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films are an interesting example of two dimensional
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cradero” - Pructure Theix fabrication involves the building-up of a multilayer

Lim oy repeatad depezitior of =ingle monomolecular layers upon the substrate
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nniformity. Because of t(hese gualities, Langmuir films enjoy potential

crplicsrions in wmany areas
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modern science. In particular, their excellent

have led fto the proposition of their use within the semi-

conductoy device industry.
Indium phosphide, although a relatively new semiconductor, is already

becoming an important device material, particularly in areas where its high

mobility gives vapid device response and good high frequency operation. This
thesis combines these two materials, and looks at the electrical behaviour of

InP/Langmuir film metal-insulator-semiconductor (MIF devices and their
associated structures.

The Langmuir-Blodgett process is a low temperature deposition technique,
and thus induces little or no surface damage to its recipient substrate,

Because of this, it is likely that the chemical surface of the InP,prior to
deposition, will be of critical .»aportance in definir v the device characteristics
This has in fact been found to b« the case, and a der iled study of the correla-
tion between ESCA surface chemical information and <. vice electrical data has
been underteken. In addition, the device resulte ol:vained have been found

ke rather different to those produced iy the use of 2 conventional high tempera-
ture deposition process,

In order to capitalise upon the use of these organic insulating films,
and the sensitive natuis of the InP surface, the effont of various gases upon
these device structures have been inveotigated. Thi study has revealed the
oxistence of many interesting bulk and interface effects, and is likely to form
the basis of a more detailed programne aiming to dev~lop a range of solid state

SEeNS0Yrs.,.
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CHAPTER 1

INTRODUCTION

Because of its near ideal behaviour, the silicon/silicon dioxide
system has virtually dominated the semiconductor industry for at least the
last decade. This system combines a substrate which is relatively easy to
grow, with a native oxide which has excellent uniformity and good insulating
properties. More recently however, the insatiable demand for faster device
response and lower power consumption has begun tc uncover some of the funda-
mental limitations of the silicon system., This has generated increased
interest in other substrate materials in the hope of their fulfilling these
new demands. Of the variocus compounds available, indium phosphide with its
high mobility shows good promise for fast devices. However, like other III-V
materials its native oxide is far from ideal and it is ﬁherefore necessary to
use a separate insulatofgwhen fabricating field effect devicés. At present,
considerable difficulty is being encountered in finding a material suitable
for this purpose which does not inte{Fere with the properties of the resultant
device. ;‘

This thesis deals with the investigation of one possible group of
materials, collectively known as Langmuir-Blodgett or Langmuir films, and looks
at the behaviour of InP/Langmuir film metal-insulator-semiconductor (MIS)
devices. These films are produced from compressed organic monolayers, by
repeatedly passing the substrate, in this case InP, through the monclayer,
and building up a multilayer structure, Because of the deposition process,
not only is the substrate totally unaffected (by comparison with say sputtering
or evaporation) but the molecular length and the number of layers precisely

define the final thickness of the film. Moreover, the relatively porous nature



of these multilayers allows molecular diffusion through the film structure ;
a property which i1s capitalised upon in the later part of the thesis with an
investigation of gas effects upon these MIS structures.

The background theory requilred to understand the characterisation and
operation of the MIS system is presented in Chapter 2. This covers basic
semiconductor physics, metal-semiconductor junctions, conduction in thin
films, and finally the behaviour of an ideal MIS device. Also given is a
discussion of the many effects that lead to non-ideal behaviour, together
with variocus methods of identifying them. The experimental measurement
details of processes applied during this investigation : chemical surface
analysis, D.C. and A.C. electrical characterisation, together with basic
fabrication techniques (excluding insulator deposition) are given in Chapter
3. This is followed by a detailed study of the Langmuir-Blodgett process in
Chapters 4,5,6 and 7, giving an historical review, a discussion of the speciali:
deposition equipment regquired and the methods employed to ensure the production
of good quality films. The final Langmuir film chapter presents characterisa-
tion results for these films considered in isolation as MIM structures and
discusses the origin of the various mechanisms observed. Consideration of the
substrate material, InP, begins in Chapter 8 with a brief review of its
preparation and general properties. This is followed by a discussion of
previous surface characterisation and associated MIS work. Discussion of the
results obtained from ESCA and Schottky barrier work, as well as detailed
MIS investigations are presented in Chapter 9, together with some proposed
explanation for the origin of the effects observed.

The rasults obtained from the exploratory study of the effect of

gases upon these devices are given in Chapter 10,



CHAPTER 2

ELECTRICAL BEHAVIOUR OF SEMICONDUCTOR AND

THIN FILM STRUCTURES

This thesis investigates,in some detail, relatively new types of
metal-insulator-semiconductor (MIS) structures. As a preliminary, it was
considered necessary to characterise the constituent parts before looking at
the device as a whole, This process involved the fabrication of metal-
insulator-metal (MIM) structures to help study the insulator, and metal-
semiconductor (MS) barriers to investigate the bulk and surface behaviour
of the substrate. 1In consequence, in addition in MIS theory, thin film
conduction and metal-semiconductor junction physics must also be discussed.

This chapter aims to describe the necessary background theories and
models required to enable the characterization of these independent systems,
and subsequently the composite device. It is divided into five sections,
broadly covering each type of structure configuration. Initially, some
background semiconductor physics is presented, which serves as an introduction
to various basic concepts. This is followed by sections dealing with semi-
conductor contacts, DC and AC conduction in thin insulating films, and
finally a detailed description of MIS physics and device interpretation.

In most cases the volume of material precludes any detailed derivation, but
where appropriate, the resultant expressions are presented for use later in
the thesis.

2.1 INTRODUCTION TO SEMICONDUCTOR PHYSICS

2.1.1 Band Structure

When individual atoms are brought together to form a covalent solid,

the overlapping of electron orbitals causes the broadening of the outer levels



into bands of allowed electron energy. The extent of occupancy of these

bands is governed by the FPermi lesvel ; this may occur within a band or

between bands in the forbidden gap (see later). It is the position of this
lavel, and the width of the associated conduction and valence bands along with
the gap between them that defines many of the electrical properties of a

particular material. The precise position of the Fermi level ig a function

of temperature and is defined by the Permi-Dirac function :

Foo= — S ae— (2.1)

f €-E
1 +eXp( 1TF
k

where F is the probability of occupancy at an energy level ¢, at a

temperature T and EF is the Fermi level energy. Thus at ¢ = EF' F =% and
the level is equally likely to be occupied or unoccupied. At room temperature
the sharpness of this transition from occupancy to non-occupancy is less
defined and so a few electrons exist at levels above the Fermi energy.

When a material has a wide band gap (several electron volts), it is
relatively hard to excite carriers into the conduction band ; in consequence
it will usually exhibit insulating properties. Where the bands overlap,
electron excitation is easy and the material is metallic. Between these two
extremes, band gaps of a few electron volts usually lead to semiconducting
behavicur, although a great many other properties influence the final character-
istics. With indium phosphide, the chief substrate material used in this
investigation, the band gap cf1.35 eV gives good semiconductor behaviour.

In practice, a pure (intrinsic) semiconductor with the Fermi level
midway between bands is not very useful as its conductivity is still quite
low, To overcome this situation it is normal to add small amounts of dopant
material which produces new levels within the band gap. With silicon for
example, group V materials have an extra easily removed electron, and when

included in the lattice generate an electron donor level just below the



conduction band. If we assume that at room temperature the number of
intrinsiccarriers is negligible, then the ionisation of these donors will
dominate and the Fermi level will reside midway between the conduction band
and the donor level., This effect results in the conductivity being of a
much more useful value., The material is now referred to as being extrinsic,
and in this case is doped n-type, as shown in Fig 2.lp. If group iii
materials are used,electron acceptor centres are produced and holes are
generated in the valence band. 1In this situation the additional levels are
just above the valence band and the material is p-type (Fig 2.1¢), Holes
are now the majority carrier of the doped semiconductor.

In many cases these additional levels are completely exhausted at

room temperature and the position of the Fermi level is given by

Z

E = kT loge (2.2)

“
o |0

1
where EF is the position (in an n-type material) measured down from

the conduction band, NC is the density of states in the conduction band, and
ND is the concentration of added donor centres. A similar expression can be
derived for p-type doping. It is of course possible to have both types of
dopant present at one time, but in this situation carriers produced by donors
tend to be absorbed by acceptors, and the effects cancel., This compensation
process is normally more useful in adding levels to remove the effects of
unwanted impurities, included during the growth process. For example in GaAs,
chromium is added in controlled amounts and the additional levels near the
mid~-gap region absorb many free carriers from the dominant unwanted donor
levels. This considerably reduces the conductivity enabling semi-insulating
properties to be produced. It is also possible for impurities to give more
than one level in the band gap, for example sulphur produces two levels just

above the mid gap in silicon, and copper generates three in the lower gap region
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For these multi-level systems each one has its own density, and activation
energy, and so the displacement of the Fermi level and its variation with
temperature become much more difficult to predict.

For compound semiconductors, growth and purification is normally
considerably more difficult than for silicon, and the problems caused by
additional levels in the gap 1s more serious. In addition the production
of controlled doping is less well understcocod. With InP for example, group
IV materials appear to produce high conductivity n-type properties, whereas
7zn and Cd(group 1l elements) produce p-type properties. The use of group VI
elements also appearsto give n-type material.

Although valid for many materials, the assumption of a relatively
wide continuocus band structure is not always true. In amorphous materials
for example, only short range order is present, and although some form of
band structure is apparent, the band edges extend considerable distances intc
the gap. At these edges there is a gradual transition from the continuous
states of the band, in which carriers can move freely, to strictly localised
states or traps in which the carriers are relatively immobile. Thus in this
type of material electrical conduction is dominated by this high (v lO19 cm_3)
density of additional levels, and carrier hopping between them.

As well as being able to produce a crystalline lattice from single
atoms, it is possible to assemble an ordered structure using molecules; this
is termed a molecular crystal. In these materials the bonding between the
component units is relatively weak and so the electronic orbital overlap is
less than normal. As a consequence the energy bands are very narrow, normally
considerably less than one electron volt, but have quite large gaps between
them. Thus in a pure material there are very few thermally excited carriers.
In these materials normal band theory must be adapted to account for the
narrowness of the bands, and electrical transport is again somewhat different

to that in normal semiconductors.



2.1.2 Electronic Conduction in Semiconductors

For any charge transport to occur within a semiconductor, electrons
must be present in the conduction band and/or holes in the valence bands.
In most structures, these carriers are injected from Ohmic (see section 2.2)
contacts on the semiconductor surface, although promotion from donor/acceptor
levels or across the band gap is often an important process. Once in the
conduction band,the movement of the carriers through the lattice is controlled

by the mobility of the material u, given by

v = uE m/sec (2.3)

where E is the applied electric field, and v is the average drift velocity

of the carriers. The value of ;1 is normally cconsiderably larger for electrons
than for holes. In group IV (non pelar) semiconductors, there are two scatter-
ing mechanisms which significantly affect the carrier motion through the lattice,
and thus the mobility. Both are temperature dependent effects . The presence

of ionised impurities (often dopants) generates a T dependence, and scatter-

: . . . . ) . -3/2
ing due to phonon (quantized lattice vibration) interactions leads to a T
variation. These two effects are often present together but normally one is
dominant at low values pf T (ionised impurity), and the other at high T (phonon).
In III-V and other polar materials, additional effects due to optical phonon

scattering are also important.

(a) Ohmic conduction

Under low field conditions the motion of the carriers through the
material will show simple Ohmic behaviour, where the conductivity of the

sample is given by ;

~——

where n is the density of carriers. This expression applies equally well for

holes or electrons. In addition to Ohmic (drift) conduction, it is possible



for carriers to move through the material by diffusion. This process relies
upon a non-uniform concentration of carriers (for example near an injecting
contact) causing a net motion away from this area to even out the distribution.
It is quite normal for both drift and diffusion mechanisms to be present at
the same time ; although the former type is dominant under most conditions.

{b) Space-charge-limited conduction

When higher fields (v lO4 V/cm)are applied to an Ohmic contact an
excess of electrons (or holes) are injected into the surface region of the
semiconductor. This leads to the formation of a space charge regicn in the
vicinity of the contact, and mutual repulsion between the carriers, which
tends to limit the amocunt of charge reaching the bulk. Under these conditions,
the current flow is space charge limited. In addition, rather than the carriers
being under constant acceleration, as in a space charge limited thermionic
diode, continuous interaction with the lattice results in a constant velocity.
Accordingly, the currents in a solid are several orders of magnitude lower
than in the diode. The process of space charge limitation,although very
complex, is now well understood but is very hard to model in an easy way. The

simplest expression gives ;

2
J V/i3 (2.5)

where d is the thickness. In more general terms the currents can be

represented by a scaling law which gives ;
m
v
I d(—;) (2.6)

where m is a constant, not necessarily an integer. For example, a trap free
material gives m = 2,whereas double injection(of both holes and electrons)

gives m = 3.



2.2 METAL-SEMICONDUCTOR CONTACTS

. . . A : (1,2,3)

When a metal is deposited onto a semiconductor , one of three
types of contact will be produced ; Ohmic, rectifying or neutral. These

possibilities are caused by the different relative positions of the two Fermi
levels, which may aid or inhibit carrier exchange. It can be seen from

Fig 2.2, that when an n-type semiconductor and a metal are brought together
under zero bias conditions, charge flow must occur between the two materials

in order to level the Fermi energies. The direction of this flow is defined

by the relative magnitudes of the two work functions (the work function is
defined as the energy regquired to enable an electron with energy corresponding
to the Fermi level, to escape from the material)., If ¢m is less than ¢S,

then the metal Fermi level is higher than the semiconductor, and so carriers
will flow into the latter. The resultant space charge region acts as a reservoir
of carriers reacdy to flow into the semiconductor upon the application of an
electric field. This type of contact is known as Ohmic or injecting. In fact
the former definition is rather a misnomer and merely signifies the lack of

a barrier, whereas the use of the term injecting is more accurate due to the
resultant surface reservoir produced by this type of electrode. For a p-type
semiconductor ¢m must be greater than ¢S in order to produce an Ohmic contact
(Fig.2.2). 1In this case the contact potential ¢ms = ¢m—¢s is positive, and the
surface reservoir of holes causes the semiconductor bands to bend upwards.

If these situations are reversed, and for example the contact
potential is positive for an n-type substrate, then a blocking or barrier
contact is produced. 1In this situation, electrons flow into the electrode
material to produce levelling of the Fermi energies, and so a region depleted
of majority carriers is produced within the semiconductor. This depletion
region represents a high resistance, and so limits the flow of carriers intoc

the semiconductor. Similarly, for a p-type material a negative contact
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potential will result in a barrier reglon and the production of a rectifying
contact.

The third situation is where the Fermi levels are equal to begin
with, and so the contact potential is zero. 1In this case, known as a neutral
contact, nc transfer of charge takes place, but the characteristics tend to
be similar to those for an Ohmic contact under low applied field conditions.

The occurrence of this type of contzct is very rare, and its usefulness

extremely limited ;in consequence it will be considered no further.
* %k

For an ideal barrier contact , the application of an external field
can be used to vary the barrier height, and so this type of contact produces
asymmetrical current-voltage characteristics. Under forward bias (positive
applied voltage) conditions the gradual reduction of the barrier produces an

exponential curve ;

-ed
_our 2 b ev 2
J = A T exp ( T ) exp <kT‘)A/m (2.7)

where ¢b is the barrier height (normally equal to the contact potential), V
*

is the applied voltage, and A 1is the compensated Richardson constant (equal

-2 =2 . . -
to 9.4 A cm K for InP). This latter term is similar to the value used
in the vacuum diode model except now the mass of the carriers must be modified
due to their motion through a solid lattice. The new constant thus becomes

* m* .
A = — A where m* is the effective mass of the carriers in the semi-
m

conductor, and m their mass in free space.

In reverse bias (negative applied electrode voltage), the additional
potential causes a widening of the depletion region as more free carriers are

removed from the semiconductor (Fig. 2.3). Under these conditions the current

through the junction is very much less than in forward bias, and hence its

** The ensuing detailed consideration of barrier contacts deals primarily with
n-type semiconductors . Similar arguments can be applied to p-type materials,

but the relative barrier considerations must be reversed,
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use as a rectifying electrode. The reverse bias current is given by

\

) A/m

*

2 ( “ety
J = A T exXp

kT

2

NS}
.
8]

and is effectively the forward bias curve with the voltage dependence removed.
From this simplified expression it can be seen that the reverse bias current
is in practice a constant leakage value, independent of applied bias, and
determined largely by the zero bias barrier height. In addition, the
production of this region depleted of mobile carriers gives rise to a
capacitance associated with the junction. The value of this capacitance is
defined by the width of the depletion region (W), and is thus a voltage depend-

ent parameter, whereby ;

2
c = = = Farad/m” {2.9)

where Vb, is the zero bias bending of the semiconductor bands, normally called
i
the built-in voltage. The effect of varicus applied biases on the metal and
semiconductor bands are shown in Fig 2.3.
From these three basic equations it is possible to obtain the majority
of the important parameters which define the junction behaviour. A plot of
2 . . . . . .
1/C- v for example from equation 2.2 will give a straight line whose gradient
is proportional to the semiconductor doping density (ND), and whose intercept

with the voltage axis gives the built-in voltage (Vbi)' This latter parameter

is related to the barrier height ¢b by the expression

- - Ad (2.10)

where A¢ is a relatively small term arising from image force lowering of the

barrier, and NC is the density of states in the semiconductor conduction



band, given by
3/2

N = 2 27Tm

where m, is the electron effective mass.

It is also possible to obtain a value of barrier height from the
reverse bias curve, where the current is largely independent of voltage, and
of magnitude related to the barrier height. 1In practice,the behaviour
of a real device does not always show total flattening of the curve as
predicted by the simple theory, and it may well exhibit a slight positive
gradient. There are many more detailed theories which attempt to explain this
effect, amongst which are those considering carrier generation in the depletion
region, and edge leakage currents around the electrode. It is likely however
that the dominant effect is due to image forece(Schottky) lowering of the
barrier, which although also present in forward bias only becomes significant

in reverse bias. This model gives rise to an extra term ;

J/E-E/4ﬂ€o e
e L (2.12)
KT

/ZeND KT
where £ = j vV + vV -
\

/£ € bi e
v ox

which becomes another multiplying factor in the simple reverse bias
17‘
expression, giving an additional exp (V') dependence (this effect
is discussed again in section (2.3) in more general terms, In
this situation the recovery of the barrier height now utilizes the intercept
with the current axis.

With rcal devices it is normal to add an oxtra term to the forward

bhias expression to allow for non—ideal boehaviour of the junction. This is



termed the ideality factor n, and resides in the denominator of the
exponent., If the remaining terms in the equation are combined into a

constant JS then the new expression becomes ;

[ e (Ad+ V)
I T (2.13)
e¢b
where JS = A* T exp - oKRT , and A¢ 1is added to account for image
lowering.

Thus, from a n J-vV plot it is possible to directly obtain a value
for this ideality factor for any given device. It is normally slightly larger
than unity, but can be considerably more if an interfacial layer is present.
In addition, from the expression for JS it can be seen that the intercept
value with the current axis will yield a value for the barrier height ¢b'

More recent investigations have shown that there are a number of
additional influences which can have quite significant effects on the character-
istics of normal Schottky barriers . The presence of a thin oxide or
contamination layer between the metal and the semiconductor has been discussed
by Card and Rhoderick(4), who proposed an additional multiplying term for the
normal bias expressions of exp (-)(l/2 o) ; where x is the mean barrier height

. , , . , . . o . .
in eV, and o is the interfacial oxide thickness in A. The resulting equation

thus becomes ;

1
J = J exp (—x2 o) exp (2.14)

r S nkT

where J . represents the same constant as that used in eqn.(2.13). There has
s

also been considerable interest in recent years in the effect of surface states
on the barrier height of a device. In consequence, it is now thought by many
that the measured value of ¢b is defined more by the

presence of surface states than by the top electrode. This is particularly



obvious where the resultant value is independent of metal type. These
effects are not proncunced on silicon where current manufacturing technology
can reduce the surface state density to a value where their influence becomes

insignificant. For ﬁﬂlzg materials however problems of Fermi level pinning

. {10) . :
by surface states are more predominant , and so their effect on barrier
height may be greater. Indeed, a great deal of work is currently underway
to investigate these effects, and it is now thought that even a fraction of
1% of a monolayer of oxygen or various metals can lead to «ignificant pinning

effects. These ideas will be discussed in more detail in Chapter 8.

2.3 DC CONDUCTION MECHANISMS IN THIN FILMS

The Langmuir-Blodgett insulating films used for the majority of the
work in the thesis were normally looked at in relatively thin structures. 1In
consequence even small applied voltages produced very large electric fields
and resulted in the possible occurrence of a variety of different conduction
mechanisms. In order to aid data interpretaticn at a later stage of this
thesis, a number of the more popular conduction processes occurring in insulat-
ing films will now be discussed

Although Ohmic and space charge limited conduction have been considered
primarily in connection with semiconductors, it is quite possible to observe
these mechanisms in insulators. With this type of material, however, the
conductivity is considerably lower due to a lack of carriers in the conduction
band (rather than a small mobility) and the usual current limiting process is
the promotion of an electron (or hole) into the conduction (or valence)band.
Once there, the carriers are normally assumed to be rapidly swept out of the
material. The chief method of achieving this promotion into the conduction
band is by high field lowering of the normal barrier . This will produce either
Schottky, Poole-Frenkel, or certain assisted tunnelling processes depending

upon the situation.
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2.3.1 Schottky and Poole-Frenkel Conduction

These two conduction mechanisms can be considered together as they
both rely upon the emission of carriers over a barrier. In the former case
this barrier is at the surface of the material and carriers are obtained from
the plentiful reservoir of the metal contact. With the latter process the
electrons are lifted out of trapping centres (localised states)in the bulk of
the material into the conduction band. The resultant expressions for both
types of mechanism are very similar. First we consider the Schottky effect.
At the surface of a material, in the presence of an applied electric field,
the metal-insulator junction can be represented as in Fig 2.4. The energy
¢ (x) required to move an electron from the metal Fermi level into the

ingsulator conduction band is given by

2
b(x) = ¢ - < - Eex (2.15)

MI 2
dr1e & 4x + e
o r /¢MI

where ¢MI is the initial work function difference in the absence of a field,
Eex is lowering of the barrier by the external field, and the remaining term
is due to the potential energy acquired by the electron leaving the metal.
The distance into the insulator is represented by the variable x. The maximum
height of this barrier can be found by differentiation of the above expression ;
which gives

3 0
/ £e (2.16)

47e €

max MI i
// o r

The resulting current density from this mechanism will thus be

proportional to the number of carriers that have this amount of energy.



metal

semiconductor

Figure 2.1 : Schematic representation of Schottky emission process.
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Figure 2.5 : Schematic representation of Poole-Frenkel emission process.




Therefore

/ &b
v»/ - 2X (2.17)
\ KT
’_— - \
1 e’ 1
- I} — —— By - — 2.1
- e KT oo /odme € kT (2.18)
v cr
Qr more simply
e\ IS .
J exp (— 1—1 ) . exp < - VT ) (2.19)

where ¢ and b are constant,
For the Poole-Frenkel effect, the arguments are very similar, but
now the carrier is emitted from a positively charged trap (as shown in

FigZ.5), and the required energy is given by

where ¢ 1is now the difference between the trap level and the conduction band,
and the Coulombic potential is due to a fixed charge, and therefore only

varies as 1/x. In this case the maximum barrier height is

/
/

. / Ee
= - 2 [ 2.2
¢max ¢ L//4ﬂ€ o ( b
¥ @]

r
which shows twice the lowering exhibited by the Schottky process. The final
current density expression is almost the same as before, but with important

differences in constants ;

: e
J N exp <— %r‘) . exp ( AN 4 ) (2.22)

The full expressions for each process are given in Table 2.1.



This consideration of Poole-Frenkel conduction is not general as it
deals with only one specific situation, In practice, therefore, there are
a number of other cases which lead to slightly different expressions. A
particular case of interest 1s where the trapping sites lie beneath the Fermi
level, and can thus be regarded as neutral traps, or deep donors (low down
in the band gap). With this situation the final expression (2.22) is altered
to have an extra factor of two in the denominator and so becomes virtually
identical to the Schottky conduction equation (2.19). The existence of this
latter case makes Schofttky and Poole-Frenkel conduction mechanisms very
difficult to distinguish experimentally.

In fact these two situations along with image force lowering in a

Schottky barrier can be considered as merely specific examples of a more

general scaling law for barrier 'imited conduction. For this situation, if
the potential varies as l/rri , then the current 1s given by log J o vn/n+l.
Thus for normal Poole-Frenkel, Schottky etc., n = 1, whereas for a reverse
biassed barrier (Egn.2.12) n = 1/3, Moreover, any mechanism that

obeys  this general law can be considered to be barrier limited.

From the full expressions for Schottky and Poole-Frenkel conduction

. 4
given in Table 2.1 it can be seen that experimental data plotted on log J-V~
axes will yield a straight line, from which the gradient and intercept points
can be used to determine various constants. In the basic situation the two
mechanisms will vary by a factor of two in the gradient, and so can easily
be separated, if however neutral traps are present, this distinction disappears.
It is also possible to use the variation of temperature to classify these
. 2 . , .

mechanisms,as a plot of log J/T - 1/T will only show a straight line for the
Schottky process. The problem here, however, lies in the slow variation of
this parameter which leads to the need for a very wide range of temperature
variation to be considered. This is normally rather inconvenient, and in

some cases damaging to the insulator.



Because of these problems, the only practical way of separating
these effects is by sample and electrcde dependence. The Poole-Frenkel
mechanism is essentially a bulk property and will scale with film thickness,
whereas the Schottky process 1s independent of this but will vary with
electrode material. Tt should be noted, however, that az both effects are
field dependent, it 1s essential to look at variation of currents with
thicknesses at a constant field, and not a constant voltage., In the case of
the electrode effects the use of different materials will lead to vertical

1

displacements of the log J~v° line depending upon the particular work function.

2.3.2 Tunnelling Conduction

The other type of barrier limited conduction mechanism is quantum
mechanical tunnelling. In this situation electrons from either localised
states, or from the surface electrodes penetrate thin (< 50 2), field reduced
barriers. “The rate of these processes dependsupon many variables and in spite
of a great deal of theoretical modelling, no simplified expression has yet
been produced. As with space-charge limited conduction, it is not that the
process is badly understood, indeed quite the contrary, it is merely that
there exist very many different "limited application " situations. The

simplest consideration assumes a rectangular barrier of height ¢ and this

gives ;
" :
5 —@3/4c )
J v Vo exp —_—— (2.23)
\%
where ¢ is a constant. From this expression it can also be seen that the

normal process is largely temperature independent, but highly voltage dependent.
When very high voltages are used Fowler-Nordheim tunnelling becomes dominant,

in this case a plot of log J/V2 - 1/v will yield a straight line, from which

the gradient gives the barrier height. This mechanism is very common in thin

insulators and can frequently be observed over many decades of current.
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where Ae = Activation energy of conduction
A¥* = Effective Richardson constant
m* = Effective mass
E = Applied electric field
d = 1Insulator thickness
o) = Barrier height

TABLE 2.1

Summary of DC Conduction Mechanisms in Thin

Films.




2.3.3 Conduction in Low Mobility Solids

In additior to the processes considered so far, any review of
conduction mechanisms must also look at the phenomena peculiar to narrow
band and amorrnous materials. These will be briefly discussed here .

(a) Discrdered materials

As previously mentioned, an amorphous material 1s characterised by
only short range order and thus exhibits a high density of localised states
within the band gap. In most situations, these states can be represented
as long tails on the conduction and valence bands, and arc thus of o highor
density near the band edges. In certain conditions they can equally produce
wide bands distributed around one or two points within the gap. Often both

effects are present. These localised states provide an alternative conduction

0]

path for electrong, 1

n e S, parallel with band {(extended state; conduction. in
most conditions the number of electrons present in the conduction band is
sufficiently small for this localised mechanism to dominate. Charge can
move between these closely packed states in one of three possible ways ,
thermally over the potential barrier'between the states (very rarely), by
tunnelling through the barrier, and finally by a combination of these two.

This latter process is the most important effect, and is commonly known as

hopping. Simple treatment of this mechanism yields a conductivity given by :

o

-
s v exp - F(z (2.24)

3 . . .
where T 1s proportional to a , the inverse radius of the localised state.
e}
withthinner films and/or lower temperatures, this variable range mechanism
. -1/3 . .
changes to an exponential T dependence, 1In practice more detailed

consideration of the process yields many specific situations and it has become

obvious that any really general treatment of the effcect will be quite involved.



(b) liolecular crystals

In molecular crystals the weakness of the bonding interactions leads
to a very narrow band structure. This situation calls into question the
epplicabiiity of band theory for these types of material, and even where
appropriate, significant band population at moderate temperatures must be
allowed for, This situation usuvally also gives quite low values of
mobility when compared to an inocrganic semiconductor . With molecular
crystals the carrier effective mass is significant when compared to the mass
of the "fixed" lattice points. Because of this the motion of carriers
through the material is normally accompanied by a deformation or polarization

of the surrounding lattice, The deformation, together with the carrier is

known as a polaron. More specifically,in molecular crystals the extent of
this deformation is normally limited to one or two molecules ; in consequence
in this situation the disturbance is known as a "small" polaron. In all

cases the combined carrier and parturbation have a higher effective mass than
the bare carrier.

Conduction mechanisms in thesé materials are as yet not very well
understood, mainly because of the great variety of apparently different
situations that have been observed. 1In general, all processes so far proposed
show some temperature dependence and the current mechanisms can be divided
into narrow band conduction, often phonon assisted, and polaron conduction,
normally by some form of hopping motion. Considerably more work needs to
be undertaken however before the understanding of molecular crystals begins
to approach that available for other materials and conduction mechanisms.

2.4 AC CONDUCTION IN THIN FILMS

The capacitance (C) of a parallel plate capacitor can be

c - o (2.25)



where A is the plate area, d the plate spacing, and £ the relative
r

=

permitrivity of the dielectric. This structure will obey Ohms law for DC

applied signals, but will have an impedance Z in all other situations.
In the case of a perfect diclectric there is no leakage current, and so;
1 1
7 = — = T (2.26)
wC 21 fC
where 7 1s the impedance in chms. A real dielectric however will pass some

current when a DC bias is applied, and a practical capacitor can thus be
considered as an ideal one in parallel with a leakage resistance. When an
AC field is applied to this real structure the current sinusoid is found to
lead the applied vecltage signal by an angle (0) depending upon the degree of
leakage. This effect can be represented by a vector diagram, as shown in
Fig 2.6 ; where the axes represent the real and imaginary components of the
impedance. If the capacitor is ideal, the conductance G (1/R) is zero and

0 is 90O ; the impedance in this case is purely imaginary. The ratio of
the real and imaginary components is normally represented by tan &, where

§ = 90- 0. Thus for real capacitors, & is quite small and tan 8 1is often

referred to as the loss tangent. Using complex notation, the admittance of

a capacitcr can be expressed as ;

(2.27)
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and thus ;

(2.28)

e 6:
tan wCR

In addition, it is convenient to relate this expression to the
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Figure 2.6 : Representation of real capacitor, and accompanying vector
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dielectric constant ; hence we can define

tan ¢ = — (2.29)

where er is the relative permittivity of the dielectric and relates to the
ideal or imaginary part of the impedance. The other term, " represents the
in-phase or loss component of the material. In most cases both €, and "

are frequency dependent as various configurations of dipoles within the
material pass through absorption peaks, These effects subsequently
give rise to local peaks in ¢", and steps in Er at each relaxation point.

It should be noted however that these phenomena are spread over the whole of
the frequency spectrum , 10_6 to 1018 Hz, and relatively narrow bands of
measurement may therefore show little or no variations. This frequency
dependence of the dielectric constants also tend to complicate the equivalent
circuit, and extra components sometimes have to be added to the simple RC
circuit to model the more complex behaviour over specific bands of frequency.
For the purposes of this investigation, measurements were restricted to the
relatively narrow frequency band of 10 Hz - 100 kHz.

It can be seen from Equation 2.25 that if a structure is prepared with
many different values of d, but a constant electrode area A, then a plot of
1/C against d will yield a straight line. This is illustrated in Figure 2.7 ;
from which it can be seen that the gradient of this line is inversely
proportional to sr, and therefore this type of plot can be used as a simple

means of determining the dielectric constant of the insulator. 1In addition,

it can also be seen from Fig 2.7 that this line has a positive value of

intercept with the Y axis ; this represents the effect of the interfacial
layer : The total capacitance of the gstructure is given by ;
1 1 1
- = I 2.30
c c ( )



where C and C, s are the capacitance values due to the interfacial oxide
) ins

and the insulator respectively., This expression can be further reduced to

1
= = + 2.31
C - . ( )

where ¢ and ?r are the relative permittivities of the oxide and the
insulator, d is the oxide thickness, and t the insulator thickness. Thus
at the intercept point, t is zero and the oxide thickness can be directly
obtained.

Although it has been previously mentioned that good dielectric
materials show little or no dispersion of dielectric constant (and hence
capacitance) within the frequency band used here, i1t is not unusual for
the conductance component Lo be affected. Experimental evidence for
Langmuir-Blodgett films shows the imaginary constituent of the dielectric
constant Er, Lo vary systematically with frequoency, sich that

_(n—l)

€, (w) o w (2.32)

where n is slightly less than or equal to unity. 1In this situation the

(n)

dispersion in £, causes the real part of the permittivity to vary as w
The AC conductivity of a structure can be represented as
o(w) = o, + o' (w) (2.33)

where Oo is the frequency independent DC component, and ¢'(w) is related to

the dielectric loss ;
o'{w) = EO w e {w) (2.34)

Thus £rom Equation 2.32 the frequency dependent component will show a



n . . .
similar w dependence. The value of n is defined largely by the origin of
the effect ; whether it is a lattice (intrinsic) effect, or due to injected
carriers [(extrinsic). The former processes invariably show n close to unity,

whereas charge transport shows n in the region between 0.5 and 0.9. It is

now generally believed that these lower values of n in Langmuir films are
) . N ‘ . iy . . (14)
due to hopring conduction between impurilty or dislocation sites ; as

15
discussed in detail by Mott( ).
vVariation of both capacitance and conductance with frequency can
also be caused by other influences. In particular, the effect of contact
. . . .., (16) .
or lead resistance is a dominant possibility . If the simple MIM structure
is considered as a capacitor in parallel with a resistor, as shown in

Figure 2.6, then adding the effect of the electrodes will give the circuit

shown in Figure 2.8.

Figure 2.8 : Device equivalent circuit incorporating additional

contact and series resistance components.
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In this case,

components.

R
s
R = Rc + —
p 1 +w T &
R
2
[RS/(RC + R ﬂ C
c = c 4+ S4_ 3
p ¢ 1 + w2 T 2
c
2 2
, C R R
wiiero T 2 - s 5 E‘—
where e
R + R
S c
2 2
2 L5 Rs Rc
1 . = ———— e
[ )
(R + R )
C ~
Under normal conditions, RO+ R {(if any sensible
= [

obtained), therefore TR and 1@ can be reduced to
T = ¢ (RR)°
R s 5 C
T = £ R
C s C
Using Equations 2.35 and 2.36, 1t is now possikle to look

behaviour of the overall circuit, in three main regions
I. Low freguency
2z . 2
() < l/C R R ({jl < J,/Y )
S 3 C R
+ R_ = R
I B
C = C + C
o C S

the additional components R and C represent the contact
c c

From this circuit, the equivalent parallel components are ;

(2.36)

(2.37)

(2.38)

results are to be

(2.39)

{2.40)

at the freg

uency

4L

2,42}



1I. Medium freguency :

bl A )
o, C ) /e R (2.44)
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C = C +C /w1 Tt
8] C s

Thus it can be seen that in the low frequency range, co .t - o

controlled by the sample (1/R_), and in the absence of any owther o fl.aone

pe-g
will be frequency independent., For mid-range frequencic-, ey oo oo
ance becomes sample independent and shows an o rela’ Loosnio,. T CTUe -

transition point is defined largely by the physiocol walhes 8 tho aiructur
but it must occur somewhere, even if it is ovutside the normal measurement
range. It should be noted from these expressions that only the high

frequency band has any direct frequency dependence of the capacitance, and

that this is normally outside the applied range of measurement.




2.5 ME TAL-~INSULATOR~-SEMICONDUCTOR STRUCTURES (MIS)

Initial interest in MIS devices and their characterisation originated

from a need fto understand the surface properties of silicon. To this end,
(17) ; N

Grove et al were probably the first to provide a reascnable picture of
this new type of device ; both theoretically and experimentally. Following
this early work, progressively more complex models have been developed to
explain the wide variety of observed properties, and the problems caused by
impurities, surface states and other non-idealities, More recently, the
availability of I11:V and II:VI semiconducting materials has led to the
expansion of MIS physics, as investigations into these other systems are under-
taken. It should be noted, however, that wvirtually all the techniques and
models used for MIS interpretation up to now, have been developed mainly from

the Si/S10 ystem, and as yet no speciflic models have been produced for these

2 = J
newer structures. 1In consequence, 1in spite of the majority of later work being
carried out on the novel InP/Langmuir film system , the models used and

presented here are better proven on the Si/Si0. system.

2

The first part of this section looks at the ideal behaviour of the
MIS system, this is followed by consideration of the variocus effects which
can cause deviation from this ideal behaviour and some of the methods

available to characterise them.

2.5.1 The Ideal MIS Structure

A schematic representation of an MIS device is given in Figure 2.11,
showing the use of a metal electrode on top of the insulating dielectric layer.
This layer is normally thicker than 100 g to avoid any tunnelling effects which
tend to complicate the subsequent data interpretation. This type of device is
therefore a voltage or field controlled structure, rather than systems like
a Jjunction transistor which are current controlled. Under conditions of thermal
equilibrium [ Figure 2.9 } the Fermi levels are aligned, and if the respective

work functions ofeach component are similar then no initial band bending will occtu
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Figure 2.9 : Zero bias energy band diagram for ideal MIS (n-type) device.



Upon the application of positive voltage (on an n-type substrate) to the

top electrode, electrons are accumulated at the semiconductor surface, and

its gands are bent downwards [figure 2.10; ] . The high density of charge

on the metal and semiconductor surfaces cause all the applied bias to be

dropped across the insulator, and-—in-this condition-the device is accumulated. -.
A small negative (or reverse)* bias repels electrons from the semiconductor
surface leaving a fixed space charge of ionised donors ; this is known as
depletion [Figure 2.10b ] . In this situation the semiconductor bands are
bent upwards and the surface Fermi level approaches the mid-band gap position.

A further increase of negative bias causes the onset of inversion (Figure 2.10c),
where the Fermi level now moves into the lower half of the band gap. Thus it
can be seen that it is the deviation of the extrinsic‘Fermi level at thé

surface from the bulk value that defines the state of the device. The difference
in the two values is termed the surface potential (¢S), and although it closely
follows the applied bias in the ideal case, a great many influences occur in

the real device that break this linearity. By considering the variation of

(¢S) into the bulk of the material, it is possible from Poisson's equation to

find the change in charge density through the substrate for various values of

bias. This semiconductor charge must be mirrored in the electrode, and so

with an insulator separating these two there will be a small signal capacitance
associated with each value of (ws). Thus a plot of capacitance against applied
bias provides an excellent method of directly recording the state of the
device. BAn idealised C-V plot is given in Figure 2.11, clearly showing the
capacitance associated with each region of applied bias. In accumulation the
capacitance”is constant and defiﬁed by the insulator thickness, whereas in
depletion an additional term is added due to the depletion layer capacitance.

This latter term is obviously voltage dependent and so the total capacitance

* In general accumulation is caused by a forward bias, and depletion/inversion

by a reverse bias. Thus, for n-type substrates forward bias is a positive

voltagé on the top electrode, but for b—fype ones it is negafive
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value is seen to decrease with increased reverse bias. For the inversion
region it is found that two situations can exist, depending largely upon the

bias freguency . The formation of an inversion layer involves not only the

bulk generation of holes and their transport tc the surface region, but also

T

the removal of electrons further into the bulk to extend the depletion layer.,
The former of these two processes is by far the slowest, due to the low
mobility of holes. In consequence, if the applied bias freguency is too high
the holes cannot respond, and no charge exchange between the bulk and the
surface inversion layer takes place. 1In this case the measured capacitance
merely shows an eventual levelling off as the depletion region is prevented
from widening by the shielding of the inversion layer. At lower frequencies,
however, the minority carriers can respond to the applied signal, allowing
charge to be pumped into and out of the surface region., The resultant capaci-
tance is now seen to rise back to the accumulation value. Tt is also possible
to avoid the inversion regime altogether. In this case, called deep
depletion, the capacitance continues to decrease beycond the normal minimum
value due to the applied signal frequency being toc high for the inversicn
layer to form at all. This situation can also be induced if the insulator
is leaky and allows charge exchange to remove the inversion region as it
forms. From the knowledge of the behaviour of the device, it is possible to
produce simple equivalent circuits to model this ideal response, as shown in
Figure 2,11.

The ideal C-V characteristics can be shown to have certain critical
parameters which closely define the device behavicur : the flat band capaci-
tance, occurs where the surface potential (WS) is zero, and the semiconductor

bands are therefore flat. In an ideal device, this will occur at zero bias,

and 1s given by ;

€ €
B £ KT € € (2.
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where £ and €

conductor respectively,

are the relative permittivities of the insulator and semi-
and d is the insulator thickness,

are the maximum and minimum values of capacitance

£ €

B r o

max d

Also important

(2.51)
€
ro
) = — (2.52)
min €.
d + **— Wm
s
where WW, the depletion layer width is given by ;
I/!
4 ¢ £ kT Ln(N_/n)
W - °_s 1 (2.53)
m 5 .
\ ¢ b
and n. is the intrinsic carrier density.
be seen that ;

Thus from these expressions it can

C W €
max m Y
= 1 +
Cc | €
min

device capacitance.

(2.54)
It shculd be noted that so far this discussion has dealt only with
Under ideal conditions,
throughout the bias range.

the conductance will be zero

It is only when practical loss mechanisms are
included in the model that any significant structure appears in the G-V plot,

2.5.2 Modelling Real Devices (l): Surface State Effects
In real devices,

the previously mentioned ideal behaviour.
separate sections

there are many effects which lead to deviation from

These will be considered in two
the first one dealing with the effect of interface states,
and the second dealing with the remaining significant cffects.

The covalent structure of most semiconductors being considered here,

prohibits the formation of a perfectly abrupt junction at the interface with



the insulator. The resulting diffuse interruption of the lattice has been
proposed(l8~21) to leave dangling bonds and vacancies which give rise to energy
levels within the band gap. The existence of these surface states was first
shown experimentally by Shockley and Pearson(22) in their surface conductance
measurement on Si/SiOZ. Later work(23) on clean surfaces in ultra high

vacuum confirmed this inherently high density of states ; of the order of

the density of atoms at the semiconductor surface.

Surface states can be either donors or acceptors depending upon their

atomic origin . Their condition at any particular bias is defined largely
by their location in the band gap, and the relative position of the Fermi
level. When this voltage is varied, the Fermi level will effectively sweep
up or down the band gap and so cha.ge the state of any defect it passes.
This exchange cf charge with the states contributes to the total MIS capaci-
tance and conductance and so will cause deviations from the ideal behaviour.
By modelling this effect with extra components in the equivalent circuit it
is possible to obtain useful information about the behaviour of this inter-
face region,

The simplest consideration of surface states involves assuming the
effects are due to a single level in the band gap, and can thus be represented
by an extra capacitance Cs' and resistance RS in parallel with the original
depletion layer capacitance. The resulting circuit is given in Figure 2.12,
where the lower model represents an equivalent rearrangement to give a two
branch network in series with the insulator capacitance. In this case CP

and G are the parallel frequency dependent components that can be obtained

directly from the measured admittance.

o
S
C = C_+ - (2.55)
2 2 2
p b 1 +w C R
o o
2
G CS RS w
“T% = TR (2. 56)
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The measured admittance for both circuits is given by ;

4 = 3. + Jw (2 57
&in Cln v Cin (e.57)
2 c 2 c 2
vy Ry G (2.58)
where G. =
a (C C C ) g 2 2 .
+ + + w R C Coo+ 2
D s S c ( i D)
C C(C, +C_+C ) + 2C R2C2(C +C )
o B i o s e D s Ds s i D
in T c+CH+C D 2. 22 2
2 D s {(C. +C_+C ) + RC_ (C,+C)
1 D s s D
(2.59)

It can be seen that both these expreszicns contain surface state
information (CS and RS), and so it i1s possible to use either for the purposes
of analysis, 1In practice the capacitance 1is easier to measure but 1is the
combination of insulator and deplelion components as well as C_, making the
extraction of surfacc state informal ton rolatively inaccurate, as shown in
Figure 2.13. By contrast, the conductance data,although being harder to
measure, contains only surface state data and so can lead to a more accurate
result. The use of Gm data also involves considerably more processing to
obtain a final surface state density plot.

In practice, although this single level model serves as a very good
introduction to surface state modelling, it is far from adegquate. It was
quickly realised by early workers therefore that the real interface region
gave rise to a large number of states within the gap, all of different energy,
time constant, and capture cross section. In consequence, various additional
equivalent circuits were proposed in an attempt to model this behaviour. Of
particular significance in this area was the work of Lehovec and Slobodskoy(24),

who proposed an extremely complex circuit, representing each different mode
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of the device with RC networks. Some time later, together with their
s . . . (25)
proposition of the cenductance technique, Nicollian and Goetzberger
proposed the representation of each level by a single RC network, thus
producing a long parallel chain of RC components. Although better, even this
approach was not perfect as their resultant equations did not fit the
practical results. This model, however, with some modifications to account
for time constant dispersion, and variation in surface potential (discussed

later), is the one still used by many workers.

(a) Analysis of the Capacitance Curve

The majority of early methods of surface state investigation loocked
at capacitance data only, and ignored the existence of any device conductance.
In consequence the assumed equivalent circuit has - only capacitive surface
state components, originating from the trapped charge, and it is thus irrelevant
whether single or multistate models are proposed. In general, all capacitance
methods look at shifts in the ideal curve, and relate this to the existence
of surface state charge. From this value of charge at each point on the
voltage scale, a value of the number of states per unit area can be obtained.
In practice, surface state density (NSS) is normally expressed as states/unit
area/eV and it is thus often necessary to numerically differentiate the initial
plot to obtain the desired values. In addition, it is also conventional to
express this spectrum as a function of position in the band gap, rather than
against applied bias. This requirement involves rescaling the bias to surface
potential (ws) and then to band gap energy.

The simplest method to achieve this conversion was developed by

6)

2 : . . .
Berglund( , who used numerical integration of the normal capacitance-voltage
curve to directly generate dy/dv. This method requires that the surface states

are at all times in equilibrium with the applied bias, and thus uses a very



low frequency signal. Bergiund showed that ;

dw
lr’g C(‘\',}

av. = C

(2.60)

where C(V) is the measured capacitance, and thus by integrating this

expression we have ;

p (L) -y (2) = 1 - av (2.61)

For this expression, i, is normally evaluated for a voltage in strong
accumulation, and can thus be approximated to zero.

Differential Method

The differential procedure of surface state measurement was first
developed by Terman(27), and relies upon the simple comparison of high and
low frequency capacitance curves, as l1llustrated in Figure 2.14, The former
plot is evaluated at a very high frequency where no surface states can respond ;
it is thus taken to be ideal. The latter low frequency curve is then found
to be shifted from the ideal, by different amounts along its length, all assumed
to be due to interface state charge. From the difference in these two curves
a plot of AV (shift from ideal) against V (applied bias) can be obtained.

The total charge in the states at any particular bias is given by ;

QSS = Ci (AV) (2.62)

where Ci is the insulator capacitance, and thus the surface density of states

1s ;

N = = Ei' (AV) states/unit area (2.63)
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Figure 2.14 : High and low frequency capacitance curves illustrating additional effect of surface states,.



or more correctly

d
1 st .
N =z T states/unit area/ev (2.64)

n

Temperature Method

Another method of interpreting capacitance data was proposed by
Gray and Brown(zg), and uses the variation of the temperature of a device as
the means of moving the Fermi level. As the ambient temperature is increased
the gradual upward movement of the Fermi level through the band gap leads to
a progressive shift of the C-V curve, but no band bending occurs under ideal
conditions. Thus the flat band voltage is always zero. In the presence of
surface states, the downward motion of the Fermi level uncovers additional
charge as the various defects change state. This charxge leads to band bending
in the semiconductor, and a subsequent shift in the flat band voltage. The
experimental procedure thus consists of varying the temperature and noting
the voltage required to maintain the flat band condition. To obtain a surface
state plot, the temperature is converted to Fermi level position (and thus
surface potential), and the voltage shift to corresponding surface state charge.
This technique was widely used during the early era of interface characterisa-
tion, but has now fallen from favour, as recent work has shown that additional
device parameters are temperature dependent,and so lead to errors in result
interpretation., In conseguence, the peaks in NSS initially obtained by Gray
and Brown at the band edges are merely manifestations of capture cross section
variation, and are not real effects. This method therefore gives reliable
results only in the mid-gap region, but here the values of shift are very

small, and thus extremely difficult to measure.

Quasi-static Method

. 29
The quasi-static technique was developed by Kuhn( ) in 1970, and

uses a slightly more complex equivalent circuit derived from that presented
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2
by Lehovec and Slobodskoy( 4). This technique essentially produces a DC

capacitance-voltage plot, obtained by applying a slow ramp to the sample and
measuring the subsequent displacement current ; this is given by
dv

I = C ET (2.65)

since g%»is constant, the output current will directly follow the variation in
capacitance. The resultant output curve is similar to the normal low
frequency AC type plot. Under these slow ramp conditions, both the minority
carriers and the surface states can stay in thermal equilibrium, and so the
device can be represented by a simplified equivalent circuit, as given in

3

Figure 2Z.15. Where C is the surface state capacitance,
se

S

Cox Css

e

(sc = Cg+Ci+Cq
Figure 2.15 : Quasi-static equivalent circuit.
and CSC represents a parallel combination of depletion, inversion, and

accumulation capacitance (some of which may be zero). From this model,

it can be seen that the measured capacitance C(v) is given by ;

S
3 (2.66)



and thus the surface state density is given by

C
} - 8 o,y = 1 ___clv) 0] 2 6
N (%) - - TC(v) ce VY (2.67)
C.
i
where C (¥ ) 1s obtained from ideal MIS curves.

sC S

In addition, if the curve is only considered in depletion/accumulation,

then the effect of the inversion capacitance can be ignored, and the expression

simplified. The approach was first suggested by Castagne(30) and generates
an expression for surface state density of ;
C C,

N _ Ss LF i _ HF i (2.68)
§s - Ci Crp i Car

where CLF and C are simply the capacitance values for high and low frequency

HF
(i.e., with and without surface states). This method, although even simpler,
only gives NSS values over a relatively small range of the band gap, and so
is useful only for certain applications.

These techniques,in general, are relatively easy to implement and as
yet have shown none of the drawbacks of the previously mentioned ones. In
consequence the initial one in particular is widely used as a simple method

of obtaining surface state data.

Other Methods

It should perhaps be noted before concluding this section that direct
interpretation of MIS capacitance curves is not the only means of cobtaining
information about surface states. Indeed, there are a whole group of tempera-
ture orientated approaches which look at the thermal excitation of carriers
from trapping levels. These techniques in general were designed to investigate
mainly bulk traps in a material, but can be used for surface traps as well,

31
f )

In particular, deep level transient spectroscopy (DLTS is rapidly becoming



a standard approach to supplement PSD measurement techniques,

Briefly, the Schottky barrieror MIS device is biassed into depleticn
and narrow forward bias spikes are superimposed on this steady voltage. The
resultant impulse of majority carriers are initially trapped in the depletion
layer states, and are then slowly released during the time between pulses.
Thus by monitoring the escape of these carriers as a function of time,
temperature, and depletion layer width, a profile of the trapping states can
be obtained.

(b) Analysis of the Conductance Curve

The conductance technique was first developed and applied to surface
state characterisation by Nicollian and Goetzberger(zs). Its advantage over
the various capacitance methods lies in the direct dependence of the conduct-
ance data on interface state densitv. The observed peak in this component is
produced by steady state loss mechanisms originating from surface state carrier
exchanges. In consequence, the spectra cobtained from the conductance techniqgue
are considerably more accurate than from corresponding capacitance data.

Single Level Model

If we consider initially the simple single state model for surface
defects, then the analysis procedure can be outlined as follows : The sample
insulator capacitance is initially evaluated from the accumulation region of
the C-V curve, and then subtracted from the equivalent circuit in Figure 2.12a,
This is achieved through conversion to an equivalent impedance arrangement,

The operation is now repeated for data at many different frequencies, but all
G
at the same bias. From this data plots of BB and Cp against w can be
obtained, as shown in Figure 2.16.
In this simple model the single level of interface states are character-

ised by additional resistance and capacitance components R and C . The
S s

product of these two values has units of time, and can thus conveniently be
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Figure 2.16 : Sample device data showing Gm and Gp peaks as a function

of applied bias (After Warashina and Ushirokawa, Ref. 35).



defined as the time constant 1 of this level. The value of this product
can be considered as determining the frequency response of these states,

With this new term, eguations 2.55 and 2.56 can be re-written as ;

Cs
CD = CD + 55 (2.69)
N I+ w T
Gp CS wT
— = _— 2.7
w 22 (2.70)
L + w T

which now define the behaviour of the previcusly obtained plots. It can be

seen from simple differentiaticn of eqguation 2.70, that the peak in the

G /w plot cccurs at w1 = 1, and its height is given by G /u = € /2. Thus
P 12 i
from this experimental curve, values at 1 and C_ can be measured. From
these values, R and N can then be obtained ;
s Ss
R = T/C (2.71)
s S
C
S
N = —= 2.72
SS el ( )

where A is the top electrode area. These two curves give only one point on
the surface state diagram, however, and so the procedurce must be repeated
for each different applied bias (surface potential) in order to obtain a
satisfactory spectrum.

Multi~-Level Model

In practice, the inadequacy of the single level model is immediately
shown by the experimental Gp/w plot being considerably broader than predicted
by cquation 2.70. This model was therefore adapted by Nicollian and Goetzberger
to represent a continuum of states in the band gap, each characterised by a

single RC network and an individual time constant (1) (as previously discuséed).
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Even in this situation, however, the theoretical curves were found not to
match the practical ones, and the model was concluded to be inadequate.
After this early work, considerable investigation and modelling was undertaken
in order to preduce a better fit to the practical data. Among the many
explanations suggested was the local variation of surface potential at the
. . (32) , - . .
interface, Goetzberger , Oor the tunnelling of carriers from the semi-
_ . o . . . . (33)
conductor, different distances into traps in the interface Preiler .
These newer models in general appear to represent the real interface better
than the original ideas, but the behaviour is by no means fully understood,
and detalled investigation is still being carried cut.

2.5.3 Modelling Real Devices (2} : Other Effects

(a) Work function

In fhe Initial secticn, it was assumed that the top contact metal
had the same work function as that of the semiconductor., Normally, this is
not the case, and thus some band bending will be produced even at zero bias.
This results in the curves being shifted from the ldeal (Figure 2.17) by

an amount corresgponding to the work function difference ;

\
shift m

E
= 4 - v o+ Zi + wq) (2.73)

e
where the term in brackets is effectively the semiconductor work function as
defined in Figure 2.9.
(b) Temperature

The effect of temperature variation has been mentioned previously
in connection with surface state analysis, where lateral shifts in the curve
were explained by induced movement of the Fermi level. The other notable
cffect caused by a rise In temperature 1s an increase in the low frequency
inversion capacitance, as shown in Figure 2.18. This is caused by the

increase of the inversion charge generation rate, which allows the guicker
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formaticon of an inversion layer. This in turn gives a curve correst n
to a lower frequency. ESimlitiarly, reduction cf temperature produce: i
decrease in the inversion capacitance.
(¢} Illumination

The main effect of illumination is also upon the inve <1 MR SR
3 F the curve. Tt produces similar effects to those notad wi i
temperature, by alleowing full inversion to be produced at oo oy
frequency. The effect of light is however a non equilibr - . !uat ion, as
it influences only the immediate surface region of the lovice, thwus probibit o
the application of normal analysis procedures, The ¢’ SOOrLyY Sdle) olod e

. (17
the surface decreases the generation time constant of e Ll voty rrlers ,
and increases the electron-hole palr generation ratw: A whiich enhiapoc
inversion layer formaticn. In addition, it has Loon <nown fhat this latter
)

effect gives rise to a decrease in surface po w£/ o, which oo
a reduction in the space charge lavoer width, nd wrresponding incroease in
capacitance. At relatively high fromuerion @ hg oot on thie Lnversion layoer
is negligible and the surface pobtoen' ial variaticn dowminetes.  The condactance
curve is also influenced by the availability of oxtra carriers, which cause
a considerable increase in the height of the Gm oeak ; even for small amounts
of illumination. In practice, the use of optical band gap filters in con-
junction with incident white light can be used as a simple means of distinguish-

ing optical effects from other influences.

(d) Substrate resistance

The majority of previous considerations have assumed the active inter-

face region to be supported by an ideal substrate.

probible that the semiconductor will

have a finite resistivity, which will

In practice, it is quite

aqive

rise to an additional series resistance in the device equivalent circuit.

This improved circuit is given in Figure 2,19,
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Iigure 2.1Y9 : Device equivalent circuit showing additional

compocnents for substrate resistance.

The main effect of this parasitic component is to produce an increase in the
background conductance (G ) in the measured accumulation region. This in
m

turn also gives a marginal variation in the measured capacitance, changing it

from the insulator value (Ci). These effects are represented by(35) ;
G
R = 27 322 (2.74)
(G +w C)
G2
C. = C 1+ - {2.75}
i 22
w C

where C and G are measured values of capacitance and conductance. When thick
bulk grown substrates are used it is quite possible for RS to be several
tens of Ohms, and in these cases the forward bias increase in conductance will

be quite substantial and may totally obscure any surface state loss peak.



Similar effects upon conductance data can be produced by bad Ohmic contacts,
whereby the resultant barrier behaves somewhat like an additional series
resistance. These offects are however frequency dependent and as such are
considerapbly more difficult to separate out as a single component.

{e) Surface leakage

Under conditions of high reverse bias, and relatively high frequency,
the inversion layer in a normal MIS device cannot respond to the applied
signal. This causes the measured characteristics to show only the insulator
and depletion layer capacitance, as outlined in section 2.41. Under certain
conditions, however, a surface layer can act as a lateral conduction channel

which significantly alters the device characteristics. This effect was first

!
. . {36)
noted by Nicollian and Goetzberger who recorded"low frequency" character-
istics, at high frequencies, and a conductance plot with two peaks, 23 cshown
in Figure 2.20. These effects were caused by the use of certain oxide growth

conditions which induced a layer of positive charge due to surface states at
the insulator/semiconductor interface. This charge was modelled by a distri-
buted resistance-capacitance network which could be condensed into two
additional lumped components, as shown in Figure 2,20, Subsequent analysis of
this circuit produced the observed characteristics, with the additional Gm
peak being merely a manifestation of the component configuration. From this
original investigation it can be concluded that any type of surface conduction

will give rise to anomalous AC characteristics.,

(f) Hysteresis

The presence of mobile charge in the insulator, either as intrinsic
contamination (ions), or as injected carriers (electrons or holes), leads to
time dependent lateral displacement of the device characteristics. These
shifts, normally referred to as hysteresis, are one of the major problem
areas of device fabrication, simply because they are so hard to gquantify

and analyse.
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Counsider a: MIS device with mobile positive charge in the insulator,
as illustrated in Figure 2.21. Under an initial positive bias, the charae
will reside at the semiconductor interface and cause an effective increasc
in the applied veltage. As the bias is ramped into depletion and inversion
the charge will move through to the electrcde interface and thus give an
apparent increase in the bias. The final curve shows a net shift to reverse
bias as shown in Figure 2.22(a). The return ramp will fall between the
initial one and the ideal one, depending upon the mobility of the ions and
the duration of the negative bias. 1In practice, movement of the charge during
the ramp will alsc tend to distort the curve. If the mobile ions are negative,
the displacement is to the right of the ideal curve, as shown in Figure 2.22(b),
but the sense of the hysteresis is still anticlockwise.

The second source cf hysteresis is carrier iniection from eilther
electrode ; this is alsc a complicated problem as both the injection rate and
the charge mobility are difficult to measure. For electron injection, positive
bias causes the movement of carriers from the accumulation region into the
insulator. Some of this charge will reside at the interface, and the remainder
will drift inwards, into the bulk of the insulator. The net effect is a shift
of the curve to the right, as shown in PFigure 2.22(c). Hole injection will
give the opposite effect, resulting in a displacement tc the left. For both
injection situations, however the sense of the hysteresis can be seen to be

clockwise, and thus can easily be distinguished from effects due to ion motion.
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CHAPTER 3

EXPERIMENTAL TECHNIQUES
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The fabrication and measurement of devices use

involved many different stages. Some of these were purely for initial

1

characterisation of device component materials, but the majority were

applied in the normal production process. It is the aim of this chapter

s
C
]
o
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W

to consider.,in some detail, the more routine parts of the operati
precursor to descriptions of the more specialised techniques.
Preliminary characterisation of the InP substrate material was under-
taken using chemical surface analysis as the primary technique. Section 3.1
therefore considers the general ideas involved in surface characterisation
and outlines the various methods available. This is followed by details
and chemical background of ESCA ; the maln technigue used for the character-
isation work.
The chemical cleaning and pre-treatment of substrates prior to device
fabrication is considered in section 2.2, The operations carried out at
this stage were found to influence significantly the guality and performance
of subsequent devices, and so followed a careful path of development. In
practice a fairly wide range of structures were prepared, but the initial
processing was eventually standardised to two approaches, one for InP, and

one for Al/Al,O

595~ For MIS devices, the deposition of an insulating film was

required ; the process used, however, was a non-standard technique and is

thus considered in more detail later. In addition this section deals with all
the other stages involved in device fabrication, in particular electrode
evaporation, and the specialised techniqueé evolved for use with the organic

insulating films.
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Device measurement and characterisation were undertaken using both
D.C. and A.C. approaches, the lock-in amplifier being a particularly useful
piece of equipment. All apparatus and techniques as used throughout the
project arc thus described in section 3.3.

The final section in this chapter deals with the specialist gas
handling apparatus constructed for device environment variation and control.
This equipment was used not only to provide inert conditions for character-
isation work, but also to enable the devices to be exposed to more toxic
materials. 'These materials, mainly gases and vapours were applied in
feasibility studies in the development of solid state gas sensors.

3.1 SURFACE ANALYSIE

For the production of an MIS device, it is necessary to deposit an
insulating film onto the surface of a semiconductor substrate. The guality
of this interface region controls the performance of the resultant device,
and is determined as much by the initial treatment of the substrate, as by
the type and perfection of the insulating film. Thus by initially character-
ising the surface it is possible to obtain more understanding of device
behaviour and thereby improve the performance and yield during manufacture.

In practice there are many different techniques available to aid
this surface characterisation, the following section will therefore begin
by briefly comparing some of these methods. It will then go on to discuss
in detail the technique of ESCA , the main process applied during the
characterisation of the InP.

3.1.1 Introduction to Suriace Analysis Techniques

The majority of surface analysis involves the perturbation,
. (1,2,3) _ ‘
of the sample in some way , and the characterisation of the resultant
emission. This disturbance 1is produced by bombarding the surface with

photons, electrons or ions, and looking at the resultant secondary species :

a summary of useful processes is given in Table (3.1).
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TABLE 3.1

Survey of available methods for surface characterisation.




(a) Photon Interaction

When X-rays enter a solid sample, many interactions occur, of which
two are of primary interest : secondary X-rays are produced by the ionisation
of inner shell electrons, and the subsequent decay of particles from the
upper levels to fill these vacancies. These X-rays originate from depths
up to 100 um, and are characteristic of the source atom. This technique is
termed X-ray fluorescence spectroscopy (XRFS), and because of its relatively
large depth of penetration, it is useful for avoiding the effects of surface
contamination and epitaxial layers. Incident X-rays also give rise to the
ejection of core electrons, again characteristic of the source atom. These
electrons have only very shallow escape depths of no more than 50 8 however,
and therefore the technique is essentially for surface characterisation only.
This method, ESCA, will be dealt with in greater detail 1in later sections.

It is also possible to use lower energy photons for material
characterisation, in particular ultra-violet radiation. In u.v. photoelectron
spectroscopy, outer shell electrons are ejected from the material, and their
collection and measurement allow information about their source material to
be obtained. Depths of escape are again small, and due to the use of outer
bands, the specificity of the resultant information is generally less by
comparison with other methods. This technigue is also used for looking at
surface states directly, by measuring their emission products.

{b) Electron Interaction

With electron/surface interactions there are three processes of
special interest ; the generation of X-rays, secondary electrons, and the
diffraction of primary electrons. 1In electron probe micro-analysis, high
energy electrons create inner shell vacancies, which are filled by subsequent
decays as in XRFS, and the resultant X-rays are characterised to again give
in depth structural and atomic information., The primary electron beam is

o)
normally a very small spot (1000 A), and can thus be used for selective area



analysis, giving the technique significant advantage over its X-ray counter-
part. The emission of Auger electrons is characterised in Auger electron
spectroscopy; here,as 1n ESCA, the electrons are inner shell particles, bu-
now from slightly higher in the shell. Again, the technigue allows relative
area measurement, and when coupled with a scanning beam {(scanning Auger)
becomes a particularly useful approach,

The final techniques considered in this section is low energy
electron diffraction, and this is rather a different approach to the
previously outlined cones as the interaction with the solid is very weak.

The information obtained is largely structural, as the diffracted beam is
normally collected photographically, and from the resultant pattern, lattice
spacing data can be obtained. This technique locks at only the top one or

two monolayers of material and is thus useful in the examination of contaminated

species, and adsorbed layers. Once again, the small beam allows relative

j$)]

area analysis, but the process is normally not real time one, and thus is
at a disadvantage when compared to more modern approaches.
(¢) Ion Interaction

The use of ilons to disturb the surface of the sample is a much less
subtle approach, and can result in considerable damage. It does, however,
lead to information not obtainable by other methods. Ionic interaction can
in general take two paths, depending upon the energies involved. These are
elastic collisions, where no damage results, or inelastic collisions, where
surface material is removed, this is commonly known as sputtering. The use
of low energy rare gas ions, produces elastic scattering off the outermost
atomic layer at a surface. This process produces returning ions whose
enerqgy spectra are characteristic of the scattering centres, and thus enables
cempoesition determination of this outer layer. The technique is known as ion

scattering spectroscopy (ISS). When higher energy incident ions are used



this causes expulsion of particles from the surface of the lattice. These can
be idertified by Lhe usc of a mass spectrometer, and a depth profile of the
material thereby undertaken. This process is, however, relatively slow - L
involves continuously removing material, and also suffers from lack of < ..,
resolution. In addition, secondary lon mass spectrometry (SIMS) data tend
£0 be cqualitative rather than quantitative, as it is presently difficult to
predict the ratio of charged to uncharged debris. A summary of all thesc
2

srocesses 1s presented in Table (3.2).

3.1.2 Detailed Consideration of ESCA (1) : Theoretical Backyround

In any atom a core electron is subject to a combination of many
external forces. The positively charged nucleus provides an attractive farce
proportional to its atomic number ¥, whilst the surrounding assemb!y of
valence electrons give a complicated repulsive force. The net resalt of all
these external influences is referred toc as the binding energy (£ ). It can
be seen that the removal of an electron from the outer shell (chemical oxidation)
will therefore change this binding energy, as will oxidetion, or indeed anv
form of interactive bonding. Binding energiles are therefore very sensitive
to all changes in chemical environment, and thus the measurement of absolute
values,and changes in values, enables chemical identification of surface
materials and their bonding environment,

The earliest reported investigations of X-ray induced spectra were
by Robinson and Rawlinson(4), who in 1914 looked at the emissions from a
variety of metal plates when excited by incident X-radiation. This work
was however quite restricted, and due to the lack of equipment, very little
detailed analysis was undertaken. The first significant characterisation
of a broad variety of surfaces was carried out by Siegbahn et al(s) at

Uppsala in Sweden. This investigation required the development of very

sensitive electron spectrometers, but demonstrated for the first time the
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enormous potential that existed in photo-electron spectrometry. Encouraged
by these investigations, the commercial production cof ESCA equipment began
in the 1960's, and since then the application of the technique has spread
to virtually every corner of applied science.

In XPS or ESCA, the primary X-ray photon of energy hv is absorbed
by the surface of the subject material, and its energy duly imparted to the
surrounding area. In most cases the majority of this energy is passed onto
a core electron, causing it to be emitted as a photo-electron. In order to
escape totally from the material this electron must overcome a number of
potential steps, as shown in Fig (3,1) : an initial increment of energy
(binding energy Eb) is required to excite the electron from its ground state

to the Fermi level. To this 1s added the work function (¢ ), needed to bring
s

I/

the electron up to the vacuum encrgy level, and finally the conservation of
momentum requires an additional increment of energy to be lost in recoil as
the electron actually leaves the surface. This latter component, the recoil
energy, is a function of the reciprocal étomic number (1/7) ; it 1is in
practice, relatively small for the lighter elements,and has been shown to be
negligible for elements heavier than sodium(G). Any remaining energy
possessed by the electron after climbing these barriers is manifest as the
kinetic energy (TS) of the free particle. This is the quantity measured

by the analysis equipment, and from its value the other terms can be deduced.
In practice the emitted electrons are collected by a metal plate in the
spectrometer, and in consequence additional allowance must be made for the
difference in work function between the sample and this plate. Thus the
value of KE actually measured is normally slightly less than expected.

Thus,

= + T+ (3.1)
hv Eb Ts ¢s * ¢SA

where ¢QA is the work function difference between sample and analyser ; the
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recoil energy is neglected. From this expression, hv, ¢ _, ¢

and T ar
s SA 3 €

known, and thus Eb, the initial binding energy of the electron can be
calculated.

In normal operating mode the deflection potential of the anzlyser
(see Section 3.4) is scanned slowly upwards, and the number of electrons with
each value of KE is plotted against the value of KE. Thus any one electron
will ideally contribute to the magnitude of only one discrete peak. In
practice, however, it is likely that about ten percent of escaping electrons
will have less energy than expected due to either the splitting of the energy
of the incoming photon, or the interaction of the core electron during
expulsion. These lower energy electrons occur with bands cf allowed energy
and thus give rise to subsidiary shake-up lines(7'8'9), observed at various
lower energy points during the plot. In addition, there are a number of
other phenomena which give rise to displacement and corruption of peaks, all
of which must be taken into account during interpretaticn. The majority of
these are, however, secondary effects, and are too complex in nature to be
considered at this level of description.

3.1.3 Detailed Consideration of ESCA (2) : Data Interpretation

It has been previously shown that the bombardment of a sample with
X-rays, gives rise to the ejection of core electrons with kinetic energy
proportional to their original binding energy. This binding energy has been
shown to be representative of the bonding environment of the source atom,
and thus shifts in this value are indicative of changes in binding environment.
A classic example of these shifts is given in Fig (3.2) after Siegbahn, where
the different bonding environment of carbon gives rise to a whole series of
ClS binding energy peaks.

Before interpretation of the output plots can be undertaken, it is
necessary to calibrate the energy axis of the X-Y recorder., This is normally

done by using a sample of gold, whose 4f peak at 84 ev is well defined and

7/2
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easily reproduced. The known value of binding energy thus becomes a
reference point on each graph, from which all positions along the X axis can
be calibrated.

Practical output data are normally comprised of many different peakg,
of various heights, originating from a variety of source materials. 1In order to
fnieypret these data it 1s necessary to compare the energy pesitions of
zach peak with known values, both from reference tables, and from subsidiary
data obtained from pure materials. This approach will normally give some
idea of which elements and oxides arc present on the surface of the materials.
In addition various gquantitative thecrems do exist(lo'll'l2) ; these enable
direct evaluation of atomic and molecular structure. They are, however,
exceptionally complicated and it is therefore inappropriate to consider them

4

in any detail her

M

3.1.4 Detailed Consideration of ESCA (3) : Instrumentation

The equipment used for the acquisition of ESCA data can be divided
into five main parts : the X-ray source, the sample compartment, the energy
analyser, the detection area, and the data recorder. A typical ESCA unit is

presented schematically in Fig (3.3) ; this will now be considered in detail.

To produce the X-rays, a Marconi-Elliott GX14 high voltage power
supply was used to accelerate electrons into a magnesium target ; this
produced radiation at MgKal,2 (1253.6 ev), The total input power was normally
about 200 W. In order to allow emitted electrons to reach the analyser, the
sample was mounted inside a high vacuum chamber, normally held at lO_7 torr,
but able to reach much higher vacuum for high sensitivity measurements. This
chamber was fitted with various access ports to allow not only insertion and
removal of the sample, but also to allow the application of external treatment
and analysis facilities. 1In addition, the sample port was fitted with an

insertion lock and high vacuum gate, this allowed local access to the specimen
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during manipulation. In order to provide good electrical contact, the

sample was nmounted onto the probe tip with silver dag (section 3.2i) , and
ailowed te drv thoroughly before measurements began. In addition, . provide
some freedem of movement when in the chamber, this tip was subseguently
nounted on an adjustable arm. This enabled the angle of incidence of the
X-ray beam to be varied, (Figure 3.4), and thus allowed surface or bulk
features of the sample to be specifically enhanced.

The electrons emitted from the surface of th = mple were passed
through an electromagnetic lens and slit system, and thepn into the analyser
section. Iin the case of the ES 200, this was a doubla focussing instrument
capable of a resclution of 1 in 10 . With this type of unit 1 potontinl

difference across twoe concentric spherws deflects the incoming electrons by

an amount proportional to their kinetic energy, and thus precisely selects

ot

the energy of the eclectreon arriving at the cutput slit. The final detector
was a multichannel ¢lectron multiplier, whose output was used to feed an

amplifier and counter circuit. This signal was subsequently plotted on a

fout

Hewlett-Packard XY recorder. In normal operating mode the electrostatic
field on the analyser was scanned continuously from the equivalent starting
kinetic energy, up to the maximum roquired value. The output count rate for
each voltage was then plotted against cnergy on the chart recorder. In
practice the use of a multichannel detector, and double focussing analyser,
allowed the simultaneous observation of many different bands of the energy
spectrum, and so vastly reduced the sample measurement time. In consequence
typical scans took no nore than fifteen minutes for any one sample.

3.2 DEVICE FABRICATION TECHNOLOGY

This section is intended to cover the majority of general purpose
preparation, cleaning and handling techniques applied during device

manufacture. It is divided into bricf sub-sections, which describe individual



stages of the operation ; these sections are approximately in order of
normal application. The preparation and deposition of Langmuir-Blodgett
films are covered in later chaphers.

2.1 Surface Preparation (1) : Pre-cleaning

-
3
D e

The simplest structures prepared during this work were metal-
insulator-metal (MIM) devices. Thesec were used primarily for the character-
isation of the organic insulating films and thelr metal top electrodes.

For these type of structures, the substrate was normally a thin evaporated
layer of aluminium deposited on a glass microscope slide. Preliminary
selection of these "chance select" slides was by optical inspection to ensure
they contained no gross defects, or surface imperfections which might give
rise to problems during film depesition. Initial degreasing and c¢leaning

was carried out using a 5% solution of "Decon 90" (a general purpose alkali
surfactant), with the aid of an ultrasonic bath for ten to fifteen minutes.
This was followed by thorough rinsing three times in "Millipore" water, again
with the aid of an ultrasonic bath, to remove all traces of the alkali
cleaner. The ultra pure "Millipore" water referred to throughout this and
other chapters was prepared as follows :-

Initial tap water was de-ionised by using an Elga B1ll3 cartridge
de-ionising system, this reduced the water to about 2 M cm resistivity.

The water was then passed through a Millipore "Milli-Q reagent grade"
recycling purification system. This comprised of two "Super C" carbon
(organic removal) filters, and one "Ion ex" mixed bed de-ionisation filter.
In addition, there was a final 0.22 um membrane particle filter. This
system was installed as a source of water for the Langmuir troughs, but
was also used as a general purpose supply of pure water. The resistivity

of the final output liquid was about 18 MQ cm.



Secondary cleaning of the glass slides consisted of a series of

in varicus organic solwvents. This degreasing was

carried out using soxhlet reflux units toc boil and recycle the organic
materials. The first sclvent applied was trichloroethylene (BRDH-AnaLar
grade) , this was followed by isc~propyl! alcohol (BDH-Analar grade), both
of which were used for about one hour to ensure thorough cleaning of the

lides. 1In each case it was found to be advantageous to remove the samples

[

from the reflux units whilst the solvents were still hot. This ensured
total evaporation of regidual ligquid from the slides, leaving the cleanest
surface possible(13).

Por the Fabrication of =semiconductor deviceg, substrates were
cbtained from Metals Research Ltd. (MR) cr Mining and Chemical Products Ltd
{MCP) . 7The samples with epitaxial layers on highly doped substrates were
supplied by R.S.R.E.(Malvern} or ¢ccasionally by Plessey Research Ltd.
(Caswell) . For this material, ultrasonic c¢leaning in Decon 90, or indeed
any other liquid was found to be unsuitable due to its brittleness. Con-
sequently, initial cleaning of "as received" semiconductor samples was
restricted to reflux degreasing in oraganic solvents. Preliminary studies
of various other solvent combinations of acetone, methanol and chloroform for
use 1in pre-cleaning, failed to show any improvement on the trichloroethylene/IPA
sequence.

In most cases the samples were etched immediately after this pre-
cleaning operation, where this was not possible they were stored in a
desiccator until required.

3.2.2 Surface Preparation (2) : Wet Etching

Following the initial pre-cleaning treatment, most semiconductor
substrates were etched before the deposition of an insulating film, or the

evaporation of metal contacts. In practice a wide variety of etchant



mixtures were itried during the production of MIS and Schottky barrier devices.

A summary 0f the significant mixtures finally adopted is given in Takle 3. 3.

The majority of the work was undertakcen on MIS devices in an attempt to

influence the chemical structure of the interface region, and thus

gation are

S
-

electrical device characteristics. The results of this invest
presented later in chapter 9.

In =ach case the etchants were prepared freshly each day, using newly
cleaned pyrex beakers and were stored in pyrex reagent bottles. ALl chemicals
used were of Analar (BDH) grade or purer, and any water required for dilution

or rinsing was cbtained from the Millipore unit.

Fellowing this wet etch tr

wore stored in Millipore
water for the short time required to prepare the noxt oLoje ot the process

{L.e. Langmuir Lfilm deposition, or  loctrode oveporot ion),
3 I '

3.2.3 Surface Preparation (3) : Dry Etching

The second type of surface preparation used feor InP was glow discharge
etching. This was applied in order to produce a chemically different surface
from anything obtained by the use of wet etches. The technique of dry
etching is in fact a relatively new process, but already plays a major rele

(14)

in the commercial production of integrated circuits . In this application

its convenience and greater flexibility are sufficient to justify its use in
the place of wet etching. For the etching of silicon, glow discharges in

CF4 are used to selectively remove material at various stages in the production

process. In general, the technique requires the selection of a suitable
plasma ; this must react with the species of interest, and from a volatile
chemical compound that can easily be desorbed at the temperature and pressure

used. With silicon, r.f. power is used to ionise CF4 into radicals of

F, CF, CF2 and CF3. These then react with the surface of the material angd

produce volatile SiF4. In practice, many other gases are also being



— ]

Etch Mixture Etch Rate Ref Comment
Br, /CH_OH .2% Bromi .
2/ 3 © romine vOL1 ym/min B Tuck + A .J Baker Leaves "orange peel"surface.
by volume . -
J.Mat.Sci,B8 (1973)1559 . ,
- Rapid ageing %  lLhr.
Br_/HBr/H_O .2:17:35 , _
r2/ x/ 2 © by volume 0.4 um/min D J Colliver Used as polishing etch in
b Compound semicond.Tech. dilute form.
Artech House Inc (1976)
HF 40% by volume - - Oxide removal
’ ' : 1
HCl/H2O2/HZO 1 1o - {Personal communication) De~oxidising etch.
by volume
L D Irving RSRE, Malvern
HNOB/HCl/H2O2 2 : 2.1 : 2 V5 um/min R Becker Reported as de-oxidising etch
Sol.St.Elect. 16 (1973)1241
o)
HZSO4/H202/H2O 4 1 :1 2500 A/min Used along with HF on Gads to
by volume Shiota et al. produce oxide free surface
J Electrochem Soc,
NaOH/H202 1 :1 124 (1977) 155
by volume
(1 molar :
0.76 molar)
TABLE 3.3 Summary of wet chemical etches used on InP.
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investigated use with a variety of additional metals and semiconductors.
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For the dry etching of InP, a hydrogen plasma was used ; this reac's

the surface indiuwn oxides to produce volatile material and thus

will be shown in chapter & ).
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the remalning substr
This technique appears to be the only way of producing this type of surface.
The equipment used for this process consisted of a glass vacuum
system, pumped by a standard rotary and diffusicen kit. To establish the
required gaseous ambient, the work chamber was fitted with an adjustable leak
valve, fed f{rom a cylinder of hydrogen. The r.f. discharge was excited by

a 13.56 Mz radic frequency generator, tuned by an L.C. matching circuit and

U

fed to an eight turn 60 uH copper ccil. This ccil, c¢m in diameter, was
wrapped around the perimeter cf the work chamber. In addition, the power
output ftrom the generator was monitored by a Heathkit HM 102 RF power meter.
Access to the sample location in the work chamber was achieved via a
demountable ground glass end piece, normally sealed in positlon by the external
pressure, but removable when the chamber was not evacuated. The pressure of
the system was continuocusly monitored by a Pirani thermocouple gauge. A
schematic diagram of the plasma etching rig,as used, is given in Fig 3.5.

The surface preparation took place as follows :-

The sample (previocusly pre-cleaned) was inserted into the work
chamber, and the latter pumped down to lO_3 torr. The system was then flushed
several times with pure hydrogen gas before an ambient pressure of 0.0l torrx
was established. Following this, the glow discharge was activated for the
required time period, after which the sample was removed and stored in a
desiccator until required. For surface characterisation work the glow

discharge apparatus was connected directly to the ESCA work chamber, this

enabled simultaneous etching and measurement of any sample.
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2.2.4 Electrode Deposition (1) : Semiconductors

The usefulness of any active device 1s generally limited by the
method of inserting and removing the signal. 1In the case of semiconductcrs
lworking at low frequencies), the normal method 1s to use a metal cloectrode,
doposited during device fabrication. The most common process used for this
deposition is vacuum evaporation : this technigue relies upon an clectrically
ated source boat, from which the metal electrode material is evaporated
under high vacuum. Other methods are available, however, and are sometimes
uged for high melting points, and reactive metals. Sputtering is the main
alternative, but vapour phase growth, electroplating and sclution deposition
all have applications under certain circumstances. In sputtering, the metal

surface is bombarded with energetic charged particles, normally of a heavy

as such as argon. This causes Lhie ejection of surface atoms which move

O

through the vacuum and recondense onto the substrate to form the desired
thin film. In addition, this techniqu has the advantage of not requiring
a molten source, and this avoids problems due to interaction with the
container.

In practice, vacuum evapocration is satisfactory for the majority
of metals, as the use of high vacuum causes z sufficient rzducticn in Lhe melting
peint to allow the materials to be casily evaporated. This approach also
significantly limits oxidation of the metal, and the high mean free path of
the evaporant allows the use of simple masking arrangements for contact
definition. The vacuum systems used throughout this project were Edwards
model 306 vacuum coaters, comprising of rotary and diffusion pumps evacuating
a glass work chamber down to about 10—7 torr. The state of the vacuum was
monitored by integral Penning and Pirani gauges. During the deposition
process, samples were mounted on a copper substrate holder attached to the

metal 1lid of the chamber. The source boats, normally molybdenum, were



attached to a four pillar rotary table, and were powered by a low tension
high current adjustable supply. In practice, certain metals were found

to react vigorously with molybdenum ; in these cases a tungsten filament

was used as the source. The normal shutter was replaced by a larger cne with
a 3mm x 30mm slit cut inte it. This new shutter, when used in cenjunction
with different sources on the rotary tabie, enabled selective evaporation
(different types of electrode on different areas of the sample) and

laminated contacts to be easily produced.

This thickness of the resultant electrode was continuously monitored
by a guartz crystal head mounted adjacent to the sample, whose output fed
digital thickness and rate meters.

Under normal conditions, samples were taken straight from cleaning
or etching and mounted on a brass mask. This was used to provide a simple
and convenient form of contact definition. The mask was merely a small plate
with holes cut in it of the same size as the desired electrode area. When
inserted into an evaporant stream, the remaining metal shielded the majority
of the substrate, allowing metal to reach the latter only through the holes.
Edge effects were found to be neqgligible in most cases, except for very
small holes (< 1mm), where care was needed to align the mask directly over
the source.

For contacts to semiconductors, the chamber was pumped down to
about lO_6 torr, and the subsequent rate of evaporation used was about
1 -5 %/sec, depending upon the electrode material. The total thickness
of the electrodes was between 500 g and 1000 R, again depending upon the
material., 1In the case of some types of contact to semiconductors it was
found that post evaporation annealing was required to activate or improve
the characteristics. To achieve this, initial attempts were made at heating

the sample directly after evaporation, whilst still in the evaporator. 1In



practice the results proved rather irreproducible and this approach was
quickly abandeoned in favour of post annealing in a normal temperature
controlled furnace.

1.2.5 Blectrode Deposition (2) : Langmuir €ilms

The organic insulating films used for the majority of MIS devices,
vreduced during this work, are presently not as robust or thermally stable
as more commonly used insulators like SiO In consequence, special
techniques had to be developed to enable electrode depesiticn by vacuum
evaporation. The problems can be summarised as follows :-

Direct evaporation of hot metal ontc the surface of the films would

almost certainly cause thermal damage due to their relatively low melting

s} - . . . s
point of about 80 C, Some form of cooling prior to evaporation wa:z therefore
regquired. But cooling tne sample under ovnly backing pressurce (or higher)
would cause rapid condensation of any water wvapour, again causing damage.

Thus an evaporation procedure combining both slow cooling and pump down

was devised. Cooling was achieved by using an overhead tank of ligquid
nitrogen, this conduction cooled the 1lid of the evaporateor and thus the
substrate holder and the sample. In order to menitor the temperature, thermo-
couples were attached to the sample and the substrate hclder, and lead-
throughs used to take the cutput to Furotherm temperature displays. This
sample mounting and cooling arrangement 1s represented diagramatically in

Fig 3.6. The evaporation proceeded as follows :-

The sample, suiltably mounted on the desired mask was attached to
the substrate holder, the 1id of the evaporator closed, and the chémber
pumped down to backing pressure. To remove some of the residual gases and
water vapour, the chamber was flushed three or four times with dry nitrogen,
and again pumped down the backing pressure. The liquid nitrogen tank was

now filled, and the fall in temperature of the sample closely followed. As
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this passed through zero, the diffusion pump valve was slowly opened, and
the pressure gradually lowered as the temperature continued falling. The

o . .
sample was maintained at -80 C for a considerable period of time whilst the

G

pressure in the work chamber was reduced to the desired value of 10 torr.
Subsequent evaporation c¢f the electrodes was carried out at the minimum
practical rate, with periods of several tens of minutes not being uncommon
- L. , . 1 3 G
for high density materials like gold (0.05 A/sec). The warm up crocedure
would ideally be the reverse of the pump down one, but in practice, the
times involved were prohibitive. In consequence, the chamber was normally
let up to backing pressure with dry nitrogen when the sample reached about

o , ; .
-30 C, and the equipment was then left overnight to fully warm-up before the

sample was removed.

"

t be emphasised

0n

It mu
avoid "all possible" damage tc the films during top contact deposition.
In practice, it may be an over-reaction to the problem, as contacts have
been evaporated ontourncccled films with little or no degradation in resultant
characteristics. At present, however, results from this type of contact

formation are not reproducible enough for general application,



3.2.6 General Device Handling

The degradation of devices under normal atmospheric conditions is 4
major problem for development engineers in the semiconductor industry. Al

circuit or sale must meet a basic specification for reliability and

must thus have all degradation problems removed during develcopment. At the
research level, however,problems are much less severe as reascnable control
of device environment is easily achieved.

In order to avoid most random and unpredictable device changes all
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mples not being used were store
atmospheric pressure. The outside of this container was blackened to reduce
any long term optical effects, and the silica gel desiccant was thermally
regenerated as required. The low pressure was used =specifically to aid the
drying of freshly dipped insulating films, as inevitably some water was
picked up together with the stearic acid during the deposition process.
This drying period was normally at least three days, and ensured the best
insulating properties were obtained.

In order to facilitate reuse of the InP substrates a2 simple device
mounting system was developed : this comprised of a small brass metal base
in which were drilled two holes ; one for fixing the base in the sample
cryostat, and another to enable access to the substrate contact. The sample
was mounted on this base, fastened in position by two small strips of tape
placed at the very edges of the substrate. One electrical connection to
the device was made via the base, by connecting a wire from the substrate
Ohmic contact to the back of the metal. This was held in place at either
end by silver dag (a collcidal suspension of silver powder in an organic
solvent ; Johnson Matthey FSP 306) . The other contact, to the top of the
device, was achieved by using a small gold ball probe which could easily be

moved from electrode to electrode. In this way, rapid assessment of many



devices could be undertaken without the need for many "permanent" connections.
I order tu contrcl the environment of the sample during measureme:t

a civrcular metal sample holder was constructed, this is shown in Fig 3.7.

This comprised of a metal table, movable in the X and Y directions with the

ala of small thumbwheels, and upon which the previocusly mentioned sample

and nase could be easily located. Adjacent to this was a small drop ari orio
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all top contact probe was attached ; this could be moves
vertically up or down and thus enabled control of electrical connections to

previously selected devices. This metal table and drop arm were mounted on

an insulating base of "tufnol", using plastic screws and mica spacing woshors.
The base was then similarly secured to the bottom of the cryostat, These

relatively extreme measures were found necessary in order te avoiz 10w
current leakage between individual components during current-voltage measure-

ments. Electrical leads were taken from the takle and the drop arm via a

ceramic leadthrough to external BNC sockets, and twe jas

provided for connection to backing or nitrogen lines., 1In addition, A
removable 1lid with a glass viewing window was included in the design to seal

the whole vessel ga:

Ul

tight if reguired. For the acgulisition of cdata, this
sample holder was attached to some form of measurement eguipment either AC
or DC, as discussed in the next section.

The majority of measurement undertaken involved relatively short
term operations, requiring the removal of samples from the desiccator for
only a few hours at a time. In order to avoid degradation during this
period, measurements were carried out whenever possible with the sample
holder filled with nitrogen. In practice, however, it was shown by initial
experiments that no significant degradation effects were produced by

exposure to the normal atmosphere for this relatively short time.






3.3 ELECTRICAL MEASUREMENT EQUIPMENT

In recent vears advances in electronic instrumentation have played
a very important role in device physics. The introduction of sophisticated
equipment has considerably speeded up measurement operations, allowing the
application of techniques previously thought impossible. These new methods
lead to better devices, and thus superior equipment, and so the cycle
continues. The availlability of cheap, compact microcomputing power has
significantly affected measurement techniques, providing easy automation
and thus simplified long term testing. Even the relatively short three year
duration of this project has seen new equipment become rapidly obsolete.

Due to this wide range of new apparatus there are now many techniques
available to the device physicist for use in characterising a new product.

Any given technigue will, however, only yield information in a relatively
restricted area, and so the pre-selection of equipment becomes very important.
In practice, cost and availability of apparatus also have a significant
influence on the final decision.

With MIS technology widcesprread use is currently being made of phase
sensitive detection techniques to measure capacitance and conductance
variation with bias and frequency. This type of data leads to important
information about many aspects of the device interface region, and so is
already a valuable technique. The same methods can of course be applied to
other types of device. Indeed, A.C, measurements on both Schottky barriers
and MIM structures have already yielded a great deal of useful information.

It must be emphasised, however, that those relatively new techniques
have by no means taken over from the original simpler methods. Indeed, D.C.
current voltage plotting is still a widespread technique and is very valuable
for looking at conduction mechanisms in insulating and semiconducting materials.

Both types of measurement technique were, in practice, applied to the



devices produced during the project ; this secticn describes the apparatus

uzed for eacnh method.

W

5.3.1 D.C. Measurement
Cov o curvent veltage plotting the standard sample holder ‘as

poly. BNC cecnnections were used for the majority

Y owilring, with the shortest possible lengths to reduce noise and

problems. The velt

Q

ge cutput of the Keithley was taken to a Bryans 27000
5=1 recorder to monitor the decay ob current for each individual voltage and
ensure theo

recovery obf the true lato This decay effect was in practiooe

due to injected charge or trappoed j1ons, moving Lo the apyp lied

bias., The output from these carriers was thus a displacoment currentl, and the
true D.C.conduction was represented by much lower values. Menitoring of the
current decay until a constant value was obtained therefore, ensured thar

real current was being measured. The recording of the datue was normallwy

to obtain the maximum amount of data from any one devide The N S5
&
voltage applied were rarely mors than three or four volts (10 Y/ b varie]

in 100 mV steps, and the power was switched off upon cach chanage 7 ras ‘o
avoid transient spikes damaging the (doevice and the cgulpment. &t rela ively
. -1z
low values of voltage, and thus low conduction currents (10 A), problems
with noise become troublesome, and recovery of a steady state value from the
random noise become very difficult. OFf the various sources of this noise
problem, some sources, like bad leads, and bad top contact probe connections
could be overcome. Others, however, mainly external sources, had to be
endured and measurements taken at times when the noise level was relatively
low.

For the characterisation of FET type devices a dual channel battery



power supplyv was constructed with each channel having a meter and a vernierx
adjustable cutput up te a maximum cf 10V. This supply was usaed To bias the

source/drain, and scurce/gate ccnnections of the device, and the current
drawr from cach channel was monitored by an ammeter. Data were recorded

on a point by peint basis, and the characterisation subsequently drawn out

as required. In adcdition, a Tektreonix type 575 transistor curve tracer was
available for guick initial examination of device parameters, but the display
was too small for any detailed data recording.

The final D.C. technique applied was the quasi-static method of
capacitance plotting. The basis equipment required for this was a slow D.C.
ramp and picoammeter. The ramp was used to apply a bias to the device and
the resultant displacement current due to the semiconductor Fermi level
being moved through the bandgap was recorded by the piccammeter. The ocutput
current was then plotted against applied bias to obtain a low frequency type
C-V curve. In practice the signal magnitude is proportional to the ramp
rate (see section 2.3) and therefore a compromise is normally required
between high speed for large signal, and low speed to reduce non-linearity
and hysteresis effects. In addition, the final current, even for relatively

. . -12
rapid ramping, are only about 10 A, and so a low leakage current through
the device insulator is essential. If this criterion is not met then the

displacement current is masked by leakage, and the technique is useless.

3.3.2 A.C. Measurement

For the acquisition of C:V and G:V data as a function at bias and
frequency,a Brookdeal 9502 two-phase lock-in amplifier was used. This
instrument is quite a sophisticated piece of equipment, therefore a detailed
explanation of its operation will be given. A phase sensitive detector can
be considered as an A.C. voltmeter which can recover signals submerged in

s . 16,17 . ,
normally prohibitive amounts of n01se( ). To do this, the instrument
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uses phase-lock-loop techniques to compare the magnitude, frequency and
phase of the incoming signal with those of a known reference. In order to
use the instrument to measure the A.C. characteristics of an MIS device, it
is necessary to apply both a high frequency refererce signal, and a variable
D.C. ramp. The D.C. ramp performs the function of sweeping the Fermi level
at the semiconductor surface through the bandgap region, enabling data to be
taken at each point. The frequency of the low magnitude A.C. reference is
variable over a large band width (10 Hz-120 kHz) to allow the eventual
resolution of different time constant properties of the subject device. 1In
practice these two component signals are mixed together and applied to the
device simultaneously.

The phase sensitive detector in the lock-in amplifier can be
thought of as a multiplier circuit(lﬁ), the output vo being the product of

v the input signal, and VR' the reference signal. 1If we represent the

_1_’

signal in cosine form, then

v = VR cos th. (3.2)

In reality, the normal input signal will consist of the synchronous
signal to be measured, mixed with many random or discrete frequency
asynchronous signals (i.e. noise). If we initially consider only the
sample frequency component at ws, then

v = v_.V = VR Ccos th.,VS cos wSt (w = 2mf) (3.3)

If VR is suitably scaled to unity then :

<
Il
N | =

2nt (f ~f + 2nt +
vS [cos m (R S) cos 2w (fR fs)} (3.4)

In practice the noise frequency fN = fS can assume any value,
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If a low pass filter of cut-off (f.) significantly less than fR is applied,

then only frequencies having :

(f_ - fN) < £ (3.5)

will be passed, i.e. only frequencies very near to fR. When f = fR' as in
the case of interest, then the output is merely a D.C. voltage proportional

to signal amplitude and phase difference. That 1s, if :

Vl = Vl cos (th +  ¢) (3.6)

then v, = Vl cos (th + ¢) cos th (3.7)
- L v cos (2w _t + ¢) + cos ¢

! 1 ! R (3.8)

and after filtering out the 2wR component the output reverts to

1
v = 5 v cos ¢. (3.9)

This latter cosine term is finally eliminated by pre-calibration
of the lock-in (see later) to adjust the value of ¢ to zero and thus obtain
the maximum output signal. In addition, quadrature components of the input
signal can easily be measured by supplying the reference, now with an extra
90o phase shift, to another PSD. The 9502 is thus two PSD's in one box, with
external reference and signal inputs, as given in Fig 3.8. The final
improvement in signal/noise ratio over more conventional equipment depends
largely upon the bandwidth of the final filtering applied. It is,for example,
at least a factor of two hundred for time constants of about one second.

The input signal to the lock-in is normally the result of applying

the mixed A.C. and D.C. signals to the terminals of the sample device. To
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achieve these operations,special mixer circuits were designed and constructed
as follows :-
In simple terms, an MIS device can be considered as merely an ideal
capacitance in parallel with a high resistance (to represent leakage)., If
a voltage (VS) is applied to this device, and the A.C. current through the
(19, 20)

sample is measured by a resistance R , (as shown in Fig 3.9),
m

Cs

— N G,

DEVICE

L o
Figure 3.9 : Simplified representation of sample biasing.
it can be shown that ;
. 20
v = v_R (Gx + jucC )( ) (3.10)
o S m X

providing ; R <<1/Gx (i.e. the sample has a high leakage resistance) and ;
m



R w C <<G . That is the output voltage is directly related to the
component values of the device, and feeding the signal directly into a
lock—in will enable each term to be recovered. In practice, the additional
conditions imposed by the full proof of the previous relation require the
use of two mixer boxes, one for low frequency, and one for high frequency.
The two circuits as designed and used are given in Fig 3.10 ; in each case
the extra components added in addition to the basic circuit to carry out the
AC/DC mixing are also given.

The majority of the remaining equipment used in the complete measure-
ment system was relatively standard, and a complete schematic diagram is
given in Fig 3,11 : A wide band oscillator was used as a source for the
reference signal, and was attached to the rear of the lock-in for convenience.
The necessary low impedance ( 50 Q), and high stability (O.l%/OC) were obtained
from a Brookdeal SO1l2F oscillator. 1In addition it was necessary to keep the
oscillator output to 50 mV (RMS) or less in order to avoid non-linearities
occurring at the mixer circuit. The "fixed" D.C. bias used to ramp the
device Fermi level under normal plotting conditions was provided by a custom
made variable rate unit. This was designed to have a wide operating voltage ;
+ 15 v, and a variety of ramp speeds, down to 1 mV/sec, all of at least 1%
linearity : This latter specification was achievea by the use of a high
stability MOS operational amplifier in a feedback RC circuit, with variable
value components. A Farnell autoranging digital voltmeter wés used to
display either channel of the lock-in, or the ramp voltage, as required.

In addition, these outputs were recorded on graph paper, as real time plots,
by a Hewlett-Packard 7046 A dual pep XY recorder.

At very low frequencies (< 30 Hz) it was found that large amounts of
filtering were required in order to reduce the background noise to an

acceptable level, This resulted in a relatively long time lag between any
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change in the lock-in input, and its subsequent effect on the output ; thus
causing considerable problems during calibration. To ease the situation at
these low frequencies a storage oscilloscope was used on a very slow time
base to monitor the slow changes in each channel output.

With certain types of device configuration, problems were encountered
due to hysteresis in resultant characteristics (see section 2.3). This effect
was found to cause unpredictable shifts in both capacitance and conductance
curves, and thus make results rather irreproducible. The method adopted to
combat this problem was the use of a continuously cycling ramp generator.

This function was obtained from a Farnell FG3 function generator, which was
set to produce a continuous ramp of 100 mV/sec. In response to this type of
signal, a pseudo-equilibrium condition was established in the device, where
all the mobile charge moved through the same path on each cycle. This allowed
consistent characteristic curves to be obtained and thus enabled some degree
of comparison between different preparation paths to be undertaken.

In order to simplify the initial setting up and calibration of the
lock-in, a special 'calibration box' was constructed. This consisted of two
rotary wafer switches connecting various capacitance and conductance
(resistance) values across the output BNC sockets. By switching this box
into the input circuit of the lock-in, any value of device component could be
artificially simulated during the calibration procedure.

At any given frequency the initial setting up of the measurement
system was achieved as follows . Firstly, all residual lead capacitance
and conductance were compensated for by using the zero offset controls on
the lock-in amplifier, A known value of capacitance , similar to the
expected device value, was then switched into the input circuit. The phase
control was adjusted to remove any componeﬁt of conductance occurring on the

G channel ; this set cos ¢ in eqn ( 3.9 ) to unity. The voltage correspond-
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ing to this value of capacitance was noted for subsequent use. A similar
operation was carried out for the conductance channel, again noting the
equivalent output voltage, and this process was repeated two or three times
for each channel until each one became totally independent. The lock-in
was now calibrated, and the subject device was switched into the input
circuit and measurement commenced. Obviously the use of this relatively
sensitive instrument created problems due to stray component values, and
care was thus required to keep these to a minimum. Where this was not
possible the values were recorded, and the device data compensated at a
later state.

In normal use, the system was set up to plot capacitance and
conductance against applied bias, This was undertaken at a variety of
constant frequencies, with the lock-in requiring recalibration at each new
one., In some cases, however, variation of C and G as a function of frequency
were required, in these cases the bias was kept constant and data obtained
on a point by point basis for each frequency.

In concluding this section, it should be noted that the overall
accuracy obtained from the system was normally better than 7% ; the worst
figures occurring at low and changeover frequencies where noise problems
were prevalent. At high frequencies the results were considerably better.

It should also be noted that, although most manufacturers claim, and probably
provide accuracies of 2-3% in their lock-in instruments, the leads, and
ancillary instruments do add considerably to stray components and overall
error figures. In addition, instability due to temperature variation was
found to cause drift in both offset and phase values for the lock-in, again
adding to the overall system error.

In general, however, instrumentation improvement continues(2l'22),

and newer, more refined equipment is gradually overcoming many of these

problems.



3.4 ENVIRONMENTAL CONTROL

For the majority of their lifetime all samples were stored in a
darkened, desiccated container, maintained under semi-vacuum. For measurement,
they were removed and placed in a metal sample chamber (as previously described
in section 3.2). This sample holder was maintained under similar inert
conditions for the majority of the time ; except when access was required
for contact changing, etc. In addition, the chamber could be totally
evacuated or purged with dry nitrogen if required.

The investigations into the effect of gases on the MIS interface
region inevitably involved dealing with toxic gases and vapours. In
consequence special handling and mixing apparatus had to be developed : To
this end, a custom glass mixing rig was constructed, with two input lines
and a demountable final section. Each input channel was equipped with a flow
meter and needle valve control, and the demountable section allowed a gas
sample to be removed for mixture analysis.

Dreschel bottles were used for vapour pick-up and handling, normally
with nitrogen as the carrier gas. This inert carrier was bubbled through
the volatile liquid and thus inevitably picked up some vapour and transported
it along to the sample chamber.

(23)

Standard 1.6 litre gas bottles from BOC were used as sources
for the majority of gases ; cylinders of hydrogen/nitrogen, CO/nitrogen etc.
were all readily available. Toxic liquified gases in pure form were obtained
in smaller lecture bottles ; the use of these was, however, avoided as far
as possible, for reasons of safety.

Although long term characterisation of gas effects required contin-
uous flow conditions, it was found useful in addition to provide the facility

of impulse exposure. This exercise was relatively quick and thus proved

useful for highlighting significant characteristic changes as a precursor to
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longer tests. For impulse testing, a large non-porous rubber balloon was
filled with a known volume of carrier gas ; normally nitrogen. It was then
injected with another known volume now much smaller, of test gas. This was
achieved by using a Hamilton(24) 0.5 ml precision gas tight syringe. The
mixture in the balloon was now ready to supply the sample chamber as required.
During exposure to toxic gases, the sample and sample chamber were placed in
a sealed glove box to provide an additional safety envelope, The latter was
also fitted with gas tight BNC lead-throughs and various gas supply and
removal pipes. A schematic diagram of the whole system is given in Fig 3.12.
For a normal experimental run the pre~sealed sample chamber was
placed in the glove box, and all the required electrical connections were
é%%
made. Pipes Were connected between the entry/exit feedthroughs on both the
glove box and the sample chamber, with Dreschel bottles in line if needed.
In addition, the final gas escape line was passed through ancther pPreschel
bottle to indicate the gas flow rate through the sample chamber. After any
gas run both the glove box and sample holder were thoroughly flushed with
nitrogen before being opened to the atmosphere in order to avoid hazards
from residual gases. Throughout measurements, special gas masks and safety
spectacles were always worn to protect the operator at all times. It is
worth noting in addition that early investigations with standard plastic
piping showed that this material was in many cases porous to toxic gases,
and indeed gases in general. 1In consequence, the majority of pipework was
constructed from special rubber piping (Butyl XX synthetic- ESCO Rubber
Co.Ltd, Teddington) which was guaranteed non-porous.
The overall system, although appearing rather untidy to the eye,
worked very well in practice, and adequately served the purpose for which it
was conceived . That is, to provide a wide range of stable or toxic environ-

ment, and allow exposure of the latter to any given sample over a variety of

time periods,
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CHAPTER 4

LANGMUIR FILM TECHNOLOGY

This chapter is the first of four covering Langmuir films,
their deposition and characterisation, and looks briefly at the history
of the technology. In addition to introducing the concepts and
terminology used throughout the thesis, this chapter aims to describe
the development of the technique, and review some of the work already
undertaken. Section (4.2) is an historical review, which discusses past
contributions to Langmuir film technology beginning with the earliest
reported work of Benjamin Franklin. This is followed by a section déaling
with electrical characterisation results, which also gives a description of
the current ideas concerning conduction in organic films. To conclude the
chapter, some details of more recent applications of these materials in
various fields of science are discussed, this is included to demonstrate

the considerable interest currently being shown in Langmuir film technology.

4.1 SOME BASIC CONCEPTS

The production of a Langmuilr film basically entails the compression
of a thin layer of material, normally upon the surface of a liquid sub-
phase, to form a moncmolecular solid layer. This film is then trans-
ferred onto the substrate by repeatedly passing the latter through the
monolayer, and picking up one layer on each transition. Using this
procedure, a film of known thickness can be built up on many types of solid

substrate.



The subphase normally used is water ; this is required to be
extremely pure to avoid influencing the properties of the menolayer, and
thereforg usually undergoes considerable purification before use. The
material used to produce the monolayer, and subsequently the Langmuir film
multilayer must have certain properties ; in particular it must be amphipathic
in order to align correctly on the surface of the water. This criterion
requires that the molecule has a hydrophobic (water insoluble) group at one
end, and a hydrophilic (water soluble) group at the other. This property,
normally characteristic of long chain molecules ensures the material forms
a regularly ordered structure when compressed to produce the sclid monolayer.
In practice there are many compounds which fulfil this requirement of which
the majority are organic in nature. The work reported here however con-
centrates on one or two relatively simple materials, specifically stearic
acid, and its salt cadmium stearate. Some of the other suitable materials
and their particular usefulness are discussed in general terms in a later
section. The chemical structure of stearic acid is shown in Fig 4.1, along
with that of its cadmium salt, cadmium stearate. Once spread upon the surface
of the subphase, the amphipathic material is compressed with the aid of a
barrier ; in this case a constant perimeter variable area one. This compression
causes the initially highly dispersed material to be concentrated into a solid
monolayer , from which pick-up onto the substrate can be generated. During
the compression operation it is, of course, very important to monitor the
surface pressure of the spread monolayer. This ensures that the correct amount of
barrier contraction is produced and that no collapse mechanisms are generated
within the film. The monitoring of the surface pressure (T) is normally under-
taken by means of a Wilhelmy plate connected to a microbalance, whereby the
plate generates a zero contact angle with the liquid surface, and so converts

a horizontal pressure to a vertical one. In practice it is convenient to
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Figure 4.1 : Representation of chemical structure of stearic acid, and its cadmium salt.



- 77 -

draw an analogy between the compression of the surface monolayer, and the
compression of a normal gas. In both cases, the materials pass through

gas, liquid, and solid phases, the recording of which is normally called an
isotherm. An example of this type of plot is given in Fig 4.2 ; in this case
for a stearic acid monolayer.

Once compressed into a two dimensional solid, the monolayer is
deposited onto the substrate by passing the latter through the interface
region. During this operation, under ideal conditions there are three
different modes of material pick-up. These are termed X, Z, and Y, and are
respectively, pick-up on the way down only, on the way up only, and in both
directions. These different deposition modes are illustrated diagramatically
in Figs 4.3 - 4.5. It is in this general deposition behaviour that the
elegance of the Langmuir-Blodgett technique lies, for once the molecular
length is known it is possible to predict or define the precise thickness
of the resultant multilayer. 1Indeed, this technique is probably the only
means of defining the thickness of a deposited film to the accuracy of less
than one angstrom.

In concluding this section, it should be noted that the procedures
mentioned here are relatively simplified, and in practice there are many
additional details to be considered. In particular, the need for extreme
cleanliness cannot be overstressed. These additional practical details will
however be discussed at length in later chapters.

4.2 HISTORICAL REVIEW

Before discussing in detail the results of recent electrical
characterisation work, it is useful to look at the historical development

of Langmuir films and their deposition.
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Figure 4.3 : Schematic representation of X-type deposition.



Figure 4.4 : Schematic representation of Z-type deposition.
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The earliest reported experimental work pertaining to oil films on
the surface of water was by Franklin(l) in 1774. During this work he noted
"The amazing spreading of small amounts of oil over vast areas, causing
considerable smoothing of the surface". It was many years however before
any methods for control and manipulation of these films were proposed. The
earliest record of this was by Fraulein Pockels, who in 1891(2), used tin
barriers laid across the top of brim-filled troughs to measure the variation
of surface tension on contaminated water. Some ten years later,

Lord Rayleigh(B) began to consider the structure of these "new" films, and
concluded they were in fact only one molecule thick. The subsequent period
until the classic work by Langmuir and Blodgett generated only minimal interest,
and many workers remained unconvinced about the usefulness and structure of
these films. It was in 1917 that Trvine Langmuir began to develop the

4)

theoretical concepts( that attempted to explain previous observations, and

later with Katharine Blodgett(5'6'7)

devised a process to control and transfer
these monolayers onto solid substrates.,

The original Langmuir Trough was a metal container brim filled with
purified water in order to produce a convex meniscus. The inner faces of this
trough, together with the metal control barrier, were rendered hydrophobic
with a layer of paraffin wax. This aided the formation of the meniscus.

A simple hand winder attached to a pivoted overarm was used to raise and

lower the substrate. This was used because it was "difficult to 1lift a slide
slowly with forceps held in the hand without an occasional backward hitching
motion". A small pinch-~clamp was used to hold the substrate. This was initially
cleaned in hot sulphuric acid and potassium dichxomate, followed by a rinse

in distilled water. In order to achieve a constant surface pressure

during film deposition, a tiny drop of oleic acid was added to the water at

one end of the trough. This was separated from the stearic acid by a floating

silk thread. The hydrophobic 0il was found to have molecules that spread out
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to consume all the available area thus exerting a defined pressure on the
perimeter, The excess material remained gathered on the surface in small
lense-like globules. Upon the barrier moving, and new space becoming
available, the 0il spread immediately from these lenses to occupy the new
area. Thus the oleic acid spread at one end of the trough, acted as a
piston to compress the stearic acid at the other side of the barrier to a
constant surface pressure. In the case of oleic acid this value was

29.5 dynes/cm. Initial cleaning of the water surface to remove previous
monolayers and any dust etc. was achieved by repeated passage of the metal
barrier backwards and forwards over the subphase. The silk thread barrier
was coated with wax to enable it to float on the water, and was anchored to
the trough sides at each end. "“The thread is waxed by being socaked in a
benzene solution of paraffin wax and dried ; it must not take up so much wax
that it becomes stiff". For deposition, the subphase was initially sweep
cleaned, and a few drops of stearic acid dissolved in benzene were placed at
one side of the barrier. The solvent was found to rapidly evaporate, leaving
behind an invisible layer of stearic acid. The piston oil was then gently
placed at the other side of the silk thread, as shown in Fig 4.6. Repeated
passage of the substrate through the film resulted in removal of stearic acid
onto the slide and the spreading of piston oil as the barrier was forced to
contract. The pH of the water was controlled by the addition of alkali
(calcium or sodium hydroxide) or acid (hydrochloric) and the resultant values
were measured by indicators matched to La Motte standards. Reference to the
original papers will show the necessarily meticulous attention paid to
cleanliness in order to achieve acceptable results. All the chemicals were
thoroughly purified, and tested for contamination by any means available.
Liquids were filtered in sand, and solids were tested by melting point

measurements, both as standard operations.
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Figure 4.6 : Original Langmuir/Blodgett trough, showing (a) equilibrium, (b,c) after addition of fatty acid at X,

(d) after addition of piston compression oil at Y, and (e) after removal of film onto substrate.
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Langmuir and Blodgett found that the pH of the subphase, together
with the metal ion type and concentration, both had marked effects on the
properties of the resultant film. Together they undertook lengthy investiga-
tions to characterise these effects. They used ;ptical and simple dielectric
constant measurement procedures to test the effects of temperature, substrate
variation, and film thickness, and even suggested potential applications in
many cases. The majority of the results they obtained are correct to the
present day, and this fact alone is no small tribute to their conscientious
and dedicated approach to this new field., In fact the original Langmuir and
Blodgett papers still remain a standard reference for anyone starting in this

area.

In the years after this classic work, many more people began to
look again at monomolecular films. Race and Reynolds(8) in the same General
Electric Research Laboratory undertook more detailed electrical investigations
of these organic materials. They looked mainly at changes in dielectric
properties and their variation with frequency etc., by using a mercury drop
as a top electrode. Also 1in America, Clark and Sterrett(g) lookéd at these
new films using X-Ray diffraction techniques and provided valuable information
about their ordered structure, stacking sequence, and molecular chain lengths.
In England, the Department of Colloid Science at Cambridge was the home of
work by Rideal and Schulman, whilst in France, Devaux and Marcelin continued

(11)

(10) and Rideal were at

to produce useful contributions. Books by Adams
this stage relatively new, and so contained summaries of current work. These
included recent developments in surface potential, and surface viscosity
measurements, both of which were found to be critical parameters in the
investigation of film structure.

The Second World War caused the virtual termination of work in this

field, and many years passed before any more significant developments were
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made. In fact it is only in the last decade or two that investigations have
restarted, and these have caused such a rapid expansion of interest that
consideration of all avenues has become near impossible.

The monomolecular nature cf the films along with their ordered
packing arrangement has produced interest from all fields of science. 1In
chemistry, their controlled molecular structure has enabled investigation
of bonding mechanisms to be undertaken. Biologists meanwhile, have ssen
the useful resemblance of these films to biological cells and are attempting
modelling of membrane behaviour. For physicists, the films are useful in
optical and electronic devices, where their well defined thickness provides
control previously unobtainable. In addition to all this high level work,
basic properties like surface pressure, molecular packing, and stacking
arrangements, are all still being actively investigated and show that a great
deal about Langmuir films still remains to be understood.

It is interesting to note that in spite of modern day complications
with measurement and analysis equipment, the basic trough and spreading system
remain largely unchanged from the earliest design. Indeed some current workers,
even today, use floating silk barriers and piston oil compression. Developments
have of course occurred, but these are mainly in the area of barrier design
and compression systems. An interesting deviation from the original rectangular
design is a circular trough, using one or two centre pivoted radial arms as
mobile barriers. The trough is still brim filled as before, but now precision
engineering avoids any film leakage at the barrier/trough junction. Dipping
is achieved in this design by the use of a mechanical screw drive system, and
the surface pressure is monitored by a microbalance (see later). This develop-
ment of the ability to measure surface pressure was one of the major steps
forward in the history of Langmuir film technology. It allowed the monolayer
compression to be ﬁeasured directly, and thus avoided the use of piston oil

compression. In addition, this advance allowed the adoption of independent
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barrier compression systems, and so removed the need for crude silk waxed
barriers. It should be noted, however, that at this stage the pressure
measurement and barrier control were still totally independent, and largely
manually operated. Automatic feedback control systems were not incorporated
for many years to come.

In 1966, Gaines published his book "Insoluble monolayers at liquid-
gas interfaces"(lz); this was a long in-depth review of current work on
Langmuir films and other associated subjects. By dealing with all aspects of
monolayers from the physics of surface tension, to multilayer deposition,
Gaines produced a book that has become a classic in this field of work.

The following year, a paper appeared by Jaffe et al(lB) proposing a
radically different form of barrier system for use in Langmuir troughs., This
idea used a constant perimeter glass fibre belt suspended on free running
rollers. These rollers were attached to two mobile overarms, which,by clever
geometry, could be moved to change the enclosed area (see Fig 4.7). In
practice their application of this new barrier system was not particularly

relevant to Langmuir films, but the suggestion had been made, and it was not

long before the system was used by others.

Figure 4.7 : Early example of constant perimeter compression barrier

(After Jaffe et al, Ref.13).
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The final stage in the development of the modern Langmuir trough
was the adoption of automatic feedback to control the compression barrier.
, (14) .
This was developed by Kuhn et al for the circular trough, and by a
collaborative effort between the ICI Corporate Laboratory (Runcorn) and the
. . (15) . , .
University of Durham for the constant perimeter one. This final advance
overcame persistent irreproducibility problems previously encountered with
all electrical measurements, by enabling constant surface pressures to be
maintained throughout the deposition., From this point forward, film quality
and results were shown to improve considerably and the development of the
Langmuir trough was complete.

This brief review has outlined some of the more important develop-
ments in this field. It is by no means comprehensive however, and the reader
. . : . {16-21)
1s therefore directed to one of the many recent review articles for

more detailed information.

4.3 REVIEW OF PREVIQUS ELECTRICAL. CHARACTERISATION

It is only relatively recently that meaningful electrical characterisa-
tion of Langmuir films has been undertaken, in consequence no single well
defined explanation has yet become established. This section i% therefore,
designed to briefly review and summarize the current ideas about electrical
conduction in Langmuir films, in order to provide a background for the results
obtained by the author, as presented in later chapters. It is convenient to
divide this review into basically two parts, that is, AC and DC characterisa-
tion results,

In general, electrical characterisation requires considerably greater
film perfection than is needed for optical or other work. Results obtained
by early workers in consequence tended to be very irreproducible due to film
defects, impurities, etc, and are thus only of historical interest(l7). The

majority of useful measurements have therefore only been taken in the last
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decade or so. In addition, it should be noted that although characterisations
of a great variety of materials has been reported, this review will concentrate
primarily on fatty acids and their salts, as these are the major subject of
this investigation.

It has also been found by most authors that high quality films cannot
be deposited ontc substrates like gold and silver, due to their lack of
surface oxide. The majority of studies have, thereforq used an aluminium film
(with A1203 } on glass as a substraté, the oxide having been previously shown

to be adequately conducting,

4,3.1 DC Conduction : Tunnelling

The Langmuir-Blodgett technique lends itself very well to the
investigation of insulator tunnelling properties. In this situation, the
ability to produce thin films able to stand very high DC fields (106—107 v/cm)
can be seen to be a useful property.

(22,23) | 1971 Jemonstrated

Measurements carried out by Kuhn et al
for the first time an exponential dependence of low field conductivity on
insulator thickness. This was achieved by using one monolayer of a variety
of different fatty acid chains. From the slope of the resultant plot, work
function values were obtained which showed good correlation with photocurrent

(24)

determined values. This work was extended by Polymercpculos who used a.’
wider range of fatty acids and found a similar exponential dependence, with
five orders of magnitude change in conductivity. He also found that the

current-voltage behaviour was essentially temperature independent.

4.3.2 DC Conduction: Multilayer Structures

Most experiments on thick multilayer structures appear to indicate
barrier limited conduction mechanisms, with Schottky and Poole-Frenkel effects
being prevalent., Space-charge-limited conduction has been reported but only

for certain short chain substituted anthracene films.
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(25) have noted Schottky limited conduction for

Careem and Hill
relatively thin films of N (number of monolayers) between three and nine,
and have subsequently shown good correlation between theoretical and measured
slopes of the log J—VL2 plot. In thicker structures the conduction was thought
to be dominated by Poole, and Poole-Frenkel conduction, with the latter being
dominant at higher applied voltages. Similar behaviour was noted by

(26)

Nathoo , Wwith the normal logarithmic plot giving reasonable values of

(27)

dielectric constant. Roberts et al have reported weakly temperature

dependent log J—VL2 behaviour for both Al2O3 and InP substrates(28’29).

Their results were found to be polarity and electrode material independent
and were thus interpreted as being due to Poole~Frenkel type behaviour. Once
again, the dielectric constant calculated from the slope gave a reasonable
value of about 2.5. Log J—Vli behaviour has also been observed by Honig(3o),
but in this case the currents were electrode dependent and showed two distinct
slopes, neither of which gave correct values of dielectric constant when
fitted to Schottky or Poole~Frenkel behaviour. From these values of gradient
the closest fit was to Schottky limited conduction, however no significant
electrode dependence was observed which tends to indicate the Poole-Frenkel
mechanism.

In general therefore it can be seen that Log J—V% behaviour is a
frequently observed phenomenon for fatty acid/salt films. The main problem
however lies in the precise interpretation of this type of plot as it can be
characteristic ofvarious conduction mechanisms. Because of this, there is
still disagreement as to precisely which of the two major alternatives is
dominant since both Poole-Frenkel and Schottky behaviour appear to have been
observed,

It is also interesting to note that although some consistency exists

between measurements of gradient, the overall magnitudes vary quite markedly.

These inconsistencies in the intercept value appear to be due to both film
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and substrate variations ; effects which are not surprising in view of the
wide range of specific differences in both opreparation and deposition methods
that exist between individual groups. In particular, the dryness of the

film during measurement, and the state of oxidation of the interface appear
to be quite crucial.
4.3.3 AC Properties : Conductance

Measurements of AC conductivity as a function of frequency have been
undertaken by a number of authors, and the majority has shown an wn dependence
. (31,32) .
with n between 0.5 and 1.0. Work by Jonscher and Nathoo over a wide
, -4 2 . .
band of signals 10 - 10 Hz consistently showed the exponent to be virtually
unity and concluded the mechanism was some form of hopping conduction between
localised states at each monclayer interface. 1In this situation, the carriers
. (33)
were thought to be injected from the contacts and the resultant currents
were therefore electrode dependent, as observed at low frequency.
L , . (34) (27)
Similar results have been obtained by Sugi , and Roberts et al
where the values of n were slightly less than unity, at 0.87, and 0.9 respect-
ively. From these measurements, the mechanism proposed was also of hopping
. (35) .
origin, although Roberts also concluded that while values of n 0.5-0.9
were probably due to hopping, the higher values closer to unity were more
likely lattice relaxation effects, and were indicative of high film quality.
L. . (23, 26)
This latter idea was borne out by measurements from Careem et al who
showed two regimes of frequency dependent conduction. In these cases, the
normal effect, observed at higher frequencies, (almost proportional to w),
was supplemented by a low frequency electrode dependent contribution, with n
now much less than unity. This lower frequency effect was believed to be due
to a hopping mechanism, whereas the normal regime was thought to be lattice

dependent, and a function of relaxation of the dipolar COOH groups.

4.3.4 AC Properties : Capacitance

One of the most common uses of capacitance measurement with fatty

acid/salt films is the reciprocal (1/C) plot against film thickness. This has
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been reported by many authors working on these materials, and allows
dielectric constant and/or monolayer thickness to be obtained. These two
parameters, being relatively easy to measure are thus reasonably well
established, and agree with other sources, for example, X-Ray, and
ellipsometry. The accepted values are, £ = 25.8 8, and Er = 2.7 for stearic
acid/Cd stearate (at pH = 5.8), to within a few percent. In addition to

these two constants, it is also possible to obtain the native oxide thickness
from the Y axis intercept point. This enables some basic characterisation of
the substrate/film interface region, given that the dielectric constant of the
material is known. It appears from these measurements that the actual thick-
ness is very "preparation" dependent, and thus there is little agreement
between individual workers ; values anywhere between 5 % and 8o R being
reasonable. For the majority of 1/C-N plots the first monolayer and sometimes
the second very rarely reside on the straight line(37),and normally occurs
above its expected value. This effect, often referred to as the "lst mono-
layer problem” is probably caused by differences between this layer and the
vremaining films due to its interaction with the substrate. Indeed, a recent
(38)

paper by Barraud and Rosilio has proved the existence of ion interchange

between an aluminium substrate and the metal species in the film. This results

in the first layer being aluminium, rather than cadmium stearate, and suggests
that ion exchange can occur with other substrates, at both the interface and
into the bulk of the film,

The majority of authors have found the dielectric constant, and thus
the capacitance to be reasonably independent of frequency , up to 106 Hz,
for good quality films. It appears, however, that bad (DC) electrical
characteristics are associated with dispersion in Er' which causes frequency

dependence for both conductance and capacitance,
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4.3.5 Other Properties and Structures

Internal Voltage

Internal voltages for MIM structures have been observed by many

authors, and produce displacement in the voltage dependence of most properties,

(30)

Honig has reported values up to 0.6 V for many different electrode

. (39) . .
materials, and Leger noted up to 0.2 V, which disappeared at low tempera-
tures. In both cases the authors proposed that the effect was due to work

function differences causing ion movement across the insulator.

Srivastava(4o_42) has reported detailed studies of the internal
voltage effect, showing symmetrical displacement of J-V plots about the
correct value. The voltage magnitude was found to decrease with numbers of
layers (N), and was higher for asymmetric (odd N) structures. From this
investigation, Srivastava concluded that the effect was due to net polarization
of the molecules, supplemented by the previously proposed work function
differences for unlike electrodes.

In general, the presence of internal voltages appears to be very
preparation dependent, and even structures fabricated under apparently identical
conditions may or may not show the effect. Moreover certain authors seem to
be more fortunate than others in reproducing the effect. It can only be
concluded from present evidence that the phenomenon is extremely sensitive
to minor variations in technique, ionic content, planar packing, etc.

Dielectric Breakdown

The origin and effect of dielectric breakdown has been studied in
depth by many authors, and although not directly relevant here, the subject
is considered to be worth mentioning.

. (43-48) ,

Agarwal and Srivastava have shown that breakdown effects in

fatty acids/salts, are a function of both temperature and film thickness, but

found it necessary to distinguish between "onset" breakdown, and "destructive"
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breakdown. In the former situation, sudden increases in current are observed,
but no damage results unless considerably higher fields are applied to induce
the latter effect. This initial stage shows a V2 current dependence and may
well be associated with the onset of space charge limited conduction. More-
over at higher voltage, the J-V curve flattens off indicating high resistance
effects due to electrode limitation. Agarwal and Srivastava also found,
surprisingly, that the final breakdown voltage was thickness independent,
which may well suggest that the A1203 at the interface region plays more than
a passive role in this mechanism.

Barraud and Rosilio(49) have also studied breakdown effects in both
air and vacuum, but their results show the existence of a three stage process
Bubble formation at about 106 V/cm, due to electfostatic water expulsion, a
sudden temperature independent current increase, ascribed to electrostatic
thinning of the material, and finally proper breakdown causing electrode
damage and capacitance decrease. This actual film damage appeared to be self
healing in air however, and the breakdown voltage showed considerably less

increase with insulator thickness than noted by Agarwal and Srivastava.

Metal-Insulator-Semiconductor (MIS) Structures

Virtually no investigation has been carried out upon structures
made on semiconductor substrates, and the little that has been done, used

(50,51) showed reasonable C-V

only silicon. Measurements reported by Tanguy
curves, but only weak inversion, and quite significant amounts of ionic type
hysteresis. In addition, the majority of these curves used orthophenanthroline,
{(a benzene ring complex) with added fatty acid chains, rather than simple

fatty acids alone. No in-depth analysis of this system beyond the simple

C-V curves was attempted. Experiments on silicon using fatty acids/salts have

been reported by Lundstrom(52_54). In these investigations the samples

again showed good accumulation and weak inversion, but also charge
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injection from the semiconductor into the insulator, and subsequent
trapping at monolayer interface regions. This effect was investigated by
time lapse C-V plotting and was concluded to be a low field Schottky limited
process. Again, no detailed study of conductance or any other characteristics
was undertaken.

Fatty acid deposition has also been achieved onto other semiconductor

(55) . .
substrates by the Durham group . Work carried out on InP will be con-
sidered in detail later in this thesis, but in addition, encouraging results
. (56) .

have also been obtained on CdTe . Thesedata shows gocod accumulation,
depletion and weak inversion, and also a sharp surface state conductance
peak ; these effects are currently under more detailed investigation. In
addition, the deposition of fatty acids and more complex materials on CdS,
GaP; GaAs, and amorphous silicon is also being investigated ; this will be

discussed in more detail in Chapter lQ.

4.4 GENERAI, CONSIDERATION OF POTENTIAL APPLICATIONS

Before going on to discuss, in some detail, the specific equipment
used at Durham, and its particular application to the study of electrical
behaviour, it is perhaps useful to briefly mention other areas of current
interest within Langmuir film technology.

The deposition of any material by the Langmuir-Blodgett process

requires that the molecules used are amphipathic, This relatively
minor constraint is not difficult to overcome. with the help of modern
chemical techniques ; so that, in practice it is now possible to use or adapt
for use, quite a wide variety of different materials. The majority of
materials so far considered are primarily electrically insulating, but it is

: . . (65) ) .
possible to produce more conducting films , some with anisotropic, and

even semiconducting properties. In addition, the limitations upon chemical

mechanical and biological properties are virtually non-existent, and,thereforg
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allow an even wider variety of applications outside the field of electronics.
Perhaps the most important use (from the point of view of this

thesis) of these films is in the semiconductor device industry, where the

insatiable demand for smaller and faster devices is beginning to show some

fundamental limitations in the Si/Si0O, system. The on-going search for

2
replacements to this material has shown certain III:V materials to be
extremely promising, apart from their lack of native oxide. Thus it is here
where the good electrical properties, and thickness control of Langmuir films
may well prove to be extremely useful. In addition, although the process
reported here is distinctly at the research level, there are no obvious
obstacles to scaling the trough up to industrially useful proportions.

The excellent control of film thickness afforded by this technology
also lends itself well to applications involving ultrathin films. It has

(57} . . ,
been shown for example , that the conversion efficiency of photovoltaic
Schottky barriers can be considerably enhanced by the presence of an inter-
facial layer, whereby the thin layer permits control of the dark current
magnitude, and the carrier injection ratios. Indeed, recent publications
(58,59) . .

by Dharmadasa et al have already shown good efficiency improvements
for CATe based devices.

Another application in the field of physics and electronics is
that of optical waveguiding. In this area, recent publications have

shown(6o_62)

that the good control of refractive index and film thickness
afforded by Langmuir-Blodgett multilayers has given losses as low as 5dB/cm.
Moreover, it is believed that further work will easily reduce this figure
to 1dB/cm.

Other more complex chemical species are also being electrically
investigated as Langmuir films, for example, aromatic compounds with benzene

(63,64)

ring structures show particularly interesting properties These
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lightly substituted anthracene derivatives exhibit a large anisotropy of
8

conductivity, with in plane values being greater by a factor of 10, In

o . . . . (65) .
addition, double injection has been observed in these materials , giving
significant light output and opening up the possibility of future applications
in large area electroluminescent panels,

More recent studies have led to the possible use of monolayers as

G,67
(6o, 6 )_ These specially synthesised organic

photo-resists for microelectronics
materials (tricosenoic acid), are polymerised by electron beam and can produce
extremely good resolution down to 600 R (0.06um) . These newer high resolution
resists are projected to give an extra lease of life to conventional micro-
lithography.

In addition to all this published exploratory work on physical
applications, there are many even newer areas upon which no details have
yet been published. &aAmong these are work by IBM of America on the incorpora-
tion of ferromagnetic netal ions in mono/multilayer structures with a view

to producing thin magnetic bubble structures, and explaratory work at RSRE,

Malvern into the use of LB films for multilevel microwave coupling insulators.

Also, exploratory work is beino undertaken by a variety of biochemists
and biophysicists, using the Langmuir trough technique to build complex molecular
structures in order to model biological processes, Multilayer systems containing

(68,69)

chlorophyll and chromophores for example have been produced and used
to study the complex structures and mechanisms involved in photosynthesis.

. X .. (70) , .
The structure and organisation of lipid molecules , which are essential
components of all cell membranes are being investigated using the LB technique.
These molecules have inherently both fatty acid and polar regions and are
therefore ideally suited for use in this field. Initially, lipid monolayers
were extensively used to model cell membrane behaviour and investigate

(71)
diffusion mechanisms for bioclogical species . More recently, however,
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much more complex structures have been needed to move beyond this relatively
. ) . . (72)
simple approach, and again the LB technique has proved extremely useful .
The successful incorporation of proteins and other important cell membrane
constituents into lipid bilayers and multilayers has been found to be
wgsential to the development of useful bioligical models, and work is undervay

(73)

to produce these combined structures, . In the near future, this

is expected to lead to the fabrication(74) of solid state biological

sensors ( i.e, field effect devices for monitoring immunological response
(IMFET) and enzyme-substrate reactions (ENFET) In these structures, active
biclogical materials such as antibodies and enzymes are combined into the
insulating region of the device and thus any reactions by these compounds

have effects on the FET characteristics. This enables the monitoring of

internal biological mechanisms both in the short term, and as permanent

fitments in the body to provide longer term measurements.
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CHAPTER 5

DEPOSITION EQUIPMENT AND INSTRUMENTATION

Although the production of Langmuir films can be traced back to the
original work of Langmuir and Blodgett in the 1920's, the quality and re-
producibility of their insulators was far from impressive., From this original
work, steady development has been undertaken to the point where the modern
Langmuir trough is quite an advanced piece of equipment.

T™wo of the most significant steps during this period were the
introducticon of the constant perimeter barrier, and the application of methods
of directly measuring surface pressure. In addition, recent work at Durham
and T.C.I.Ltd., Runcorn, Cheshire, has resulted in electronic feedback instru-
mentation to link these two facilities and thus produce automatic pressure
control., These three features, when combined with skilled engineering, result
in a Langmuir trough capable of producing very high quality films from manv
different types of amphipathic materials.

The preparation and characterisation of these films will be discussed
in later chapters ; as a precursor, however, a detailed description of the
Langmuir trough as designed and constructed at Durham will be given-

5.1 DETAILS OF THE LANGMUIR TROUGH

There are at present two Langmuir trough systems available at Durham,
the initial 'large' one was built about three years ago, and has now been
complemented by a smaller one designed to fit in a glove box. Tpe latter is
in fact a half-size version of the large one, built for use with more complex
amphipathic materials, where tight environmental control is required. Both

(1)

troughs use the superior constant perimeter compression system , and are

able to produce compression ratios of nearly 5 : 1. The use of feedback
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control systems, developed at Durham and Runcorn, has produced maximum
automation of both barrier control and dipping operations.

It was rapidly discovered during commissioning operations that extreme
cleanliness was an essential prerequisite for good Langmuir film quality.
From an equipment point of view, both troughs were stored and used in an air
conditioned room, and each was further protected by an individual box to
keep out airborre contamination, The use of standard anti-static clean room
apparel (laboratory coats, face masks, hats and gloves ) was also undertaken
in an attempt to further reduce contamination. In practice the majority of
stearic acid deposition was carried out using the large trough ; detailed
consideration will therefore be mainly referred to this one, although all
principles in general apply to both troughs.

5.1.1 Trough and Barrier Construction

Due to the desired size of the large trough (36" x 8" x 3%") it was
found to be impossible to acquire a complete single vessel. This problem
was overcome by fabricating the container from a "U" section piece of glass,
with end plates clamped in position and sealed with PTFE compression strips.
A large cross-section metal frame was then used both o3 a base support, and
as location for the screws clamping the end plates in position. At the
beginning of the project, problems were anticipated in connection with out-
leaking of contamination from the glass trough. To avoid this problem
investigations were undertaken with a view to using a custom made silica basin
for the base of the trough. In practice the latter proved far less suitable
than ordinary glass, and contamination problems were considerably less than
anticipated., Thus primary scouring of the new trough, accompanied by thorough
weekly cleans proved to be adequate in avoiding any long term contamination
build~-up. Water for the pure subphase was obtained from a Millipore "Milli ~Q"

system (see section 3.2) which provided water of 20 MQwnresistivity, which was
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piped to the trough through special polypropylene tubing. The latter was
as recommended and supplied by Millipore (U.K.) Ltd. to avoid any pick-up
of plasticiser or other undesirable chemicals during the transport of the
water to the trough.

*

The PTFE coated glass fibre compression barrier was located by a
svstem of six PTFE rollers, and these in turn were secured to two mobile
overarms, A schematic illustration of this compression system is given in
Fig 5.1. Points A and B are fixed , and therefore have rollers mounted with
miniature ball bearings. The rollers at C/D and E/F are fixed, as the belt
is not required to move relative to these points. These remaining two sets
of rollers are fixed to theilr respective over-beams, which are in turn linked by
a rubber toothed belt drive system. This novel belt drive is powered by a low
geared motor, and is arranged to move the two overarms symmetrically inwards
or outwards, and so maintain the barrier taut at all times. The overarms are
located and suspended by concave vee section rollers, one at each corner,
running on circular cross-section stainless steel rails. It was found in
practice that the design shape of the beams was of critical importance, and
a compromise for bearing spacing had to be evolved. This was between a
maximum spacing for barrier stability, and a minimum spacing to give the
smallest possible closed barrier area (for surface cleaning).

By using these glass fibre belts of 2cm depth, the need for criticai
water level control was removed, as any depth within the belt would still
enclose the monolayer. This approach produced the need for clean inert support
rollers, as they too would now suffer semi-immersion in the water. Extensive
cleaning applied after the "dirty" fabrication and machining process, however,

using various alkali solutions and organic degreasers was found to achieve
the required level of decontamination. Throughout the design and fabrication

period,attention was always paid to future cleaning needs, and to this end

stainless steel and PTFE were used wherever possible. Larger pieces of

* Fothergill and Harvey Ltd, Littleborough, Lancs.
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metal.,over beams, base etc, were the main exception, but these were thoroughly
cleaned and painted before final use.

5.1.2 Compression Ratio

In designing the Langmulr trough, one of the major initial considera-
tions was that of compression ratic. The largest maximum area possible is
needed from the point of view of dipping, to provide for larger substrates,
and thicker multilayers. From a cleaning consideration, however, the smallest
minimum area is desirable to ease removal of unwanted surfactant material.

In practice, however, these are conflicting requirements since only one
dimension is variable. A compromise can usually be achieved provided no
additional limitations are impospd. In additicn, it should be noted that
since surface cleaning is carried out with a fine glass vacuum nozzle, the
aforementioned minimum area must not be so small as tc hinder access for
cleaning,

The final dimensions arrived at are given in Fig 5.1, and from these
values additional parameters can be obtained :

The maximum area, assuming the enclosed portion to be effectively

three rectangles and allowing for the area of the rollers is given by ;

A = 879.1 Cm2
max

The minimum area, by similar considerations is given by ;

A = 187.6 cm2

Therefore the change in area AA is ;

AA = 709.5 cm2

and the compression ratio CR is ;

c = 4,7 to 1.
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From these figures, and with the aid of some basic chemistry, the
interpretation of isotherm and dipping data can be undertaken, as will be
shown later.

5.1.3 Dipping Mechanism

For the implementation of dipping, a novel screw drive system was
developed. This uses a horizontal overarm, running perpendicular to the trough
and supported on four independent legs. It is therefore totally independent
from the trough and can be freely moved during cleaning operations. Attached
to this arm is a motor powered micrometer for driving a vertical slide system
up or down . The final design used here in fact needed considerable development
to ensure smooth operation, as any vibration would obwviously have considerable
effect wupon film quality.

A small pressure clamp was used for the final location of the sample,
this was attached to the dipping arm by an adjustable metal rod to allow for
different sizes of sample. Microswitches were located at each end of the
slide travel, activated by moweable trip rods to permit a fully automatic
dipping cycle. A photograph of the large trough is given in Fig 5.2, suitably
annotated in order to clarify this layout.

5.1.4 Surface Pressure Measurement

For the automatic control system to be feasible, some method of
surface pressure measurement was required. This was needed to provide informa-
tion for a comparator circuit which in turn moved the barrier in response to
changes in pressure. The measurement of surface pressure is in itself a
substantial subject, with a relatively long history and origins in Langmuir‘s
original surface tension observations(Z). Quantitative measurements are now
normally based on one of two methods : the Wilhelmy plate technique as used
here, or the Langmuir balance. The latter method utilizes the force on a
partition between a clean area, and one with a monolayer , this force being

2
measured with a microbalance arrangement( ), In normal form, the Wilhelmy
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3 . . o )
balance( ) exploits a thin plate suspended semi~-immersed in the subphase,
and attached to a microbalance vertically abcve it. Values of weight can
thus be related directly to surface pressure, providing the contact angle of

the plate with the liguid is zero.

BALANEEi Pt

CONTACT

o~ ANGLE

- —
AR

AN

\\§

Figure 5.3: Representation of surface pressure measurement,

The forces acting on the plate consist of gravity and surface tension
downwards, and buoyancy due to the displaced water upwards. Consider a rect-

angular plate of dimensions %2, w and t,and of density p , immersed in water
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to a depth h, as shown in Fig 5.3. The net downward force F is given by,

F = pp g 2w t + 2y(t +w) cos® —puJ gtuwh (5.1)

where 7y is the liquid surface tension, © 1is the contact angle (normally
zero therefore cos® = 1), g is the gravitational constant, and pm is the
water density. It should be noted that this equation neglects the effects
of the second phase, in this case air. The surface pressure 7, 1is generally
considered to be equal to the reduction of the pure liquid surface tension

by the film, thus

™=y, — Y, = Ay dynes/cm. (5.2)

where Yo is the surface tension of the clean liquid, and Yl the surface
tension of the liquid when covered with a film. Thereforg if a film is

added to a clean subphase, all the plate dimensions remain constant :

Initiall F £ t + 2 t + - tw h
n Y 92w YO( w) 0, 9

and with film . F' = pp gltw t+2 yl(t + w) - pw g tw h
AF = F - F' = 2 (yo—yl) (t + w) (5.3)
If the plate has negligible thickness, and width 1 cm, then ;

AF = 2 (AY) (5.4)

So the weight measured in milligrams is equal to twice the surface pressure
in dynes/cm.

The major drawback of this method is the difficulty in measuring
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contact angle to ensure it is zero, and also to prove it stays constant
throughout measurements. Many different materials have been used for the
Wilhelmy plate by workers in this field(3'4'5), glass and a variety of metals
being the dominant ones. With all these, stringent cleaning is required before
use, uowever, in order to ensure the zero contact angle. In practice,
after various feasibility tests,filter paper was decided upon as the plate
material; this was cut from 1 cm wide reels of chromatography paper. It
adhered well to all the previous requirements, and in addition was sufficiently
light to avoid problems with the microbalance. The Wilhelmy plate was changed
at regular weekly intervals to avoid any contamination build-up problems.

Measurement of the extremely small forces was achieved by using a
Beckman LM 600 microbalance, with a detachable head located directly over the
trough. The plate was attached to this head with a length of fine cotton
thread.

5.1.5 Instrumentation

For the automatic control of pressure,a unit was designed that
compared the actual pressure with the desired value, and moved the barrier
accordingly. The output of the Beckman balance, proportional to the mass
reading (1 mV/mg), was taken to a control unit where a differential amplifier
compared the value with a preset voltage. The output of this comparator was
fed, after suitable scaling, to the barrier motor drive. The circuit was
arranged to have a suitable zero output band where the two values were
adequately similar, but becoming positive or negative if deviation occurred.
Manual forward and reverse controls were added for use during surface cleaning,
together with fail-safe microswitches at each end of the barrier track, to
avoid damage by incorrect use of the manual control. A full circuit diagram
of the resultant unit is given in Fig 5.4. Initial calibration of the

"offget" control enabled direct dial-in of the required constant pressure to
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be achieved, once differences in water level had been allowed for with the
zero control of the micrcbalance, These latter variations were due to
changes in the value of h (immersion depth of the Wilhelmy plate) affecting
the weight of the plate.

An X-Y recorder was used to plot the variation of surface pressure
with barrier area ; this is normally termed an isotherm, and will be dealt
with in the next chapter. Also considered in detail later is the monitoring
of the change in area with time, to plot out the progress of the dipping
operation. This was undertaken by using a Bryans ( W & W) 312 2X/T chart
recorder.

In practice it was found that the pH of the subphase was of crucial
importance due to its influence on the salt/acid ratioc of the spread monclayer.

Natural absorption of CO_. from the atmosphere was found to rapidly reduce the

2
pH of fresh water by the formation of carbonic acid. To compensate for this
dilute acid (HC1l) or alkali (NH4OH) were added to maintain the pH at the
ideal value of 5.8. Constant monitoring of pH was undertaken by using a Pye
Unicam PW 9409 pH meter with a 401-E07 combined glass and reference electrode,
together with a 651012 platinum resistance thermometer for automatic tempera-
ture compensation.

The movement of the sample through the compressed monolayer was
achieved by the use of a micrometer driven slide, as previously mentioned.
This was controlled again fully automatically, by the circuit given in Fig 5.5.
The control unit provided a variable voltage dual polarity signal for the
drive motor, the sign being changed by interrupt signals from the microswitch
end stops on the dipping head. A counter/decoder was arranged to trigger off
each change of direction of the motor and thus count the number of layers being
deposited. In additicon, an autostop facility was provided by a three digit

thumbwheel switch, the preset value of which was compared with the counter

until the two were equivalent, at which point the motor was stopped.
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A photograph of the resultant instrumentation as used is presented
in Fig 5.6, This full automation of both barrier control and sample dipping
enabled precise control of many critical parameters and so allowed extremely high
quality insulating films to be deposited in a very reproducible fashion.

This chapter has considered in some detail the technical aspects of
the Langmuir troughs used by the author .Much of the background work both in
design and construction was however undertaken by technical staff in the
Department of Applied Physics at Durham. The author would therefore like to
take this opportunity to extend a special thanks to Mr. B Blackburn, and
Mr. P Friend for their considerable patience, effort and help throughout the

construction of this equipment.
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CHAPTER 6

LANGMUIR FILM DEPOSITION

Although the concept of Langmuir film deposition is an elegantly
simple one, the practical techniques required to produce good gquality
structures are quite complex. This chapter presents details of these
various procedures and discusses the reasons for their use.

The Langmuir-Blodgett process as applied during this work can be
divided in four basic stages ; Subphase surface cleaning, monolayer
production, monolayer compression and isotherm plotting, and film deposition.
These steps will now be discussed individually.

6,1 SUBPHASE CLEANLINESS

General Cleanliness

Because of the monomolecular nature of the deposition process,
extreme care was required in preparing both the mixtures used, and the
trough itself. To this end, all chemicals were of the highest purity,
and the trough was cleaned on a regular weekly basis. This process
involved washing in IPA, chloroform, and "Millipore" water, and for the
belt and rollers, refluxing in trichloroethylene and IPA. In addition,
the belt was replaced every three months.,

The water for the subphase was supplied from a "Millipore"
deionisation system (see section 3.2) via high purity polypropylene tubing,
and was maintained at the required pH by daily addition of dilute alkali.
The monolayer solution was mixed in a 10O cm3 volumetric flask, using
Aristar (BDH) chloroform, and stearic acid crystal (S4751-Sigma Chem. Co,
St. Louis, U.S.A). This solution was replaced after two weeks, as apparent
ageing of the mixture otherwise resulted in degradation of both isotherm

and multilayer quality.
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Suphase Surface Cleaning

Initial cleaning of subphase prior to monolayer spreading was under-
taken with the aid of a fine glass vacuum nozzle : this was attached to a
water driven filter pump and thus worked like a miniature vacuum cleaner.
To aid this cleaning the barrier was normally maintained in the closed
position to minimise the area from which contamination was removed. Moreover
the surface was usually cleaned three or four times with the barrier opened
to full and then recompressed between each individual attempt. This procedure
not only allowed the residual pressure to be monitored and recorded but also
ensured some re-arrangement of the remaining surfactant material away from
the less accessible areas to ease its subsequent removal. It was found in

practice that residual pressures of less than 0.03 dynes/cm were required to

Fh

enable the production of a3 reascnable gquality monclayer.

6.2 MONOLAYER SPREADING

Stearic acid in its normal form is a crystalline powder, and will
therefore not form a monolayer on water directly. To overcome this, the
material is usually mixed with an organic solvent, in this case chloroform,
to produce a weak solution. Upon contact with the subphase, drops of this
mixture rapidly spread outwards, and the solvent evaporates, leaving behind
relatively few well spaced stearic acid molecules. These molecules then align
semi-perpendicular to the surface of the water due to their amphipathic
nature. In practice, with stearic acid, it is the COOH group that is water
soluble, and this is therefore the part of the molecule that resides closest
to the subphase.

Even with a relatively dilute solution, the amount of liquid required
to produce monolayer coverage of the subphase is still extremely small. 1In
consequence it was necessary to use a micrometer syringe system (Alga micrometer
syringe : Gallenkamp PMP 820-030 P) to deposit the.required volume of solution

on the subphase. From basic principles, it is possible to calculate the amount
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of solution required for monolayer coverage
02
If the required maximum area/molecule is 40 A /molecule, and the
. . . 3
concentration of the solution is 10 mg/cm , then

2
40 g /molecule

1]

Max. trough area = 897 cm

Molecular wt of stearic acid = 284.5 gm

6 x lO23 molecules.

Now 40 32 = 40 x lO'-20 m2
= 4 x lo_ls cmz/molecule°

° . 8 1
. . No. of molecules required = —%z- x 10 >

1

= 224 x 10 >

15

o3
". Amount of stearic acid 220 x 10 as4s gm.

6 x lO23

= 10.6 x 10—2 mg

Thus with a solution of 10 mg/cm3

—  10.6 x 1072 mg = 10.6 x 10 ° em,

In practice, the Elga syringe was found to dispense two drops or

0,01 cm3 per turn, therefore 10.6 turns were required for

40 Rz/molecule.

For the spreading operation, the syringe was normally precleaned in
chloroform prior to being filled with stearic acid solution directly from the
volumetric flask. The required amount of material was then spread, one
drop at a time from very near to the water in a distributive manner. This
ensured maximum evaporation of the solvent from the monolayer before any
compression was undertaken. After use, the remaining solution was disposed

of, and the syringe immediately rinsed in chloroform.
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6.3 MONOLAYER COMPRESSION

It has been assumed up to this point in the discussion that the
stearic acid is spread upon a pure water subphase and compressed to form
a monolayer . Although this is possible, it is very rarely the case as stearic
acid alone is relatively unstable when compressed and not only collapses at
low surface pressures but also tends to dissolve in the water. To combat
this problem, it is normal to add a small number of metal ions to the sub-
phase to promote the generation of metal salts of the fatty acid. These salts

normally combine two acid molecules together whereby ;

2( coon) + ca’t —= ca®t | 00") + 2m"
<

€17 35 €17 B35 0 )
and so tend to stabilise the film. In practice the amount of metal required
in the subphase is quite critical and the presence of too much appears to
have a detrimental effect upon the multilayer stacking and quality. The
metal ions, in this case cadmium (although the particular species is
immaterial so long as it is divalent) were introduced in the form of CdClz,
a few milligrams of which were added to produce the required 2 x 10-4 molar
salution., It is of course important to ensure that residual anions formed
after dissolving this material do not introduce any undesired contamination
or subsidiary reactioﬁ.

Because this reaction is a reversible one, and pH dependent, it is
not surprising that any variation in the latter has a significant effect
upon the isotherm shape : from Fig 4.2 it can be seen that for stearic acid
alone the normal isotherm has three distinct straight line sections
corresponding to gaseous, liquid (or expanded) and solid (or condensed),
whereby the change in gradient between each line indicates the presence of
a phase change. Up to a value of 5.5, the pH of the subphase has little

effect on this isotherm, above this value, however, ionisation of the molecule
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becomes significant and both resultant components are soluble. This is

why the stearic acid alone is unstable and therefore unsuitable for serious
deposition. With the additional metal ions in the subphase there is little
effect upon the curve at less than pH 5, as the equilibrium is shifted totally
to the stearic acid side. Above this value, however, the ionisation now
results in the formation of cadmium stearate (Fig 4.l1) and the isotherm shape
is gradually changed. The main effect here is the enhanced stability of the
monolayer reducing the duration of the liquid phase. This change increases
with pH, and by 6.5 the mixture is dominated by the salt configuration,
resulting in the liquid phase all but disappearing. Throughout this effect
the solid phase part of the plot remains unchanged except for a lowering of
the pressure at which the transition occurs. This is again symptomatic of the
enhanced stability of the monolayer. 1In practice, considerable investigation
was undertaken to assess the effect of pH upon isotherm shape and monolayer
quality. Some examples of the effect of pH are éiven in Fig 6.1,

The Effect of Contamination

Up to this point, the considerations of isotherm plotting have been
based on virtually ideal conditions and the resultant plot has been due to
simple stearic acid/cadmium stearate. In practice, however, the plot is also
extremely sensitive to the presence of additional (normally undesirable)
material, which gives rise to deviation from the ideal shape. The effects
recorded can be broadly grouped into two categories ; those due to relatively
elastic contaminants, which influenced the entire compression, and
those due to inelastic material which showed more localised effects on the
isotherms. An example of each type is given in Fig 6.2. In the former case,
the resultant isotherm was normally severely rounded, often to the point of
completely masking the real break point. These effects tended to be rather

irreproducible, however, but were usually removed by a thorough clean of the
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entire system. The latter type by contrast showed a far more permanent
effect, but this was restricted to a minor "bump" in the liquid phase portion
of the plot. 1In this case the non-linearity was very resistive to cleaning,
which normally reduced rather than removed the effect. This problem was
resolved by the use of "recompression" ; this can be summarised as follows
The newly spread monolayer was initially compressed up to the solid phase
portion of the isotherm - about 25-30 dynes/cm, This was followed by the
opening.of the barrier, back to a point just beyond the liquid/gas transition.
The monolayer was now left to stand for about five minutes before being re-
compressed as normal. This operation was found to not only affect the cont-
amination bump , normally removing it, but also shift the isotherm slightly
(reducing the area/molecule), and generally sharpen the shape of the plot, as
shown in Fig 6.3. 1In general, the process could be repeated as often as
required, but a maximum of three attempts was usually adequate to remove the
majority of "bumps", It is likely that the resultant clean-up of the isotherm
can be explained as follows : 1Initial compression causes phase changes in
not only the primary monolayer, but also in the contaminant species. The latter
material ~forming a condensed phase at a slightly higher area/molecule,
whilst the stearic acid/cadmium stearate is still liquid. Increasing the
pressure further, now causes ejection of this foreign material onto the
surface above the monolayer, from where it has no further effect upon the
isotherm. Subsequent reduction of m, by opening the barrier only partially,
prohibits re-incorporation of the contaminant into the monolayer. Thus the
re-compression run shows no signs of the initial problem. This treatment is
of course unlikely to have any significant effect upon the initial group of
elastic contaminants, as their wider compression range prohibits their
ejection from the monolayer.

This model is of course only one of many possible explanations for
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this phenomenon, but currently available evidence does tend to fit this

idea . The isotherm shape, suggesting the compression of an additional phase,
the return of the problem if the barrier is fully opened, and most of all,
the gradual removal of the problem by frequent use of the trough. It is
however at this stage not possible to identify the particular material
responsible for this effect, and further work is therefore under way.

Other Isotherm Effects

In addition to contamination, there are several other minor influences
that cause deviation from the ideal plot. Some of these will now be briefly
mentioned.

The speed of compression of the barrier was found to affect the
shape of the isotherm, and any increase over the normal 5mm/sec rate produced
a pronounced rounding of the break points ; similar to the effect of "elastic®
contaminants. This effect was concluded to be instrumental, due to the limited
response of the microbalance. 1In addition, increases in barrier speed were
accompanied by resonance effects causing pronounced surface ripple and sub-
sequent monolayer damage. Because of these two effects, it was normal to
avoid these higher compression speeds as far as possible.

The other significant variable which was found to affect the isotherm
shape was that of time ; here however as with many time dependent situations
the effects were very difficult to study. It was found that at various
stages during the plotting there were potential time dependence effects ;
for example, rate of spreading monolayer, time until initial compression, time
until recompression, rate of compression (below non-linearity threshold) etc.
The major relevance of these time effects can be traced to the use of organic
solvents whereby the actual evaporation rate is not fully known, and it is
highly possible that significant amounts remain for long periods,thus being

incorporated into the monolayer. In practice, experimental investigation
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into most of these time variables using different periods, and various
solvents showed little degradation provided at least five minutes were
allowed between critical stages.

6.4 FILM DEPOSITION

For monolayer deposition, it was normal to spread considerably more
stearic acid than was used for isotherm plotting (where X axis calibration
requires the amount to be known and constant), in order to allow for area
loss during compression and larger area substrates. The usual amount was
about 20 turns. This layer was then compressed as with plotting an isotherm
but only to a predetermined pressure, whereby the feedback electronics
undertook to maintain the given pressure as material was removed. The normal
pressure for dipping was 30 dynes/cm, although at extremes of pH this was
sometimes reduced to allow for monolayer instability. In addition, it was
usual during the initial compression to plot an isotherm simultaneously ,
this allowed real time monitoring of the monolayer to give an indication of
film quality and identify potentially bad multilayers. Following the cemp-
ression (and recompression if required) the monolayer was allowed approximagély
ten minutes to stabilise before dipping was commenced, during this period igi
was common for area losses of 2-3% to be recorded as final rearrangement of
the molecules removed any remaining defects and voids in the film. Where
no stabilization was achieved, and the area continued to collapse (albeit
at a slow rate) ;this symptom was normally due to excess amounts of undesired
surfactant material in the monolayer, and the only solution was to clean off
the layer and begin again.

As has been discussed previously, there are basically three different
modes of monolayer pick-up, normally termed X, Y, and Z as shown in Fig 4.2,
Which particular mode is present at any given time is defined largely by the

subphase pH and the substrate final treatment, i.e. the type of surface
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presented to the monolayer. In the latter case, if the substrate was hydro-
philic, it was found to be advantageous to begin with the sample immersed in
the water prior to the spreading and compression of the monolayer. This
procedure avoided the downward passage of the substrate through the compressed
monolayer (without any pick-up), and thus appeared to produce a better inter-
face region. In general, the deposition of the first monolayer was found to
be the most critical part of the whole operation. Not only was the bonding at
this point funcdamentally different to that in the rest of the structure, but
also any problem or defect occurring here would be multiplied by each sub-
sequent layer, throughout the structure. The bonding of the molecules in the
bulk of the film can be seen to be a relatively strong interaction due to the
head/head and tail/tail stacking sequence, By contrast, however, the adhesion
of the initial layer is far more tenuous and reliant upon weaker interactions.
To ensure a good initial monolayer therefore, a much slower dipping speed was
used at the beginning of the operation (v lmm/min), and subsequently increased
by a factor of three or four after the initial layers. This latter increase
was required to reduce the overall operation time, which would otherwise
take many days for large samples.

Throughout the deposition operation, a 2X~T recorder was used to
monitor the surface pressure and barrier area, the former normally remaining
constant during the whole operation. By contrast, however, the area slowly
decreased as material was removed from the monolayer and deposited onto the
substrate. This decrease, when amplified was found to provide an excellent
real time monitor of the dipping operation, from which the absolute quantity
picked up in each direction could be measured. Some examples of recorded
pick-up for various types and deposition are given in Figs 6.4~6.6, showing
how not only the particular mode could be distinguished, but also any changes

occurring as the dipping progressed due to pH and other variations. 1In
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addition, by comparing the reduction in monolayer area with the size of the
substrate it was possible to ascertain if the required 100% pick=-up was
being achieved.

Discussion of Monolaver Stacking

The discussion of the basic dipping mechanisms in the earlier chapter

divided the process into three possible types ; X, Y and Z. This division was

. . . e . . (1)
originally conceived during the early work of Langmuir and Blodgett , Where
the normal mode was Y ; X was observed at extremes at pH, and Z not at all
(its definition being basically speculative). More recently, however, these
basic distinctions have come under severe criticism as the real process is
seen to be extremely complex. The major problem is that in spite of both Y
and X type deposition being observed (from the area reduction with time),

. (2,8,9)

associated studies of the resultant films , show the spacing of the
acid groups to be inevitably twice the molecular length. This evidence
therefore suggests that independent of the pick-up mode, the resultant films
are always Y type. In addition, more recent detailed studies of this process
have proposed the existence of another mode of deposition referred to as XY,
which as its name suggests, is a cross between the two original extremes.
Before going on to discuss the results obtained here, it is perhaps useful to
consider some of the various explanations proposed by eother atthors :

Even at the beginning of work on multilayer films it was thought
quite probable that the molecules were partially mobile and thus able to move
o . D) . (3) .
around. This idea led to Langmuir , and later Gaines suggesting that
overturning may occur at some point during X deposition mode to account for
the apparant Y type resultant film. Sometime later, in a detailed study of

. (4) .
monolayer properties, Charles proposed the overturning of every other
downward layer during pick-up as a means of producing Y type films. This

5
idea was developed further by Honig( ) who correlated a large number of

practical observations and concluded that the overturning occurred actually
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under the water, after the initial pick-up. In his model, about half the
new layer revolved, causing the built-up film to be produced in a rather
ragged and uneven fashion. More recently, a paper by Hasmoney(6) as well
as reporting the existence of XY deposition, developed a model to explain
both this and X deposition without invoking any ideas of overturning. Here
the formation of two distinct forms of salt is proposed, the final form
Pb St2 (the author used Pb2+ ions rather than Cd2+ ; the arguments are other-
wise identical), and an intermediate form Pb+ St, where only the latter
species is present in the surface monolayer. Pick-up is suggested to occur
only onto Pb+St sites in the multilayer during the upward m§tion, but onto
all available carbon chains on the downward transition. Thus the ratio of
Pb St2 to Pb+ St in the film defines the extent to which pick-up occurs.
This model is probably the best to date, but it is clear that many problems
still remain, and further work is necessary before a total understanding of
the process emerges.

The majority of dipping undertaken by the author showed Y, and what
at first sight appeared tO be Z, with occasionally X at extremes of pH. The
Y and X werenot hard to explain as they were the types noted by other workers,
but the occurrence of Z has not been reported by anyone else, Thus one of
two conclusions can be drawn ; either the effect was real and a function of the
relatively uncharacterised substrate, or alternatively the effect was merely
instrumental. This latter possibility can be explained as follows : Many of
the substrates dipped were not identical on both faces, due to the prepara-
tion techniques of the semiconductors ; the use of epitaxial layers, or even
the use of evaporated aluminium on glass for MIM structures. It was there-
fore possible that a different mode of pick-up may have existed for each face. If

adhesion to the back surface was particularly bad, any monolayer deposited

during the upward motion,wouldcome off again on the downward trip, leading
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ultimately to no net pick-up or area loss. The front face by contrast may have
picked-up X-type,oron the downward traverse only. The net area record for

the combination of these two faces will therefore show apparent Z, as the
downward pick-up and loss cancel, leaving only the upward pick-up showing

on the trace. As detailed investigation has yet to be carried out it is

not possible to prove either explanation. It is doubtful however that minor
differences in the substrate surface are enough to produce this marked
deposition dichotomy.

In practice, little or no previous work has been done attempting to
deposit films onto II1-V, and II-VI compounds, it is Dossible that
this fact alone is enough to explain our observations. Furthermore, the
majority of our depesitions onto aluminium and silicon tended to be Y type
and thus in agreement with other workers, as would be expected,

If Z type deposition has been observed, then ideally a model must
be proposed along with it, to explain the stacking sequence. This has un-
fortunately not been undertaken in any detail apart from cursory suggestions.
The overturning models proposed earlier for X-type stacking are quite applicable
providing the movement occurs during the pick-up or upon re-insertion into
the subphase. Otherwise the sequence would require overturning to happen
with the substrate out of water - a rather unlikely event. No pick-up would
of course occur on the downward traverse. In practice, the aforementioned
types of "mixed"” films were also quite often noted, but of vZ rather than Xy
type. Similar explanations can however be invoked by combining ideal Y
pick-up with some overturning, and thus 2z pick-up.

Monolayer Collapse

It has been previously mentioned that under certain conditions,
collapse of the spread monolayer can occur, The most frequent origin of this

effect is in isotherm plotting where the excess pressure is applied to obtain
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the final low area portion of the curve. Under normal dipping conditions,

the application of a relatively low constant pressure can also induce collapse
over long periods of time. This effect is normally shown by thin white lines
appearing on the surface (of the normally invisible monolayer), in a random
pattern. These lines become longer and more numerous as time passes. The
collapse mechanism is thought to involve some buckling of the layer(l'7), and
the two resultant chains rising vertically upwards with hydrophilic groups
together. These normally then break off when several tens of molecules long
and lay on the surface - thus appearing as white lines. The collapse
mechanism in practice requires some form of nucleation, normally a particle
within the film, or more likely in the case of the long term effect, air-borne
material landing on the film. It is also likely that some ageing or

hardening of the spread monolayer occurs with time, as visible structure

becomes apparent after more than ten hours. This crystallisation process

could also aid the nucleation and progression of the collapse. Because

of these observations it became normal to avoid slow deposition runs as far as
possible, and otherwise renew the monolayer after a maximum of three hours on
the subphase.

This chapter has described in detail the Langmuir film deposition
process, and some of the practical difficulties resulting from the required
operating conditions. It has also discussed the solutions evolved to overcome
many of these problems. From this discussion, it can be concluded that provid-
ing care is taken at all stages of the process, the resulting Langmuir film
will be a uniforminsulator of known thickness, If these conditions are not

met, then the result is less satisfactory.
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CHAPTER 7

QUALITY ASSESSMENT AND ELECTRICAL PROPERTIES OF

LANGMUIR-BLODGETT FILMS

The Langmuir-Blodgett deposition process, although simple in

concept, is very sensitive to contamination at all stages of the operation -

a problem not uncommon  in the semiconductor industry. Because of this
susceptibility is wias considered useful Lo monitor the riecultant multilayer
structures to cnsuare thal no unwanted material was boing incorporated into the filnr

This chapter therefore bDriefly describes the simple techniques used to check
each individual film.

In addition, before these materials could be incorporated into MIS
structures, it was necessary to investigate their electrical behaviour
separately, as MIM structures, in order to help the understanding of the final
device. The measurements undertaken, and the results obtained during this
electrical characterisation are alsc presented in this chapter.

7.1 INSULATOR FILM QUALITY AND ASSESSMENT

Because the deposition of Luanygmuir films is essentially a surface
process, thedetection and observation of most types of contamination is
relatively easy. Indsed, not only do the various monitoring steps applied
during the deposition process (isotherms, pick-up records) give a very good
warning of sub-standard film quality, but the contaminants themselves give
rise to significant effects upon the films. Thus it is by the observation of
these latter defects that overall film quality can be monitored and predicted.
The origin of these defects can be explained as follows : The initial compressed
monolayer floats on the surface of a water subphase, thus any soluble contamin-

ants will be dissolved in the watcr, and unless present in large amounts will
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have little effect upon the film once it is removed. Any significant contam-
ination must therefore be surfactant in nature, and will thus lead to signifi-
cant voids in the monolayer as it replaces stearic acid/Cd stearate at certain
points in the layer. When picked up onto the substrate this material will
interrupt the normal stacking and adhesion not only in the one layer, but

at the same point on all subsequent layers, Thus it can be seen that any
species present in the first few layers, or indeed initially present on the
substrate will generate a void all the way through the multilayer. It should
be noted that it is of course possible to incorporate additional species into
the film that are contaminant but not surface active, their effect is however
relatively minor as theilr sphere of influence is only one or two monolayers
and thus does not grossly affect the electrical properties of the film,

The most convenient methcd found to detect the effect of these surface
active materials was optical microscopic examination, as this was relatively
quick, and the majority of features occurring were normally relatively large.
This approach, although proving excellent for thick films ( v 30 layers), on
InP, did create some problems with thinner structures, and ordinary metal
substrates, In both of these latter cases, the trouble was caused by the
extreme thinness of the film and its resultant inébility to scatter signifi-
cant amounts of light to build-up contrast patterns. With InP, the refractive
index was fortuitously the correct value to produce a good image. The micro-
scope used had a maximum magnification of X300, and therefore allowed the
observation of particles or holes down to around 10 um in size., Some examples
of the various features noted are given in Figures 7.1 - 7.3. The first
photograph (Figure 7.1) shows a typical good guality film , this exhibits
good overall uniformity with very few defects, and only very small ones.

These latter holes were very likely caused by small dust particles landing
upon the monolayer during the dipping process, and their density and size are

insufficient to affect the electrical characteristics. The presence of somewhat
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larger holes, normally with a higher density was observed occasionally, as
shown in Figure 7.2. In this case the defects were caused by a combination
of inadequate surface cleaning of the substrate, resulting in surfactant
materials deterring film deposition, and excess undesirable contamination in
the film, again inhibiting film adhesion. Both these situations were found
to give rise to similar effects, although in any given case, one was normally
dominant. The density and size of the defects were of course a variable
quantity, and with some structures usable devices could still be produced.

In most cases, however, these bad films were discovered immediately after the
dipping operation, and were thus processed no further. The final example, in
Figure 7.3, shows a very bad quality film, this has a film to hole ratio of

virtually 50% and indicates major contamination problems. These types of

cleaning had been undertaken. In most cases, therefore, the origin of the
problem was the film itself, and normally resulted in extremely bad pick-up
records, and/or poor quality isotherms. These effects were found to originate
either from bad contamination, normally of the subphase or the stearic acid, or
alternatively from extremes of pH, normally very high, causing full ionisation
of the acid and thus bad adhesion to the substrate. In the case of contamina-
tion, the situation was rectified by the application of a

thorough equipment clean and subphase change. For all films of this category
the large hole structure precluded the production of useful devices, and in all
cases the film was observed to be largely amorphous and unstructured.

The effect of the evaporation process was also monitored by the
optical microscope, this allowed any damage caused by the procedure to be
discovered before characterisation was attempted. In most cases, the effect
of evaporation was found to be insignificant providing that the required pre-
cautions (see section 3.,2) were taken. A typical sample with a satisfactory

electrode, in this case gold, is shown in Figure 7.4. When the required cooling
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process was not fully adhered to, the inevitable result was some form of
thermal damage to the film, often manifest in the presence of a diffuse dark
ring around the electrode, as shown in Figure 7.5. This effect was usually
caused by too short a cooling period prior to evaporation, or bad thermal
contact of the sample to the liquid nitrogen reservoir. Again, the degree of
the damage was found to vary considerably, and in some cases the apparent
effect upon the final characteristics was negligible., In the majority of
cases, however, some degradation of performance was encountered, and often the
structure was found to be short circuit. Another effect noted to arise

from the evaporation process was that of cracked or flaking contact electrodes,
as shown in Figure 7.6, This problem was particularly prominent where more
than one contact material was used ; for example gold on lead, and was thus
concluded to be a symptom of different thermal expansion rates. The solution
in this case was found to be a reduction of metal thickness as far as possible,
and a reduction in the rate of evaporation. In practice, the former effect,
whilst alleviating the cracking problem did lead to trouble during the measure-
ment stages of the characterisation, making the electrodes quite fragile, and
in some cases making their area unpredictable.

In conclusion, it has been shown that providing the strict cleaning and
preparation procedure is adhered to, insulating film of good uniform appearance
and quality can be produced. Moreover, damage due to the thermal deposition
of electrodes can be kept to a minimum by cooling the substrate during the
evaporation process.

7.2 ELECTRICAL CHARACTERISATION

This section presents typical electrical data obtained from various
structures incorporating Langmuir-Blodgett films, The emphasis is mainly upon
MIM structures, from which AC and DC conduction results were obtained. Also
included, however, are some characteristics from films deposited upon InP

substrates ; these exhibited somewhat different data.
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7.2.1 Reciprocal Capacitance Plots

The ability to deposit monolayers of well defined thickness allowed
a variety of stepped structures to be deposited on both aluminium and InP
substrates. From these structures graphical plots of 1/C-N could be generated ;
where N 1s the number of monlayers built up to produce the given capacitance.
If x is defined as the thickness of each monolayer, then nx is the total
insulator width at each point. Equation 2.31 can therefore be modified to

account for this effect, and becomes ;

- 4, _nNx (7.1)

where eLF is the relative permittivity of the organic films. From this
expression it can be seen that a plot of l/CT— N will give a straight line from
which ELF and d can be obtained.

For most samples an array of 1lmm diameter top contact electrodes was
used, although in practice the resultant area was not quite constant. This
variation was concluded to be due to edge effects during the evaporation
reducing the electrode thickness at the perimeter, and thus reducing the
effective area. The average value of contact area was found to be
5 x 10—7 m2 {i.e. O.8mm diameter) although a variation of + 10% was not
uncommon. Because of this inconsistency, the majority of capacitance values
plotted were the average of between five and ten individual measurementS.

A typical example of a 1/C - N piot is presented in Figure 7.7 ; from this
line, if the molecular chain length is taken as 25.8 R, the resultant value
of dielectric constant becomes 2,7, This value agrees well with results
obtained by others. Also, from this plot it can be seen that the Y axis
intercept is at a capacitance of 7140 pF, which corresponds to an interface

oxide (Alzo Er: 4(1)) thickness of 30 2. Once again this value is consistent

3’
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with other results. In practice the evaluation and interpretation of this
intercept point should be undertaken with extreme care as it is quite common

for the first monolayer ©f a structure to be rather different from the remainder
of the multilayer. This effect is not yet fully understood but it may well
generate a different dielectric constant for this first layer which leads to

the point at ¥ = 1 not lying on the expected line. Differences in structure

and resistivity of this first layer can also lead to shifts in the whole plot,
and it is often necessary to measure R(resistance) againsti (no. of monolayers)
in order to characterise an unsatisfactory first monolayer. In this situation
an intercept of n=1 would indicate that the first monolayer was quite conductive.
This point is illustrated in Figure 7.8, which shows a typical plot, in this
case for Cd Arachidate, along with data obtained by Sugi et al (see Chapter 4).

hat while the first monolayer of our

rt

It can be seen clearly from this plot
data is not quite as resistive as the rest of the structure, for Sugi's multi-
layer the first two monolayers are very highly conductive. Possible explanations
for this first (or more) monolayer effect have been discussed in section 4.3

It is of course possible to deposit much thicker films using the L/B
technique, as illustrated in Figure 7.9. This diagram again shows the rep-
resentation of 1/C-N and from the gradient a similar value of dielectric
constant is deduced. With larger steps between layers, the resolution of
the intercept point is reduced somewhat and thus only an approximate value for
interface oxide can be obtained. In this example the substrate is in fact
InP, and taking the dielectric constant as 11(2) gives an oxide of 40 2
which corresponds reasonably to data obtained from surface analysis procedures

(see Chapter 9). Similar plots on Al (not shown) have been undertaken and

o
23
give values of gradient and intercept that agree well with those presented in
Figure 7.7.

As previously mentioned, the majority of work undertaken involved the

use of stearic acid/Cd stearate, however some structures were fabricated with
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arachidic acid. This material has a slightly longer (Cl9) carbon chain than
stearic acid, and therefore a lower dielectric constant. An example of a
reciprocal capacitance plot for this material is shown in Figure 7.10. From
thesedata it can be seen that the dielectric constant is deduced as 2.5, and
the Alzo3 thickness 35 80

In general the use of stepped multilayer structures can be seen to be
ideally suited for simple investigation of surface oxides, enabling some
estimation of their thickness. Indeed, this approach is probably exclusive
to the L/B technique as no other process can compete with its defined mono-

layer/multilayer thickness.

7.2.,2 DC Conduction Properties

In this section, DC conduction effects in Langmuir film structures

o, P oan e pemen e 3ol —
AYE Lnwvesitige

. These were undertaken on MIM structures for simplicity

Oy

gqate
and ease of deposition, Conduction in certain MIS structures is also

discussed towards the end of the section,

(a) Metal~insulator-metal structures

Monolayers

Although no detailed investigation of ultra-thin tunnelling structures
was undertaken, several exploratory samples were fabricated. With these, one
monolayer was deposited onto an aluminium (on glass) substrate, followed by
gold top electrodes. An example of the characteristics obtained is given
in Figure 7.11, in this case with CdAr2 as the insulator. These types of
structures were found to exhibit a rather surprising log J~V% dependence as
opposed to the usual log J-V behaviour. No perfect explanation has yet been
proposed for this effect, but a similar dependence is generated by leakage
due to image force lowering in a Schottky barrier, as shown in Equation 2,12.
This expression can be seen to exhibit temperature dependence and so could in

practice be easily checked. Further measurements have shown the characteristics
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to be contact independent, which therefore disagrees with the Schottky
barrier idea. 1In conseguence, no .adinjuate explanation for this effect
can be presented at this stage, however the fact that it follows the general
log Jav(n/n+l) scaling law as discussed in section 2,3 does imply the current
is barrier limited in some way. A similar log J—V% behaviour has also
recently been observed by Ginnai et al<3) at Leicester, however no adequate
explanation has been proposed yet by the authors for their observations either.
Multilayers
The majority of multilayer structures investigated showed log J—VL2
behaviour, as observed by other workers, with reasonably consistent values
of gradient being obtained at all times. A typical set of data for various
different electrode materials is shown in Figure 7.12, for 30 layers of CdSt2
on an aluminium substrate. As discussed in Chapter 2, this type of plot is
characteristic of either Schottky or Poole-Frenkel conduction, although which
particular mechanism is responsible is rather more difficult to prove. Given
that the insulator thickness is known with sufficient accuracy, then from the
gradient of any one of the lines in Figure 7.12, the dielectric constants as
v

calculated from equations 2.19 and 2.22 are found to be ;

For Schottky conduction or Poole-Frenkel (with neutral traps),€r=2-6l
for ordinary Poole-Frenkel, Er: 10.3 ;

so from these figures it
appears that one of the former mechanisms is more probable. From this evidence
alone, however, it is impossible to distinguish the two.
It can alsc be seen from the MIM characteristics that the use of
different electrode materials has a significant effect upon the magnitude
of the conduction current ; this is indicative of barrier limited (Schottky)
conduction., However, reference to equation 2.18 will show that due to the

exponential dependence of the current upon barrier height, a mere 0.1 eV
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change (equivalent to 0.1 V change in work function) will produce a factor
of fifty wvariation 1in the current magnitude. Moreover, the actual difference
in work function between even aluminium and gold is 0.55 V. Thus it can be
seen that even though electrode dependence is exhibited it is not large
enough to be due to barrier effects. In consequence, it is reasonable to
conclude that the mechanism of conduction is Poole-Frenkel, and that minor
variations in current are due to electrode oxides (particularly Pb), small
inconsistencies in contact area, and possibly local inhomogeneities in the
insulator.

In addition to this deduction, various other effects were noted :
(i) The current was found to scale with insulator thickness -due to the conduc-
tion mechanism being field dependent. This effect varied as (thickness)%
as expected,
(ii) variations in resultant dielectric constant Er were usually above rather
than below the normal value of 2.7. This was reflected in shallower straight
line gradients than expected.
(iii) On occasions where damage to the films was produced by poor electrode
evaporation, the resultant thinner film showed a steeper gradient than
expected. In addition, this effect was usually associated with premature
breakdown at low ( 1.0V or less) applied bias.
(iv) The phenomenon of internal voltage (as discussed in section 4.3),
was found to be rather difficult to characterise. Values up to 200 mV were
noted for 30 layer structures on occasions, and produced lateral shifts of
the current-voltage curve. Insufficient detailed investigation was carried
out to correlate this effect with any particular preparation parameter.

(b) Metal-insulator-semiconductor structures

During the investigation of Langmuir films deposited on semiconductors,
it was noticed that on many occasions the current-voltage characteristics did not

show log J—Vﬁ behaviour. The origin and effect of these different mechanisms
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will now be discussed.

(i) N-type - Forward Bias

A typical current-voltage plot for a 30 layer insulator on n-type
InP is presented in Figure 7.13. From this graph, on log J—VLE axes, it can
be seen that although the reverse bias current shows a straight line depend-
ence, albeit with two distinct gradients, the forward bias current does not.

By replotting this latter data on various axes it was found that a straight
line was generated for Log J-~Log V, as shown in Figure 7.,14. This new plot
can be seen to exhibit a gradient of two, implying Ja V2, which is indicative
of space-charge-limited conduction. Thus it appears that some form of charge
injection is present. Because this effect occurs only in forward bias, then
the source must be electrons injected from the semiconductor, or holes from
the top electrode. Further investigation showed that the effect was not top
electrode dependent, which suggested the injected species were electrons from
the semiconductor. Moreover by depositing a film onto the reverse side of

an epitaxial sample (i.e. the n+ layer, which behaves as a good conductor)

it was possible to fabricate an MIn+ or effectively an MIM on indium phosphide.
With this structure the injection effect was still present, showing that it was
not a function of the semiconducting properties of the InP or its depletion
layer, but more o result of the surface oxide and into.z{oce structure,

The number of sub-standard insulating films resulting from deposition
onto InP was found to be significantly higher than for films on Al/AlZO3° This
fact reflects the strong dependence on surface oxide character of the deposition
quality, and although oxidised under most conditions, the InP oxide was
obviously not as ideal as A1203. The formation and effect of InP oxides will
be discussed in greater detail in Chapter 9. A typical plot for these poorer

quality structures is presented in Figure 7.15, showing the rapid increase in

forward bias current with applied voltage. Thmsedata in fact show a straight
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line when replotted on Log J-V axes, suggesting the presence of a forward
biassed Schottky barrier as modelled by equation 2.7. In this situation,
however, the current magnitudes are considerably reduced when compared to a
lone Schottky barrier, suggesting the insulator is having some effect.

Reverse Bias

The initial reverse bias current is shown as IRl and exhibits the
same dual gradient structure as with good films. Upon replotting after the
forward bias however, these currents are significantly increased suggesting
that the damage occurs during the forward biassing operation. In general,
the subsequent magnitude of this reverse bias current was rather irreproducible,
and depended to a large extent upon the damage caused by the forward bias
"breakdown", and the type of semiconductor substrate (doping, epi/bulk etc).
No increase of this type was noted for "good" structures which showed J-V
behaviour in forward bias. This dual gradient reverse bias dependence is not
easy to explain and does not readily fit any simple model. The lower current
region has a gradient corresponding well to the data obtained on MIM structures,
this suggests that at low fields the voltage is being dropped totally across
the film, and Poole-Frenkel conduction is dominant. At about one volt,
however, the gradient appears to change to approximately one half the previous
value (the magnitude of this shift is quite consistent). This new line
corresponds to a dielectric constant of twice the original wvalue, if the same
conduction mechanism is assumed to be present. This explanation alone is
highly unlikely, however, as the effect is never present in simple MIM
structures, and no corresponding step change in AC capacitance values is ever
observed.

In practice, as the effect was only observed where the insulating film
contained considerable amounts of charge (see also section on P-InP MIS),

introduced either by injection, or by some breakdown mechanism, it could




- 128 -

reasonably be assumed to be associated with the formation of a depletion
layer in the semiconductor. Thus in this higher field region the structure
could be represented as two resistances in series, one for the film, and one
for the semiconductor depletion layer. There is however no common mechanism
for reverse bias leakage through a depletion layer which shows log J-—V;§
behaviour ; the closest is log J—V%(equation 2.12), produced by image force
lowering. The high field data in Figures 7.13, and 7.15 when replotted on
these new axes does, however, still correspond to a reasonable straight line,
over the limited range available. Moreover, from equation 2.12 the gradient
of this line gives a dielectric constant of approximately the correct value
for InP. Thus it is possible that this reverse bias effect is indeed associated
with the semiconductor depletion layer. It should be noted, however, that this
explanation is very tentative, and considerably more work is required to verify
it, before it can be proposed with any great degree of confidence.
(ii) P-type

For p~-type InP substrates gquite normal current-voltage characteristics
were obtained, as illustrated in Figure 7.16. This plot shows quite good
log J—Vl‘j behaviour for both directions of applied bias, and by similar
reasoning to that outlined previously, the mechanism here is likely to be
Poole-~Frenkel (with conduction between neutral trapping centres in the film) .
Although considerably fewer MIS structures on p-type substrates were investi-
gated, the majority showed this good symmetrical conduction behaviour. As

with films on Al O slight variations of gradient were encountered, but

37
normally to a lower rather than higher value. This lack of forward bias
injection on p-type material ernhances the aforementioned proof of electron
injection from n-type substrates,

As with n-type material poorer quality films showed a rapid rise in

forward bias current and the same. dual gradient reverse characteristic, as

illustrated in Figure 7.17.
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7.2.3 Frequency Dependence of AC Characteristics

Phase sensitive detection techniques were used to evaluate the
variation in both capacitance and conductance of MIM structures with frequency.
For convenience the results obtained and their discussion are divided into
two groups : high and low frequencies. This division is defined by the
existence of a break point to a higher power dependence and not by a specific

value of frequency.

(a) Low zrequency effects

[ . . n
In the low frequency regime a conductance variation of w was always

observed, where the value of n was normally between 0.7 and 1.0. For the
capacitance in this region the dependence was found to vary as wn_l. By
correlating the AC characteristics with DC and MIS data, it was found that
higher values of n were synonymous with good quality films, and lower values
with more conducting structures, In consequence, the process of looking for
any change in capacitance with frequency was used as a rapid method of
guality appraisal for the resultant films. The mechanisms proposed by
various authors to explain this freguency dependence have already been
discussed in section 4.3, however no one appears to have correlated this
effect with film quality. The lower values of n reported by Jonscher et al
were thought to be due to hopping conduction between defect sites ; in this
case it is quite reasonable to assume the presence of a higher density of
these sites in a "poorer" film. The near unity exponent has also been
observed by other workers, and this is usually explained by the existence of
dipolar processes. This effect is also not surprising when the structure of
the film is considered, and as dipolar processes are usually associated with

more orxrdered structures this will reflect the better "quality" of the film.

An example of each type of resultant data is presented in Figures 7.18 & 7.19,
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(b) High frequency effects

It was found with most samples that a second, higher power depend-
ence of frequency was also present. With this steeper gradient the exponent
was closer to, but not always equal to two. Rather than being real effects
and functions of conduction in the material these steeper gradients were
found to be due mainly to contact and/or substrate resistance. These resist-
ances, which become more important at higher frequencies, add extra components
to the basic equivalent circuit, as discussed in chapter two. From Figure 7.18
. P 1
it can be seen that when the lower frequency régime gshows G o w , then at about

. 2 . . . .
10 kHz the gradient breaks te w , This effect is precisely as predicted by
. . . . -2 C s an
equation 2.45, which shows the resistance proportional to w in this"mid’
frequency range. Throughout this change the capacitance remains independent
of frequency. Morecover from the aforementioned equation, it is possible to

calculate the value of the extra resistance generating this break point

For the Pb contacts £ = 10kHz
break
> R = 200 Q ,
whereas for the Au contacts £ = 30 kHz
break
> R = 40 @

With this particular sample the substrate material was Al/AlZO in consequence

3’
the 40 @ recorded for the Au electrode very likely originated from the sub-
strate oxide. Thus the resistance due to the Pb electrode must be reduced

to around 160 §. Even with this reduction, however, the value is surprisingly
high, and may thus be a function of lead oxide rather than the metal itself.

This additional resistance was also found to have significant effect upon the

characteristics of MIS devices when compared to normal Au contacts. These



effects and anomalies will be discussed further in Chapter 9.

If we look at an example of the poorer quality films [ Figure 7,19] ,

. , . . o 0.65 . - .
it can be seen that in this case the original w dependence 1s transformed
1.30 5 . ; — . . .
to w , and, as previously mentioned the capacitance will show a continuous

~0.35 . : - . . ,
W variaticon. These effects can again be shown to be consistent with
the presence of additional series resistance

From equation 2.15 it can be seen that in the higher freguency

regime ;

2
hus if ¢ 1is freguency independent, G will break to w , as found with
s

"good" quality films. If however C_ is frequency dependent, in this case
. 4 -0, 35
propcrtional to w ;, then ;
2 -0.7
cC o w
s
. 2-0.7 1.3
G a w = w ,

and this is indeed what is found. It should be noted that although a
significant variety of exponential dependences were recorded with poor
films, the higher power after the break inevitably corresponded well to this
model.

7.2.4 Summary of Results

In concluding this section on AC and DC conduction properties in
Langmuir films, it is useful to summarize the detailed remarks and results
given previously.

For DC characteristics

(1) In good quality insulating structures, Poole-Frenkel conduction

between neutral traps is the dominant mechanism.
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(ii) For films deposited on n-type InP structures, forward bias
gives electron injection intc the insulator, and thus space-charge-
limited characteristics.

{iii) For rather poorer quality insulators on semiconductors, forward
bias produces high levels of charge motion through the film and
thus Schottky diode type data. Reverse bias appears to lead to

the formation of a depletion layer and current limiting is by

a combination of the film and this depletion layer. In the case

of these poorly insulating films it is likely that conducting
channels are produced in limited areas of the film.

For AC characteristics

(i) At lower frequencies (below ™~ 1 kHz) good quality films show
a conductance dependence of wl, with no variation in capacitance,
(ii) An w dependence of substantially less than unity along with
capacitance variation is a sign of a poor quality film.

(1iii) At higher frequencies series resistance effects cause a break
to w2 for conductance, or slightly less than this in the case of
poorer films.

A more detailed discussion of many of the effects associated with

semiconductor substrates will be given in Chapter 9.




CHAPTER 8

INTRODUCTION TG InP MIS DEVICES

This chapter serves as an introduction to InP, looking at the
basic properties of the material, and reviewing some of the previoans surface
characterisation and MIS work carried out. It should be noted, however, that
to date not a great deal of detailed work on either of these two areas
has been undertaken. In consequence, considerable disagreement exists with
respect to many of the ideas presented here.

8.1 INTRODUCTION TO INDIUM PHOSPHIDE

8.1.1 Band Structure and Electrical Properties

Indium phosphide is a II1-V semicenductor with a zinc blende type
lattice structure. It is very brittle and has a shiny silver metallic
appearance. Like GaAs, 1t is a direct gap material with a value of about
1.25 ev(l) at room temperature and also, like GaAs, it has subsidiary minima
in the conduction band,accessible to electrons of moderate enerqgy. For these
reasons the primary effort in InP work has been directed towards the production
of transferred electron devices, and only more recently have other areas of
device technology been considered.

The electrical properties of resistivity and Hall coefficient are
perhaps the most widely studied characteristics of this material, with
extreme ranges of temperature and doping variation having been investigated(2).
For the majority of work reported here, the bulk samples of n and p type
material had room temperature resistivities of typically 0.2 and 3.0 § cm
respectively with the n+ substrate for epitaxial layers being an order of

magnitude less. At low temperatures, these values are of course reduced, with

a factor of five being usual for a liquid nitrogen (77 K) ambient. In



- 134 -

addition, from these basic measurements, other important parameters have
been deduced. Again for typical samples used, the electron and hole mobilities
were found toc be 4000-4500 and 140-160 cm2 V—l sec“l respectively., These
basic properties, along with other useful ones are summarized in Table 8.1.

By contrast with silicon, freshly cleaved InP and indeed most I1i-¥
materials, have no intrinsic surface states in the band gap, and so to a
first approximation should be ideal for surface active devices. However,
recent evidence has led to the proposal that the adsorption of small amounts
of material causes the expulsion of native atoms and the generation of very
dense levels of interface states. These levels are now thought to explain
many of the Fermi level pinning effects observed on InP devices. In addition,
the states produced by lattice cleaving, which normally reside in the conduc-
tion and valence bands are now thought to be drawn into the band gap under
certain conditions of surface relaxation. These effects, and the recent
investigations are, in practice, of crucial importance to MIS device per-
formance, and because of this, will be discussed and reviewed in greater
detail later,

8.1.2 Material Growth

The melting point of InP is lO7Oo C ; at this temperature the vapour
pressure of phosphorous is between 20 and 30 atmospheres. This fact, along
with the highly toxic and corrosive nature of the latter material makes the
growth of InP rather less than easy. The established way of overcoming
these problems for the growth of bulk material is to use liquid encapsulation
in association with normal Czochralski methods. This apprcach was first
developed for InP by Mullin et al(3), and involves the use of a layer of inert
boric oxide (B203) held over the melt by a suitable overpressure of nitrogen.
The crystal is then grown on the end of a seed slowly pulled through the

encapsulating layer. To provide the necessary control over carrier concentra-

tion, dopants are added at the growth stage in small known amounts. For




TABLE 8.1 Summary of properties of InP
Property n-type p-type units
. 3
Density g/cm
Band gap 1.34 eV
Relative permittivity 30 -
o)
Lattice constant .07 A
Orientation (100}
Mobility (max)
2
@ 300K 4000~4500 140-160 cm /V-sec
) 2
@ 77K ~ 44,000 “v 1,200 cm /V-sec
Effective mass 0.07 0.69
Resistivity
@ 300K 0.02 3.0 Q cm
@ 77K c.08 v 1.0 Q cm
. . 15 16 -3
Carrier concentration 5 x 10 2 x 10 cm
(ND)
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n-type material, tin or germanium are normally used, with zinc and cadmium
for p~type. In addition, semi-insulating properties can be produced by
the use of chromium. After growth, the crystal, typically 6 cm in diameter,
is cooled slowly and the boric oxide removed by washing. The boule is then
orientated to the desired plane and sawn into individual wafers.

For many applications it is necessary to produce surface regions of
differing doping concentration, sometimes with other dopants and even with
the opposite carrier type. This can be achieved by epitaxial growth from

(4,5)

either the vapour or the liguid phase(6), but currently the former is
the most common. In this process the substrate material, necessarily
scrupulously clean and smooth,has additional material grown onto it from the
local reaction of indium with phosphorous trichloride. For this process, the
latter is carried in hydrogen gas and passed over liquid indium pricr to
incidence with the InP. Growth rates are normally very slow, typically
about 10 um/hr. Once again, controlled impurities can be introduced into
the vapour stream to vary the doping of the epitaxial layer. It should also
be noted that considerable investigation is currently underway into the use
of molecular beam epitaxy upon InP, i.e. the direct controlled deposition of
material onto the substrate.

The majority of substrates used in the work reported here were bulk
(1l00) oriented materials of both p and n-type. In addition, frequent use was
made of n-type epitaxial layers " 10p thick, grown on n+ (highly doped)

. , , 1 -
substrates. For the InP, typical carrier concentrations were 5 x 10 > cm 3,

16 -
and 2 x 10 cm 3, for n and p-type material respectively.
8.1.3 InP Devices
Initial interest in InP as a device material was due to its superior

peak to valley ratic band structure over GaAs which could in theory lead to

higher efficiency transferred electron oscillators. This difference, proposed
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(7) (8)

in 1970 by Hilsum and Rees, was quickly observed on n-type bulk samples
which were found to exhibit controlléd oscillation of up te 14 GHz. Since
the original proposal, considerable development and optimisation work of
. (9) , ) . .
these diodes have been undertaken , resulting in operation at freguencies
. . , +
up to 75 GHz. For most devices the active layer is grown on an n substrate
{for ease of producing an Ohmic contact), and a tin bead is alloyed onto the

(10)

top surface for the barrier . In addition, however, recent investigations
. . (11)
into evaporated Ag/Sn and Au/G /In contacts have shown promising results .
As a consequence of this concentrated effort, it appears that InP Gunn effect
devices are now very near to commercial exploitation.
Since the original development work for microwave devices, many
other potential applications for InP have been envisaged, in particular, the
most promising areas include high speed FET's, solar cells, and miniature lasers.
. . , (12)
In the field of fast FET's structures have already been fabricated , and
the higher mobility is expected to yield response times far superior to the
best yet obtained on silicon, To date, however, structures have been limited
to depletion mode (MESFET) devices with their inherently high current drain,
as the lack of a suitable insulator presently precludes the fabrication of

MISFET devices. This topic is considered in greater detail later in the thesis,

The production of solar cells on InP is an attractive proposition due

1
to its near optimum band gap for solar energy absorption( 3). Because of this,
; 14
theoretical efficiencies of nearly 30% have been proposed( ), but to date
15 : . . . .
the best achieved is 3%( ). Considerable effort is still being directed

towards this type of device, however, and along with normal Schottky barrier
structures, MIS thin films and heterostructures are also being looked at.

In the field of optical communication, the need to produce lasers in
the 1.1-1.3 um region to match the transmission fibres has led to the use of

GaInAsP quaternary material grown on bulk InP substrates. Of the many systems




. . N . . . i . (le) |
investigated this configuraticen seems to be the most favourable with

the good lattice match considerably easing growth and the optical discontiruity
acting to confine the light to the active region, In addition, a second

overlayer of InP is usually grown to prevent losses in the upward direction,

both layers being produced by LPE. To date, operating lifetimes of 1500 hr

. s A7)
continuocus usage have been achieved .

8.2 REVIEW OF CURRENT IDEAS ABCOUT THE InP SURFACE

This section serves the purpose of reviewing the previous surface
and interface characterisation work carried out on InP. The work covered
can be divided into three approaches . The purcly chemical work carried out
by Kirk et al at Nettingham, loocking at surface degradation, thermal ang
chemical, as a function of envirconment variation. This was mostly under-
taken using Auger analysis, as a precursor to Schottky barrier formation
and investigation. The second approach 1is also a chemical cone, but more
related to MIS and device work. It deals with the influence of various
atomic species, oxygen in particular, and their effect upon the surface of
the material ; chemical reactions, Fermi level pinning, barrier height
variation, etc., The final approach reported is the direct result of MIS work
by the Naval Ocean Systems Centre in San Diego (reviewed in 8.,3). This
involves chemical surface analysis and profiling at the various oxides and
insulators used for MIS devices. By this approach, not only is the composition
of the dielectric recorded. but also the state of the interface region. It
is this latter information that is most relevant here,

It will be seen from this section that the extent of work so far
carried out is relatively small, and as such not a great deal of consistency
yet exists. This point is significant, as much of the original work to be

presented in the next section differs in conclusions to that presented here.



It should also be noted that considerably more work has been undertaken on
other II1:V materials, and GaAs in particular. This work shows many
similarities between the material from a chemical point of view, and it is
likely that trends can be extrapolated to cover InP. For a variety of
reasons, however, this review is restricted to purely InP work, and that
directly relevant to MIS device fabrication.

(a) Auger analysis

A series of papers have been presented by Kirk et al between 1975
(18-21) . . ) .
and 1980 , all dealing with the surface degradaticn of InP. The
majority of these involve chemical surface analysis using LEED, scanning
Auger and occasionally ESCA, all on (10O0) surfaces of n-type material.
Initial iInvestigations looked at the thermal degradation properties (i.e.
change in surface chemistry and stoichiometry as the temperature is increased) ,

) s © .
and found serious decomposition above 300 €., This resulted from the loss

of phosphorcus, and the subsequent restructuring of the surface leaving islands

of pure elemental indium. In fact these measurements were carried out at
. -10 .
ultra-high vacuum (10 t) and so caused a reduction of the threshold tempera-
(22) o . C .
ture ; later results show that 350 C is a more realistic figure for normal

pressures. Kirk concluded that this out-diffusion of phosphorous would leave
a large density of surface defects which may seriously degrade any subsequent
device performance. In addition, it was found that pre-etch treatment had
no effect upon this change in the surface stoichiometry. Later papers looked
in more detail at the effect of storage and cleaning procedures, again on
(100) surfaces, but now with epitaxial layers as well as bulk materials. As
received samples were found to show the presence of significant amounts of
oxygen and carbon along with the expected indium and phosphorous. Storage

in dry nitrogen for ten days reduced this oxygen concentration and increased

the indium ; suggesting the decomposition of surface oxides, and a subsequently
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cleaner surface region. However, storage in the normal atmosphere showed the
opposite effect, with an increase in both carbon and oxygen components, and

thus a thicker oxide. Vapour degreasing in a variety of organic materials
showed little effect upon the oxide, except for an increase in the carbon,
which was to be expected due to pick-up from the organic materials. In all
cases these surface contaminants were found to be uniformly arranged over the
surface. This even distribution was markedly altered by HF etching, however,
which was found to reduce the oxygen content (removing oxide) but increased

and localised the carbonaceous material. Prolonged etching had no effect on
the island size, only the carbon concentration. In addition, the intermediate
areas were found to be very clean indeed, showing only indium and phosphorous
and no sign of any other material. Subsequent investigation of these areas of
carboen showed them to be extremely resilient, resisting most forms of attack,
and giving a very low sputtering yield by comparison with the intermediate
clean regions. They were thus concluded to be thin layers of diamond structure.
More recent papers from Kirk have concentrated upon the epitaxial growth process,
and looked at the effect of termination procedures on the final surface.

These investigations have shown a depletion of phosphorous from the top few
monolayers due to the maintained high temperature fecllowing the cessation of
growth., This leads to local areas of free indium which are chemically active
and will tend to form In2O3 and various other oxides. In addition, the tetra
valency of carbon is suspected to lead to its incorporation into the lattice

in the absence of phosphorous.

It was the early discovery of the useful microwave generation
properties of Schottky barriers on InP that in practice led to the investiga-
tion of the chemistry of barrier formation, and analysis of the preliminary
and subsequent structures. In consequence there are many reports similar to

the work of Kirk et al, but none quite as detailed. Of particular interest are
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(22)

the various publications of Williams et al =, These will not, however, be
considered in detail as many ©f the conclusions are similar to those of Kirk
et al.

(b vacuum Cleaved (110} Samples

in the last few vears, workers at Stanford (USA), led by Prcfessor

(24-26) _ . . .
s dealing with the chemi-

Epicer, have published a number of paper
sorption of materials onto the InP surface. These investigations used
synchrotron radiation to excite emission from both core and valence levels to
obtain detailed information about the bonding of initially oxygen, and later
various metals to the InP surface. Atomically clean surfaces were exposed to
oxygen in gradually increased amounts, and its effect was monitored by looking
at the binding energy variation of the surface atoms. It was thus established
that InP had no intrinsic surf: , only oncs caused by lattice defects
and other extrinsic scources. These defects being similar to those causing
Fermi level pinning in other II1:V materials, and GaAs in particular(27).
These investigations were restricted to mainly chemisorption reactions, where
no bond breaking was induced and the oxygen attached itself to the dangling
indium or phosphorous bonds. 1In practice, it was found that reaction was with
group V elements alone, and that even fractions of a monolayer of oxygen
produced Fermi level pinning. The locus of this pinning was shown to depend
upon the doping type of the material(p or n), and on the actual amount of
oxygen present. This proposed variation of pinning position with oxygen is
shown in Figure 8.1, where it can be seen that both n and p type Fermi levels
eventually reside very close to the conduction band minimum. From these
results it was concluded by Spicer that n-type MIS devices would be hard to
invert, but easy to accumulate and deplete, whereas p-type devices would be

pinned in inversion and would thus be difficult to accumulate and deplete.

These postulates were found to fit very well with device results then being
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reported by various workers at San Diego (see section 8.3).

Later publications looked at the effect of metals chemisorbing onto the InP,
and produced good correlation between the final pinning position of the Fermi
level and the measured Schottky barrier height. The proposed model for this
effect envisaged the condensation of the ad atom (oxygen or metal) releasing
enough energy to cause the expulsion of native materials from the already
highly strained lattice. This was required to occur for only one in every
hundred incident atoms in order to produce the observed defect density, and
thus produced a diffuse interface region between either the metal or the oxide
and the semiconductor. This more detailed model proposed the existence of

two pinning positions for oxygen adsorption ; a donor level 1.2 eV above the
valence band, due to missing indium for n-type material, and an acceptor level
at 0.9 ev due to missing phosphorous iﬁ p-type material. These two levels

were therefore concluded to be superimposed on the normal U-shaped strain




induced density of states in the band gap, leading to additional peaks at

1.2 eV and 0.9 eV depending upon the material doping.

{c) Oxide and Interface Profiling

)

final characterisaticn work reviewed here, is that carried out

]
ol

1.
e

28-21
l( 1)

by wWilmsen et a ; in connection with MIS device fabrication. Reason-

ably standard surface analysis techniques (Auger and later ESCA) were applied,
and when used in association with low energy ion sputtering, enabled
systematic profiling of the oxide and interface to be undertaken. Initially,
two types of ancdic oxide(KOH and ethylene glycol) grown on a bromine/methanol
etched surface were investigated.

The former type of oxide was composed of mainly In. O,, with little

2°3

phosphorous appearing until the relatively wide interface region, where both

nd PO were nrecent.,

W RN b= =

Tt was also found that the majority of the
oxide was of reasonably constant composition with linear emission signals.
The ethylene glycol oxide by contrast had no uniform outer layer but a steady

increase in P205 content up to the interface region. With this oxide the

overall amount of P2O5 was much larger than with the KOH material. In both

cases the oxide region was found to be quite diffuse, around 200 g , and was
therefore concluded to be not a function of growth conditions, but rather of
some other limiting mechanism. Later work used both Auger and ESCA to depth
profile and compare KOH anodic oxide with thermal oxide grown at 450O C in an
oxygen atmosphere. The anodic oxide again showed a diffuse interface region,

with the majority of the dielectric being In and P_O_. appearing at the

2%3° 275
interface with the semiconductor. By contrast, the thermal oxide showed large

amounts of elemental phosphorous at the interface but a similar In203 bulk

composition, with possibly slightly larger amounts of P205. This interface

region was concluded to be a function of thermal degradation of the InP during

the oxide growtﬁ° The investigation of Si0O, as a possible dielectric for InP

2

produced a shift in effort, and subsequent papers from then on concentrated
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upon the analysis of this new interface region., The SiO2 was pyrolytically
deposited at a varlety of different substrate temperatures, and the resulting
structured depth profiled as before. In each case the substrate was pre-
etched in bromine methancol before the deposition process. A higher tempera-
ture of depocsition appeared to produce a broader interface region, and above
" O . . - - . . .

350 C indium was found to diffuse through the insulator and considerably
degrade 1its electrical properties. This indium in practice appeared to

exchange oxygen with the 5iO and as no free silicon was shown in the

27
insulator; it was concluded that it diffused back to the InP where it would
behave as an n type dopant and so additionally degrade the device performance.
From this work it was concluded that low temperatures were regquired (v 350O C
or less) in order to avoid indium diffusion causing device problems. At this
low value, however it was found tc be considerably more difficult to deposit

the oxide uniformly, and so further work on the process was required.

8.3 REVIEW OF InP MIS WORK

The investigation of InP MIS devices began as late as 1975, when the
growth technique had been sufficiently developed, and the properties of the
material looked extremely promising. A variety of different insulators have

been tried, anodic oxide, aluminium oxide, and SiO, being the major contenders

2

no one has however so far proved significantly superior to the others.

(a) Anodic Oxide

32
The first reported MIS device on n-InP was fabricated by Wilmsen( )

in 1975 ; his dielectric was anodic oxide produced from 0.1lpm KOH soln., with
a thickness of about 600 g. He found however that this oxide was quite

leaky, and in consequence, deposited an additional layer of sputtered SiO2
on top to reduce the leakage problems. The resultant characteristics were

found to be reasonable, showing accumulation and depletion, but not inversion.

In addition, analysis by Terman's method (see 2.3) produced a relatively low

’
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T 2
surface state density of about 10 /ev cm . In a later paper, Wilmsen
(33)

and Kee ! developed these measurements by the use of ESCA, and found that

the anodic oxide was largely In203, with relatively little P205° The
interface region was concliuded to be quite thick 200 %, within which

the amount of phosphorous steadily fell, and the amount of indium and cxygen
steadily rose, as the distance from the interface increased. Early in the
vear following Wilmsen's initial investigations, Lile and Collins(34)
reported the use of wet chemical ancdic oxidation based upon salicylic acid,
to produce a dielectric on the surface of n-type InP. They used a bromine/
methanol initial etch, and produced a low leakage layer, again of what was
thought to be In2o3. Its breakdown strength was found to be 106 v/cm, and

the resultant device showed good accumulation, depletion, and even weak

[

tion

inversion characteristics. In add n, analysis again generated an inherently
. ) 11 2 . . .

low surface state density 4 x 107 /ev cm , but considerable dispersion and
non-uniformity of the insulator proved to be significant drawbacks.

This latter problem was highlighted by sputter Auger profiling, which
showed an oxygen rich layer close to the interface, and significant amounts
of carbon near the surface region. Subsequent investigation of this type of

. . , (36) .
oxide by Ota and Horikoshi showed it to be composed of a double layer
structure, of which the upper component is responsible for the majority of the
dispersion. The lower region, a highly oxidised "native" oxide was found to
have a reasonably constant thickness which was concluded to define the properties
of the device, Anodic oxides based on glycol solutions have also been
(35) .
reported by Hartnagel , who noted anomalously high values of accumulation
capacitance and significant dispersion of the insulator dielectric constant.
e}

These problems were apparently removed by low temperature annealing at 150 C
in nitrogen, and the resultant  curves showed good accumulation, depletion and
weak inversion. The hysteresis was, however, found tc remain and the devices

(37)

were depleted at zero bias. More recent work by colleagues of Hartnagel




~ 145 -

(36)

has shown similar conclusions to those reached by Ota , and they have
produced gocd MIS devices on both InP and GaAs by initially growing a

0.) to

native oxide layer, and covering this with another insulator (Al2 3

produce the final structure.

(b} Aluminium Oxide

As well as the growth of anodic native oxides, various investiga-
tions have been carried out on aluminium oxides, with a viéw to using these
as dielectrics in MIS structures. Electron beam evaporation of alumina has
{38) . , . .
been reported by Favennec , who obtained a good quality insulator with
. . 6 -8 2
high breakdown strength (10  V/cm), and low leakage (< 10 A/cm ) . The
resultant MIS characteristics on n-type material showed normal accumulation
and depletion, and in addition, exhibited low frequency inversion returning
to the accumulation value. However, these devices also showed significant
clockwise hysteresis, again indicative of electron injection and trapping at
the interface region. The pyrolytic deposition of alumina has been demonstrated
: (39) . : , .
by Kamimura et al , who used an argon carrier gas to deposit the insulator
e}
from [ Al(OC3H7)3] onto a substrate heated to 350 C. The surface was
initially etched with bromine/methanol, and the resultant film had a breakdown
6

strength of 5 x 10~ V/cm. In practice the device characteristics showed
accumulation and depletion, but no inversion. In addition, considerable
variation of the accumulation capacitance with frequency was noted, this was
however not due to the dielectric, as no problems were encountered with silicon
as a substrate, It was therefore concluded that the effect was a function of
the Al203/InP interface, and probably an injection phenomenon. Measurements
undertaken to characterise the interface showed a low surface state density

11 2 , . i
of 107" /eV cm , which increased markedly as the substrate temperature during

i s . 12 13 2 o o
the initial deposition was increased, up to 10 -10 ~/evV cm for 40Q C-500 C.

This was though to be due to the surface disassociation of the InP at higher

temperatures.
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(c) Siliconmgipxide

[

The third type of insulator investigated, has been SiOO ; this is

normal.ly deposited by the pyrolysis of silane (SiH4) and oxygen, onto a
heated substrate, This type of structure was first produced by Messick in
e (40] o ‘
1976 . The insulating layers were found to be hard and glassy at room
temperature, with high resistivities, and breakdown strengths of almost
10 v/cm. However, these films were found tc exhibit voltage dependent
instabilities, produced by charge injection and trapping of electrons in the
oxide. Analysis carvied out by Termanigmethod yielded surface state densities

. 11 2 . . )
of around 2 x 10 /eV cm , and Auger analysis showed the interface region to

. ) . ‘ e @ . (41)

be guite clean and uniform over about 250 A . Fritsche found that the
addition of HCl to the silane in a low temperature CVD reactor, produced much
lower surface state densities at the conduction band edge. He also found
evidence of deep donor states ; neutral in accumulation, and positively charged
in depletion, which were thought to limit the excursion of the Fermi level to
0.5 eV below the conduction band, This preparation technique, also led to
approximately 500 mV of hysteresis, of the clockwise variety, again suggesting
Co . . (42) o . :
injection problems. Later work by Meiners , utilized a similar technique

. L . . (40) .
of pyrolytic deposition to the one developed by Messick . In this
investigation, good accumulation and depletionwere obtained, but considerable
problems were encountered with frequency dispersion, and surface state analysis

. . s 12 2
gave relatively high densities of 10 /eV cm . These problems were concluded
to be due to non-optimisation of the deposition technique.

. . . (44)
More recently, a paper by Meiners, Lile and Collins has presented
the first investigation of p-type devices. These structures used pyrolytic
. , ) (42) | . o

Slo2 as previously described deposited onto a heated substrate (300 C) to
produce the insulating layer. Both n and p-type devices were fabricated, and

measurements undertaken in light and.dark conditions. It was concluded that

pinning of the Fermi level restricted n-type devices to accumulation and
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depletion, and p-type devices to inversion only. Some inversion was, however,
produced on n-type devices under illumination, but at only low frequencies
did the value return to Cmax' In addition, this pinning at the p-type
device in inversion, although not particularly good for normal MIS work, was
inferred to be potentially useful for FET's.

(43)

Another method of depositing SiO, has been reported by Grant et al '

2

this uses plasma oxidation of tetraethylorthosilicate within the reaction

vessel, to produce an insulating layer on the InP at room temperature. This

is one of the few techniques available for low temperature deposition, and

as such has the potential for producing significantly better interface

properties (see later). The results so far obtained again show reasonable

accumulation/depletion, and indeed signs of low frequency inversion, but they

persion of the oxide capacitance and clockwise hysteresis.
This summary has covered the majority of early investigations involving

MIS on InP, and has looked at most recent work up to mid 1980. Tt should be

noted, however, that interest and activity in this area is rapidly expanding,

and significant breakthroughs may scon be forthcoming., Indeed, the author

knows cf useful amounts of as yet unpublished information which may well

prove guite interesting. From this overall view, a number of general con-

clusions and trends can be inferred . None of these three major insulators

appear to be particularly ideal, and individual variations in technique tend

to significantly affect the overall characteristics, In particular, problems

with dispersion of accumulation capacitance are very irreproducible, but on

the whole SiO2 seems the most promising in this respect, Virtually all n-type

devices show clockwise hysteresis, again ranging in magnitude, depending upon

individual techniques, but always indicative of electron injection, and

trapping in the oxide interface region. These conclusions fit very well with

36 : 37
the work of Ota( ), and Hannah and Livingstone( ) whose results point to the
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initial native oxide layer of the InP substrate being critical in defining

the interface properties, and thereby leading to the nysteresis. The anodic
oxide layers, although easily grown, seem inevitably to show guite high
leakage ; again this requires further investigation, but suggests their un-

suitability for widespread device application.

With respect to device characteristics, the majority of papers all
show accumulation and depletion, but very few show weak or strong inversion.

: . ) . (44)
This tends to reinforce the general conclusions of Meiners et al , who
suggested that extrinsic surface states restricted the movement of the surface
Fermi level. Reports of apparent inversion are, however, available, in
(45) (38)

particular Pande and Roberts with anodic oxide, and Favennec et al

with Alzoq, both of which show a reverse bias increase in capacitance almost
v

up to ¢ . It is interesling to note that both of these are low temperature
ox

deposition techniques, i.e. they do not require any heating of the substrate
during deposition. For p-type material, the only work so far shows considerable
pinning of the Fermi level above the mid band gap position (inversion), so
limiting the excursion of the CV curve. Results presented later, in the
next chapter, for organic insulators on p-InP in fact show significant
variation to these characteristics, and both accumulation and depletion are
observed. The surface state density measurements appear to give reasonable
. , 11 2 . .

consistency, all showing 1-5 x 10" " /evV cm for good devices, and slightly

. . . (39,42) .
higher when problems with preparation were encountered . The majority
of analyses however use the simple capacitance approaches of Terman or
Berglund, and no consideration of conductance data is normally presented.

In addition to simple MIS devices, many of the more recent workers

have proceeded tc fabricate FET structures, using their particular insulator

technology. These devices are however beyond the consideration of this section.
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CHAPTER 9

THE CHARACTERISATION OF InP-LANGMUIR FILM MIS DEVICES

This chapter considers the experimental characteristics of structures
fabricated on substrates of InP. The main emphasis has been placed upon MIS
type devices utilizing Langmuir/Blodgett insulating films, but details of
chemical surface analysis and Schottky barriers are also given. In
particular, because the low temperature deposition process induces no surface
damage, the effect of various etchant preparation upon device performance has
been investigated. From the results obtained, a model of the states in the
band gap of InP has been proposed.

9.1 CHEMICAT, ANALYSIS OF THE InP SURFACE

In order to produce useful devices, precise control of the semi-
conductor /insulater interface is reqguired. To achieve this, an extensive
study of the InP surface before and after various etchant treatments was
undertaken. The results obtained from this investigation are divided into
three sections : the initial surface, and the surface after various wet and
dry etching processes. In each case the volume of information precludes
detailed description, but summary tables of important data are presented,
along with example curves and brief discussion of significant elemental
features. From this information, comparison of elemental peak heights with
those of reference materials, before and after etching, has enabled the chemistry
of the surface to be determined. In particular the ratio of indium and
phosphorus components due to oxide and non-oxide configuration has allowed the
extent of oxidation of the surface to be established.

For this study, the model compounds used for reference and calibration
are summarised in Table 9.1, where contributions to indium, oxygen, and

phosphorus are given, along with the relevant binding energy in each case.



TABLE 9.1 : Spectral characteristics of model compounds

Sample Ols Binding (ev) C < Binding (eV) In3d Binding (eV) P2p Binding (eV)
enerqgy energy enexrgy enerqgy
P4 OlO (0.39) 533.5 (0.83) 285.0 - (1L.0) 135.4
(0.61) 535.0 {0.17) 286.3 -
AlPO4 (1.0) 533.0 (1.0) 285.0 - (1.0) 133.1
(C6H50)? PO (0.25) 532.3 (0.83) 285.0 - (1.0) 133.8
N (0.75) 534.3 {0.17) 286.7 -
-— - — ( 7T
(C6H5)3 p (1.0) 130.7
In {(metal) (0.26) 530.4 (0.75) 285.0 (0.34) 443.,6/451.2
(0.52) 532.0 (0.13) 286.3 {0.52) 444,7/452,.2 -
(0.21) 533.5 (0.05) 287.5 {0.14) 445.8/453.4
(0.06) 289.0
In203 (BDH) (0.49) 530.5 (0.82) 285.0 (0.83) 444 .8/452.3
(0.37) 532.0 (0.09) 286.3 {(0.17) 446.,0/453.6
(0.14) 533.3 (0.09) 288.3
In (metal) (0.16) 530.5 (0.81) 285,0 (0.04) 443.6/451.2
O2 plasma 2 min (0.74) 532.6 (0.12) 286.3 (0.34) 444,6/452.2 -
245.8/453 ¢
10 W. 0.1 Torr (0.10) 533.8 (0.07) 289.2 (0.62) 445.8/453.4
InPO4 (0,72) 532.2 (0.74) 285.0 {0.19) 443.7/451.3 (1.0) 133.3
(0.28) 533.8 (0.16) 286.3 {0.81) 446.0/453.3
(0.05) 287.6
(0.05) 289.2

N.B. Binding energies normally + O.15 eV. Figures in brackets represent contribution of each component within
a given core level,
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9.1.1 As Received Samples

In general, the initial surface of the InP samples showed considerable
variation of chemistry ; perhaps reflective of the growth termination
procedure and packaging rather than any bulk variability. A summary of typical
data, showing variation in carbon, indium, oxygen and phosphorus, for a
variety of Malvern epitaxial samples, is given in Table 9.2. The dominant
features for each element will now be discussed separately.

ClS Levels

As received samples showed significant intensity of the C,  level,

ls
indicative of surface contamination. The major componznt at 285 eV originates
from the C-H bond, and along with subsidiary peaks at 286.5 eV and 289.0 ev

o
associated with C=0 and C{i , is indicative of a fatty acid type overlayer.

The angular dependence suggests the acid portion resides closest to the InP.

In3d Levels

The indium levels revealed basically two main peaks at 444.8 eV and
cach
445,8 eV, plus additional cnes at 7.6 eV higher in.case, both due to spin
orbit splitting. Comparison of these values with the data obtained from the
model materials showed the main peak was 1.0 eV higher than that due to In
metal, consistent with an origin in the indium to phosphorus bond. This
higher energy component was found to be essentially the same as that for

indium in In, O but the overall intensities and observed energies for oxygen

2737
and phosphorus were found to disagree with this assignment. The lower energy
peak, from comparison with model compounds is proposed to originate from InPO4,

which is therefore the dominant oxide on the InP surface.

P Levels
2p

The two distinct peaks obsexved - in the phosphorus spectrum showed

a binding energy difference of 4.5 eV. The component at 128.5 eV, shifted



TABLE 9.2 :

Spectral characteristics of some "as-received”

n-type substrates

Take—-off ! Inp/ Inp/
|
Sample Angle In3d ClS OlS g P2p In ox P ox
O f
30 1.0 5.85 1.75 | 1.36 3.7 7.4
: |
cv. 792 70° 1.0 49.7 6.94 .25 2.1 1.6
|
;
° }
30 1.0 4.81 3.18 | 1.02 2.7 2.9
LV 505 (1) . |
70 1.0 21.9 7.39 [ 1.38 1.1 .85
30° 1.0 5.62 L 3.04 | 1.06 3.2 2.9
’) ;
Lv 502 (2) 70° 1.0 18.4 4.86 1.27 1.2 0.9
LV 764 30° ) 5.94 3.02 1.44 2.2 )
70° 28.1 6.95 1.27 1.1 0.9
(@]
v 456 30 1.0 10.08 3.16 1.5 2.4 1.24
70° 1.0 51.3 6.75 2.1 0.75 0.33
30° 1.0 4.45 2.64 1.36 2.0 2.2
LV 505 (3) S
70 1.0 21.8 6.45 1.95 0.9 0.7




down approximately 2 eV from that of phosphine, was found to be consistent
with an attachment to indium, as in InP,., <Contrary to results reported by
many other woerkers, no evidence of P4O6 or p4OlO was observed, indeed,
subsidiary experiments showed these materials to readily sublime at room
temperature under normal measurement conditions. In practice, the higher

binding energy at 133.0 eV was consistent with a high oxidation state of

phosphorus (as in AlPO, for example), and thus agreed with the propcsed

4
existence of InP04,

From the angular dependence studies (Table 9.2), it was found that
the oxide layer was located =t the outermost surface of the material, but
varied considerably in thickness from sample to sample. In addition, it can
be seen that the surface always has an indiumn to phosphorus stoichiometry
less Lhan unity.

The results of this pre-—-etch surface characterisation can be
summarised as follows

(1) The outmost few layers of the surface corresponded to

oxidised material, approximately 10-15 S thick.

(ii) The lower binding energy indium peak was due to InP, but was

0., (of which there was

at the same value of binding energy as In2 3

very little present).

(1iii) The lowexr binding energy signal for indium, along with the
values for P and Ols suggest that the dominant oxide species was
InPO4°

(iv) Considerable quantities of carbon, mainly as fatty acid
structures were observed.

It shonld be noted that these conclusions are not consistent with

those reached by other workers as discussed in (8.2). The significant

differences are the lack of P205 and In203, and a proposed dominant surface

oxide of InPO4,
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9.1.2 The Effect of Wet Etching

From the summary of wet etching results given in Table 9.3, and in
particular from the indium/indium oxide and phosphorus/phosphorus oxide
ratios, it was found that the majority of etches used could be placed in one
of two categories producing either an oxidized or a de-oxidized surface. The
following discussion gives more detail of the surface chemistry differences
which lead to this conclusion.

(a) De~Oxidising Etches

From Table 9.3 and the corresponding output data in Fig 9.1, it can
be seen that the de~oxidising etches were primarily the mineral acids and
peroxide mixtures, {labelled 3-6). The resultant surface was found to be
quite clean, and virtually oxide free, with the dominant signals being those
for In and P bound as InP. It can also be seen that HF gives the cleanest
surface, and an indium to phosphorus ratio.closest to unity. In all cases,
however, the drawback of these acid etches is that the resulting surface
appears to accumulate fair amounts ©f hydrocarbon, on the outermést layers,
probably due to an increase in the sticking coefficient of the surface. From
the angular dependence data this layer is estimated to be about 10 g thick ;
this is however an average value as the distinctly patchy nature of the coverage,
makes an absolute thickness rather meaningless., It was found that this carbon
coverage could be reduced considerably by the application of a three stage etch -
of different acid/peroxide mixtures, as shown in Table 9.3.

(b} Oxidising Etches

The two bromine etches (1 and 2 in Table 9.3) were found to produce
a thin uniform oxide, about 20 R thick (see later), although the absolute
magnitude and growth rate were found to depend largely upon solution con-
centration. 1In addition, from the data obtained there appeared to be no

significant chemical difference between the two oxides (apart from a faster



TARLE 5.3 :

ESCA intensity data for some wet etched InP substrates

Take i Inp/ Inp Etch
Sample off In C 1 R rn ox n /P concentrations given
3d ls — — . .
in Table 3.3
° |
é
o ! ;
. 4, 2.5 ‘ .6 - 1) Br. /CH_OH
oV 792 300 1.0 4,9 5 i 1.6 i 2.1 a( ) DLQ,FHB(E
70 1,0 21.6 4.8 | 0,55 | 0.89 )
{ {1l min)
o T
. | 0. .2 (2 HBr
LV 505 (1) 30o .0 9.7 9.5 36 0 (2) BR2/ B /HZO
70 . 16.3 8.2 0.26 0 i
{1 min)
o) i
30 1.0 10.6 v.Large | V.La (3) Hr
LV 505 03 1 900 1. L 37.3 10.0 8.14 (1 min) |
i
o *, ; |
. i . . . ) :
LV 764 30 1.0 i 7.7 7.5 10.8 (4) HCl/HZOZ,Hzo
70° 1.0 31.5 6.6 4.8 (4 sec)
o ~ - ; /
KV 456 30O 1. 8.3 2. V.Large 8.0 (S) HNOE/HCl/HEO
. 23. 2 2. f
70 1 3.6 12.0 | (15 sec)
o)
1. 2,2 1 12.0 10.4 6) 3
v 505 (2 | ° ° (6) H,50,/8,0,/8,0
70 1.0 14.4 1.: 4.7 1.95 ) .
o (3 min)
30 1.0 2.6 0. V.Large vV.Large
, .
70° 1.0 7.6 1. 10.5 V.Large HE (5 min)
30° 1.0 3.9 1. 4.7 5.0
o)
70 1.0 15.3 1. 2.2 .35 NaOH/HqO?
© 7 (1 min)




P, [etch ng ]
P 3)
. take off
3x10 angle =30

3x10°
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= V-

156 152 4B L o 136 132 128 124 eV

Figure 9.1 : Sample ESCA output data for In3d and P2p levels- after

various wet etches,
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growth rate for the Br/HBr). Because of the similarity between these two
etchants, only HBr/Br was analysed in detail. For this investigaticn after

a detailed evaluation of the output spectra, the effect of 5% and 20% solutions
of the 1-17-35 mixture were noted as a function of time,

Iin Levels
3
For the Ian levels, a similar pattern to the one described

previously was noted, with two peaks being dominant, the lower one correspond-

ing to InP, and the higher one InPO, or InO(OH). Samples of the output

4

data for various times are shown in Figure 9.2, where it can be seen that
after 15 seconds the characteristics are dominated by the oxide peak. In
general, the intensity and width of this component was found to be directly
related to etch time.

evels
P2p Lewv

The phosphorus cutput data showed two well separated components,

attributable to 1InP in one case and some form of phosphate (PO43_) in the

other. Again, no peaks corresponding to P4O6 or P4OlO were observed.

After compensation for the emission factors, the ratio of indium
to phosphorus was found to be greater than unity, suggesting that the oxidised
surface was phosphorus rich.

Levels
OlS v

The component peaks of the oxygen data were observed to show a

similar pattern to those of the unetched samples. Based on these data, the
major level was concluded to correspond to oxygen bound as a phosphate (PO43E),

but there were no peaks attributable to either In203 or P4Olo°

C Levels
1s

It was found that significantly less hydrocarbon contamination existed

upon the etched surface, which suggests that the presence of the oxide
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458 LS54 450 446 442 138 134 130 126 eV

Figure 9.2 : Sample ESCA output data for time dependent 20% Br/HBr etch.
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considerably reduces the sticking coefficient for these hydrocarbon materials.
Once again, the angular variation measurements showed that the carbon was

distinctly a surface feature, correspcnding to the top few angstroms of the

variations with etch time

A summary of the effect of time on 5% and 20+ solutions HBr/Br
etches are given in Tables 9.4 and 9.5. With the 20% solution, the oxidation
rates were found to be very rapid, and times of only a few seconds produced

a total oxide coverage (as determined from the In levels) . Samples treated

3d
for longer pericds showed more uniform coverage, and as expected, the weaker
etchant exhibited a slower growth rate, In both cases the hydrocarbon contamina-
tion showed an approximately steady increase with time, but became thicker

rather than more uniform. In addition, the changes in the O level suggest

1s
that the oxide layer becomes more uniform with time, especially within the top

e
lo-15 A ., It was alsc apparent that changes in surface stoichiometry increased
the phosphorus dominance with prolonged etching ; this was probably a symptom

of the higher diffusion and reaction rate of indium.

Depth Profile of Surface Oxide

In order to gain more information about the chemical oxide, an argon
ion gun was used to sputter profile a Br/HBr etched sample. The resulting
output data as a function of time (and therefore sample depth) are given in
Figure 9.3. The main features of this profile can be summarised as follows :-
The surface stoichiometry was found to progressively change through the oxide,
and was equivalent to InP at a depth of around 12 g, The oxide, probably
InPO4 was found to be very much a surface feature, and decreased rapidly after
a few angstroms, as did the surface hydrocarbon. Elemental indium was also

observed in small amounts, uniformly distributed through the oxide. For the

P2p contribution, a total of four oxidation states were noted,but the
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TABLE 9.{ : Spectral characteristics of sample LV 505 etched with 5% Brj/HBr/HZO solution.
‘ } Take InP/ InB/
Treatment time off Ian Cls Ols P2p In ox P OXx
Angle
0 30° 1.0 2.7 0.94 1.05 10.1 V. Large
) . - o ..
70 1.0 1l0.1 2.02 1.2 6.1 11.5
o ~
30 1.0 4.5 2.7 1.5 1.4 1.5
5 sec o
70 1.0 i 11.7 5.13 1.95 0.58 0,5
i
- J
30 1.0 4.27 4.72 1.8 0.47 0.5
10 sec o
70 1.0 6.3 5.67 1.95 0.15 0.15
30° 4.95 5.67 2.1 03 0.2
30 sec o
70 1.0 6.52 £.48 2.1 0.09 0.09
60 sec 70° 1.0 11.92 7.15 2.4 0.04 0.06




TABLE 9.5' :

Spectral characteristics of sample

LV 505 etched with 20% BRO/HBr/Hzo solution.

. Take InpP/ Inp/
Treatment Time off In3d Cls Ols P2p In ox P ox
Angle
30° 1.0 2.02 1,08 1.2 V. Large 13.3
o]
70° 1.0 7.87 2.56 1.2 9.6 8.1
30° 1.0 6.3 4.32 2.1 0.39 0.78
3 sec
70° 1.0 14.8 4.99 2.2 0.17 0.3
30° 1.0 5.85 4.59 1.65 0.67 0.67
5 sec
70° 1.0 13.05 5.8 2.4 0.16 0.2
30° 1.0 3.82 5.94 1.95 0.16 0.3
10 sec o
70 1.0 11.02 6.61 2.25 0.06 0.09
30° 1.0 7.42 5.53 2.1 0.04 0.15
15 sec °
70 1.0 10.8 6.21 2.25 0 0.06
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(1)

additional ones were found to be directly due to the profiling process p

and not real configurations. For this ion bombarded surface, in the absence
of hydrocarbon, a more accurate estimate of the oxide thickness was possible,
this gave a value of 14 S ; the average of 12 % and 18 & from In3d and P2p
spectra respectively.
The results of this characterisation of wet etches can be summarised
as follows :
(i) The etchants employed can be categorized into two groups ;
giving a clean surface, or an oxidized one ( v 15 g), In the latter
case, the thickness was governed by the substrate type, and the
duration and concentration of the etching process,
(ii) HF treatment was the only method of producing a stoichiometry
close to unity, it also produced significantly largexr amounts of
surface hydrocarbon. This could however be reduced by a three stage
etch process.
(iii) All other surfaces were phosphorus rich.

(iv) The oxides produced by the Br, etches were predominantly

2

-InPO4, with possibly some InO (OH) and H_PO

3P0, being present,

(v) Contrary to results obtained by other workers, no In203 or

P4010 were observed throughout this study.

9.1.3 The Effect of Dry Etching

In order to investigate the effect of glow discharge etching upon
the InP surfaces, two different ambient gases were used, oxygen and hydrogen.
The resultant surface in each case was examined directly and after exposure
to the atmosphere, and the salient features observed can be summarized as
follows :

(a) Hydrogen Plasma

For initially clean (pre-etched in a de-oxidising etch) InP surfaces

the hydrogen was found to behave as a very effective reducing agent, reacting
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with the surface phosphorus to produce volative PH3. This was subsequently
removed by the vacuum pump. The remaining surface was found to become
gradually indium rich as witnessed by a shift in the binding energy of the
indium compenent to a value corresponding to that for indium metal. Exposure
times of greater than 50 seconds were found to leave the surface totally .
covered LIn indium metal. In addition, the hydrogen plasma was found to be
very effective in removing hydrocarbon contamination causing a factor of
three reductions in peak height over a period of 20 seconds.

Upon exposure to the atmosphere the indium surface layer was found

0., thus leaving the topmost layer fundamentally

to rapidly oxidize to In2 3

different to any surface produced by wet etching.

For a sample pre-etched in a wet oxidizing liquid, the effect of the
dry etch was found to be rather more complex. In this situation, the plasma
cannot reduce InPO & which therefore stays intact and protects the underlying

material. However, for short etch times the resultant InPO4 layer was

patchy and so the intermediate area was reduced by the hydrogen, leaving it
indium xich. Subsequent exposure to the atmosphere was found to give the
anticipated oxidation of the indium areas leaving a patched overlayer mixture
of InZO3 and InPO4.

Because of these effects, the majority of device fabrication using
dry etching was undertaken upon clean, rather than wet, oxidised surfaces.

({b) Oxygen Plasma

The use of oxygen plasma to prepare the InP surface was faund to
give an effect very similar to that resulting from a wet oxidizing etch. The
oxide growth, primarily InPO4, was found to saturate after an exposure time
of approximately 1 minute and resulted in a terminal thickness of about
25-30 g. This oxide was found to be relatively stable, and exposure to the

atmosphere produced very little change in the surface chemistry. In addition;
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the use of both types of wet etchant as pre-treatment was found to have no
significant effect upon the resulting oxide layer.

The results of the dry etch characterisation can be summarised as

follows
(1) A hydrogen plasma was found to reduce an initially clean InpP
surface by forming volatile PH_ . This resulted in the remaining
surface being indium rich and oxidising to InZO3 upon atmospheric
exposure,
(ii) Longer etches produced metallic like properties due to the
large amounts of indium generated.
(iii) The use of hydrogen plasma on a wet oxidised surface produced
a mixed overlayer of In203 and InPOd,
(iv) The use Qf-OXLDQJ rlasma produced a surface very similay to
that resulting from a wet oxidising etch.

9.2 METAL-SEMICONDUCTOR CONTACTS

9.2.1 Ohmic Contacts
For n-type InP, Ohmic back contacts were produced by using an alloy
of indium with 5% tin(z) (by weight), at a thickness of 500 R. In most cases
two electrodes were evaporated (to enable I-V checking), and were annealed at
2OOOC in nitrogen for about five minutes. For bulk substrates a resistance
between these electrodes of a few Ohms was found to signify a good contactf
With epitaxial samples, however, the increased doping of the substrate removed
the requirement for thermal annealing.

For p-type substrates a laminated structure of nickel (50 R), zinc

(3'4)was found to be necessary, followed by a five

(500 &), and gold (5000 R)
minute anneal at BOOOC. In this case, the typical resistance between contacts
was v 10Q.

It should be noted, however, that there are many different recipes

for Ohmic contacts, the majority of which have been developed empirically,

but most of which are satisfactory. For more details of these additional
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approaches an excellent summary i1s given by A.G.Milnes and D.L.Feucht in
"Heterojunctions and Metal Semiconductor Junctions" (Academic Press, 1972).

9,2.2 schottky Barriers

In order to supplement the chemical characterisation information, a
number of metal /semiconductor junctions were fabricated on both oxidised and
decxidised surfaces., 1In all cases the substrates used were bulk rather than
epitaxial.

(a) P-type §tructures

P-type Schottky barriers were fabricated using a gold barrier electrode,
and both current-voltage and capacitance-voltage characterisation were under-
taken.

Typical log (current)-voltage curves for both oxidised and de-oxidised
interfaces are shown in Fig.9.4, in these cases prepared using HBr/Br and

H SO4/HqO mixtures respectively. In each case the forward bias data can

2 2

ling
be seen to show an excellent straight,as expected, and from Egqn. 2.13 the

ideality factors were calculated to be,

For the oxidised interface n £ 1.08,
and for the de-oxidised interface n = 1.20.

From the capacitance-voltage data, it was possible to plot l/c2 -V,
and thus from Eqn. 2.9, assuming the dielectric constant to be Er = 12, the
value of Nd was calculated to be lxlOl7 cm—3° This agrees adequately with
values obtained from Hall effect measurements. 1In addition, from Eqgns.

2.9 and 2.10 the intercept point upon the X-axis in each case was used to
calculate the approximate barrier heights.

From the reciprocal capacitance plots shown in Fig.9.5 for the samples
previously mentioned, it was found that ¢B = 0.8 eV, with no significant
variatioﬁ in value for different etchant preparations., It should also be

noted that the slight variation in slope apparent for different electrodes is

merely a function of area variation due to the contact evaporation process.
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(b) N-type Structures

Devices on n-type substrates were prepared using gold barrier electrodes,
however the slightly lower conductivity of bulk n-type material led to problems
with series resistance. Typical log (current)-voltage characteristics for
both oxidised (HBr/Br) and de-oxidised (H2SO4/H202) interfaces are shown in
Fig., 9.6, from which it can be seen that there is no straight line portion.
However, when the series resistance values of 4.4 Q} are compensated for (as
discussed in section (2.2) ), straight line portions are revealed. From the
gradient of these, the ideality factors were calculated to be

For the oxidised interface n = 1.08,
and for the de—~oxidised interface n = 1.15,

These values can be seen to correspond well to the ideality factors
cbtained from the p-type devices without series resistance, This suggests
that the compensation approach is quite valid,

Typical reciprocal capacitance plots for these two samples are shown |
in Fig.9.7, from which the doping density ND was calculated to be 1 x lOlGCm—3, é
and the barrier heights were ¢B = 0.43 eV, Once again, no significant variation
with etchant preparation was noticed.

(c) Discussion

The characteristics obtained from both p and n type Schottky barriers
appear to be etchant dependent, but not to the extent expected. The lower
ideality factors obtained from oxidised interfaces agree well with the
concept of a gradual transition region and the relative lack of surface
damage. They do, however, conflict somewhat with the normally accepted rule
of interfacial oxide increasing the value of n as discussed in Chapter 2, as
the clean, oxide free interface gives a higher ideality factor. It must
therefore be concluded that the abrupt, damaged nature of the transition
region is an important factor in the case of the "clean" interface, This

point is further supported by the relative lack of variation of barrier height
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as a function of etch preparation, in spite of good agreement with values
obtained by oither workers(5'6). This indicates that the barrier height is
influenced by damage caused during evaporation of the metal electrode. Indeed,
the values obtained for p-type material suggest that the Fermi level is located
in the upper half of the band gap.

It appears therefore that for Schottky barriers both etching and
electrode damage contribute to the overall characteristics and the presence
of an oxide layer, although buffering the effect somewhat, cannot prevent
the introduction of some damage. These damage effects emphasise the sensitive
nature of the InP surface and are in some respects comparable with the ones
discussed later in the chapter caused by high temperature insulator deposition
processes., Moreover, these results provide excellent contrast with the MIS
data obtained by Langmuir film incorporation where little or no damage is
produced.

9.3 N-TYPE InP : MIS CHARACTERISATION

Because of the passive nature of the Langmuir film deposition process,
been

MIS structures have ,fabricated with little perturbation of the semiconductor
surface. This has allowed detailed investigation into the effect of the two
etchant types upon the device characteristics,and has enabled a correlation to be
made between the surface chemistry and the device performance, The results of
this investigation (presented in this section) are divided according to
surface preparation, but in general were rather different to the ones obtained
by other workers using more energetic insulator deposition processes (as

discussed in Chapter 8).

9.3.1 Wet Etchants

A typical set of capacitance and conductance curves for both an
oxidised and a de-~oxidised surface are shown in Figs. 9.8 and 9.9, The

differences between these two sets of data,although not very marked, do show
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significant discrepancies ; these will now be discussed.

(a) Oxidised Interface

The major feature of this tvpe of data was found to be the rapid
increase in conductance under forward bilas conditions that occurred frequently.
This was initially assumed to be a breakdown effect, but comparison with
1-V and p-type MIS data showed it to be due to electron injection into the
insulator. Otherwise the conductance data showed no significant structure,
with totally flat reverse bias ocutput, and no surface state peak even at the
lowest frequency.

The capacitance data usually showed deep depletion type characteristics,
with no inversion even at low frequency. In forward bias some levelling at
the calculated accumulation value was observed, but the onset of forward bias
injection inevitably removed the charge and so lowered the measured capacitance.
It should be noted that with certain samples this injection effect was less
dominant enabling stronger accumulation to be produced. This inconsistency
only occurred for older samples obtained from Malvern, and therefore is
probably connected with some overall variation in sample quality.

In all cases, the hysteresis was clockwise, and small (~ 100 mV) in
magnitude. The curve shape was alsc different for each direction,with a much
sharper transition occurring from accumulation to depletion.

(b) De-Oxidised Interface

The de-oxidised surface appeared to be much more abrupt in structure
and thus possessed a higher density of damage at the interface region. 1In
thissituation, the conductasce data showed flat characteristics for both
directions of applied bias, and frequently the film could be exposed to
more than 106 V/cm without the onset of any breakdown effects.

The capacitance data were found to show adequate accumulation, and

what to a first approximation appeared to be weak inversion. Comparison of
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the value with the calculated Cmin however suggested the effect was more likely
due to Fermi level pinning as the value measured was not low enough. For this
type of interface the characteristics were dominated by hysteresis, of the same
sense as before, but now considerably larger in magnitude. The effect of
frequency upon these data was virtually zerco, and thereby provided further
evidence for the Cm to be due to accumulation, and the Cmin to be due to
pinning (see Fig.9.9).

(c) Additional Observations

In all cases the application of light was used as a method of ensuring
that the maximum value of capacitance was due to the onset of accumulation
rather than any other effect, it was also used to increase the density of free
carriers and so aid the observation of a conductance peak. For n~type samples,
however, Lhe effect was negligible.

The dominating influence of the interface was confirmed by the
removal of the insulator followed by re-deposition without additional pre-
treatment. For this operation, the solvent (chloroform) appeared to remove
most of the insulator but was thought to leave one interfacial monolayer,
upon which the new film was built. This "wiping and re-~dipping" was found to
have no effect upon genuine characteristics, but did enable the re-deposition
of particularly bad films without re-etching and other pre-~treatment operations.

In order to clarify the injection effect, a thin layer of fluorocarbon
polymer was deposited upon partial areas of selected substrates as a barrier
layer. Subsequent comparison of two halves of any sample showed the total
removal of the injection wherever the polymer had been deposited. In addition,
however, as is well characterised for polymers, the extra layer generated signi-
ficant hysteresis and was therefore useless for any further development. The
application of bias-stress to normal MIS devices was also used as evidence for

the presence of injection, as shown in Fig. 9.10. From tlese data, it can he
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seen that forward biassing for long periods produces a gradual shift as

electrons are injected inio the insulator. By centrast, the application of
reverse bias has considerably less effect upon the curve pesition. Experi-
|
+
ments were aiso undertaken on n  substrates, prepared with oxidising etchant,

but here again the ilijection effects dominated showing the forward bias
increase as cbserved in ordinary low doped matexial. This result was con-
cluded to indicate that the injection was not due to the semiconducting
properties of the InP, but was more a function of its chemical nature, inter-
face oxide, etc.

For both interface types, freguent use was made of Hg top contacts
to quickly test samples prior to electrode evaporation. 1In practice this
approach did not allow any guantitative evaluation to be undertaken (due to
the unknown contact area), but it did quite effectively show the presence of
the two contrasting types of characteristic.

(d) Optimisation of Etching

For the purposes of this investigation, the optimum capacitance
characteristics would show accumulation, depletion, and weak inversicn,
demonstrating that the Fermi level was relatively free to traverse the band
gap. Up to this point however the characteristics described, although
containing some of these requirements were far from the optimum. Further
investigation of the preparation techniques showed that a combination of
first a de~oxidising etch, followed by a short oxidising etch generated a
very thin oxide layer which combined certain features of both extremes.

A typical example of this type of data is shown in Fig. 9.11, in which it

can be seen that accumulation, depletion and some weak inversion are present,
and,in addition,although still present, the injection effect is less extreme

in its onset. Moreover the hysteresis is considerably less than that normally
associated with a de~oxidising etch, and the effect of illumination is to

increase the reverse bias capacitance, further confirming the presence of



10

0-8

0-6

0-4

C/C

s W =

L'

f=70 kHz

Optimum
curve

InP/ (d St,

ref

[after Meiners et al

8 44]

injection
J ON.o

Figure 9.11 :

0-2
[V]-2

Example of optimum sample data obtained by using both

oxidising and de-oxidising etches.

Also shown for

comparison is a typical curve obtained using a high

temperature insulator deposition process.

g

[

o = e

B DS ooy
s
S oy

GaAs /Si0,”" ™=~
(ref 846]

./_,- N
—

ppir— TR F=r=T F—ar-Er—a
o -1 Vot

i @\InP/s.oa
[ref 844 ]

§§
e

= oo oo e e

R

—_—
ol
w0

(M40) *0  puo)

o

-

Figure 9.12 :

0 1

Typical capacitance characteristics obtained using

oxidised p-type interface.

are typical GaAs and InP (high temp.insulator) curves.

Also shown for comparison



- 164 -

weak inversion. Also shown in this diagram for the sake of comparison are
typical data obtained using a high temperature deposition process,

(e) Estimation of Interface State Density

Because of the lack of structure in the conductance data it was
found impossible to employ any sophisticated surface state analysis procedure.
Moreover the absence of strong inversion at low frequency prohibited the use
of many of the simpler approaches. It was however possible to obtain some
indication of the interface state density from Terman's method as described in
Chapter 2, applied to the "optimum" device characteristics. In this method,
comparison is made between the high freguency "ideal" capacitance curve, and
the low frequency curve with "surface states". The difference in these two
can thus give an indication of the interface state density.

From the comparison of data obhtained at 120 KHz, with that measured
at 30 Hz, the maximum displacement in the depletion region was found to be ;
For epitaxial material AV = 1.2 Vv, and for bulk material AV = 1.7 V. Thus
from Equation 2.63 the total number of states at the interface can be calculated
to be ; For epitaxial material NSS = 2.3 x lOll states/cmz, and for bulk
material NSS ¥ 3,3 X lOll states/cmz. In each case these values are relatively
large when compared to silicon, but agree with the estimate obtained by other
workers (see Chapter 8). Moreover, the slight difference in values between
bulk and epitaxial material were quite reproducible and are thus more likely to
reflect differences in bulk chemistry rather than induced etchant effects.

9.3.2 Prv Etchants

In general the use of dry etchants on n-type material showed no great
improvement over the best obtainable with wet etches. This was in fact quite
surprising in view of the significantly difference chemical surface obtained.
The technique is however considerably cleaner and more controllable than with

wet etching.
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T™wo types of glow discharrge were used, oxygen and hydrogen, both of
which ultimately gave characteristics very similar to those of a slighty (wet)
oxidised surface. Of the various exposure times used, 10 seconds was founé
to give the best results for the oxygen plasma, after which the thicker oxide
induced considerable injection. Far the hydrogen plasma, an exposure of 25
seconds gave the best characteristi-s, above which the indium dominance of the
surface stoichiometry led to a gradual reduction in the Cmax/cmin ratio and the
interface becoming virtually metal ic in nature.

In practice, the two different types of oxide present, InPO4 from
hydrogen, and In203from oxygen appeared to have little effect upon the injection

characteristics ucually observed with n-type oxidised substrates.

9.4 P-TYPE InP : MIS CHARACTERISATION

This section investigatos the p-InP-Langmuir f£ilm interface, as a
function of various surface preparations. In many respects, comparisons can
be drawn between the n-type, and p-type results, there are thever significant
differences. Moreover, as shown in certain diagrams, these results are
markedly different to those obtained using any high temperature deposition
process,

9.4.1 Wet Etchant

Az expected, the two groups «f etchants investigated produced character-
iStically different results, However, the results were overall less ideal
than those for n-type devices.

(a) De-Oxidised Interface

For the clean interface, capacitance variation occurred only in the
depletion region, with the value levelling off in forward bias at a capaci-
tance corresponding to slightly over half the expected Cmax° In reverse
bias the capacitance continued to reduce with increasing voltage, showing no

sign of weak inversion, For this type of structure, the hysteresis was
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comparatively small, normally only a few hundred millivolts, and was of the
opposite sian to that encountered in n-type structures,

The conductance data were flat for both directions of bias and
showed no signs of the usually familiar forward bias injection. The "apparent"”
accumulation capacitance value was found to be frequency and light sensitive,
both effects producing increases of about 10%. The application of weak
illumination was also found to induce a peak in the conductance data at lower
frequencies. This feature however was relatively broad and small in magnitude,
it also showed the correct variation with frequency and was thus assumed to
be due to surface state effects.

(b) Oxidised Interface

A similar capacitance levelling off in forward bias was noted with
bromine-type oxidising etches, but now the curves were much sharper and the
change considerably more abrupt. This is shown in Fig. 9.12 along with a
C-V plot for GaAs under similar conditions. Also shown in this diagram is a
curve obtained for InP by Meiners et al, using SiO2 as the insulator ; the
dominance of inversion at low frequency can clearly be seen. In reverse bias
the capacitance fell guickly into depletion but again showed no inversion.
The conductance data were found to exhibit no structure in the dark, but
illumination produced a much sharper, narrower peak, as shown in Fig.9.13,
again likely to be due to surface state effects, In addition, the hysteresis
produced by this type of interface was found to be siénificantly reduced over
that for the de-ox type, to the point where it was virtually zero, even at
quite high ramp rates (> 50 mV/sec).

As the bias frequency was lowered, the constant plateau capacitance
value was found to increase, but by a considerably larger amount, and when

low frequency was used together with weak illumination, the Cmax value obtained

corresponded well to the calculated Cmax'
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From the experience gained on n-type devices, the "optimum" surface
preparation approach was used on p-type samples. In this case, however, the
improvements noted over the normal "ox"-type characteristics were rather less
significant,

9.4.2 Dry Etchant

Both oxygen and hydrogen glow discharge surface preparations were
used for the p-type substrates, for a variety of different exposure times,

With the oxygen plasma, the results were found to be very similar to those for
the normal bromine etches, the hydrogen plasma however produced significant
improvement. In this latter case, exposure times of 20 seconds were found to
give sharp levelling of the capacitance in forward bias, rapid depletion, and
an extremely narrow optically excited conductance peak. In addition, a second
freguency independent peak, nearer accumulation was noted on certain occasions,
as shown in Fig. 9.14, but as yet this feature is rather irreproducible and may
be due to surface conduction effects. Moreover, for the hydrogen plasma inter-
face it was found that the capacitance value could easily be increased to
accumulation at significantly higher frequencies than before (under weak
illumination).

In general, more notable improvements were produced using hydrogen
plasmas for p-type material than were noted with n-type substrates, and in
particular the narrowness of the conductance peak suggests a reduction in the
width of the band of levels responsible. This effect may well be linked with
the different oxide produced by this approach.

Summary of the effect of etching upon MIS characteristics

(a) N-type MIS
(1) Using optimised etching, n-type structures show accumulation,
depletion and under certain conditions, weak inversion. Strong

inversion could only be induced with illumination however.
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(11) De-oxidised interfaces exhibited large clockwise hysteresis

and capacitance levelling off in reverse bias.

(1il) Highly oxidised interfaces showed much less hysteresis, bat
2150 showed electron injection in forward hias.
{(iv) Dry etching produced only marginal improvement over (i) but

was significantiy more conirollable.

(b) P-type MIS
(i) P-type material could not easily be accumulated or inverted
but did however show different characteristics for ox, and de-ox
etched intertaces,
(ii) The use of low freguency and weak illumination induced
accumulation and a surface state conductance peak with certain inter-
faces, particularly & hydrogen plasma produced one.
(ili) No forward bias injection of carriers from the semiconductor

was observed.

O
°
&2l

ADDITIONAL EFFECTS ON InP MIS DEVICES

As well as the semiconductor/insulator interface, it was found that
various other features of the device and its environment affected the output
characteristics. Some of these effects will now be described, prior to their
discussion and explanation in Section 9.5.4.

9.5.1 Series Resistance

Although the majority of characteristics discussed so far have been
considered to have virtually flat conductance (in the dark), it was found
that in the majority of cases a slight plateau or upward step occurred upon
the onset of accumulation. This effect was found to be due to the presence of
additional series resistance, as discussed in Section 2.3, of a value
calculable from the height of this plateau. The resistances oltained using
Equation 2.74 were found to be higher than initially expected, typically

1000 for gold top electrodes, and slightly more for lead. These values were
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also found to be frequency dependent, increasing markedly at lower frequencies.,
In addition, the variation in these values from bulk to epitaxial substrates
was relatively small,

9.5.2 Electrode Material

Although gold was initially used as the main material for top
electrodes, its relatively high melting point significantly increased the
chances of thermal damage to the £ilm during the evaporation process. Because
of this, a variety of other metals were investigated as potential top electrodes;
among these were silver, indium, zinc, lead, aluminium, bismuth, indium/tin
alloy (5% Sn by wt), chrome, and gold/germanium alloy (5% Ge by wt). Of these
various possibilities it was found that lead in particular gave significant
improvement in device characteristics, but it was found necessary to use an
additional thin gold overlayer to ease probe contacting.

The use of different top electrode material was found to produce
corresponding flat band voltage shifts in both the C~V and G-V curves as shown
in Fig. 9.15. These shifts were found to correspond to the material work
function differences, as discussed in Chapter 2.

In addition to improving the overall characteristics, the use of Pb
top electrodes was found to increase the series resistance and add extra
hysteresis above that present with gecld alone. On n-type substrates the normal
clockwise sense was increased by up to a factor of two, indicating the presence
of additional trapping centres, presumable at the electrode-insulator interface.
For p-type structures, particularly with the oxidised interface, the effect was
more marked as the normal characteristics showed no hysteresis.

9,.5.3 Insulator Effects

In the majority of structures where the insulator quality was adequate
the accumulation capacitance showed negligible variation with frequency (as
discussed in Section 7.2 for MIM structures). Where the film quality was

suspect the AC conductance showed significant increase with voltage for both
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directions of applied bias. 1In forward bias this effect was more rapid than the
normal injection feature noticed with most n~type substrates. 1In reverse bias
it is likely that the formation of a depletion layver buffered the breakdown of
the film. These effects were obviously extremely variable, and a whole spectrum
of characteristics from Schottky barrier type, to good device, were observed.

The effect of insulator thickness on the device capacitance is shown
in Fig. 9.16, where the accumulation value can be seen to scale inversely with
a number of monolayers (as discussed in Chapter 7). In addition, the conductance
plateau can be seen to be a function of thickness.

During the investigation of MIS devices, it was found that the
characteristics could be markedly improved by annealing tiie structure after
fabrication. The temperatures required were quite low due to the melting point
of stearic acid being 380 K, and the values finally used were obtained rather
empirically by using increases of 1 K and testing the device between each lzhr
anneal. Typical results of this process are shown in Fig. 9.17, where it can be
seen that an initially de-oxidised interface exhibits gradually reduced hysteresis.
This is probably due to the increased mobility of the film enhancing ion motion
and removing usually mobile charge into interface trapping centres. At higher
temperatures, the advantages of the process become ocutweighed by the onset of
injection effects. In practice, although this was an interesting way of improving
de-ox characteristics, better results could be obtained by other approcaches, and
in consequence the effect was rarely utilized.

Before concluding this section, it is perhaps worth noting a significant
long term effect observed with the majority of Langmuir film structures. This
was the definite improvement in characteristics from all aspects, over a period
of months rather than weeks or days, and makes an interesting contrast to normal
long term degradation effects. These improvements, particularly in breakdown

field strength, and injection problems were probably due to a very slow drying
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cut of the film, as the normally tightly bonded water molecules (between the
hydrophilic ends) were slowly removed by the desiccation, This effect obvinusly
reguircs further investigation.

2.%.4 Discussion of Additional Effects

By bringing together various results presented previously it is
rossible to explain the majovity of inhe additional effects discussed in this
Seotion,

(a) Series Resistance

From the results cbtained on both bulk and epitaxial Schottky barriers,
where the series resistance compensation values were only a few Ohms, it can
be deduced that the anomalously high resistance values produced by MIS devices
do not originate in the substrate or the back contact. Equally, the use of
Pb top electrodes although affecting RS cannot account for the large value. 1In
view of these points it can be concluded that the semiconductor/insulator inter-
face, and particularly the first one or two monolayers of Langmuir film are the
likely origin. Moreover, the frequency dependence of the effect, and the
evidence from 1/C : N plots can be seen to reinforce this conclusion, From this
argument it appears that the first few monolayers are rather more conducting
than the rest of the insulator thereby requiring a slight adjustment of the
original equivalent circuit given in Fig., 2.12. This modified version, shown
in Fig. 9.18, has additional capacitance and resistance components between the
insulator and the semiconductor, to represent this new interface region.

From this circuit, given that CI< CL, and GI << GL' simple analysis
can be used to show that the equivalent admittance will be dominated by CI and
G_. Moreover, the other series conductance values GE and GS will add linearly

L

to the G and the circuit will follow the observed device behaviour.

1y
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Figure 9.18 : Device equivalent circuit, incorporating conducting

first monolayer.

It should of course be noted that as this interfacial effect only
involves the first monolayer, the total capacitance (CI) will vary little from
that initially calculated for the given film thickness, and thus will not
significantly change any other characteristics of the device.

(b) Hysteresis and Charge Injection

From the results presented, it is clear that electron injection plays
a very important role in many of the device effects observed. This injection
is normally induced by the presence of an oxide layer, and it 1s apparent that
the structure and thickness 6f the layers are important in defining the

magnitude of the current, With a de-oxidised interface, the lack of oxide
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appears to remove the injection problem, but also leads to a very abrupt
interface and a high density of trapping sites. These states are responsible
for the significant amounts of clockwise hysteresis noted. At the opposite

xtreme, the presence of an interfacial oxide passivates the surface states,

®

but leads to considerable injection. 1In fact, this effect is also observed

with the Si/Si0O_ system, where a layer of highly doped SiO, is used to aid

2
current injection into the insulating area of an MIS or FET structure(7)°

2

Between these two extremes of interface structure, the use of a thin oxide
layer appears to lead to more satisfactory characteristics, and indeed under
certain conditions weak inversion can be produced with n-type materials.

With the p~type substrates, the lack of large hysteresis or injection
are merely further verification of the electron injection effects discussed
earlier. Moreover, in the absence of the normally dominant trapping hysteresis,
the effect of ion motion in the organic insulator (a phenomenon frequently
observed by most workers using Langmuir films) is manifest in the presence of
clockwise hysteresis, as described in Chapter 2.

(c) Device Reproducibility

In addition to the specific effects caused by various etches and other
influences it was observed that a degree of irreproducibility existed from
sample to sample, particularly for epitaxial grown RSRE samples. This was
manifest in the device characteristics being generally closer to the optimum
for certain older substrates. This effect has beén observed by all workers
using InP from RSRE for whatever purpose, particularly for microwave devices,
and until now has remained unexplained. Recent exhaustive investigations(e)
have however correlated this step change in material with the use of a new
epitaxial growth reactor, and a change of material supplier. The extent of

these effects is still under investigation but it is now thought that one of

the major symptoms was the reduction in density of a bulk (impurity) level
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in order to clarify this variability within epitaxial samples, and to this
2nd RSRE are now attempting to reproduce the properties observed in these

earlier samples. In additicn, it chould be noted that bulk samples of both

n and

3

type, due to their origin from a2 single boule did not show any of these
effects.

Before yoing on to discuss the location of the surface states in the
InP band gap, it is important to explain the lack of surface state peak in the
majority of the data presented here. 1In Chapter 2, the use of the conductance
peak to obtain NSS data was discussed at some length, and indeed this approach
is guite valid. However, the lack of such a peak does not directly imply the
absence of surface states, it merely reflects the inadequacies of the conductance
technique, and in particular the limited range of the band gap over which it
can measure (Ei + 0.3 eV). Because of this, it is likely that the states
responsible for the effects discussed are near the band edges, and are thus
accessible only to a technique with a wider range of measurement, for example

DLTS (see Chapter 2).

9.6 DISCUSSION OF FERMI LEVEL PINNING

1
In this section the MIS results obtained by the author are discussed
in detail and compared to models proposed by other workers., From this
comparison, it is clear that some modifications are r gquired to explain the

effects observed. N and p type materials are considered separately, but
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the final section attempts to correlate the individual explanations and so
present an unified model for the band gap of InP.

9.6.1 N-Type Material

From the various MIS work carried out in recent years, using high
temperature insulator deposition processes, the overall device behaviour has
led to the proposition of two dominant trapping levels in the upper half of
the band gap, as discussed previously in Chapter 8. The existence of these
levels has been further verified by Spicer et al, by work on vacuum cleaned(llo)
surfaces. In these cases however the reference to two discrete levels is
rather idealised, and it is likely that atmospheric exposure will broaden
these levels into narrow bands 0.1 - 0.2 eV in depth,

From the "high temperature" characteristics, it can be seen that the
lack of capacitance inversion under all conditions suggests the dominance of
the upper (1.2 eV) band in restricting the downward movement of the Fermi
level. Because of this,the lower level has no direct effect upon the character-
istics. By contrast, although also showing accumulation and depletion, MIS
devices using the low temperature Langmuir film also exhibit deep depletion,
and under certain conditions, inversion, suggesting considerably greater
freedom of movement at the Fermi level. 1In this situation, it is likely that
the top level although undoubtedly still present, is much reduced in density,
thereby allowing the Fermi level to move through to the lower level, and some-
times beyond.

It is generally agreed that the upper level or band is due to a
phosphorus deficiency on the InP surface, the loss of which is enhanced by
high temperature. Because of this, it is proposed that the majority of
previous MIS work, most of which required substrate heating and sputter
deposition, or some similar high energy process, inevitably led to surface

damage, phosphorus loss, and thus the dominance of the 1.2 eV band. By
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contrast, under cavefully controlled conditions, the use of Langmuir films,
(or indeed any othey passive process) is proposed to virtually remove the
upper level. Moreaover, the occurrence of inversion, and the characteristics

in general, because of thelr etch dependence, suggest that the lower level
{(which now controls the Fermi level freedom of movement), is not only rather
broad, but is also contrclled mainly by the surface chemistry. In consedquence,
it is very etch dependent.

The resultant model for the gap of n-type InP, based on these
propositions is given in Fig. 9.19, along with the various corresponding C-V
curves suggested to result from high and low energy deposition processes.

9.6.2 P-Type Material

For p-type substrates, the contrast between the high temperature/energy
deposition processes, and Langmuir films is even more significant. Once again,
the model proposed by Spicer suggests two levels in virtually the same position
as for n-type material, but now the extrinsic Fermi level is in the lower half of
the band gap and the effect of these levels will be somewhat different.

The results obtained by the majority of workers show the surface
normally inverted with little motion of the Fermi level available as a function
of bias. This observation 1s consistent with the idea of surface
damaée and phosphorus loss as a high density of levels at the 1,2 eV band
would produce this inversion pinning phenomenon. Here again, the lower level
or indeed any other levels within the gap cannot be explored with devices
prepared in this manner. By contrast, the results described previously for
Langmuir film structures show no pinning in inversion, indeed the Fermi level
appears free to move within the lower band gap region. The location and effect
of the other level however seems less well defined and although it is somewhat
etch dependent, the lack of inversion suggests that to date its density has

not been reduced sufficiently. In addition, its influence must extend below
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the intrinsic Fermi level position in order to adequately explain the
observed characteristics, and the optically excited Gm peak.
From the data presented, it is apparent that a further level (or
band) exists slightly above the valence band, which generates Fermi level
pinning below accumulation. The presence of this level is not totally surprising

in view of the p-type nature of the material and the bulk levels normally

eproduced by p-type dopants. It is however not possible to be more specific

at this stage.

A summary diagram of these effects and the resultant band gap
structure is given in Figure 9.20, together with schematic C-V curves
demonstrating how the removal of certain of these levels will drastically
affect the cutput data.

9.6.3 Unified BRand Gap Model :Summary

From the previous two sections,it can be seen that many of the argu-
ments presented apply equally well to both p and n-type material. Because
of this it is possible to propose a single model that will account for the
majority of features observed.

The level slightly below the conduction band due mainly to surface
damage and phosphorus loss is dominant for high energy temperature deposition
approaches in both material types, its density is however considerably
reduced by the use of a low temperature deposition process. The lower level
is likely to be a broad band of states reaching below the intrinsic Fermi
level, and of densiﬁy dependent mainly upon surface preparation. In addition,
with p-type samples, (and probably with n-type as well), there exists a narrow
band of levels slightly above the valence band, likely to be associated with
the extrinsic acceptor levels, and only observed in C-V measurements when the

1.2 eV level is not dominant., This proposed unified model is shown in Fig.9.21.
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In general, it is clear from both Schottky barrier and MIS work

that the interface plays & crucial role in defining the characteristics of

InP (and probably all other IILI-V) devices. It is also apparent that damage

ot

of any kind, resulting from either insulator or metal deposition can lead to
problems with Fevmi level pinning.

From the results presented, it can be concluded that the use of a
low temperature insulator deposition process avoids many of these effects.
It is clear, therefore, that this type of approach together with further
optimisation of the final surface preparation holds significant promise for

improved device performance in the near future.




- 179 -

CHAPTER 10

GAS EFFECTS ON MIS DEVICES

The majority of this thesis has given details of the fabrication
and characterisation of a novel MIS system, It is logical therefore to
look at ways in which to capitalise upon the properties of this device.

In the field of gas detection, the majority of portable instrumentation
is not only very bulky, but is rather empirical in design and operation.

Because of this, any development of a compact, highly sensitive system cannot

2

fail to be extremely useful. It is possible that the properties of the InpP/
Langmuir film system : its highly porous insulator, and its very sensitive
interface region, may present an excellent vehicle for gas detection. In
this application not only do the possibilities of top electrode and bulk
insulator effects present themselves, but also the concept of contaminant
gases inducing characteristic "fingerprint" changes upon the surface state
spectrum, which would enable excellent selectivity to be achieved.

This chapter presents the results of a necessarily limited investiga-
tion into the effect of certain selected gases upon the characteristics of

InpP MIS devices.

10.1 INTRODUCTION TO GAS DETECTION

(a) Possible areas of influence

When considering gas effects upon the MIS system it is possible to
divide the device into three basic areas, the top electrode, the insulator,
and the interface region. In each case the influence of a gas will result
in a defined change in the device characteristics. Glven that the electrode

is thin enough to allow gas diffusion, let us first assume that the contaminant

species only reaches the metal/insulator interface. In this case
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additional chevie will boe dintroduccod  into the system and will xesult in a flat
band voltage or work function shift of the device characteristics. The simple
nature of this shift together with khe rapid activation and recovery (due

fhoee e foer)  onablos  ire easy distinction from
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slower more complex bulk and interface effects.

If the gas enters the bulk of the insulator its dipole moment will

change the dielectric constant of the material (Er)g This will

change the accumulation capacitance of the device (CI), thereby moving the
experimental curve along thevertical axis. The effect here is largely depend-
ent upon the chemical structure of the gas molecule, which defines its dipole
moment and diffusicon coefficient. in general however because of the relative
thickness of the insulator, the effect may 1invelve slightly longer response
imes .

The third area of influence, the semiconductor interface region, 1is
by far the most complex, and indeed the most promising, if useful selectivity
is to be achieved. From Chapter 2,it can be seen that the interface is composed
of a variety of dangling bonds, trapping centres, surface charge etc., all
contributing to extra levels in the band gap of the material. These surface
states are normally modelled by additiocnal components in the device equivalent
circuit and are characterised most accurately by plotting the variation in the
conductance peak (Gm), or more precisely the parallel conductance peak (Gp),
with frequency and applied bias. Thus any effect upon these surface states
caused by the introduction of a contaminant gas will be manifest not only in
a change in the final surface state spectrum (NSS), but also in variat%on in
the Gp peak. Moreover, although the Gp curve more accurately reflects the
surface state density, the conversion from Gm to Gp is a simple rescaling
process and therefore any variation of Gm, independent of capacitance, can

be taken as originating at the interface,
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Examples of each of these individual effects, together with other
more complex interactions will be presented and discussed later in this
chapter.

(b} Measurement techniques

Because of device hysteresis, continuous cycling {at 100 mV/sec) was
ased to establish a quasi-equilibrium and allow changes in device characteristics
Lo be observed (see Chapter 3). In addition, because the p-type devices
showed no accumulation, and the n-type devices no conductance peak, it was
necessary to duplicate ecach gas exposure to enable both capacitance and
conductance changes to be monitored.

At this stage of the investigation, selectivity rather than sensitivity
was considered to be the most important criterion, as the latter could easily be
greatly increased by the use of an FET type structure. Because of this ,emphasis
was placed upon looking for different effects by using a variety of gases,
rather than employing smaller concentrations of only a few. The various vapours
and gases used were as follows : 5% carbon monoxide, 40% hydrogen, dilute
ammonia solution, and various organic vapours, all with nitrogen as a carrier .
For these materials, a Dreschel bottle of calcium chloride was used as a
desiccant prior to exposure, when required. During gas introduction, very
small flow rates were used to avoid any cooling or damage effects, these rates
were normally between 0,05 and 0.5 cm3/sec°

In general,althouch the majority of effects were cuite rapid,cycling was
continued over many days to repeat and identify the variety of changes occurring.
These effects were recorded by continuous replotting of the admittance data.

10,2 TOP ELECTRODE EFFECTS

{a) The hydrogen-palladium effect

The simplest top electrode effect is peculiar to the hydrogen-palladium
system, whereby molecular hydrogen, upon diffusing through the electrode is

broken down into individual atoms which are thought to reside in a slightly
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polarized manner at the metal-insulator interface, This additional positive
charge produces a lateral (flat band) voltage shift in the capacitance curve.

The hydrogen effect has been the subject of considerable investigation
upon the MOS (Si/sioz/Pd) system, primarily by Lundstrom et al(l), and the
reproducible nature of the interaction forms the basis of a commercial hydrogen
detectcocr. There has been some dispute as to the precise location of the
interaction, for while Lundstrom et al have maintained the idea of a flat band
voltage electrode effect, work by Keramati and Zemel(z) led to the proposal
of a surface state effect caused by the diffusion of the atomic hydrogen to

(3)

the semiconductor interface. Recent detailed studies of the effect ,

together with the now well established non-porous nature of Si0O, seem to verify

2
the electrode argument, although the possibility of a surface state effect as
well cannot be totally dismissed.

In order to further investigate this effect, the porous nature of
the Langmuir film was used incorporated in a Pd/Langmuir film/InP structure.
The influence of hydrogen upon the device characteristics is illustrated in
Fig. 10.1l, where the expected lateral shift of the capacitance curve can be
seen. It was found that the response time was rapid and the saturation dis-
placement of v 600 mV (due to mutual repulsion between the disassociated atoms)
was achieved in 20~30 seconds. No independent variation of the conductance
peak was observed however, suggesting that either the hydrogen did not reach
the interface (rather unlikely) or that its presence produced no significant
disruption of the InP surface. Thus the existence of merely a capacitance
displacement of 600 mV, virtually identical to that observed for the Si/SiO2
system, can be concluded to reinforce the proposal of dipoles residing under the

metal electrode.

(b) The effect of water vapour

For the majority of samples studied it was found that the presence of

water vapour induced a lateral shift in both capacitance and conductance curves
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Figure 10.1 : The effect of hydrogen upon the Pd/Langmuir film/InP system.
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as shown in Fig. 10.2. This shift, inevitably towards a positive voltage,

was found to be symptomatic of the addition of an overall negative charge.

The effect, when taken with the lack of any corresponding CI variation, was
concluded to indicate the interaction of water molecules with the insulate.a
carboxyl (COOH) groups, resulting in an effective change of surface chardge. This
lateral shift was found to be quite reversible and was thus superimposed over
any additional effect when wet gases were used. As with the hydrogen, there

was found to exist a maximum displacement, in this case of about 1.0 V. 1In
addition, the application of large amounts of water, fcr example by bubbling
nitrogen through water before exposure, was found to result in surface condensa-
tion and the production of a lateral conduction channel. This caused marked
changes in the device characteristics, drastically increasing the capacitance
(due to effective area increase) and occasionally producing a lateral conduction
Gm peak. These effects were also reversible, and in all cases it was found

that the use of a purposely dried gas significantly increased the rate of
recovery.

10.3 INSULATOR EFFECTS

In most cases, little or no variation in accumulation capacitance as
a function of gas exposure was noticed. This lack of effect suggests that,
in the guantities used, the gases could not significantly influence the already
polar material. The one exception to this result was carbon monoxide, which,
with prolonged exposure did result in a slight increase in capacitance (v 10%).
Moreover, further investigation showed the process to be more complex, as
initially a decrease was recorded over the first few minutes of exposure, and
the increase only occurred after several minutes. Although not investigated
in detail, it is apparent that the highly polar nature of carbon monoxide is
the main reason for the overall effect, and that an early re-arrangement of

the absorbed molecules takes place as diffusion progresses.
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Figure 10.2 : The effect of water vapour.
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Figure 10,3 : The effect of carbon monoxide.
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For the remaining gases, the lack of effect is not altogether surprising
as the removal of water immediately after film deposition has earlier been shown
to not significantly affect the bulk properties of the film. The effect of
carbon monoxide exposure upon the capacitance curve of an MIS device is
shown in Fig. 10.3.

l10.4 INTERFACE EFFECTS

As discussed earlier, although not gquantitative, independent variation
of the Gm peak as a function of gas exposure can be taken to indicate surface
state effects. Of the various gases used, two significant interactions were
observed.

(a) Ammonia

The effect of ammonia was by far the most promising, and is almost
certainly due to an infiuence at the semiconductor interface. It was found
that dried ammonia vapour produced a shift in the capacitance curve towards
a positive voltage, up to a maximum of 750 mV before rapid degradation
occurred. By contrast, the conductance peak was displaced in the opposite
direction, and significantly decreased in magnitude, as shown in Fig. 10.4.

In both cases the effect was reversible provided small concentrations were
used. Thus by implication the GP peak would be moved independently of the
capacitance curve and an effect is likely to have occurred at the inter-
face, In addition, the slow response of this process, especially the
recovery, which could take many hours, is consistent with the idea of the
formation of a chemical complex or some other interaction at the interface.

(b) Chloroform and other organic vapours

Because of their behaviour as solvents for stearic acid (but not
Cd stearate), these materials were expected to result in quite drastic changes
to the device and its characteristics. 1In practice, however, for small exposures,
no visible structural or electrical degradation was produced, apart from some

significant reversible gas effects.
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For these materials, a rapid shift of both capacitance and conductance
towards a positive bias were obsexved, together with the eventual disappearance
of the Gm peak, as shown in Fig. 10.5. In addition, although the capacitance
shift corresponded to a water vapour effect, the conductance variation
suggested a considerably more complex interaction with the decrease in peak
height implying an interface effect.

10.5 SUMMARY OF EFFECTS

From the results presented in previous sections, it is possible to

derive a more collective picture of the various interactions,.

(1) It is likely that water vapour interchange with the insulator is

one of the major influences upon device characteristics ; considerable further
investigation of this effect is thus required before more sensitive gas
effects can be demonstrated.

(ii) Carbon monoxide produces changes in the insulator dielectric constant
due to its extremely high dipole moment.

(1ii) Ammonia vapour is likely to diffuse through the film and reside at
the interface, thereby producing changes in the surface state spectrum,

(iv) Chloroform and various other relatively large organic molecules also
appear to give interface effects, however their behaviour as solvents for
stearic acid casts doubt upon the precise origin of this effect.

(v) The use of palladium top electrodes enables the production of lateral
shifts in capacitance due to hydrogen. No corresponding surface state influence
is observed however,

Although many interesting effects are present, it can be seen that
only a limited number involve interface variations and surface state changes.
This fact is initially surprising in view of the sensitive nature of InP. In
practice, however, these results merely reflect the shortcomings of the conduct-

ance approach which can only examine a limited range of the band gap. Because
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of this, many of the bulk effects may actually have associated interface
effects, but upon surface states nearer the band edges. To clarify these
points is rather difficult with the capacitance/conductance technique,and it
is therefore Necessary to use alterpnative means to totally scan the band
gap (for example DLTS ; see Chapter 2).

10.6 SUGGESTIONS FOR FURTHER DEVELOPMENT

Although it is apparent that a variety of interesting gas effects
exist upon the InP/Cd stearate MIS system, there are certain shortcomings
of the structure which cbviously limit further development. To overcome
these problems investigations have been carried out, and are currently
continuing upon various improved MIS systems.

10.6.1 Polymeric Insulators

Stearic acid, although now well characterised, and ideal for Langmuir
film deposition is relatively unstable, both thermally and structurally. In
consequence, although usable under controlled conditions it is rather un-
satisfactory for future development. Recent activity has therefore
concentrated upon producing an improved material without sacrificing any of
the advantages of this long chain open structure. One particularly promising
material is diacetylene, a u.v. polymerizable organic compound, to which
various long chain carbon hydrophobic and hydrophilic groups can be attached.
The resulting amphipathié material can be deposited by the Langmuir-Blodgett
process in a similar fashion to stearic acid (at a slightly higher pH) and

once built up can be cross polymerized by u.v. exposure, as shown in Fig.l0.6.

The final film, considerably more stable than stearic acid,has been demonstrated

, (4
to show MIS characteristics virtually identical to those for stearic ac1d( ),

as shown in Fig.l10.7, and by contrast with most polymeric materials shows
virtually no hysteresis.
Because of these encouraging results, further work is currently under-

way to produce and investigate derivatives of diacetylene with other long chain
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190  Cap (pF)

freq=700 Hz

Au/Diacetylene/p-InP
illum = 3V / Y /p

Cond(n™) 5x107

L~

3-

2‘: l‘/

-] Voltage (V)
Figure 10.7 : Device characteristics for the diacetyleng/InP system.
<} 170 Cap (pF)
freq=120kHz
{ 130

dark Au/Cd St/p-CdTe

Cond (n") 10 -

o

5107

2 40 1 2 3 Voltage(V)

Figure 10.8 : Device characteristics for the CdStz/CdTe system.




- 187 -

groups, which will exhibit even better stability,and melting points over

500 K.

10.6.2 Other Semiconductor Substrates

Until more investigation has been carried out to overcome the inter-
face preparation problems encountered with InP (as discussed in Chapter 9),
the lack of an equilibrium conductance peak within the range of measurement
available makes detailed analysis of the effect of a gas rather difficult.

In view of this, it may well be advantageous to turn to other semiconductor
substrates which have either states in the measurable band gap, or will allow
the production of a surface state peak as a result of gas exposure. In
practice, this latter possibility is potentially the most useful as it is
likely that each gas would induce only characteristic states, and when used
with specific insulators would alliow a very sensitive and selective structure
to be made.

Investigation is already underway into the former type of structures,
and various studies of other systems are also being attempted in order to find
the correct combination of semiconductor and insulator, that will allow this
"induced state" type of device to be realised. For the former type of device
two substrate materials have been considered, the preliminary results obtained
will now be discussed,

(a) Silicon

(3)

Detailed studies of the Si/SiO, sytem have largely concluded that

2
the insulator is non-porous, thereby making it unsuitable for any application
in gas detection. However, investigation is underway to utilise freshly etched
(HF) silicon as a base for Langmuir films, and thus for more useful MIS
structures. At present, difficulty is being encountered in depositing the
insulator in a reproducible fashion ; a problem thought to originate in the
chemical structure of thelsilicon surface. It is likely however that a

detailed characterisation of the effect of various etches upon this surface

will produce sufficient variation to enable adequate deposition to be achieved,
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Moreover, investigation is also underway to produce a double dielectric
structure, which has an organic insulator deposited upon a thin porous layer

of Sio2g With this device, the cxide is used to passivate the silicon surface

and define a low surface state density., In addition, however, if suitably
thin, the oxide remains porous, and when used with a Langmuir film, will
result in a device with low hysteresis and good behaviour (defined by the

Si/SiO2 interface), but with considerably easier access to the interface for

gases. It is also possible that this double dielectric structure will

exhibit some memory effects similar to those seen with the SiOz/Si system,

s
and may therefore be useful as an accumulative sensing system.

(b) Cadmium Telluride

Investigations of the cadmium telluride-Langmuir film MIS system
have revealed the presence of near ideal characteristics(5 , as shown in
Figure 10.8, with good accumulation, weak inversion, and the existence of a
narrow surface state conductance peak. Moreover, the surface oxide, largely
TeO2 appears well suited to the deposition of Langmuir films, yet adequately
sensitive to variations in preparation. Preliminary studies of gas effects
upon this system have shown certain similarities to the ones noted for InP,
with respect to capacitance and conductance variation. Further work is
required to enable analysis of the associated surface state spectrum variation
and thus reveal the full potential of the system. It should be noted, however,
that the growth of CdTe is presently in its infancy and thus not only is the
material in very short supply, but considerable variation of properties from
sample to sample largely prohibits the further investigation of this potentially
very useful system. It is likely however, that the near future will see an
easing of this situation.

10.6.3 Long Term Developments

As work upon the variety of novel Langmuir film materials progresses,
it is anticipated that a wide range of FET type gas sensors will be produced.

These devices will work by surface state effects, by insulator effects, or even
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by a combination of the two. In the former case (as already discussed), the
insulator material prefilters the gas in order to enhance the selectivity of
the structure. This function will be achieved by the use of skeletonized
films or by the use of hybrid mixtures of more than one monolayer material.
The major selectivity will result from surface state interactions, whereby
monitoring of the NSS spectrum will allow the recognition of both contaminant
type and gquantity. Indeed, it is possible that the use of control electronics
will allow the device to be programmed by changing the local cross-section of
the spectrum examined or by using an electric field to remotely vary the
prefilter pore size.

With the insulator based structure, the incorporation of sensitising
molecules into the film will allow it to react to only one species., 1In this
situation, the substrate interface will be less critical and the control
electronics virtually non-existent, This will make the device considerably
cheaper to produce, but will make it applicable to only one contaminant species.
The use of piezo and pyro-electric polymeric materials (currently under
development at Durham) within device structures can also be categorized into
the second group of sensors. In this case however, selectivity will be
produced by the gate electrode which will absorb only the desired species,
and the film and semiconductor will be used merely to register its presence.

The areas of applicétion of these varioué sensing structures in both
industry and research are obviously many-fold, and as toxicity limits are
reduced, and personal monitoring becomes mandatory the use of this type of
small portable detector will become even more widespread.

It is also anticipated that these structures will be used with liquid
ambients, to monitor solutes and various other dilute or undesirable material.
In this area, model membranes and multilayer protein structures are already
being used to simulate biological behaviour, and are being incorporated into

FET devices to examine immunological and enzyme reactions (see Chapter 4).
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Moreover, these membranes when used with organic rather than inorganic
semiconductors could be implanted in the body with no rejection problems, and
thus could be used to monitor indefinitely specific organ functions,

In general, it can be seen that the potential of this type of
device is quite significant, and that givenadequate development of both the
specialised Langmuir film structures, and the semiconductor substrate materials,
there is no fundamental reason why a wide range of Langmuir film-solid state

sensors will not become available over the next few years.
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CHAPTER 11

SUMMARY AND CONCLUSIONS

To facilitate the use of organic insulators within a variety of
device structures, a sophisticated Langmuir trough system has been designed
and built. After detailed commissioning, this apparatus has been applied
to the characterisation of the indium phosphide-Langmuir film MIS structure.

In this work, the effects of various wet and dry etches upon both
the chemical surface and the device electrical characteristics have been
investigated. This is believed to be the first time such a detailed
correlation of these two techniques has been undertaken for a semiconductor
material. From this work, it has been found that the various wet etches can
be divided into basically two groups ; resulting in either an oxidised or
a de-oxidised surface. These interface types are characterised by MIS
results which show dominant electron injection or the presence of considerable
trapping hysteresis. It has however been shown that these effects can be
virtually overcome by the combination of a de-oxidising etch followed by a
brief oxidising etch. This operation appears to leave the surface covered
with a thin native oxide layer.

The effect of dry etching in either hydrogen or oxygen plasmas,
although giving significantly different surface chemistry, has so far only
marginally improved the device.results. The process has however been shown
to be considerably cleaner and more controllable than wet etching, and it
is likely that further investigation will prove its value in providing a
means of accurately defining the sensitive interface region.

The use of a low temperature insulator deposition process, as well
as allowing detailed investigation of the surface, has also enabled
correlation of our device characteristics with those resulting from

competing high temperature processes. This has led to our proposing a
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modified model for the origin of the various trapping levels known to exist
in the InP band gap, which now adequately explains the observed differences
in device characteristics. Because of these detrimental effects induced by
the high temperature process, it is clear that the utilisation of InP as a
commercial device material must be accompanied by the application of a low
temperature or low energy insulator deposition process. To this end the new
and more stable Langmuir film materials currently under investigation may
prove useful. ‘
The preliminary investigation of gas effects upon these Langmuir
film structures has shown many significant influences, particularly with
carbon monoxide and ammonia. Although hindered by difficulties which preclude
the application of surface state analysis, this study has developed useful
techniques and proved the feasibility of this approach. It is clear there-
fore that given the investigation of other more suitable systems the use of

organic/inorganic junctions as solid state sensors is an extremely practical

concept.
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table, electrical and gas leadthroughs.
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3.9

3.10

3.11

3.12
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Simplified representation of Brookdeal 9502 : Dual channel
lock~in amplifier,

Simplified representation of sample biasing arrangement.
Circuit diagrams of low and high frequency input mixing
circuits,

Block diagram of major components of electrical measurement
system.

Schematic layout of gas handling and mixing system.
Representation of chemical structure of stearic acid, and its
cadmium salt.

Idealised compression isotherm for stearic acid.

Schematic representation of X-type deposition.

" " Z-type deposition.

" " Y~type deposition.

Original Langmuir/Blodgett trough, showing (a) equilibrium,
(b,c) after addition of fatty acid at X, (d) after éddition
of piston compression oil at Y, and (e) after removal of film
onto substrate.

Early example of constant perimeter compression barrier,
(After Jaffe et al, Ref.4.13).

Schematic representation of constant perimeter compression
barrier, showing maximum and minimum areas.

Photograph of large trough.

Representation of surface pressure measurement,

Circuit diagram of barrier control instrumentation.

Circuit diagram of dipping mechanism control.

Photograph of Langmuir trough control instrumentation.

The effect of pH variation upon isotherm shape.

The effect of compressible, and incompressible surface

contamination upon isotherm shape.




6.5

6.6

7.1

7.2

7.5

7.6

7.7

7.8

7.9

7.10

7.13
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The use of recompression to remove certain contamination.
Area-time plot for good Y-type pick-up.

Area-time plot for Z-type pick-up.

Area-time plot showing apparent change from Y -+ Z type
deposition.

Photograph showing typical good quality Langmuir film
Photograph showing slightly poor quality film, with
significant density of pin holes.

Photograph showing bad quality film, with amorphous
appearance, and large holes.

Photograph of good top electrode, deposited under correct
conditions.

Photograph showing diffuse dark ring around contact,
indicative of poor coocling procedure.

Photograph of cracked electrode, indicative of differential
thermal expansion rates.

Typical reciprocal capacitance plot for thin stearic acid/

Cd stearate film.

AC resistance plot for thin arachidic acid/Cd arachidate film
along with ideal, and data of Sugi et al (Ref. 2.34).

Typical reciprocal capacitance plot for thick stearic acid/
cd stearate film.

Typical reciprocal capacitance plot for arachidic acid/

Cd arachidate film.

DC current through a single monolayer of Ar Acid/cd Ar2°
Log J—V% plot for MIM structure, showing three different
electrode materials.

Log J—VLz plot for n-InP/Langmuir film MIS structure.




7.14

7.15

7.16

7.17

7.18

8.1

Table

Table

Table

Table

Table

9.1
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L

9.1

9.2

9.4

9.5
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Forward bias n-InP MIS data replotted on Log-Log axes.
Typical characteristics for poor quality n-InP MIS device.
Typical log J—v;i plot for p-InP MIS device.

Typical characteristics for poor quality p-InP MIS device,
Variation of AC conductance with frequency for good quality
film.,

Displacement of the Fermi level of (110) cleaved, n-type (o),
and p-type ( ) InP as a function of oxygen exposure.

(After Spicer et al, Ref.8.26 ).

Summary of model calibration materials.

Summary of ESCA data for as~received InP samples.

Summary of ESCA data for some etched InP substrates.
Summary of time dependent etching in 20% Br/HBr Scln.
Summary of time dependent etching in 5% Br/HBr soln.

Sample ESCA output data for In3d and P2p levels - after
various wet etches.

Sample ESCA output data for time dependent 20% Br/HBr etch.

Output data for argon ion depth profile of wet (Br/HBr) etched

oxide.,

Schottky barrier data for p-type InP substrate,

Schottky barrier data for n-type InP substrate,

Typical output MIS data for oxidised InP interface.

Typical output MIS data for de-oxidised InP interface.

The effect of bias-stress upon an n-type MIS structure

Showing dominance of electron injection.

Example of optimum sample data obtained by using both oxidising
and de-oxidising etches. Alsc shown for comparison is a
typical curve obtained using a high temperature insulator

deposition process.
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9.12 Typical capacitance characteristics obtained using oxidised
p~-type interface. Also shown for comparison are typical
GaAs and InP (high temp. insulator) curves.

9.13 Variation of p-type conductance peak with frequency.

9.14 Example of double conductance peak obtained with certain
p-type samples.

9,15 The effect of different electrode materials upon the MIS

capacitance curves.

9.16 The effect of insulator thickness.,

9.17 The effect of low temperature annealing upon capacitance data.

9.18 Device equivalent circuit, incorporating conducting first
monolayer.

9.19 Model for band gap of n-type InP.

9.20 Model for band gap of p-type InP.

9.21 Unified model for InP band gap.

10.1 The effect of hydrogen upon the Pd (Langmuir film/InP system).

10.2 The effect of water vapour.

10.3 The effect of carbon monoxide.

10.4 The effect of dilute ammonia upon the capacitance and

conductance curves.
10.5 The effect of organic solvent.
10.6 Diagrammatic representation of (12.8) diacetylene monomer,

and after uv polymerisation.

10.7 Device characteristics for the diacetylene/InP system.
10.8 Device characteristics for the CdStz/CdTe system.
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