
characteristics of the contacts and the variations between them to be
obtained, Typical contacts were then examined in more detail using
static current-voltage and capacitance measurements. In some cases the
dynamic response to a pulsed input was studied. Finally previously
untouched contacts were examined in order to characterise the degradation
that occurred under operating conditions.

7.2.1 Switching Characteristics

In this section the characteristics of MISS devices incorporating up
to 17 monnlayers of ©-TA (a thickness of 51 nm), as measured on the curve
tracer, are discussed. We commence with a general survey of the results.
The effects of changes in the CaAs epilayer are considered next, which
then leads into a discussion of the switching mechanism. The effects on
the characteristics of varying the thickness of the LB film are also
described.

A General Survey

The characteristics of n—p+ GaAs MISS devices, which incorporate
between 1 and 17 monolayers of -TA, are summarised in table 7.1. On
some samples there were areas which were not coated with an LB film (cf.
the 'O layer' devices of section 6.4.1). The characteristics of MISS
diodes in these areas were very variable and unstable, of these only a
small proportion switched. However, in diodes incorporating a single
monolayer of w-TA no switching was observed. In this case the
characteristics were reproducible, with a sharp rise in current occurring
above a certain threshold voltage, without any sign of negative
resistance. Diodes with LB films of three or more monolayer thickness

possessed stable switching characteristics; the yield of switching
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contacts on a sample could be as high as 907. Curve tracer photographs
for typical contacts from samples A and C are shown in fig. 7.1 and fig.
7.2 respectively. The characteristics appear to be ideal, with well
defined on (low impedance) and off (high impedance) states.

It can be seen from the data in table 7.1 that significant
variations occur between the parameters of different contacts on the same
sample. These are most marked for the holding current, although the
variation of holding voltage is much smaller. The switching voltage was
found to vary in a systematic manner across a sample, usually increasing
towards one or more of the edges. Vs does not appear to be related to
the thickness of the LB film., However, it is evident that it is closely
related to the characteristics of the n type epilayer, and increases in
the thickness or doping density of the epilayer increased VS (with the
possible exception of sample G).

The characteristics of these MISS diodes were insensitive to
illumination by white light. Measurements performed on a contact on
sample C in the cryostat also showed a remarkable lack of sensitivity to
temperature. Over the temperature range 100 to 300K the variation in
switching voltage was insignificant (VS = 28 * 1V); in addition no
significant changes 1n holding voltage or current were noted., Despite
their insensitivity to temperature and illumination, the characteristics
were not completely stable. When a voltage was first applied to a
device, it was sometimes observed that the voltage could be increased to
slightly greater than VS, before a sudden and irreversible transition to
the type of characteristic shown in fig. 7.1 occurred. This 'forming'
was more noticable for thicker LB film layers and it is discussed in
section 7.2.2. When devices were operated for a prolonged period a slow
increase in holding voltage was noted. This degradation is discussed in

section 7.2.5.
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Dependence on Epilayer Properties

The dependence of VS on the properties of the GaAs epilayer and its
independence from temperature, illumination and LB film thickness,
indicate that switching is probably caused by the punchthrough process
(see section 3.2.3). We must discount the avalanche multiplication
mechanism for two reasons, because it would produce a temperature
dependent VS (equation 3,11) and also because punchthrough must occur
first for these epilayers (cf. equations 3.11 and 3.12). Inspection of
equation 3.12 shows that the punchthrough voltage, th, increases with
increasing epilayer doping and thickness, which is in agreement with the
observed trends in VS. Further support for this punchthrough hypothesis
is provided by the systematic variation in VS across a sample, since LPE
epitaxial layers are not usually of uniform thickness.

The hypothesis that switching occurs at punchthrough can be tested
by plotting the depletion width, Wy corresponding to the switching
voltage against the thickness of the epilayer, W, minus the n-p+
junction depletion width, wj. The latter quantity must be calculated for
small forward bias; in this case this is arbitarily assumed to be .6
volts. The depletion widths at the semiconductor surface are calculated
using equations 3.3 and 3.4 (the zero bias surface potential is assumed
to be .8V, equal to the Schottky barrier value). It is also assumed that
the potential drop across the LB film is negligible at the switching
point,

The plot of wd against (we - wj) is shown in fig. 7.3 and the
corresponding data are given in table 7.1, We must exercise caution in
the interpretation of this graph, as there are several possible sources
of error. In addition to the inaccurate knowledge of VS and the

approximations made, it should be noted that the supplied values of Nd
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and w, are not as accurate as could be hoped for. This is because these
quantities were measured using a mercury probe C-V plotter, which is a
relatively inaccurate technique; additional errors could arise because of
the variation of epilayer thickness across samples. However, taking

these factors into account, the agreement between w, and (we - wj) at

d
switching is reasonable. The deviation from this is greatest at the
extremes of doping densities (samples A, G and H) as might be expected,
It seems fairly certain that switching 1s occurring very close to
punchthrough, except perhaps for the relatively heavily doped samples G
and H, It is shown in section 7.2.2 that detailed static current-
voltage measurements also seem to support this hypothesis.

The relationships between holding current or voltage and the
epilayer properties are obscured because they are also functions of LB
film thickness. In general a large value of VH corresponds to a large
value of Vs' In addition, IH appears to increase at higher doping
concentrations. However further study is required to clarify the details

of these relationships.

Dependence on LB Film Thickness

It is a little easigr to interpret the effects of variations in LB
film thickness, as it was possible to simultaneously deposit regions of
different thickness on a sample (eg. sample E). In this way the
independence of VS from LB film thickness was confirmed. However an
increase from 5 monolayers to 11 monolayers caused a large decrease in
holding current, which was accompanied by a significant increase in VH'
The other results seem to confirm these trends.

It is not difficult to quantitatively explain this behaviour. As
the film thickness is increased then the transport of minority carriers

(holes) through the film (from semiconductor to metal) is impeded (cf.
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section 6.4.1). Therefore a smaller hole current can sustain the hole
concentration at the GaAs surface required to maintain the on state.

This dimplies that the total current at turn off, T is smaller for

H’
thicker films, which is in agreement with the observed trend. The
dependence of VH on film thickness can also be easily explained. In the

on state a significant fraction of the voltage' across the device 1is
sustained by the insulating film. The on state currents in these diodes
are all of the same order of magnitude, which implies that the electric
fields in the films are also similar. Therefore an increase in film
thickness causes an increase in the voltage drop across the device when
in the on state. Again we find agreement with the observed trend,
despite the simplicity of the proposed explanation.

7.2.2 Static J-V Characteristics

?

The static current-voltage characteristics of these GaAs/LB film
MISS diodes were measured, using a series resistance of between 1 and 20
k2, as described in section 5.4.1, This section begins with a
description of the off state characteristics, which are explained in
terms of the punchthrough model. The characteristics of the heavily
doped samples (G and H) are discussed next, including the occurence of
'forming' effects. Finally the characteristics of the negative
resistance region are described.

The Off State and the Punchthrough Mechanism

Current-voltage characteristics of typical contacts from samples E2’

Fl and F2 are plotted in fig. 7.4 on semilogarithmic axes. Qualitatively
similar characteristics were measured for other samples, with the
exception of those with heavily doped epilayers (ie. G and H, these are

discussed later in this section). Apart from the exceptions noted above,

two distinct regions can be seen in the off state. At low bias the



characteristics are similar to those of reverse biased w-TA/n-GaAs MIS
diodes (section 6.4.1). This is not unexpected because a MISS device is
basically a reverse biased MIS diode in series with a forward biased p-n
junction. The current densities of MIS and MISS diodes were similar in
magnitude, as would be expected from the above argument. The increase in
current with increasing LB film thickness seen in fig. 7.4 is also
consistent with results for the MIS devices described in section 6.4.1.
Therefore the 1low bias characteristics of these MISS devices are
dominated by the reverse biased MIS diode component,

In the previous section it was shown that these MISS diodes were
switching at, or close to, punchthrough. A rapid rise in current would
be expected when punchthrough occurs, because the barrier to hole
transport across the p-n junction is suddenly reduced. TIf the depletion
approximation is used to calculate the potential profile then this rise
would be expected to occur over a very narrow bias range, since the edges
of the depletion region are abrupt. However, it can be seen from fig.
7.4 that the rise in current is much less rapid than would be expected
from the above argument. The current in this region could perhaps be
attributed to current multiplication in the MIS diode (see section
3.2.1), but this would have to be too weak to cause regenerative
feedback, as it would otherwise trigger switching. A more attractive
explanation 1is put forward below, in which the limitations of the
depletion approximation are considered,

In the depletion approximation it is assumed that the space charge
density falls abruptly to zero at the edge of the depletion region, hence
the edge 1s sharply defined. However this is not possible as the free
carrier density cannot fall abruptly to zero, Therefore the depletion
region is broadened and the edge becomes poorly defined, because the

space charge density falls gradually to zero. This tail region of the
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depletion region has been shown to follow an approximately exponential

(1),

curve ; the characteristic length of the exponential tail is the Debye

length, L., which is given by

d

A similar tail will also occur at the edge of the p-n junction depletion
region. The effect of this broadening of the edges of the depletion
regions is to make punchthrough a more gradual process and so soften the
characteristic. For a doping density in GaAs of 8 x 10 14 cm_3 the Debye
length 1is .15 pm. This is a significant fraction of the epilayer
thickness, therefore the punchthrough process will be fairly gradual.
This may well account for the shape of the curves seen in fig. 7.4.

In order to test this hypothesis, an n—-p+ GaAs sample was prepared
using the standard treatment (section 5.3) and gold Schottky contacts
were deposited. This M—n—p+' structure does not possess any feedback
mechanism, due to the absence of an interfacial insulating layer, in
contrast to the MISS device (see section 3.2.3), hence switching cannot
occur. Thus any deviation from the normal Schottky barrier reverse bias
behaviour must be explicable solely as an effect caused by punchthrough.
The current-voltage characteristics of the M—n—p+ diode are plotted in
fig. 7.5. At punchthrough, which in this case begins at about 5 volts
bias, the characteristic is remarkably similar to those of the MISS
diodes shown in fig. 7.4. However, in this case, the slope of the
characteristic at high current is steeper than is found for the MISS
devices. This is probably due to a fraction of the applied bias being

dropped across the LB film in MISS diodes at high currents.
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This similarity is convincing evidence that switching occurs at
punchthrough and that the off state characteristic can be explained
solely in terms of this mechanism. To account for the detailed shape of
these characteristics would probably require fairly scphisticated
numerical modelling, which is beyond the scope of this initial study.

Heavily Doped Devices

MISS devices on samples G and H, which had comparatively heavily
doped epilayers (Nd > 5 x 1015 cm_B), do not appear to conform to the
punchthrough behaviour exhibited by the other MISS diodes (see fig. 7.3).
The results for these two samples are considered in turn,

For the most heavily doped sample, G, the calculated punchthrough
voltage (equation 3.12) was approximately four times the observed
switching voltage. This is much greater than the likely error, therefore
in this case switching is not due to punchthrough. Static
current-voltage measurements (fig. 7.6) appear to confirm this, since the
characteristic is markedly different from those shown previously in fig.
7.4, There are no longer two distinct regions in the off state as
required by the punchthrough model, instead the current rises slowly
until the switching voltage is reached. Tt is probable that switching in
this device is due to the MIS current multiplication mechanism described
in section 3.2, which can occur well before punchthrough. However, it is
interesting to note that the switching voltage of these diodes was

insensitive to illumination, in contrast to previous reports of MISS

)

diodes in which V << V
s pt

The behaviour of contacts on sample H was rather complicated and not
a little puzzling. As noted in section 7.2.1, it was sometimes noticed
that some kind of 'forming' occurred during the initial application of a
bias. However, for sample H this effect was very much more marked, as

can be seen 1in fig. 7.7. This shows the off state characteristic of a
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contact to sample H2 as recorded before and after switching the device
for the first time. An irreversible change has occurred, causing a
significant reduction in the voltage that can be sustained across the
device. Tt dis thought that this forming process may be due to the
establishment of high current paths through the insulator by a partial
breakdown process. This could account for ‘'forming' being most
noticeable for thick LB film layers, because in this case a larger
potential drop is required to attain the field required to 'form' the
current paths. It is not clear whether this process also occurred for
diodes incorporating thin LB film layers, as no evidence of this was
observed.

Another pecularity noted for this sample was the substantial
difference between the switching voltages determined using curve tracer
and from the static J-V measurement,. The static current-voltage
characteristic of an H2 contact is plotted in fig. 7.8, which shows a
switching voltage which is approximately 4 volts greater than that
measured on the curve tracer (for the same contact). The off state
characteristic is also a rather strange S shape. As was the case for
sample G, switching in these devices does not appear to correspond to
punchthrough., The unusual behaviour of contacts on sample H is probably
a result of the thick LB film used. It seems that we are close to the
practical upper thickness limit for LB films in MISS devices, and the
film appears to be unstable under the high electric fields and current
densities that occur.

The Negative Resistance Region

Measurements of J-V characteristics can be extended into the
negative resistance region by using a large series resistance (i.e. a
current source), However, MISS diodes biased in this region can
oscillate(B), which may lead to misleading results. Unfortunately the

devices were not monitored on an oscilloscope when these measurements
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were made and consequently the results must be regarded with a degree of
caution,

When a high series resistance was used, a smoothly curved negative
resistance region was usually found, as can be seen in fig. 7.6 and fig.
7.9. In the former case (sample G) a distinct region of high negative
resistance was noted when the device was measured on the curve tracer
using 1k} series resistance; this is absent in fig. 7.6, A similar
region is shown in fig. 7.10 for a contact on sample C, which was also
measured using a low series resistance. It would appear that these
"third states' are an artifact, possibly caused by oscillations. To
produce a genuine third stable state an additional feedback mechanism is

(4) (5)

required , for example avalanche multiplication There does not
appear to be any such mechanism in these devices. Therefore the 'third
states' frequently noted when using a low series resistance (v 1kQ) are
probably not true stable states, but are artifacts caused by
oscillations. This may also be the case in many previous reports of

1 (6)

'intermediate states

7.7.3 Capacitance

As a first approximation, the MISS device in the off state can be
modelled as two bias dependent capacitances in series. The first of
these is that of the reverse biased MIS diode; this will decrease as bias
increases. The other capacitance is due to the p+-n junction, which is
slightly forward biased in the off state. The latter capacitance may be
relatively large, especially as the effective junction area may be
increased by two'dimensional effects, hence its contribution to the total
capacitance may be negligible. This model obviously breaks down at
punchthrough as the two depletion regions are then no longer separate.

The characteristics of a typical contact on sample E_ are plotted as

2

1/C% vs. bias in fig. 7.11; results for other samples were very similar,
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as were those for the M—n—p+ sample described in section 7.2.2. For low
biag the characteristic is linear and similar to that of a reverse biased
MIS diode. Above 3V the slope increases before the curve flattens out at
a constant capacitance (above 5.5 V). Comparison with fig. 7.4 shows
that the latter voltage corresponds to the onset of punchthrough. When
punchthrough occurs the epilayer is completely depleted and behaves as a
dielectric. The capacitance is then between the p+ substrate and the
metal contact, and is approximately constant. Using the capacitance
value from this plateau region and assuming the device can be modelled as
a parallel plate capacitor, the epilayer thickness is calculated to be
4.6 pm. This agrees fairly well with the supplied figure of 5.35 um,
especially when the approximations used and possible errors are taken
into account. This provides yet further evidence that switching in these
structures is due to punchthrough.

7.2.4 Pulse Response

The turn on characteristics of contacts on sample D were examined
ucing short pulses of 400 ns duration, at a repetition rate of 8x103 swl,
applied through a series resistance of 100Q (section 5.4.1)., Fig., 7.12
and fig. 7.13 show the output of the pulse generator and the voltage
across the device, as recorded from an oscilloscope trace, for two
different pulse amplitudes (nb. some loading of the pulse generator
occurs due to 1its 500 output impedance). As expected, the turn on
process becomes more rapid as the applied pulse amplitude is increased
(section 3.3.2). The three stages of the turn on process described in
section 3.3.2 can be clearly seen in fig., 7.12. They are: (1) capacitive
rise time, (2) inversion charge delay time and (3) feedback regeneration

time. In fig. 7.13 these three phases cannot be distinguished, because

of the limited time resolution of the oscilloscope that was used.
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The turn on time is plotted as a function of applied pulse amplitude
in fig, 7.14, The shortest turn on time obtained was approximately 40
ns, and the turn off time was of the order of 50 ns. These results are

7

similar to those reported for silicon n—p+ MISS devices It 1is
thought that the switching speed is controlled by the transport of
minority carriers through the epilayer, therefore the similarity between
Si and GaAs is reasonable because their hole mobilities are nearly
identical,

7.2.5 Degradation

In section 7.2.1 it was noted that some degradation of the
characteristics of these devices occurred under cperating conditiens,
with the most notable change being a gradual increase in holding voltage.
A MISS diode on sample C was cycled at 100 Hz to a maximum current of
12mA, using the curve tracer, for a period of ~ 48 hours, which is
equivalent to more than 107 cycles (nb. the sample was not under vacuum).
The holding voltage increased significantly over this period, from 6 to
12,5 V. TIr addition the holding current varied with time, although this

seemed to be around a constant mean value. The change in V. appeared to

H
occur only during operation; storage under dry nitrogen in a desiccator
for periods of several weeks did not cause any deterioration.

The initial investigation of Si MISS devices (section 7.5) showed
that they deteriorated much 1less rapidly in vacuuo. Therefore all
subsequent measurements on GaAs MISS diodes (sample D onwards) were
performed under vacuum. Several contacts on sample D were left untouched
when it was initially examined, in order that studies of the degradation
could be performed on virgin contacts., The method used was to bias the
MISS diode into the on state, with 10 volts applied through a 1kQ series

resistor, The current through and voltage across the device were

recorded on x-t chart recorders. Fig. 7.15 shows the voltage across the



device as a function of time; after approximately 1000 min., the on state
voltage had risen to 5.8V. The degradation was initially quite rapid
and, although the rate of change gradually reduced, there was no
indication that a limiting value was being approached. When the bias was
removed some recovery was seen, although this was only a fraction of the
total change from the original value.

There could be several causes for this degradation, indeed the
partial recovery suggests that there may be two mechanisms, one of which
produces an irreversible effect. The nature of these mechanisms are not
clear at present., Considerable improvements are required in this area
before it 1is feasible to consider the application of GaAs/LB film MISS
devices.

7.3 p-n' GaAs/w-TA MISS Diodes

The preparation of these devices was identical to that of the
complementary n—p+ devices described above (see section 5.3 for full
details of the preparation). In comparison with the n-p+ devices, the
(p-type) epilayers were thick (~ 10um) and had a relatively high doping
density (Vv 4x1015cm_3). Diodes incorporating one or three monolayers of
w-TA were fabricated. The one layer devices did not exhibit switching
behaviour, 1instead a gently curved characteristic was found. The
characteristic of a typical contact is shown in fig. 7.16 (reproduced
from the curve tracer). Measurement in the cryostat at a temperature of
77K resulted in a characteristic of similar shape, however the voltage at
the .2 mA current level had increased from .78v to 4.65v.

The behaviour of devices incorporating 3 layers of w-TA was rather
different, as can be seen from fig. 7.17(a). 1In this case a negative
resistance region can be seen, however the characteristic does not

correspond to ideal switching behaviour because there was no sharp

transition back into the off state. Therefore a holding current and
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voltage cannot be defined. These devices were quite sensitive to
illumination, which reduced Vs normal ambient lighting produced the J-V
curve shown in fig. 7.17(b). This is ir marked contrast to the behaviour
of the n—p+ devices, which were unaffected by illumination (section
7.2.1). Another difference from the n—p+ diodes was the temperature
dependence of the characteristics of these devices. Fig. 7.18 shows the
J-V characteristic of the same contact as shown in fig. 7.17, when
measured at a temperature of 77K (curve tracer data). It is evident that
normal switching behaviour has emerged, in addition the switching voltage
has increased to three times the room temperature value,

The changes with temperature can be described in terms of VS, v 1

H’ s

and IH. In this case, the voltage across the diode at a chosen current

in the on state (Von) was used instead of V because of the lack of a

H’

distinct holding point at higher temperatures. These parameters are
plotted as functions of temperature in figures 7.19 and 7.20. Perhaps
the most interesting feature 1is the sudden appearance of a holding
current below 100K and its very strong temperature dependence. The other
three parameters all increased with decreasing temperature in a rather
similar manner, with greatest slope in the region of 150K.

It is clear that neither the punchthrough nor the avalanche
multiplication mechanisms can explain switching in these diodes, because

VS is too small. Therefore switching must be caused by a MIS

multiplication mechanism, which triggers regenerative feedback (see

section 3.2.3). In previous reports of MISS devices which were thought

(8-10)

to operate in this fashion it was found that VS increased with

I.., and

decreasing temperature, A similar temperature dependence for VH’ H

(8).

Iq was also reported This is similar to the behaviour of these p—n+

ts

CaAs/LB film diodes. However the unusual disappearance of the holding

point above 100K seems to be unique to these devices.
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The characteristics of the p—n+ diodes are very different from those
of the complementary n—p+ diodes (section 7.2). The greatest similarity
is perhaps the absence of switching in diodes incorporating a single
monolayer of y-TA in both cases. The causes of the differences are not
clear, as they could arise from the changes of carrier type, epilayer
thicknesses or doping densities. Tt was previously noted that the most
heavily doped n—p+ MISS devices deviated from punchthrough behaviour
(section 7.2.2), which suggests that the differences could be at least
partly attributable to the relatively high doping in the p—n+ structures,

7.4 GaAs/CuPc MISS Diodes

MISS diodes incorporating copper phthalocyanine LB films, on both
n—p+ and p--n+ GaAs, were fabricated in a similar fashion to that used for
w—=TA devices (see section 5.3). However, in some cases different
electrode metals or chemical polishing techniques were utilised, and
these variations are noted in the text. In the first section the
switching characteristics of these devices are described and comparison
is made with (-TA devices. The next section covers the degradation
process in these diodes. Finally the sensitivity of GaAs/CuPc structures
to gaseous ambients is discussed; the effects of NO2 on the MIS diodes of
section 6.4.2 are described, as well as the effects on these MISS

devices.

7.4.1 Switching Characteristics

In this section we first consider MISS diodes fabricated on n—p+
GCaAs wafers. The devices were initially examined using the curve tracer,
and the results are given in table 7.2. Only samples I and J are
directly comparable to the -TA devices (of section 7.2), because sample
K had palladium top electrodes and sample L was prepared using a citric
acid/H,0, chemical polish. All these diodes incorporated 4 monolayers of

272

CuPc, producing a thickness comparable to that of a 3 layer -TA film
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{(“9nm). The characteristics of these devices are fairly similar to
those of devices incorporating 3 monolayers of w-TA; the most notable
difference is the large holding voltage for CuPc diodes on heavily doped
epilayers. The exceptionally high values of VH on sample K could perhaps
be due to its relatively heavy doping, although it 1is pocsible that the
use of Pd contacts has some bearing on this.

The switching voltages of the CuPc MISS diodes correspond to

punchthrough, as is shown by the figures for w, (at VS) and (we - wj)

d
which are given in table 7.2. The static log J vs. V characteristic of a
typical contact from sample J (fig. 7.21) provides further evidence that
switching is due to the punchthrough mechanism. Similar two part off
state characteristics, with a saturated low bias region and a high bias
region of rapidly rising current, are discussed in section 7.2.2 and
explained in terms of punchthrough. Indeed, the fact that the shapes of
these curves are so remarkably similar for w-TA and CuPc MISS diodes also
supports this hypothesis.

Sample L was prepared using a 10:1 507 citric acid : 307 HZOZ
chemical polishing treatment, The devices on this sample appeared to
behave similarly to those prepared using the standard procedure.
Unfortunately it was not possible to confirm this because the parameters
of the epilayer on this sample were unknown. However, it seems that the
difference in the preparation of the semiconductor surface does not cause
any major change in device characteristics. This may perhaps be a result
of immersion in the water subphase during dipping, which could leave
similar oxide layers on both types of surface, even though the citric
acid treated surface is already coated with a significant oxide layer
(section 6.3.1).

MISS diodes were also fabricated on complementary p—n+ GaAs samples

(Na v 5-8 x lO15 cm—3, v, Vv 3-8 pm) using LB films of 4 layers of CuPc,
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Both the standard Br-methanol/HCL and the 10:1 507 citric acid : 30% w/o
HZO? treatments were tried. The characteristics of these devices were
remarkably similar (c.f the n—-p+ diodes discussed above), and in both
cases only a small proportion of contacts possessed even the smallest
negative resistance region. Usually the behaviour was similar to that
shown in fig. 7.16 (which was for a monolayer of w-TA on p*n+ GaAs), a
rounded and rather featureless characteristic. This contrasts with the
behaviour of p—n+ MISS diodes incorporating a comparable thickness of
w-TA (i.e. 3 layers) which had a distinct negative resistance region
(section 7.3). This difference is probably caused by the change in LB
film material, although it should be noted that there was alsc a slight
difference in the characteristics of the epilayers of the samples.

7.4.,2 Degradation

The degradation of MISS devices on sample I (n—p+ GaAs/CuPc) was
examined by biasing the device into the on state and applying 10 volts
through a 1k series resistance (i.e. the same conditions as used in
section 7.2.5). The voltage across the device is plotted against elapsed
time in fig. 7.22. Comparison with fig. 7.15 (nb. difference in time
axes) clearly demonstrates that the rate of change is much less for CuPc
devices than for those incorporating w~TA films. As for the latter case,
a small recovery occurred when the bias was removed, however upon
reapplication of the bias the recovery soon disappeared. After 70 hours
of nearly continuous operation the on state voltage had increased to
approximately 6.2 V. Thus the use of CuPc LB films allows a useful
improvement in device lifetime to be obtained. Phthalocyanine films have
been reported as conferring an improvement in the stability of GaP/LB
film electroluminescent MIS diodes, when compared to those incorporating

(11)

w-TA The fact that similar effects are found for LB film devices on
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two different semiconductors suggests that the degradation must be
related to changes occurring in the LB film, although the mechanism is
not yet known.

7.4.3 Gas Effects

The measurements of the effects of nitrogen dioxide upon devices
incorporating CuPc LB films were performed using the equipment described
in section 5.4.3. The discussion in this section is in two parts, the
first of which covers CuPc MIS diodes (which are also the subject of
section 6.4.2) and the remainder is devoted to CuPc MISS devices.

n-type GaAs MIS Diodes

These measurements were performed on a MIS diode incorporating 4
monolayers of CuPc on an n-bulk GaAs sample. This was mounted in the
stainless steel chamber connected to the gas blender (see section 5.4.3).
The sample was allowed to reach a stable equilibrium with the flow of

pure N_ from the gas blender (nb. the internal temperature of the gas

2
blender is maintained at 40°C). The electrical characteristics of the

device in this ambient were not significantly different from those of the
similar devices described in section 6.4.2,

For the first measurement sequence a forward bias of .6 V was
applied, which gave a current density of 1.2 x 10“5 Acm-z. The gas flow
was then rapidly changed to one containing 50 v.p.m. of NO2 in the NZ
carrier gas; the time dependence of the resulting change in current
density is shown 1in fig. 7.23. The initial rapid rise began almost
instantaneously and peaked after approximately 3.5 minutes, at 5 times
the initial current density. The response then began to decay.
Eventually a constant current density was approached; after 15 hours in

5

50 v.p.m. NO, the current density was 1.05 x 10~ Acm—z, which is almost

2

identical to the initial value before NO2 was admitted. A quick check on

the J-V characteristics of the diode was performed once it had reached



equilibrium with the flow of NO This revealed that a substantial

9°
change had occurred at reverse bilas, although for forward bias the
characteristics were 1little changed from their initial state ({.e. in
equilibrium with NZ)' The gas flow was then changed back to one of pure

Nz. When ecquilibrium was reached the characteristics of the diode

reverted to their original form.
For the next measurement sequence a reverse bias of 1 V was used.

The current through the device was then monitored as 50 v.p.m. of NO2 was

again introduced into the flow of N After 230 minutes the gas flow was

9

changed back to one of pure N The effects of this sequence are plotted

9
in fig. 7.24. As for forward bias, an initial rapid rise which peaked
after a few minutes was found. However, in this case the increase in
current density was much greater, approximately 100 fold. The rapid rise
was followed by a slower decay, which appeared to approach an equilibrium
value at least an order of magnitude higher than the initial value. This
is in marked contrast to the forward bias case, where the equilibrium

currents under O v.p.m, and 50 v,p.m. of N02 were almost identical.

After the flow reverted to one of pure N, the current density fell quite

2

rapidly and then returned slowly towards i1ts initial value; after 15

hours in the pure N, flow the current density had stabilised at its

2

original value (i.e. before NO, was admitted).

2

After the above measurements and after equilibrium with the flow of

N2 was reached, the J-V characteristics of the diode were measured, as

shown in curve (1) of fig. 7.25. As expected this is quite similar to
the original characteristic (c.f. fig. 6.22). The full reverse

characteristic was not measured, but at 1V bias the reverse current

density was approximately 4):10_9 Acm—z. The sample was then exposed to

50 v.p.m. of NO2 for long enough to allow a stable equilibrium to be

achieved. The J-V characteristic when in this state is plotted in fig.
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7.25 as curve (2). Comparison with curve (1) shows that there is little
difference above about .4V forward bias. However, a large increase in
current density has occurred at small forward and reverse bias. These

observations are in agreement with the behaviour shown in fig. 7.23 and

7.24 and described above, as expected, The sample was then left under a

flow of pure N, for long enough for a stable equilibrium to be reached,

2

then the J-V characteristic shown in fig. 7.25 as curve (3) was measured.
It appears that some permanent damage has now occurred, with a
significant and irreversible change in the forward bias characteristics.

This is possibly due to the NO, (an oxidising agent) attacking the GaAs

2
surface beneath the LB film, hence causing an irreversible degradation.
Attempts were also made to measure the effects of N02 upon the
SiPc/GalnAs MIS diodes which were described in section 6.5.2. For these
diodes a small reversible effect was apparent, but this was overwhelmed
by an irreversible fall in current density. This could also be explained
by the growth of an oxide on the GalnAs surface as a result of exposure
to NOZ'

The large increase in the conductivity of CuPc LB films upon

exposure to NO, is thought to be due to an increase 1in the hole

2
concentration, which is caused by electrophilic attack on the delocalised
electronic states of the phthalocyanine molecule by N02(12). However, it

is difficult to analyse what effects this process would have on the MIS
structures described above. It is possible that the creation of charged
acceptor states in the LB film, which could affect the potential
distribution in the system, are of more importance than the increased
hole density. The transient effects are particularly puzzling. It was
initially thought that they might be due to the mobile charge created in
the CuPc being 'swept out' in the electric field. However, the number of

electrons in the transient can be estimated from the charge defined by



- 128 =

the curve in fig. 7.23. As this 1is approximately a factor of 103 greater
than the number of phthalocyanine molecules under the contact then this
possibility must be discounted.

Under far forward bias the current in these devices is thought to be
iimited by electron transport through the LB film {(section §.4.2). Under

equilibrium conditions, exposure to NO, has little effect at far forward

2
bias, therefore electron transport through the CuPc fi1lm cannot be
significantly altered. Under reverse bias the current 1s thought to be
controlled by the band bending in the semiconductor. Therefore the
significant gas effect suggests that the band bending has been altered by

exposure to NO,, which could be due to the generation of fixed charge in

2
the LB film., However, there 1is at present no satisfactory theory that

fits these proposals and can also explain the transient effects.

n1p+ GaAs MISS Diodes

The effects upon n-—p+ MISS samples I, J and K of exposure to NO2
were Iinvestigated, using the equipment described in section 5.4.3. The
curve tracer was used to monitor the current-voltage characteristics.

The devices were exposed to concentrations of NO, up to 100 v.p.m. (in

2
N2) for a duration of at least two hours., Sample I was kept in an
atmosphere of 100 v.p.m. of NO2 for over 48 hours, No significant
changes in Vs’ VH, IH or the general shape of the characteristics were
observed. This is rather strange because the only difference from the
MIS diodes described above is in the choice of GaAs substrate, It 1is
almost certain that this does not affect the processes which occur in the

CuPc LB film upon exposure to NO Therefore we must assume that the

9
changes that occur in the CuPc film do not significantly alter the
characteristics of these MISS diodes.

In these diodes VS is determined by the bias required for

punchthrough of the epilayer (section 7.4.1). This can explain the
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insensitivity of the switching voltage to NO, exposure because, for this

2
mechanism, VS is only weakly dependent on the properties of the
insulating 1layer. A large change in the band bending in the
semiconductor would significantly alter VS, however this is unlikely to
occur for GaAs as the Fermi level at the surface is pinned by a high
density of surface states, It 1is more difficult to explain the

insensitivity of the on state characteristics to the NO because they

93
are controlled by conduction through the insulating film, which is mainly
electron transport. We can perhaps draw a comparison with far forward
bias conduction in the MIS diodes of section 6.4.2, which is also
controlled by electron transport through the LB film (but in the opposite
direction). Earlier in this section, we noted that the far forward bias
characteristics of the MIS diodes are only slightly altered by exposure
to NOZ' Therefore it seems possible that the on state of CuPc MISS
diodes is insensitive to NO,.

2

Measurements were also performed to examine the effects of exposure
to hydrogen on MISS sample K, which had palladium contacts. Absorption
of hydrogen causes a change in the work function of palladium(13), and
this has been reported as producing significant changes in the switching
voltage of silicon MISS devices(lé). The mechanism proposed to explain
this effect was an alteration of the barrier height for tunnelling
through the oxide, due to the Pd work function change. This varies the
gain of the MIS multiplication process (see section 3.2.1), which
therefore influences VS through its effect on the regenerative feedback
process (section 3.2.3). In these LB film MISS devices switching usually
occurs at punchthrough, therefore only a small change in VS would be
expected due to the work function modification. However, if the effect

is large enough to allow switching to occur via a different mechanism

then VS could be significantly altered. When diodes on sample K were
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exposed to 57 H2 in N2 for 135 minutes no significant changes in the
current-voltage characteristics could be discerned wusing the curve
tracer. Although a small voltage shift would be expected, even for the
punchthrough model, this could have been obscured since VS for devices on

sample K was very large (table 7.2).

7.5 81i MISS Diodes

LB film MISS devices on n—p+ silicon were briefly investigated.
They were fabricated using the techniques described in section 5.3. A
step structure of w-TA was deposited on the first sample, producing areas
with no film and 2, 4 and 6 monolayers. No switching was observed for
diodes without an LB film or for those incorporating 2 layers of w-TA;
for these devices the current remained low until punchthrough occurred.
Devices incorporating 4 or 6 layers did possess switching
characteristics, with VS (v 12V) corresponding to punchthrough. However,
it was impossible to characterise these diodes because of the rapid
changes that occurred during operation, although the changes were
retarded slightly under vacuum. The degradation also appeared to
progress even during storage in vacuuo. The changes began with increases

in V I, and IS, although VS was little changed, then the on state

H' "H
became unstable and finally the on state disappeared completely.

In an attempt to produce a more stable Interface between the silicon
and the LB film it was decided to allow a thin oxide to form on the
silicon surface. This was done by leaving the sample In air (at room
temperature) for several days after the treatment with 407 HF. This
sample was then dipped with 3 monolayers of w-TA (nb. no deposition
occurs upon oxidised silicon surfaces during the first insertion into the

trough). The characteristics of diodes on this sample resembled those of

HF treated devices that had partially degraded. This perhaps suggests



that the rapid degradation in Si/LB film MISS diodes may be caused by the
growth of an oxide layer beneath the LB film.

CuPc films were also deposited omn n—p+ silicon samples. Diodes
incorporating 1, 2, 4 and 8 monolayers of CuPc¢ exhibited switching
characteristics; VS again corresponded to punchihrough (v 12V).
Degradation of these devices was similar to that in w-TA diodes, although
it was not quite so rapid; the characteristic changed distinctly within
30 minutes when operated under vacuum. LB films of SiPc were also used
in Si MISS diodes, which switched at punchthrough (VS A 12V).,  In these
structures a slightly different type of degradation occurred; Is
initially rose very rapidly and within 5 minutes the on state had also
changed substantially,

7.6 Conclusions

In this chapter the characteristics of MISS diodes incorporating LB
films were described, and an attempt was made to explain the wvarious
kinds of behaviour observed. Several different structures on both GaAs
and silicon substrates were examined. Good switching characteristics
were obtained, with relatively high yield, for MISS diodes on n-p+ GaAs
which incorporated between 3 and 11 momnolayers of w-TA (9-33 nm) or 4
monolayers of CuPc. No switching was observed for similar diodes
incorporating a single -TA layer, which demonstrates that the LB film
plays a crucial role in the operation of these devices. MISS structures
incorporating w-TA films of more than 11 monolayers were also fabricated,
but they possessed unstable characteristics. Therefore the useful range
of LB film thickness in these devices was from 9 - 33 nm.

The switching mechanism 1in these structures was wusually a
punchthrough process, however this did not seem to apply for the most
heavily doped epilayers. The evidence supporting the punchthrough model

included the dependence of switching voltage on the properties of the
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epilayer, the J-V and capacitance characteristics of the off state, and
the independence of switching voltage from temperature, illumination and
the thickness of the LB film. No attempt was made to optimise the
switching speed of these structures, but thls was measured as 40 ns,
which 1is comparable to that reported for Si MISS diodes. The wmost
significant problem of these LB film devices was the gradual degradation
during operation. The CuPc LB films were significantly better in this
respect than the u-TA films, but a further significant improvement is
required before practical devices can be fabricated.

Diodes on p—n+ GaAs 1incorporating 3 monolayers of -TA also
possessed switching characteristics, These were less than ideal at room
temperature, although a significant improvement occurred at low
temperature (< 100K). 1In this case switching was not attributable to the
punchthrough mechanism, Similar devices incorporating either a monolayer
of w-TA or 4 layers of CuPc did not exhibit switching characteristics.

The brief investigation of MISS diodes on n-—p+ silicon was plagued
by the rapid degradation of the devices. Even the most robust
structures, incorporating CuPc films and measured in vacuuo, deteriorated
too rapidly for significant results to be obtained. The reasons for the
difference in lifetime between Si and GaAs devices is not yet understood,
and this area should be more fully investigated.

One of the aims of this work was to produce a gas sensitive MISS
device by the use of phthalocyanine LB films. This was not achieved,
although it was shown that similar MIS diodes were significantly affected

by exposure to NO This apparent difference between the behaviour of

2°
MIS and MISS structures is a little puzzling. A tentative explanation
for this difference is proposed, but if a better understanding of these

gas effects could be obtained it would be a very useful aid to the design

of LB film sensors.



TABLE 7.1 n-p' GeAe/u—TA MISS Devices
T
w-TA Svicching Holding  Holding | :::1131::1: Effective Celculated
Sample Film Thickness Voltage Voltage Current ping -3 ¥ Epilayer Thicknees Depletion Width
(monolayers) v /v v, /v I, /mA N,/cm (w -w, ) /um at Switching
8 H H d e §
w,/um
d
A 3 9.1 (207) 4.7 (117) 1.9 (452) 3 x 1014 4.7 ¢ .9 6.9 ¢ .7
B 5 10.5 (357) 6.0 (25%) 1.4 (81%) 6 x 10°% 4+ .8 5.2+ .8
c 3 25.3 (277) 6.9 (23%) 3.6 (271) 1 x 10'° 5.9 + 1.2 6.1 ¢ .8
D 3 17.9 (252) 4.1 (15%) 3.4 (65%) | 7.5 x 10%% 5.4t 1.1 62 .7
£ 1 - - - 7.9 x 10%% 4.3+ .8 -
e, 7 10.4 (361) 3.5 (11X) 2.5 (28%) | 7.9 x 10'% 4.3+ .8 4.5 % .7
F| 5 10.8 (303) 3.4 (61) 4.0 (10%) | 1.5 x 10%° 3.1+ .6 3.3+ .5
F, 11 11.6 (60%) 5.3 (32%) 0.9 (55%) | 1.5 x 10%° 3.1+ .6 3.4 £ 1.0
¢ 3 14.5 (262) 5.1 (147) 3.6 (47%) | 6-8 x 10°° 3.6 + .8 1.8 ¢ .2
] ] 15
Hy 13 12.8 (101) 9.7  (14%) 3 4-5 x 10 3.2t .7 2.1 ¢ .1
- L ] 15
H, 17 12.2 (132) 9.0 (16%) ~3 45 x 10 3.2+ .7 2.0+ 1
1
Notes: Percentages in brackets are the variation between contacts on the asample

* For this sample the holding point was not clearly defined, therefore V

is the on state voltage and IH is an approximate value.

H




TABLE 7.2 n-p  GaAs/CuPc MISS Devices
CuPc Epilayer Effective Calculated
Sample Film Switching Holding Holding Doping Epilayer Depletion
Thickness Voltage Voltage Current Densitx3 Thickness Width
(monolayers) Vs/V VH/V IH/mA Nd/cm (we—w ) /um at Switching
3 w,/um
d
I 4 10.3 (407) 4.9 (18%2) 1.6 (44%) 6 x 1014 4 + .8 5.1 £ .9
J 4 24.6 (157) | 14.4 (39%) | 6.3 (48%) 1 x 1013 4.9 + 1.0 6+ .4
* 15
K 4 38.6 (87) 35.1 (9%7) 2.5 (25%) 3x 10 3.2 + .6 4,3 £ .2
Lt 4 5.1 (187) 4.4 (167) | 1.2 (332) N.K. N.K. -
Notes: Percentages in brackets are the variation between contacts on the sample

* top contacts Pd not Au
+ chemically polished in 1:10 507 Citric Acid :

302 HZO

2°
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Plot of the depletion width at the switching voltage, W,,
versus qbe thickness of the epitaxial layer, W , for EB
film/n-p GaAs MISS diodes incorporating w-tficosenoic
acid LB films. The epitaxial layer thickness is modifjed
to take into account the depletion width of the p -n
junction, W_. This graph indicates that switching
probably océLrs via a punchthrough mechanism, for the
majority of devices (see text).
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Figure 7.4 Current-voltage characteristics of LB film/n—p+ GaAs MISS

diodes incorporating w-tricosenoic acid LB films. The
device from sample E, had a 7 layer film, that from F
had a 5 layer film and the diode from sample F
incorporated 11 monolayers. In all cagfs the series
resistance was 1KR. (contact areas = 2x10 - cm?)
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Current-voltage characteristic of a metal/n-p+ GaAs diode.
This 1is equivalent to a MISS diode without an insulating
layer, and 1t shows the gSfects of punchthrough (see
text). (contact area = 2x10 - cm?)
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Current-voltage characteristic for an LB film/n-p GaAs
MISS diode incorporating 3 layers of w~-tricosenoic acid.
This device was from sample G, which had a relatively
heavily doped epi%gyer. The series resistance was 10KR.

(contact area 2x10 - cm?)
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Off state current-voltage characteristics of an LB Figure 7.8 BIAS/V
film/n-p GaAs MISS diode (taken from a curve tracer +
photograph). These are from sample H,, which had a 17 Current-voltage characteristic of an LB film/n-p GaAs
layer w-tricosenoic acid film, and sFow the difference MISS diode. This device, from sample H,, incorporated 17
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text). (contact area = 2x10 -~ cm?) was 10KQ . (contact area = 2x10 ~cm?)



esf

-
>
n
¥
re
A

CURRENT J/Acm®

oS}

'

o-f—2 3 e 72
BIASN

Current-voltage characteristic of an LB film/n-p+ GaAs

MISS diode incorporating 5 monolayers of w-tricosenoic

acid, from sample F,. The high series resistance of 20KQ
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Current-voltage characteristic of an LB film/n-p+ GaAs
MISS diode incorporating 3 layers of w-tricosenoic acid,
from sample C. The series resistance was 2.2KQl. The
intermediate state which can be seen is believed to be an
artifact pggfuced by oscillations (see text). (contact
area = 2x10 - cm?)
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Response to a small amplitude pulse of an LB film/n—p+
GaAs MISS diode. This device was from sample D and
incorporated 3 layers of w-tricosenoic acid. The series
resistance was 1008 and the pulse generator had an output
impedance of 500, The three numbered regions of the
initial transient are;

(1) the capacitive rise time,

(2) the inversion charge delay time and

(3) the feedback reggneration time

(contact area = 2x10 ~ cm?)
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Figure 7.14
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the pulse generator_ had an output impedance of 501.
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Turn on time as a function of pulse amplitude for an LB
film/n-p GaAs MISS diode incorporating 3 layers of
w-tricosenoic acid. This device, from sample D, was in
series with a total resistance of 150Q.



441

S \/on‘/v

" - ) . 2 - |

w
ot¥

Figure 7.15

, J/Acm™2

C:LJFZFZQ;FJT'

o

50 100 \S0O 200 250
TIME /Min

Plot of on state voltage versps time for a 3 layer

w-tricosenoic acid LB film/n-p GaAs MISS diode from

sample D, This 4llustrates the degradation of the

characteristics that occurred in these devices. This was
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Current-voltage characteristic of an LB film/p-n+ GaAs
MISS diode, taken from curve-tracer data. This device
incorpgsated 1 layer of w-tricosenoic acid. (contact area
= 2x10 ° cm?)
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Figure 7.18

Current-voltage characteristic of an LB film/p—n+ GaAs
MISS diode incorporating 3 layers of w-tricosenoic acid.
These curves were taken fro? curve-tracer data recorded at
77K. (contact area = 2x10 ° cm?, series resistance 10KR)
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The effects of exposure to NO, upon the current-voltage

characteristics of an LB fiim/n-type GaAs MIS diode

incorporating 4 layers of copper phthalocyanine.

(1) in equilibrium with an N, atmosphere,

(2) 1in equilibrium with an a%mosphere containing 50 v.p.m
NO

(3) 1n2 equilibrium with an N atmosphere, after
degradation had_gccurred (see text)

(contact area = 2x10 - cm?).
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CHAPTER 8

CONCLUSION

The objective of this work was to investigate the properties of
gallium arsenide/Langmuir-Blodgett film MIS devices. The systematic
study of these devices required a knowledge of the properties of freshly
etched GaAs surfaces, together with an appreciation of the effects upon
these surfaces of the LB film deposition process. The electrical
characteristics of Schottky barriers can be used to help determine the
nature of the metal-semiconductor interface, and by extension the nature
of the semiconductor surface. Measurements indicated that a freshly
etched, relatively clean, GaAs surface becomes coated with a thin oxide
layer as a consequence of the LB film deposition procedure. These
experiments enabled the 1influence of this oxide layer upon the
characteristics of the MIS devices to be separated from that of the LB
film.

Two different LB film materials were used to fabricated MIS diodes :
w-tricosenoic acid and a substituted copper phthalocyanine. The
characteristics of devices 1incorporating these two materials were
qualitatively similar, and corresponded to leaky 'non-equilibrium' MIS
diode behaviour of the kind described in chapter 3. This type of
behaviour suggested that LB films could be used to fabricate bistable
MISS diodes. The GaAs MIS diodes incorporating phthalocyanine LB films
exhibited an anomalous photoelectric behaviour, which did not occur for
similar diodes incorporating layers of w-tricosenoic acid. The origin of
this interesting phenomenon 1is not known, but it must be related to an

interaction between the LB film and the semiconductor. It would be



informative to determine whether this effect 1is unique to the system
under study, or if it also occurs for other combinations of semiconductor
and LB film. At present further work 1s required to determine whether
this effect could have any practical applications.

The ternary semiconductor alloy Ga.471n'53As has very desirable
electronic and optical properties, but one of its technological
limitations is the extremely low barrier height of metal/GalnAs contacts.
An attempt was made to remedy this problem by producing 'Schottky-like'
tunnel MIS contacts incorporating LB films. The use of single monolayers
of w-tricosenoic acid or silicon phthalocyanine gave rise to a
substantial increase in the effective barrier height for this material.
This effect appeared to be caused by electrons tunnelling through the LB
film (and not due to increased band bending in the semiconductor caused
by fixed charge in the LB film, as has been previously suggested). The
reverse leakage current of these contacts was apparently small enough for
their use as the gate in field effect transistors, analogous to MESFETs
(which cannot be made on GalnAs). Future work in this area is necessary
in order to devise FET structures and processing sequences that are
compatible with LB films (or vice versa).

The core of the thesis describes an investigation of the GaAs/LB
film bistable MISS device. This was the first time that an organic
insulating layer had been used in MISS structures, and it was only the
second report of GaAs MISS devices. Good switching characteristics were
obtained for either w-tricosenoic acid or copper phthalocyanine LB films
on n—p+ GaAs, with a reasonably high yield of working diodes (up to 907).
No switching was noted for devices incorporating single monolayers, which
showed that the organic layer plays an important role in the operation of

these MISS diodes. 1In contrast, there did not appear to be a clearly
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defined upper limit to the LB film thickness, beyond which switching
would not occur. However, the characteristics of diodes Incorporating
layers of greater than 30nm thickness were less well behaved.

The switching characteristics of these MISS devices were relatively
insensitive to LB film thickness (within the 1limits noted above),
temperature and illumination. However, the switching voltage was clearly
related to the properties of the n-type epilayer. The form of this
relationship suggested that switching in these structures occurred by a
'punchthrough' mechanism. A considerable body of evidence supporting
this hypothesis was amassed, including the detailed form of the I-V and
C-V characteristics. However, this behaviour did not apply for devices
on the more heavily doped epilayers.

LB film MISS diodes on p—n+ GaAs possessed rather different
characteristics. This was not totally surprising because of the
comparatively large doping density and thickness of the p-type epilayers,
which would give rise to very high switching voltages for the
'punchthrough' mechanism., The characteristics of these devices were
sensitive to temperature and illumination, hence confirming that the
operation of these devices 1s rather different from that of the
complementary n—p+ structures.

One of the significant drawbacks to the use of LB films as active
layers in semiconductor devices 1s the fairly rapid degradation that
occurs. At this early stage in the development of LB film devices it is
unreasonable to expect high reliability and long lifetimes. It has been
shown in this work that improvements can be made in this area by the use
of a more robust film material, 1.e. phthalocyanine. It was also
discovered that LB film MISS diodes fabricated on silicon had very short

lifetimes, indicating that degradation in LB film devices is dependent on
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the substrate, as well as the fi1lm material itself. It should be noted
in this context that MISS devices based on more conventional insulating
materials are not without reliability problems. It remains to be seen
whether devices incorporating LB films can be made sufficiently reliable
to be of practical use, but at this early stage of development
improvements in this area must be possible.

One of the subsidiary aims of this work was to investigate the
possibility of producing sensors based on GaAs MIS (or MISS) devices
incorporating phthalocyanine LB films., The ultimate objective of this
type of development 1is to produce small, low cost, accurate, fast
reacting microelectronic sensors for a wide variety of organic and
inorganic chemicals. In this area the results of this work were a little
disappointing as the MISS devices were unaffected by exposure to the
appropriate ambient, nitrogen dioxide. This was perhaps a consequence of
the ‘'punchthrough' mode of operation of the MISS diodes incorporating
phthalocyanine LB films, since this resulted in a switching voltage which
was determined by the properties of the epilayer, not by those of the LB
film.

In principle, LB film technology does possess several significant
advantages for use as the active 1layer in sensors. Many active
materials, especially biological ones such as enzymes and proteins, could
be prepared as LB film forming derivatives; others can be incorporated
into a matrix of film material, as has been done for several kinds of dye
molecule. Such films offer precise control of the quantity of material
deposited, a high degree of structural perfection (it may also be
possible to control or modify the structure) and very good uniformity
over a large area. These attributes could prove invaluable for the mass
production of high quality sensors, although a considerable long term
effort will be required before this technique can be exploited

effectively.
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