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ABSTRACT

This thesis describes work on the growth and electrical
pfoperties of thin luminescent films of zinc silicate phosphor,
ansi04-: Mn, formed ffom the solid-state reaction of Zan:Mn and 5102
at lOOOOC, on n-type silicon substrates. The film formed in this way
consists of zinc silicate separated'from‘the silicon by a non-luminescent
interfacial layer. Electrical measurements were made on metal-insulator-
silicon (MIS) capacitors formed by photolithography using botﬁ the
composite and the interfacial film as the insulator. .

The film properties vary with the growth conditions. Three types
of films, defined by the gas ambient for the reaction, were investigated.
High frequency capacitance-voltage measuremeﬁts on the composite films
showéd good MIS-type characteristics but with flat-band voltages that
changed with electrical stress. These changes, togéther with measure-
ments made on the interfacial layers, were used to study the formation
of space-charge within the films. Films formed in short reaction'times
in N2 and those with longer reaction times in 10% of‘o2 in N2, showed
polarization when negatively stressed at lO5 v/cm and above. This was
explained by the build-up of negative space-~charge at fhe dielectric-
dielectric interface, due to the separation of Zn?+ cations from the
immobile (SiO4)4- aniops in the silicate, close to the interface.

Films formed.by a long reaction time(in ultra-pure N2, showed
' the above type of polarization phenomepon énly 'in a very thin outer layer.
However, in the bulk,'polarization was probably due fb charge accgmula-

tion at crystallite boundaries. 1In general, there is no strong evidence

of electron injection into the silicate films.
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CHAPTER 1

INTRODUCTION

1.1 Light-emission from Silicon-based Devices ‘

This thesis is concerned with the investigation of the electricai
properties of a possible light eﬁitting thin film on silicon. Incorpora-
»tién of such films with silicon integrated circuit technology might find
application as integrated electronic display devicés or for optical
couplings between chips or in integrated opties. The question of whether
visible and controllable light can ever be emitted from silicon integrated
chip structures is also of considerable_academic interest.

Electronic displays based on solid-state devices have found many
applications in present day scientific instruments, Waﬁches, calculators,
etc. Many of these’aisplay devices use light-emitting diodes (LED's),
which exploit some of the electronic properties of semiconducting III-V
cthounds, especialiy GaAsx : Pl_x_or GaP. DeviceslfrAm such materials
have the advantage of low pbwer operation and give hiéh resolution in
daylight. Oh the other hand, liquid crystal dispiays, which have anveven
lower power dissipation have the disadvantage of requiring an external
light source for illumination. The majority of LED's utilise the mechan-
ism of radiative recombination of excess carriers which have been injected
from_a forward biased p-n junction and for this to occur the band-gap of
the materiai has to correspond to wavelengths in t£e visible range of the
spectrum (1) . Silicon has a band-gap of 1.1 eV'which corresponds. to
Aﬁhe infra~-red, and therefore it is not directly of use for display
devices usiﬁg the radiative recombination méchanism.. Furthermore,
siiicon has an indirect band-gap and therefore a non-radiative transition
is normally involved.

Other forms of solid-sﬁate display device use thin electro-
luminescent films_deposited on to suitable electrddes which will omit

visible radiation with a.c. or d.c. exc1tatlon-Imtﬁlsplay panels have
SCizneE }\\
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already fexmed several technological applications méinly using zinc
sulphide semiconductors, although very little of their operating
mechanism is, as yet, completely understood.

Present day devices for performing drive, deéoding, memory
functions, etc., are fabricated by the monolithic integrated circuit
techniques on silicon substrates but since the display devices use
materials other than silicon, external connectionsAﬁéve to be made to
éomplete a display system. The relative high costs of ‘such inter-
connections and their high failure probability makes them a governing
factor in limiting the complexity and costs of present display systems.
It was realized in the Department in 1966 that if a thin film, with light
emitting capability, can be formed on a silicon substrate also containing
the associated circuitry; then complex integrated intérconnections could
be ﬁade using standard silicon technology. There are considerable
problems with semiconducting thin films on silicon and a substitute is
to use a phosphor film excited by the injection of high energy electrons
from the silicon leading to impact ionization or rééonance transfer electro-
luminescence.

" The idea of monolithic displays has almost beeﬁ overtaken by
advaqces‘in the driving methods for both LED's and liquid crystals. The
real pfobiem is because of the miniaturization in silicon integrated chips.
For a moholithic display which has to be about 5—10 mm across, it has to
be extremely bright in o;der to be readable. However, optical couplings
between chips could still be of interest, and small light emitting areas
opposite silicon pﬁotodetectors or coupled via optical film could be of
importahce in the future. Light emitting films could be of increasing
interest.fbr integrated optical devices. There is also the scientific

queétion of whether light from a solid silicon-based structure could be

achieved.




This thesis forms part of a wider study of possible electro-
luminescent films for the applicatiohs described. fhé material considered
is zinc-silicate, doped with manganese, which in itsAnatural occuring
form is known as 'willemite'. The formation of thin willemite films
on silicon has been successfully initiated by Edwards 12) in this
Depaftment. This chapter will present some of the general properties of

'willemite' and the results of previous inﬁestigations‘of such 'willemite'

films.

1.2 General Properties of Willemite

Willemite is a naturally occuring luminescent mineral composed
of zinc orthosilicate. '~ In this thesis the word 'willemite' will always
refer to the synthetic luminescent zinc silicate fiim;incorporated with
manganese. In powder form this material has long been used for the
screens of cathqde-ray tubes giving the green light output with a peak
emission of 5250 X_, The broad structureless emission band centred
about this peak is typical of Mn2+ion in the rhombohedral crystal structure

of G—Zn25i04, and it is practically independent of the method of excita-

tion.

The first detailed X-ray examination of willemite was under-
téken by Bragg and Zachariasen (3) in 1930. The sfrpcture of willemite
is based on a rhombohedral space lattice with a uni£ cell composing of
42 atoms from six ansiO4 groups. In general, the baéic builéing block
.of silicate consists of a silicon atom surrounded by four oxygen atomé
at the corners of a tetrahedra. Because of the larde-unit cell and
Arhombohedral space_lattice on which willemite is based, it is quife
difficult to get a clear.picture of the atomic arréhgemént in the structure.
However, from the work of Bragg (4), the structure is basically formed by
the interlinking of SiO, tetrahedra and ZnO4 tetrahedra in sﬁch a way that

4

each atom of the SiO4 group.also forms part of two neighbouring tetrahedra




Chemical Name : a-Zinc Silicate, Zn25104 : Mn.
Crystal Structure : Rhombohedral, based on silicate tetragonal
network.
Lo . . 4- . .
Silicate radical, (5104) , ionically bonded
. . . 2+
to zinc metallic cation, Zn .
' 2+ . 2+ i
Dopant : Manganese. Mn ions replacing Zn ions in
lattice site.
Energy Band-gap : 5.4-5.5 eV (optical).
Radiative Emission : Green. Peak at 52308 (for 1% Mn) .
. -2
Decay time ~10O secC.

. . . . 2+
Luminescence Mechanism : Transition of 3d electrons in Mn ion.

From 4G excited state to 6S-Ground state.

Energy Levels :
Conduction Band

i% SN NN NN

4
G
E .
5.45 eV A }_/\/\ryx = 5230 §
6S

y _

L N W | < < L N N AR N

Valence Band

Table 1.1 Properties of Willemite (Zn25i04)




arouna zinc atoms. The strbngly bound SiO4 grdup in zinc orthosilicate
is due to the mixed covalent-ionic band that occurs between the Si atom
and its four surrounding O atoms. This results in a radical Sio4 group
with a net charge of 74, i.e. (Si04)_4 » Wwhich is ionically bonded to
Zn2+ ions. Zinc silicate phosphdrs are made by incorporating manganese
ions into the crystal latﬁice, the Mn2+ ions replacing the zinc, with a
slight expansion of the lattice because of the sliéhtly larger Mn2+ ion.
Klick and Schulman (5) proved conclusively that it is the excitation of
these Mn2+ ions which is fesponsible for the peak in emission spectrum
at 5250'3 . Zinc orthosilicate has an optical band-gap of 5.4-5.5 eV
and a summary of its properties is given in Table l.;.

Almost all the extensive work on willemite réported in the
literature refers to synthetic powder samples and there appears to have
been very little done an thin films. Feldman and O'Hara (6) developed
a technique for forming willemite thin films by evaporating the phosphor
on to silica glass and then firing it at llOOo C fo; half an hour in
oxygen. More recent work by di Giacomo (7) described two methods for
depositing polycrystalline thin film of willemite on quartz, sapphire
and silicon wafers having initial oxides of about 'l um in thickness.
The first method was a vapour phase process using MnCl2 as dopant while
the second was the normal evaporation and firing process. Neither method
was very successful iﬁ producing good quality films, especially the

latter, where there were problems of decompositidn.

Edwaxrds (2) haé successfully developed a simple technique for
preparing thin films of willemite on silicon substrates. The idea is to
make use of silicon dioxide, which is thermally grown with ease on
silicon, as one-of the constituent materials. The other constituent is
ZnF2 : Mn (doped with manganese) deposited on the Sﬁ'.O2 by wvacuum

evaporation. A subsequent heat treatment at a high temperature

(900O C- lOOOOC) in nitrogen causes the films to react forming a high




quality film of willemite. The ZnF2 : Mn is used instead of any other

have very nearly the

zinc compound (e.g. ZnClz) because both Zan and MnF2

same vapour pressures and melting points (872o c and 856° C respectively)
so that.the powder can be evapofated and condensed without loss of the
activator. Ziﬁc fluoride is one of the very few phosphors that can be
deposited by evaporation without losing its yellow luminescence.

The chemical'reaction as postulatea by Edwards, takes the form

of

: Mn + 2Sio, — i0, : i
2ZnF2 Mn 3102 Zn25104 Mn +_ SlF4

where the SiF, is given off because of its volatility. 1In order to

4

achieve high fields with low voltages, Edwards decided to investigate
films formed from initial oxide films of thicknesses of 1000 g or less.
The films always gave uniform green cathodolumineécent emission with peak
emission at 5250 8, The films were found to be strongiy adherent to

_ and .
the silicon,Lstable and they have not deteriorateq' after many years in
ordinary air. Transmission electron microscope'studieé of these thin
willemité films revealed the presence of islands of crystallites of
converted oxide surrounded by unreacted oxide in regions where there
was insufficient ZnF2. The willemite films were also shown to be
polycrystalline by using the reflection diffraction technique and it

was also proved that they have the correct crystal structure of a-ansio4.

1.3 Luminescence of Willemite Thin Films

Luminescence is caused by radiative transitions associated with
either the bulk material, imperfections and/or single or multiple

activators. Energy. for luminescence has to be provided by some sort of

external excitation. From the point of view of excitation and emission

mechanisms, willemite is one of the simpler materials for achieving

luminescence, although there appears to have little inherent in the

detailed study of its energy transport processes.

[($2)




The origin of the green emission from willemite has been the
subject of a considerable amount of theory which hag been reviewed by
Klick (8), Garlick (9) and Klick and Schulman (5). From its spectral
features, the transitions are found to be entirely within the Mn2+ ion
between the 4G excited state of the 3d electrons, in which four of them
have parallel spins and one antiparallel, and the 6S-ground.state iﬁ which
all five electrons have parallel spins; The energy difference between
these two states is 2.37 eV and there is a long decay time ('\:10“2 sec)
for the radiative transition to take place. The green lﬁminescence of
willemite is observable with as little as 0.1% of Mn incorporated in the
zinc silicate, or as much as 20% Mn although the output in intensity is
then very much reduced. The peak output occurs at about 1% Mn doping
which is normally used.

Because of the single impurity activation and simplicity in
understanding its emission mechanism, willemite seems to be a very likely
material for achieving electroluminescencé. In his review of the various
types of luminescence mechanisms, Morant (10) also presented the possible
ways of achieving luminescence‘in willemite by electriéal excitation.

The four ways in which the 3d electrons of Mn2+ can be raised to an
excited state are :-

(a) the resonance excitation (exciton transfer) from electron-

hole recombination occuring within about 100 % of the Mn2+
(b) the inelastic collision of a hot conduction electron or an
injected electron,

(c) the trapping of a hole which subsequently recombines with
an electron transferring its energy to the ion, and
(d) the absorption of an externally applied radiation.

The last case applies only to photoluminescence and the other

three to cathodoluminescence or electroluminescence. With electrical




Bipolar Injection

Unipolar Injection &

h) " \U

Impact Excitation

/]

—> Unipolar Injection &

. ‘N‘ ol
. ' \ Impact Ionization
v AN
3
| N

®

Figure 1.1 Electroluminescent processes applicable to

willemite [:after Morant (lcﬂ




excitation any of the three mechanisms may occur simultaneously, and
there will always be competition between non-radiatiﬁe'energy losses and
excitation energy which ﬁltimately determines the efficiency. - Cases

{(a) and (b) are most likely if electroluminescence is to be obtained

in willemite thin.films because (c) is improbable due to the low
mobility of holes as Qell as space-~charge effects thaﬁ can arise from
trapping.

To achieve electroluminescence by either of the first two
cases, Morant (10) has classified the methods of excitation into three ;
namely bipolar injection followed by recombination, uhipolar injection
followed by impact excitation, and unipoiaf injection followea by impact
ionization (see Fig. 1.l). In a wide band-gap material which probably
has a very low elecﬁron mobility, excitation by means of bipolar injection
followed by recombination is expected to be most inefficient. Hence the
most likely efficient electroluminescent mechanismAin’willemite thin
films seems to be unipolar injection. This might be achieved by using
a thin film willemite on n-type silicon, in the form of an MIS-type
structgre, whe;e the metal electrode has to be transparent for the light
emission to escapé. By biasing with a positive voltage, a high field
could be created in the willemite enabling elections injected from the
"silicon to excite the 3d electrons of Mn2+ ions by collision ionization
(Edwafds (2) ). It was hoped that light emission could be achieved in

this manner.

1.4 Review of Previous Experimental Work

Edwards' early experimental work on willemite thin fiims on
silicon was affected by ionic contamination, unconfrollable pfocessing
“and irreproducible electrical results. Capacitance-voltage and conduction
measurements varied‘from one capacitor to another. Because of the lack

of control in the processing, Edwards concluded that the initial oxide



grown prior to the formation of willemite films was already contaminated
with either sodium or hydrogen ions. There was also evidence for the
formation of negative space-charge in his willemite films. Cathodo-
luminescence was always observed but not photoluminescence, i.e. when
irradiated with ultra-violet light at either room témperature or liquid
nitrogen temperature. Edwards observed some d.c. electroluminescence in
his MIS-type willemite structures at fields of about 2 x 106 v/cm, which
was on the verge of dielectric breakdown occurring at localized spots in
‘the electrodes. It was proposed that the corresponding high current of
about 100 uA was a result of hot electrons leading té collision ioniza-
tion, the same electrons being responsible for impact c;llision with
Mn2+ ions which gave the green emission.

Later work by Husain (11) was mainly concerned with the investiga-
tion of the electrical properties of willemite thin films on metal
electrodes. The metal chosen was platinum since it.is less likely to be
affected by thé willemite reactjon-bake process, and in the absence of
solid platinum,‘a thin film had to be deposited on an insulating substrate
of quértz. Willemite films were also deposited on alumina and sapphire
substrates but there were problems of substrate cracking and the films
peeling off. The willemite was formed from a silicon monoxide film
deposited on the platinum so that it may be rather different from that
formed on silicon. However, current variability as well as the existence
of a residual film were also observed in those films._ Husain's current
measurements were inconsistent and irreproducible. Weak electroluminescence
was also observed but again, only at very high fields, and this supported
the electron injection modél of Edwards.

In more thorough measufements on improved willemite MIS-type
structures, Davies (12) found a decrease in the slope of the C-V plot.

This decrease in slope was explained by the non-uniformity of the willemite




films, especially at the interfaces with the silicon and the metal
electrode. The distortion of C-V characteristics because of non-
uniformity in the dielectric has been reported for other films by

Crowell (13), Nicollian and Goetzberger (14), and Snow and Dumesuil (15).
Based on this idea, Davies proposed that the area of the willemite MIS-
type capacitor is divided into elemental capacitors gxperiencing varying
degrees of electron injection. Each localized elemental capacitor will
have its individual C-V characteristic as expected for a normal MIS-type
structure and the net characteristic, when the inditiduél characteristics
are added up, will result in a lowering of the measured C-V slope. - This
effect of slope lowering in C-V plots has been dealt with in detail,
theoretically, by Brews and Lopez (16). Davies alsq showed the existence
of a remnant oxide layer in between the willemite ;nd the silicon by
etching«experiments and it is this remnant layer which he proposed as the
determining factor for the high applied voltages required for electron
injection from the silicon. into the dielectric. Further investigation by
Davies led to the discovery of an outer insulating layer, a few tens of
Angstroms in thickness, on the surface of the willemite, possibly derived
from unreacted constituents, e.g. ZnO and ZnFZ. This led to the invention
of Davies of the "degrotting" or post-etching process for the removal of

this unwanted layer by a post-reaction chemical cleahing.

The remnant oxide layer, or residual film, was thought to be
responsible for the scattering of electrons that are injected from the
silicon into the willemite, thus reducing the efficiency of luminescence.
For tﬂis reason, it.is important to achieve an almost negligible residual
film when forming the willemite films.

| In the subsequent work by Errington (17) oh the raté of growth
of willemite films on silicon, it was found that for reaction-bake times

in excess of two minutes in nitrogen, the thickness of oxide used up in
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the reacﬁion is proportional to the square root of the,feaction time.

This seems to be in accordance with Fick's diffusion law for a constant

. source concentration into a semi-infinite body. By varying the thick-
nesses of initial oxide and zinc fluoride as well as the reaction time
and temperature, Errington tried to find conditions for the elimination
of the residual oxidé film. However the smallest thickness was found to

' be about 50 & in conditions which also cause probléms of thinness of the
willemite. For willemite thick enough to be brightly_cathodoluminescent,
the residual film thickness was at least 300 g . Errington also measured
the refractive index of the residual oxide film, from’ellipsometer measure-
ments. This showed valﬁes varying from 1.80 to aboﬁt 2.60, depgqqigg'on
the time of bake within a range of up to 20 min., and mgch;g;§§£e£fthan

by o

that of thermal oxide ( n = 1.46).

On the basis of the weak light output and extremely'high fields
a

required to achieve luminescence, Campbell (17) fabricat;ed‘pn+ structure
underlying the films (see Fig 1.2). The objective of sﬁch a structure,
instead of the usual singly dbped silicon, is to achieve a large concentra-
tion of energetic hot electrons from avalanching when the pn+ structure is
reverge biaskd. Hence, in such condition, the probability of very high
concentration of electrons for impact cpllision to excite the Mn2+ ions

is increased. Electron injection from the pn+ structure in fact comes
from microplasmas which has switching properties. Campbell also deduced
that the residual oxide films were respohsible for liﬁiting the injection
efficiency of high energy electrons. Campbell also prepared willemite
films by heating non-oxidized silicon having deposited ZnFZ:Mn at 850o C
in wet oxygen atmosphere} The films were, however, of poorer quality

and displayed less bright cathodoluminescent properties with a more yellow

light emission.




1.5 Outline of Present Research

As has been pointed out in Section 1.4, some of the major
problems facing previous workers in the area of willemite thin films
were due to lack of reproducibility. Although many processing improve-
menfs were made between 1969 and 1976, it was thought that the main
cause of inconsistent fesults was still the lack of control in the
processing techniques, with possible contamination of the willemite films.
Furthermore, the reaction process could have caused the uneven formation
of willemite crystallités dispersed throughout the film plus the possibility
of defects and grain-boundaries causing major obstacles for achieving
homogeneous films. It was hoped that if many test structures could be
fabricated on a miniaturized scale and with the use of a high quality
processing then film homogeneity of the willemite might be improved.

‘The objective of the bresent work was to carry out a more
intensive study on the physical parameters involced'in the formation and
electrical properties of willemite films, with the hope of achieving
electron injection and electroluminescence. For this reason, the
investigation does not only involve the electrical characteristics of the
willemite film but also those of the underlying silicon and the residual
oxide film (known only as the residual film in this thesis). Integrated
circuit techniques were used, as far as possible, for the fabrication of
the test samples.. Their design, the fabrication technique and the methods
of electrical measurementsare described in Chapter’2w This leads in
Chapter 3 to a review of the relevcnt theories inveolved in the analysis
of elect;ical results, with particular emphasis onithe Metal-Insulator-
Scmiconductor (MIS) capacitance-voltage characteristics.

The research work was divided into three phases, concerned
with different types of willemite film produced by different conditions

imposed during the reaction-bake processes. The first phase was for

1




willemite films produced by a short reéction-bake tiﬁe (v 20 min) in
nitrogen. This type of willemite is typical of the films iﬁvestigated

by formér workers. The electrical results and their analysis are
presented in Chapter 4. 1In the second phase of the work oxygen was
deliberately introduced‘in a known proportion in the ambient during

the reaction process. It was proposed by Erringtoq fl?) that a negligible
residual film might be achieved,by having the silié&n'oxidized in situ,

in this way. Results for this type of willemite film; which also had a
long reaction-bake time (Vv 20 hrs), are presented in Chapter 5. The long
reaction time was uséd because Hurd and Johnston (19) have shown that it
will give a much more uniform distribution of the material constituents in
the willemite film. For the preparation of the thifd type of willemite
film similar conditions were used, except for ultra-pure nitrogen as

the ambient during the reaction. Chapter 6 gives the results and analysis
for this final phase of the work.

Tﬁe properties and characteristics of all the three types of
willemite film and of the resulting MIS structures are reviewed and
discussed in Chapter 7, with emphasis especially on the influence of
reaction-bake conditions on the electrical characterisﬁics. Chapter 8

coricludes this thesis with conclusions and some suggestions for further

work.
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CHAPTER 2

SAMPLE PREPARATION AND MEASURING TECHNIQUES

2.1 Introduction

A review of the previous work on willemite presented in the previous
chqpter, showed lack of reproducibility possibly due»tq lack of control in
processing. With this in mind, it was decided to fabricate all test structures
in this work by monolithic integrated circuit techniques. For such purposes,
the fabrication of test stiuctures should therefore be as far as possible
like that of some other well-established Metal-Insulator—Semicénductor (M1S)
type structures.

Most Qork on MIS structures has been performed on the silicon-silicon
dioxide system and an excellent description on the phfsics and technology
involved is given by Grove (1). For the MOS system one can deduce informa-
tion about surface and interfacial states, charge movement within the
insulafor,and also effects of'charge-trapﬁing (2-4)f Appiying similar
methods to our willemite films, should give some insight into their physical
characteristics.

The first half of this chapter is devoted to.a description of the
deéign and fabrication of ﬁest structures for these electrical measurements.
In the second half, the optical and electrical meaéuring techniques that
were used during the course of this investigation are described. Most
electrical measurements were the normal ones of capacitance-voltage, with
d.c. conduction measuréments in specific circumstances only. The optical
measuréments were basically for determining film thickness and refractive
index.and this was done using the ellipsometer. Occasional measurements,

other than those mentioned here, will be described in the relevant chapters.

2.2 Design of Test Structures

" Fabricating films on silicon so as to obtain MIS-type structures

13




involves various stages of processing summarized in the flow diagram
presented in Fig.2.1. The normal MOS fabrication procedure with the
relevant technology involved is well presented by Allison (6) and the
present procedure is similar. All test structures in this work used

1.5 - 2.0 Qcm, n-type silicon substrates of 3.8 cm diameter and 0.266 cm
thickness, It was decided to fabricate the structures in the form of an
array of five by'five matrix of chips in the centre of .the slice where the
inter-chip separation is 0.23 mm. Each chip is in the‘form of a square of
size 1.69 mm. The purpose of fabricating these chips in the central part
of the‘slice was to avoid edge defects of the slice. On each chip, there
were three different structures (see Fig. 2.2), namely the composite,
residual film and the bare silicon, and when metal éontacts are laid down

on top of these structures one ends up with a set of three different cap-
acitors. The composite structure consis£s of a metal contact on a combined
willemite-residual film above the silicon substrate (see Fig. 2.3(a)), while
the residual film capacitor (Fig. 2.3(b)) has its willemite film removed.
The bare silicon métallized areas in the two corners of each chip have both
of the overlying films removed and in fact are rectifying metal-semiconductor
structures.. These structures are labelled by CW, CO and SB as in Fig. 2.2,
representing the compoéite, residual film and bare siiicon capacitors
respectively. For both the composite and residual film structures there

are three capacitors of different areas on each chip, with the largest
measuring‘1.036 X 10-3 cm2. However, there are only two metal-silicon
structures per chip, each with an area of 6.890 x 10-4 cm2. With eight
capacitors pef chip, one then has a total of two hundred capacitors availabe
oﬁ one silicon slice. .This method therefore enables one to study the repro-
ducibility of the electrical characteristics so that the physical interpre-
tation can be more reliable. The :chip layouts have been reduced by about

one hundred and twenty times from the size of the original drawing and
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this ability to miniaturize the chip increased the probability of getting
defect-frée devices.

A cross-section of two of the capacitors is given in Fig. 2.3(a)
and (b). It is worth describing some of the advantages of such structures.
Firstly there is the masking oxide (from wet oxidation), about 1.50 um thick,
over the.entire silicon slice. The capacitor films, of the order of a few
huhdred Angstrom thickness, are grown in areas from which this oxide has
been removed. Such a structure can reduce the intense edge field effects
compared with normal dot-evaporated capacitors. It has also been found that
the oxide surface can contribute surface conduction (2) by contamination
with ionic charges which may invert or accumulate(Adepénding on the type
of silicon, the silicon surface.below it. With a thick masking oxide, this
can be greatly feduced, since its capacitance is only 7.7 x 103 pF/cm2 as
compared toAa device capacitance of 6.9 x 104 pF/cm2. The masking oxide is
also capable of ;educing the possible effect of coﬁtamination at'the silicon-
oxide interface. All these factors can well contribute to better definition
of the effective area of the capacitors.

In Fig. 2.2, the effective areas of the capacitors are shown by
dotted lines and Fig. 2.3 illustrates them in a cross-section. The aluminium
metallization overlaps over the edges of the capacitors, again to prevent
any lateral conduction from taking place, and the eff;ct of the willemite
or residual film overlapping the oxide windows results in a more uniform
electrical field at the edges. All electrical connections to the top of
the devices are of aluminium, the areas of which are bordered by the dark
lines in'Fig. 2.2. Bonding pads for probing the devices from the outside
are of 130 um by 130 um square in dimension, whicﬁ are sufficiently large
for micro-probing but small enough not to contribute much of their stray
capacitances of 0.39 pF each.. Connections from thé capacitors to the
bonding pads are made by aluminium strips which are 15 pm in width. Cap-

acitors that are made of composite and residual film structures each have
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two electrical connections to bonding pads. The reéistance between these
pads provides a good way of testing whether the resistivity is sufficiently

low for a good electrical connection to be made on the capacitor.

2.3 Sample Preparation and Fabrication

Integrated circuit fabrication by the phofolithographic technique
is an established technology and many articles have been written on it.

For the present case, we are mainly interested in the fabrication of thin
films based on such technology. Excellent descriptions of the growth of
thin oxide films on silicon are given by Burger and Donovan (5}, Wolf (6)
and Grove (1). Processing and fabrication were carried out in a class 10,000
clean room with class 100 laminar flow benches for critical operations,

. and in order tb pfevent any form of cross—contaminatioﬁ strict restrictions
of allowing one beaker per solvent etc. were observed. Washing and cleaning
was done with Wltrar iso-propyl-alcohol or deionized_water and in fact all
solutions used were high purity Ultrar chemicals supplied by Hopkins and
Williams.

Bll devices were fabricated during the course of this work on n-type,
<111> silicon having a resistivity of 1.5 - 2.0 Q;cm.; unless otherwise
mentioned. The silicon slices were 1.5 ins. k3.81 cm.) in diameter and
0.266 mm. thick. There were four masking stages involved:- (1) for
defining the window in the masking oxide, (2) for willemite definition,

(3) corner contact definite, and (4) definition of metallization pattern.
The masks were ‘labelled 1,2,3 and 4 respectively and the function of eaéh
will be explained as the discussion on fabrication procéeds;

Initial cleaning of the silicon slices followed a standard pfo-
cedure, (see Appendix I). The slices were then inserted into a furnace
for about 10 minutes at a>temperature of 1000°c in ary oxygen, so as to

achieve a good quality thermal oxide on the silicon. Following this was




a wet-oxidation stage, carried out in a separate furnéqe tube with steam
passing through it. Steam oxidizes the silicon surface at a much faster
rate thanloxygen, but the resulting oxide is of.inferior electrical quality
to that of dry oxidation. Sétting the temperature of the furnace at

| 1000°¢c and baking the slices for one hour gave a maéking oxide over the

. entire substrate of a thickness of about 1.5 um. The rolg of the thin
oxide layer in the first stage of oxidation was td 6btain an oxide-silicon
interface with minimum defects (2-4). Thé thick masking oxide has a dual
role; the electrical isolation of devices as mentioned in the previous
section and protection from contamination of the silicon surface. For the
purpose of fabficating'the capacitors, suitable areas in the masking oxide
have to be defined and the oxide etched off. The teChpique is to apply a
uniform coating of photoresist over the entire slice, -exposing it to
ultra-violet light tﬁrough the oxide-window mask and then developing the
photoresist. The action of the ultra-violet light is to harden the photo-
resist. Uﬁexpdsed areas remain soft and are removed with ease by the
photoresist developer. Hence the unexposed areas, as determined by the
wmask '

mels, are removed and the underlying oxide is then etched off by using a
solution of 1 : 10 mikture of hydrofluoric acid in.ﬁaﬁgr. Using the phbto—
resist remover, the remaining photoresist is then Qésﬁed off, and then the
slices are finélly cleaned with iso-propyl-alcohol. This is a standard
photolithographic process as used in each masking stage.

Immediately following the etching of the capacitor windows in the
thick oxide was‘the growth of the thin, thermal bxide. This oxide, which
is of thickness between 200 2 and 500 g, is one of the constituents
requiredlin the formation of thin willemite films as Qas described in the
previous chapter. The oxidation was carried out in a dry oxygen atmosphere

at 1OOOQC, except where stated later, the peried of oxidation being depen-

dent on the oxide thicknesses required.
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The next stage of-fabrication, i.e. the zinc fluoride evaporation,
involved the use of a higﬁ—quality high vacuum systemAconsisting of rotary
and:diffusion pumps with a large liquid nitrogen trap (3), and thermal
evaporatioﬂ facilities. The source for the thermal evaporation of zinc
fluoride was a platinum 'pepper-pot' loaded with éinc fluoride powder,
ZanzMﬁ, containing 1% manganese. The silicon sl;ces were mounted in the
chaﬁber at a distance of about 11.0 cm above the source and with the
oxidized surface facing downwards. After evacuating fhe chamber to a
pressure of 10—6 torr, the source was heated to about 800°C for a few
minufes for degassing. The evaporation was done an hour later when the
pressure was less than 10_6 torr. The source tempefature was allowed to
stabilize at 8650C tSOC before thé shutter covering the substrate was
A‘opened. A time of about six minutes of evaporation was usually sufficient.
Within the chamber) adjacent to the substrate, was installed the quartz
crystai head of a film thickness monitor. This enabled one to control the
thickness of the zinc fluoride films deposited on to the silicon oxide.
Another method of measuring the zinc fluoride thickness was by a test
piece of silicon, 1 cm by 2 cm, mounted on the edge of the substrate holder
aﬁd which was later measured by ellipsometry. The evaporated zinc fluoride
films were usually between 500 X anND 1100 g thick.

The third stage in making the test capacitor was the solid-state
reaction for the formation of the willemite films, colloquially called
‘willemization'. A special furmdce was prepgred for this purpose and
profiled to give a peak teméerature of 10000C. Tﬁéﬁambient gas and the
time of 'willemization' depended on the type of wille@ité film required.
In Table 2.1, the general features of three different types of willemite
films are given. Type-A willemite was that studied by previous workers.
Type-B’was first fabrigated by the author and Type~C was as proposed by

Hurd and Johnston (12). The details of the fabrication techniqués and the
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resulting characteristics will be discussed in three chapters in the
later part of this thesis. |

The second masking stage was carried out using'the willemite
definition mask. Photoresist application and ultra-violet light exposure
were the same as deécribed previously. Before the removal of the photo-
resist but after the developing, the slice was immersed in a dilute
solution of 1 : 10 acetic acid to water in order to etch the willemite
" except where required for the composite capacitors. After the photoresist
removél, the slice underwent a 'degrotting' process as initiated by
Davies - (2). This is alcleaniné process for the willemite surface achieved
by using very dilute sodium hydroxide solution (1 in 5 parts of water)
which is supposed to dissolve surface layers, such as iinc oxide, formed
during the 'willemization' process.

The third masking step, the definition of the corner contacts, was
‘merely to make metal to semiconductor structures ét two’oppositg corners
of each chip. These later played an important rolé'when reassessing the
electrical characteristics of the silicon surface after undergoing the
fabrication processes. By defining the areas with the mask, the residual
film was etched using 10% HF solution. The sliée wés then cleaned and
mounted in the chamﬁer of an ultra-high vacuum system for the metallization.

Maodel

The system, a Varian Mesal 927, had sorption, ion and sublimation pumps
capable of achieving a vacuum of 10—9 torr. For our purposes, only the
ion and sorption pumps were used for aluminium evaporation at a pressure
of less than 10-7 torr. A 4kRV electron beam evaporation source was
used. The thickness of the evaporated aluminium was'é few microns.

The final stage of photoresist was for defining thé metallization
areas. Areas other than that of the devices, connecting strips and
bonding pads were etched by using dilute sodium hydroxide. This was used

in preference to orthophosphoric acid to prevent any possibility of etching
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the willemite, which is attacked by most acids. After washing in iso-
propyl—a;cohol and drying, thé slice was then annealed for about 10 minutes
in avdry nitrogen atmosphere at a furnace temperature of 470°C.

The final stage of processing was to ﬁake the béck contact to the
siice. The unpolished side of the silicon slice was lapped with 3 um
grain-size diamond paéte and the slice was then cleaned in iso-propyl-
alcohol and mounted in ; small vacuuﬁ system for the evaporation of gold
at é pressure of 10-6 torr. The gold was evaporated on to the back paft
of the slice through a mask to give two strips at 0.5 cm apart.with each
strip measuring 2.5 x 0.5 cm. This was then followed by sintering in dry
N2.in a furnace at 4350C for 10 minutes to drive in the gold and form an
ohmic contact. In order té check that é good ohmi; back contact had been
made, the resistance between the two gold strips was élways measured on

completing the processing of the slice. The bulk resistance through the

slice was about 200 @ when reasonably good ohmic contacts had been made.

2,4 Instrumentation andlMeasuring Techniques

in this section a description of the instrumentation techniques
used during the course of this work will be given. ‘The instruments mentioned
here will only pertain to the most widely used techniques which are con-
sidered to be of basic importance to the physical studies of oﬁr films.
Instruments and techniques which were less frequeptly used will be described

in less detail in their respective sections later in ‘the thesis.

Ellipsometry

One of the most basic techniques for measuring the thickness’and

refractive index of thin films on silicon substrates is ellipsometry, used

whenever the thin films are non-absorbing and the substrate highly reflecting.

Theoretically speaking, when elliptically polarized iight is incident at an
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angle onva highly reflecting substrate with a thin fiim on it, conditions
can be found for it ﬁo become linearly polarized after reflection. An
elliptically polarized state of the incident light is achieved by placing
a compensator (or quarter-wave plate) in the path of a linearly polarized
beam. Thus an ellipsometer contains a polarizer, .compensator, the re-
flecting substrate and analyzer in the path of the light. The instrument
is set to give an intensity minimum at the analyzer by adjustment of the
polarizer and anélyzer orientations. Two ellipsometric parameters, f'énd
A , evaluated from the polarizer and analyzer readings respectively, are
then used to calculate the refractive index and tﬁickness of the film.
" Both the refractive index and the thickness are characteristic of the film
and are also related to a complex function dependent upon the light wave-
length, incident angle and the substrate's reflectivity (Appendix II).
Mc Crackin et al (13) have given a thorough description of the experimental
and'éomputational techhique used with an ellipsometer, while Archer (14)
has made detailed studies of thin films on silicon substrates. The ellip-
someter for our work, constructed by Errington in this department, utilizes
a monochromatic green light source ( A = 5461 X) incident at an angle of
70° to the substrate normal. Such a éetting is claimed by Archer (14)
to give an accuracy of +5 g, but ouf accuracy seems to be approximately
+ 20 g, the discrepancies being due to certain very sensitive alignment
procedures, film non-uniformity and substrate irfegularity. Nevertheless
our results on oxide films on silicon give goodlthickness agreement, within
the quoted accuracy, when compared with capacitance mgasurements.

- The main advantage of ellipsometry is that it is non-destructive.
The accuracy achieved is easily an order of magnitude better than Fhat of
the conventional interferometer. With the recent develdpment of eléctroni-
cally operated ellipsometers, much more flexibility and accﬁracy can be

- obtained and a thorough presentation of the subjecf is given by Azzam and

Bashara (16).
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Electrical Measurements

The most widely used electrical technique for assessing the physical
properties of the films is that of the capacitance-voltage (C-V) plot.
For such measurements we have used a Conducfance—cépaci£ance—voltage (G-C-V)
analogue instrument, built in this Department byAMarfin (11). The instrument
measures'capacitance f;om 1.0 pF to 10 pF and admittances from 1 nV to 100 @&V,
over a frequency range of 10 to 500 kHz, which is adequate for most purposes.
A sweep voltagé of both positive and negative polarity was supplied to the
sample by the plotter with a maximum amplitude which wés variable up to
20 volts. Superimposed on this slowly varying voltage was é 100 m vV (r.m.s.)
a.c. signal derived from a Farnell LFM3 Signal Generator. The outputs from
the G—C—V.'plotter, which are a measure of capaciténce and conductance
against voltage, were direétly cbnnected to a Bryans X-Y plotter.. Also
present on the G-C-V plotter was a facility for controlling the sweep speed,
from 27.13 mv/min ub to a fast ramp of 5.34'V/sec.’ However, most of the
measurements were performed in the slower sweep speeds of around 300 mV/min,
so as to allow sufficient time for the device to respond. Capacitanqe
calibration was providéd by a calibration unit containing silvered-mica
. capacitors each with 0.5 pF tolerance and high value resistors.

For frequencies higher than that of the plotter, a Wayne-Kerr Model
B60d radic frequency (RF) bridge was used. The frequency range of this
instrument is 5 kHz to 5 MHz with capacitance ranges of-225, 22,5 and 2.25 pF
at fullfscale. The quoted sensitivity of the bridge is 0.1 pF but a
practical value of only 0.25 pF can.easily be resolved. The bridge source
of 7 mV (r.m.s.) or less was provided by an Advance B4B oscillator while
the detector was an Eddystone Model 830 communications receiver. Connected
between the d.c. power supply and the bridge was an L-C circuit as shown
in Fig. 2.4. The indﬁctor consisting of two RF céiis of 128 mH inductanée

~each is necessary to isolate the d.c. power supply from the RF measuring
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circuit, while the 1000 pF silvered-mica capacitor is to prevent d.c.
current flow through the bridge circuit. The RF bridge was used mainly
for Schottky mercury-probe or very thin film MIS measurements.

When studying insulator systems with very low d.c. conduction such -
as the MIS system, it is necessary to use a highly-seﬂsitive current-
measuring instrument. For this purpose we made use of a Vibron Electrometer
Model 33C and a Convertor Unit Model B33C having nominal resistors from
105 to 101:2 ohms. The sample is connected in éeries with a selected
reéistor in the convertor unit and on applying a d.c. Voltage the same
current flows through the sample and the resistor.: Tﬁe potential across
the known resiétor is measured by the electrometer enabling the current to
be calculated. The electrometer is capable of measuring currents down to
10 4 amps when the resistor is set at 1012 ohms.- Such a sensitivity how-
ever can be obscured by stray chargés and careful measurements by taking
background current into consideration have to>be made. éurrént values of
10_13ampsor higher seem tobe adequate to discriminate between the sample
current and the effects of stray charges. A discharge switch on the electro-
meter also helps since charges accumulated in the circuit can be drained off

after each measurement. The d.c. supply for current measurements was

obtained from a Farnell L30AT stabilised power supply unit.

Probe Gear

Lastly, the probing technique for making éleétrical contacts on to
bonding pads will be described. With extremely small areas, electrical
contacts were made by lowering.steel microprobes on-to the pads under
electronic contro;. This was to avoid any accidental damage that could
happen to the capacitors if it were done manually.-iAn Electroglas Inc.
Wafer Prober was mounted on a metal frame in a laminar flow cabinet, thus

providing a clean probing environment. The prober'slice platform has X-Y
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electrically controlled movement plus rotation. The tén steel probes each
with a tip radius of 10 pm have sideways and vertical adjustments and
electrical coﬁnections to the outside, A vacuum chuck held the slice firmly
on the platform so as to give good electrical contact between the gold baék
contact on the silicon aﬁd the platform itself. Tﬁe mechanisms for the X-Y
movements and probe lowering are controlled by an élecﬁronic unit, the
Electfoglas Inc. 920SS Controller. This unit enables one to manoeuvre the
probes to within 25 um without any difficulty, SO agaih lessening the
possibility of the capacitors being damaged by inaccurate probing.

Finally, a general experimental set-up for the measurements is
presented in the form of a block diagram in Fig. 2.5. The instrumentation
technique is shown separated into three. parts, namely the capacitance measure-
ment, proging‘and current measufement. Such a set-up provides rapid changes

that can be made from capacitance to conduction measurements, without the

need to move the slice around.
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CHAPTER 3

REVIEW OF RELEVANT THEORIES

3.1 Introduction

The purpose of this chapter is to give a review of the theoretical
background required for understanding the capacitance-voltage characteristics
of.the willemite and residual film structures. Althoﬁgh details are not
giyen, an attempt is made to clarify the physics by présenting a qualitative
picture of the cbncepts involved and using mathematical éxpressions only
when nécessary. These are the main expressions to be used in the interpre-
tation of the results in fhe following chapters.

Section 3.2 presgnts the theory of the ideal Schottky barrier,
together with some possiblé effects that can causé experiments'to deviate
from theofy. Foliowingvthis is a section on the theory of Schottky barriers
with deep frapping levels with emphasis on the capaCitance-voltage relation-
ship only. A thorough description of the physical concepts of capacitance-
voltage of thé Metal-Insulator-Semiconductor (MIS) structure is presented
in Section 3.4. This forms the essence of a major part Qf the experimental
work carried out by the author during the course of this research. The
finél section is devoted to double-dielectric MISvstructures. Since theories
of such structures are so widely dispersed, depending on various mechanisms
proposed, only a general review is attempted in this section. A few other
theorétical ideas used in this investigation are given when used in the

relevant chapters, rather than in the present chapter.

3.2 The Schottky Barrier

A metal in contéct with a semiconductor can have rectifying character-
istics which depend on the properties of the metal and the semiconductor.
Such a metal-semiconductor contact is known as a Schottky barrier because

of the formation of an energy barrier near the metal-semiconductor interface.
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If an n-ﬁype sémiconductor with a work function ¢s is brought into contact
-with a metal of work function ¢m' such that ¢s is less.thaﬁ ¢m' electrons
will flow from the semiconductor into the metal (Fig. 3.1(a)). Both the
metal and semiconductor Fermi levels are then forced to coincide in order
to achieve equilibrium, and when this is accomplished the surface region
of the semiconductor is left with only posifive donors. These positive
charges are balanced by extra conduction electrons in the surface_of the
metal énd since the density of electrons in the metal is much higher than
the'semiconductor donor density, the resulting field will drop almost
entirely across the semiconductor. The space-charge or "depletion' region
that is- formed occupies a distan;e w betwéen the surface of the semiconductor
and the neutral region in the bulk. Electrons going from the metal to the
semiconductor now have to surmount an energy barrier ¢b, the barrier height
of the Schotﬁky barrier. A Schottky barrier on a p-type semiconductor can
be made similar except that the condition is that ¢m has to be less than ¢S.
For an ideal Schottky barrier, assuming that the current-limiting
process is the transfer of electrons across the interface, Bethe's thermionic-
emission theory giveé the forward;bias cufrent density:-

-q¢ '
J = a* T2 exp(—ﬁ) exp(%) - 1 (3.1)

whexe V is the applied voltage,

¢b the barrier height
T the temperature,
g the electronic charge

A* the Richardson's constant, and

i
}

A* = (m*/mo). 1.2 x 10 a0 % K*

where m* and mO are the effective and rest masses bf electrons respectively.
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The theory also gives the saturation current density in the reverse

bias direction:-

-qb A
J = A* T2 exp <-?Z£2> (3.2).

In most practical cases deviations from both.relétionships are bound
to be observed. The barrier height ¢b is normally voltage dependent due to
image—force lowering or the presence of an interfacial layer between the
metal and semiconductor,‘agd if ¢b is large electron-hole recombination
current will then be the limiting factor. . The series resistance from the
bulk semiconduétor will also take up a fraction of the applied voltage and
this will bend the log I by V plot towards saturation af higher forward bias
voltages. These factors can also contriﬁute to the non-saturation of the
reverse bias current which gradually increases until breakdown is observed.
Thinning of the barrier so as to allow tunnelling’in reverse bias can also
cause the current to increase. Practical Schottky barriers also show the
existence of ;surface states' which are diﬁcrete eneréy_levels at the
surface of the semiconductor. Depending on the sign of their charge the
surface states can have a shielding effect on the donors from the electrons
in the metal, thus dominant in controlling the barrier height (see
Rhoderick (1)).

The depletion region in a Schottky barrier behaves in some respects

like a parallel-plate capacitor. In reverse bias the capacitance per unit

area is given by ' 3y
' K e AN, ) -%
= | —m + Vv 3.3
C ( > (VD Vr)'. ( )

where VD is the diffusion voltage (see Fig. 3.1)
Vr is the reverse bias voltage,

KS the dielectric constant of the semiconductor and

€, the permittivity of free-sgpace.
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If Nd is assumed to be uniform and VD is indepehdent of bias, a
c by Vi plot should give a linear relationship which can yield information
on the barrier parameters. From the slope the value of Nd can be evaluated
and if the line is extrapolated backwards (Fig. 3.1(b)), the intersection on
the voltage-axis gives the value of VD. For a non-uniformly doped semi-
conductor the C“2 by V plot is non-linear but the slope at any point still
indicates'thé donor concentration at the edge of the depletion layer. This

enables an impurity profile from the semiconductor surface inwards to be

obtained.

3.3 Deep-levels in Semiconductors

When localized electron states are situated around the centre of the
band gap a semiconductor is said to contain deep-levels. Basically there
exist two types of deep—leyels, namely the donor- and acceptor-type traps.
The donor-type are neutral when filled with electrons énd positive when
empty, while the acceptor-type are negative when filled and neutral when
empty. 'Since these traps are situated far from the conduction or valence
- band, they are not ionized at room temperature. The occupation of a trap
- within a depletion layer depends primarily on its position with respect to
;he Fermi level. |

Deep-levels can originate from impurity-complexes or impurity—vacahcy
| complexes such that the impurity can be interstitial or substitutional within
the host semiconductor. Practical effects due to deep-levels have led to
-numerous theories and experimental techniques being developed to investigate‘
them. A good review on the subject is given by Milhes (2}. Some of the
conventional techniques like thermally stimulated curfent (TsCc) and thermo-
luminescent (TL) invoive tedious experimental-fitting to theory although
they have the advantage‘bf yielding fundamental parameters like drift-

mobility, capture cross-section, activation energy etc. Others like the
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Fernhgrer and Goetzberger MOS technique (3) or the junction-capacitance
method (4,5),'yie;d only the trap depth and density.though involving
little computation. In this section, thé last technique only will be des-
éribgd with specific reference to the theory of Sah and Reddi (5) for a
_p+—n junction (or n-type Schottky barrier).

In the general casé, the oécupation of the traps-is determined by
Shoékley—ﬁead—Hall sﬁatistics according to which the probability of an
electron occupying a trap is dependent upon the emission rate of electrons
and holes into the conduction or valence band respectively. Thus the
junction-capacitance of a p+—n (or Schottky barriérf structure becomes
strongly dependent on the measﬁring‘frequency. To describe this in detail,
the modél proposed by Sah and Reddi is based on the.non—uniform charge
distribution due to an acceptor-type trap in an n-type semiconductor within
the depletion region (Fig. 3.2). The,deéletion'layef'cdnsists of a space-
charge region y and a transition region (w-y). Within the space-charge
region the charge comes only from the donor concentration ND, since traps
lying above the Fermi-level are empty and neutral. On the other hand, the
transition region has contributions from both donors. and traps, altering
the concentration to (ND - NT) where NT is the trap concentration. This
sitﬁation is illustrated in the lower half of Fig. 3.2 where the non-
~uniformity is represented by a 'staircase' function. When a small voltage
is applied, charges at y and w will be uncovered.‘At w, free carriers are
swept away, and at y, electrons are emitted into the conduction band from
the traps. This results in a net change in charge AQ for which the cap-
acitaﬂce C = AQ/pAvy is determined. If the measuring frequency w is high,
such that the traps cannot respond to the rapidly varying signal voltage,
then chéfging and discharging of the acceptors ocqufs only at the edge of
the transition region x = w. In other words, Tt(w) << w—l << Tt(Y),
where T, is the time constant of the trapping centres associated with their
.positions in the depletion region.
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Working on this basis Sah and Reddi derived.the relationships ,

geN N - -1 )%
- b —y- [T
' Cdc = ( 5 > [VD v <ND> ¢t] (3.4)
and /EE_— {/ ¢b (NT / N’i‘ -1
. C = — = +f|v . -v-[ =] |/
_ ac 2 (ND NT) ND> D ,_<ND> t D
(3.5)

where Cdc and Cac are the dc and ac capacitances respectively, the other
symbols have the meanings given previously and

¢, = (E-EJ/a.

Some important observations can be made from the equations (3.4) and
(3.5).
(i) - For abhigh'trapping concentration, i.e. NT v ND » the capacitance Cac

for low reverse bias is reduced substantially below that of the zero-

trap case.

(ii) ¢ < Cdc at all bias voltages and Cac > C af large reverse bias.

ac dc

(iii) If NT -+ 0 both Cdc and Cac will approach the ideal junction-capacitance

case as in equation (3.3) giving a linear C-2 by V plot.

_ The model is valid as long as NT < ND and the applied voltage is in
reverse bias. Knowing the trap deﬁth, hence ¢t' é'theoretical capacitance-
véltage curve can be fitted to the experiﬁental plot; enabling the value of
~NT to be worked out. The trap concentration need not necessarily be uniform
because it is calculated for any point x = y only. 1In this way a profile
df N_, into the semiconductor can also be obtained. A similar approach can -

be used for donor-type traps in n-type semiconductors to derive the

cépacitance—voltage relationship where the mathematical treatment is given

in Appendix III.
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3.4 Metal-Insulator-Semiconductor (MIS) Structures

Following the successful growth of highéquality oxide films on silicon
in the early l960's, it was proposed that a Metal-Oxide-Semiconductor (MOS)
structure could be used as a voltage dependent capacitor (6). The main
interest in MOS capacitors at that time was in.trying to understand the
surface.properties of silicon. Grove et al (7) were probably the first to
provide a complete picture of the MOS capacitor both experimentally and
theoretically. Similar ideas can be used more generally for Metal-Insulator-
Semiconductor (MIS) structures, with any insulating'film on a semiconductor
with a metal top contact. On an energy band diagram‘this system is
visualised as naving a large barrier height between the semiconductor and
insulator conduction band edges-when the system is-in thermal equilibrium.
Electrons cannot surmount this barrier unless externally stimulated, hence
there will be no net charge flowing between thecmetalAand semiconductor.
However, if the insulator is thin enough (100 X or less) quantum mechanical
tunnelling can take place between the metal and semiconductor.

Fig. 3.3(a) depicts the relative energy bands of an n-type ideal MIS
structure in thermal equilibrium. Notice that the Fermi levels of the semi-
conductor, insulator and netal are all aligned; the Fermi level of the
insulator being assumed to be at its intrinsic energy level. When a
positive voltage is applied to the metal with respect'to the semiconductor
the eemiconductor5surface will accumulate electrons and most of the voltage
will be taken up by the insulator (Fig. 3.3(b)). Electrons are attracted
towards the vicinity of the insulator—semiconductor interface and this pile- .
up of charges causes the field to drop almost entirelyAacross the insulator.

_ Such a situation is known as the accumulation mode. For small negative bias,
electrons areArepelled from the vicinity of the interface leaving behind a
positive'space charge region of uncompensated ionized‘donors (Fig. 3;3(c)).

Since in this mode the concentration of carriers is negligible in comparison
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to the impurity cohéentration, it is referred to as the deplétion mode.’
With further ipcrease in tﬁe negative metal bias (Fig. 3;3(d)) holes (the
minority carriers in this pase) are attracted to the interface so that while
some of the-semicbnducto? charge still consists of the charge of the ionized
donors, there is'also positive charge.due to the hoieg. This situation is
refeired to '‘as the inversion mode, i.e. an accumulation of ‘-minority carriers
hds.altéréd the elgéfrical polarity of .the semiconductoi surface.

Consider the effect of rapidly changing the métai bias between the
equilibriﬁm'situations shown in Fig. 3.3(c) and 3.3(d). It is evident that
for ﬁhe charge distribution to follow such a change, holes must be generated -
and transported to the surface, and electrons must be removed from the edge
of the aepletioh laygr.4 It is clear that the capaciténce following such a
bias change will depend on the relative rates of the bias change and of the
re-arrangement of the chatge‘within the semiconductor. If the bias change
is élow; thé charges within tﬁe semiconductor will be able to rearrange in
phase and be éssenéially.in equilibrium with the iﬁsﬁanténeous d.c. bias.

In such'a case an analysis based on the assumption:of equilibrium in a
semiconductor yields ggod results. On the other hand, for a high frequency
a.c. measurement such as that of the small signal capacitance, whether or
not the equilibrium analysis is applicable will depend on the frequency of
the measurement and the rate of carrier rearrangement. Majority carriers
cén be easily removed from the bulk of the semiconductor with a time constant
of the o;der‘of the dielectric relaxation time ("~"10,_12 sec.), so thei
question is now reduced to whether or not minority'cérriers can be generated
: and)pr trans?orted at a sufficiently rapid rate to keep up with the varia-
vvtioﬁ in applied bias. This factor will-be taken up in a later part of the
discussion;

‘The sméll signal capacitance-ﬁoltagel (c-V). characteristic of the

MIS structure has been extensively used for the comparison of theory and
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experiment. A‘qnalitative description of the ideal MIS C-V curve is given
here. The total capacitance of the structure is made up of the insulator
capacitance, which is aesumed to belconstant, and a voltage dependent semi-
ccnductor capacitance. As has been mentioned earlier, in the accumulation
mode electrons are drawn towards the surface of the'semiconductor and the
situation is comparable to that of a parallel plate capacitor. The total
capacitance is thus equal to the insulator capacitance since the semi-
'conductcrAbulkhis neutral and not contributing any charge (Fig. 3.4)). 1In
the depletion mode the space-charge region that is formed in the semiconductor
contributes its own capacitance which is voltage dependént since the deple-
tion width varies with Voitage. Thus the total capacitance is that of the
insulating film in series with the depletion capacitance. This results in

a decrease in the total capacitance and, as more of the semiconductor gets
depieteé'With increasing biae, a rapid reduction of the capacitance is
observed. In Fig. 3.4 the depletion mode is featured by a sharp drop in
capacitance giving rise to a steep C-V gradient which is typical for an

ideal MIS structure. With bias greater than that fot the onset of inversion,
i.e. when the minority carriers (holes in this case)»start accunulating

at the surface, the situation depends on the measuring frequency. Consider
first a small low frequency a.c. signal superimposed on the d.c. bias. If
the ﬁeasuring frequency is sufficiently lon for the rate of minority carriers
(holes) to keep up with the small signal variation, charge exchange with the
inversion layer can occur. The accumulation of holes at the interface
increases.with voltage and the charge in the inversion layer effectively
shields the depletion region from any increase in field. As the charge
stofage becomes dominated by the inversion layer the capacitance will approach.
that of the insulator (see curve (a) in Fig; 3.4). On the other hand, if
"the frequency is high the hole generation cannot follow the varying signal

and charge exchange with the inversion layer cannot occur. The capacitance
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is then further reduced eventually becominé constant in-what is known as
the strong inversion situation (curve (b) in Fig. 3.4); Aﬁother condition
which can occur is‘the deep-depletion mode, i.e. where the sfrong inversion
éase does not dccur and the capacitance keeps on dec?easing with increasing
negativelbias (égrve (c) in Fig. 3.4). Tﬁis‘occurs if the insulator becomes
,leaky or the device is switched rapidly from the accumulation into the
inversion mode thus not allowing sufficient time for the generation of holes
to:form an invefsion layei. o

In the above discussion the space charge within the semiconductor is
induced by the application of a bias between a metalAand the semiconductor.
However, such a space charge méy-also be induced by charges in surface states
or by a work function differeﬁce between the metal and the semiconductor.
Assuming the absence 6f an external voltage, the effect of a work function
difference is to induce.an electfic dipole'consistiﬁg of a surface charge
in the metal at the metal-insulator interface and a space charge extending
into the semiconductor near the insulatof—semiconductor interface. 1In
addition,lthe charge in the surface states wiil induce charges of opposite
polarity in the metal andlin the semiconductor. Both these effects tend
to shift the C-V curves in the depletion region along the voltage-axis.

lFor the device in accumulation the insulator capacitance per unit
area Co cén be evaluated by the normal parallel plate capacitor expression.
On the other hand, the aepletion capacitance is more complicated because it +s
is the resultant of two capacitors, one being.voltage—dependent. Taking
‘ into'accoqnt the metal-semiconductor work-function difference ¢ms and the
chérge confribution from surface-states st, the nofmalized depietion cap-

acitance for an n-type MIS structure is given by Grove et al (7) as
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where
VG is the applied voltage
) Ks, Ko are the dielectric constants of the semiconductor and
insulator respectively, and.
Xo is the insulator thickness.
The metal-semiconductor work-function can be evaluated from the
equation
E .
= - + i - e
L ¢, — (X > s | (3 7).
where . ¢m is the metal work-function,

X 1is the semiconductor electron affinity while

Eg and ¢F are its band-gap and Fermi level respectively.

Equation (3.6)'predicts a displacenment of (_¢¥s + st/co) along
the voltage axis of a capacitance-voltage plot. By knowing the value of
¢ms from equation (3.7), the charge of the surface states can be évaluated
from the displaqement.

Inversion occurs when the surface potential of the semiconductor
is ¢S >v¢F (Fig. 3.5). For strong inversion (¢s = 2¢F), the minimum cap-
acitance per unit area as given by Cobbold (8) is

5

gN_ Kk €
D s o (3.8)

Cmin
4 |e

el

where ¢F = Ei - Ef.

Anothet important feature of an MIS structure is the flat-band
condition. This occurs when the bands in the semiconductor are forced to
straighten such that the semiconductor surface is at zero potential. The

corresponding capacitance of the system is known as the flat-band capacitance
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and, if the insulator and semiconductor parameters are known, it can be

evaluated from the expression given by Goetzberger and Sze (9) as

Ko kT Ks Eo 5
CFB (Koeo) xo " > (3.9)
S q ND

For unknown insulator parameters, the flat-band capacitance can
be deduced from the high frequency C-V curve (Lehovec (10)). If CO and Cmin

are the measured accumulation and strong inversion capacitances respectively,

then the normalized flat-band Capacitance is

C (c -c¢ .)
FB 4 o min _ (3.10)
C ——
o ND
2‘/&1—- 1].c. +C
n, min
i
where ni is the semiconductor intrinsic carrier concentration.

For silicon at room temperature, the expression in square
brackets is aéproximaﬁed by Lehovec to a numerical value of 6 and this can
be-used in a crude approximation for deducing the flat—band capacitance.
Ctherwise if the donor concentration is known, the flat-band capacitance
can bé calculated accurately from equation (3.10). The significance of the
fiat—band capacitance is that it enables us to extract the experimental
value of the flat-band voltage from the C-V curve.  As described above,
the.value is the displacement, ( -¢ms + st/co)'

In practice, the characteristics of MIS structures are usually
found to deviate from the-ideal discussed so far. Some of the most com-

monly encountered effects are summarized as follows:-

(a) - Charges in the insulator
Charges in insulators can be classified into two types.- Firstly,

there:are fixed charges in the insulator bulk and/or in the vicinity of its
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iﬁtéffaéeé. ‘These charges may be characteristic of the'insulator itself

or the? may beAdue to the preparation technique. The second types are the
mobile ionic charges which can come about from contamination. As can be
seen from Fig. 3.6, the‘insuiator charges induce fufther charge at the semi-
conductor surface (accumulatiqn in this case). The built-in field due to
bulk éharges also bends the insulator bands as shown.- This causes the flat-
-band yoltagé to be shifted further'dn the voltagefaxis‘by an amount depending
on the net mégnitude and polarity of the charges. A.further change in the
C-V curve is due to the movement of the insulator charge in an applied field.
éince'the ionic charges are heavy in comparison to'elecfronic charges, they |
only move slowly and as a ;esult hysteresis in C-V measurements is often

encountered (7).

(b) Lateral current flow

Surfaces having a permanent inversion 1ayer.dﬁe to charges in the .
insulafor and/or on tﬁe surface can cause iatéral current flow. Assuming
the chérges to bé posifive and the semiconductor pétype, an inversion layer

can be induced in the semiconductor immediately underneath the insulator,

including those not covered by the metal. —~ -~ ... 7~ . L

The effect is to form a depletionAcapacitance in an area
much larger than that of the metal electrode which increases the semi-
conductor capacitance. - Such'an-effect, known as the a.c. lateral current

flow, is very much a function of frequency as described_by Nicollian and

Gbetzberger (11).

(c) - Temperature and illumination
‘With the device displaying strong inversion, the high frequency

characteristic can be forced to change to the low frequency type if there
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is a sufficiently elevated temperature and/or illumination. Such external
influences increase the carrier generation rate in the semiconductor bulk

and- fagcilitate the transition from high to low frequency behaviour.

3.5 - Double-dielectric MIS Structures

A more complicated type/of MIS system is forméd by having two dif-
ferent insulators'on a semiconductor, sﬁch a structﬁre being known as the
Metal—Insulator—Insulator—Semicondﬁctor (MIIS) system. The physics of the
semiconductor in this system is very similar to that of .the MIS, but the : |
insulators have to be treated differently, primarii& because of the modifica-
tion in the electrostatics. Studies on double—layered dielectrics have
been widely performed on Metal;Si3N4—Sioz—Si (MNOS) and Metal—A1203—Sioz—Si
(MAOS) structures; the importance lying in their abi;ity to trap or empty
electronic charges within the insulators. The introduction of extra charges
alters the flat-band voltage and if included in an MIS-type transistor its
switdhing voitage can be varied. This is the principle of one category of
memory devices and Balk (12) in his review of this subject has pointed out
some of the important physical features.

If an external volfége is applied to an MIIS system the field distri-
bution in the films will be governéd by their dielectric properties. For
a chargé—free system the field at the insulator-insulator interface is
determined by the continuity of dielectric flux. .If trapping centres exist
within tﬁe insulatofs (either in the bulk or at the interface), the flow
of currenfs in the individual insulator may be unequal leading to -a build-
up of charge. Aséuming that the density of trapping states can sufficiently

accommodaté the built-up charge Qi' the shift in flat-band voltage (compa‘red

to the charge-free case) can be expressed by

AVFB = - KE
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where . X, K are thelthickness and dielectric constant of the outer
insulator (neareet to metal).

in thie case the'trapping eites are assumed to be at the insulator-
insulator ihterface but more genefally one can include bulk trapping in the
ineulatorsT Apeft from trapping effects, the shift in flat-band can also
originate from other forms of charge contribution like the creation of
surface-states by high fields or-the polarization of mobile ions in the
insulators. If all these factors are taken into account, the change in
fiet-band Voltege cen be a-very cohplicated'function of the dielectric
properties,:fiela and fime, hence a more rigourggg treatment is required
rather than that of equation (3.11).‘ Hu et al (13) have worked out gqual-
itatively the directions of hyeteresis arising from electron/hole injection
from the metal and/or semiconductor during the complete cycle of a C-v
sweep of an MNOS structure. ‘The model proposed assumes charge trapping
and emptying processes occurring in the silicon nitfide via a Poole-Frenkel
conduction meéhapism dufing the d.c. sweep. In another study on n-type
MNOS‘strhctﬁres, Jepperson et al (14) reported C-V shifts towards more
negative flat-band voltages after subjecting devices te high fields in
negative bias. . The results are interpreted in terms of surface states
created by the high field and charge injection into the nitride.

Full interpretation of the experiﬁentally observed conduction
behaviour in a MIIS system requires knowledge of its band etructure. Since
’ trepping states are common in wide band gap materials,Athe positionsof these
levels are impprtantlwhen assessing charge injection models. Tﬁe metal-
insulator barrier heights are egually important since they determine the
mechanism of conduction from metal into insulator or vice versa. As has
been mentioned earlier, the most important:parameter of a MIIS system is
the flat-band voltage. To observe the memory effeete‘of such devices, a

'plot.of the'flat—bend voltage against the constant d.c. stress voltage (for
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a given time) can reveal hysteresis. Ariother useful feature is the
charging time, i.e. the time needed to achieve a given flat-band shift
when a constant d.c. voltage is applied‘to the device, which is important

in determining whether charge can be retained indefinitely (see (15)).
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CHAPTER 4

INVESTIGATION AND DISCUSSION OF TYPE-A WILLEMITE

(Short Reaction Time)

4.1 .introduction

Edward's original work established that thiﬁ'films of willemite

(ZnZSiO4:Mn)'could be formed on a silicon substrate b& the conversion of
a thermally grown silicon dioxide film, as describéd in Chapter 1. It was
shown that the wiliemite had high light emitting cépability when bombarded
with high energy electrons but that it only exhibited weak electroluminescence
(EL) if a high field was applied across the film."Edwérd's investigation
showed the existence of mobile positive ions-in his}films, thus overriding
other electrical properties. Further work by Davies (1) reduced this
problém by having better cbntrol of the Processing technique. His results
indicated that electron injectidn.into the willemite was controlled by thin
insulating films at the silicon-willemite interfacg,_(possibly Sioz) and/or
" at the willemite-aluminium interface, (po;sibly A1203, Zn0 or unreacted ZnF2).
As a result of this, a‘post reaction etching process, i.e. the removal of
unwanted—éonstitueﬁts from the surface of the willemite, was introduced.
Also, the aluminium is now always deposited in a far better vacuum system
than in Davies' work. The éombined effect of these improvements in pro-
cessing is that it is now believed that the outer insulating layer has been
completely eliminated, enabling a direct connection to be made between the
willemite film and the aluminium metallization.

However the-insulating film between the willemite and the silicon
is far more impértant. This‘layer i§ known as a }residual filmf because
it is still present after etching off the willemiteiin 10% glacial acetic
acid.- The residual film is distinguished from the willemite by being
non-luminescent and acid resistant. It has é definite thickness, and

refractive index and the investigation of its electrical properties is

~described in Section 4.4.
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In eariier Qofk by Errington (2) it was shown that the silicon-
'wiliemite interfacial filmAalways exists even for willemite formed in
nitrogeﬁ, and with a wide range of initial thicknesses of oxide and zinc
fluoride. 

It is the objective of this chépter to describe. further investiga-
tions carried out on willemite films similar to those used earlier and now
called Type-A Willemite. Chapteré 5 and 6 will describe the investigation
of rathex diffé;ent filmsAcalled Type - B and C-Willeﬁite. The earlier
sections of the present chapter déscribe the technique of preparation and
examinatioh of the films. Later sections are devoted to the electrical
resﬁlts obtained on the residual and composite films with some analysis.

A discussion of the electrical properties of the composite willemite MIS-

type structure as a whole is given in the last section of the chapter.

4.2 Preparation of Type-A Willemite

The general technique for processing silicén:slices for fabricating
the electrical test structures were described in‘Chapter 2. In addition
to'the eléctrical test slices, test chips (or control samples) were made

'at the same time._ These ﬁeasured 1.0 x 1.5 sq.Amm, and were from the same
type of silicon. © They underwent similar treatment to the device slices
but without photolithography. The test chips‘were used for optical exam-
ination énd for thickness measurements of the initial- oxide, composite,
and residual films on the.ellipsometer. Thermal oxide growth and zinc
fluoride eVapofation were carried out as in Section 2.3 and with pre-
cautions against contamination, especially in the oxide growth, carefully
dbserﬁed. |

The most important features of Type?A willemité preparation are its'
feaction—bake conditions. As has been mentioned'eaflier, a special furnace

was prepafed, flushed with dry nitrogen and set at IOOOOC. The reaction-bake
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process was carried out for 20 min at atmospheric pressure, wiﬁh an extra
2;3 min; allowed fdr the slices to reach peak temperature. Earlier,
Errington (2) had experimented with different reéction times up to a
maximum of-25 min, plus-various oxide to fluoride thickness ratios. All
his filmslshowed céthodoluminescence but there wefe.differences in the

' residual film thicknesses. The results were intefpreted in te%ms of the
ease with which zinc ions could penetrate the initiél layer of willemite

: thét was formed early in the reaction. During this later or transition
stage, the dissolution of Siliqon oxide which is required for the reaction
jwas'thought to continue but at a decreasing r;te due tb crystallites of
willemite acting as barriers. pévies (1) also discovered the existence

of an insulating layer, possibly ZnO and unreacted ZnF,_, at the surface of

2
the film and he used dilute ammonium fluoride to etqh off this top layer.

It was later realized by the author that since ZnO is not soluble in ammonium
fluoride, a weak solution of 20% sodium hydroxide has to be used instead.
The etch was followed by immediate washing and cleaning in flowing deionized
water for 30 miﬁ. To avoid undercutfing of the willemite, the etchant used
after aluminium metallization was again a weak solution of sodium hydroxide
rather than orthophosphoric acid which would normally'be used. This is
because willemite iseasily attacked by most acids. Td reduce ionic con-
tamination, the metallisation etch was again done quickly with immediate
washing.

Throughout the processing, strict precautions were observed regarding
any>likely'sources of contamination. Washing and qieaning was always done
with IPA §r deionized water and the slices were handled only with special
métal tweezers and stored in glass petri dishes. The photoresist treat-
menf, fixing gnd-developing were all carried out in a class 100 laminar

flow bench, which further increases the cleanliness of the processing

environment.
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4.3 Film Examination

Examination of the films 6n the test chips was carried out using an
ellipsoﬁeter, optiéal micrbscope and a-scanning eleétron micrdscope (SEM) .
All the Type-A willemite films prepared revealed étrong green cathodo-
luminescence when bémbarded with electrons in an evacuated pot. The
ellipsometer can measure'the aéproximate thickness and refrac£ive index
of thé films. Composite films had refractive indices ranging from 1.68 to
1.72; thé variétiqn being accounted for by changes in the relative thick-
nesses of willemite to residual film and by the vafying uniformity of thé
fiims._ For thin residual films (see Table 4.1), say less than 100 g,»the
refractive index is about 2.80, while thicker residuaIAfilms (see Table
4.2) have values of around 1.50. These values can be co@pared with those
for the oxides of silicon; 1.46 for silicon dioxidé énd 2.20 for silicon
monoxide.

Table 4.1 illustiétés results for films prepared in the manner
suggested by Errington (2). It.can be seen that when the zinc fluoride
film is much thicker than the oxide, relatively ;hick; easily etched top
layer will result (clearly for the case of Tl). Preéumably the suggestion
by Davies (4.1) that one of the constituents of the top layer is unreacted
zinc fluoride may be possible.

Visual examination was done with the opticalxmicroscope. The surface
of the Type-A willemite always appéars to be textured with pink or blue
crystailites on a violet background. It is not easy to decide whether the
textqre is a consequence of topographical or opticai effects. The grains
of individual crystallites are readily observable at high'magnification,
with preferred nucleation of the crystallites occurring around regions of
defects o; impurities. For reasopably large defects such as pin-holes,
the nucleation gave rise to 'crater-like! featufes in the willemite films.

‘These 'crater-like' features are made up of various different colours and
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Type of Film T1 | T2 T3
Initial Oxide | 591 594 402
Ziﬁc fluoride - 1852 1053 . | 1448
Composite (without post—etch) 928 | 905 © | 628

'.Composite (with post-etch) 659 . | 838 .. 569
Residual 74 57 . 77
Willemite 605 781 492
Top layer : 269 67 59

Table 4.1: Film thicknesses (in X) on test chips, T1, T2
and T3, for Type-A willemite based on
Errington's recommended parameters. Time of
bake is 20 mins, at 1000°¢ temperature in

atmospheric dry nitrogen.

Experimental Slice SL1 sL4 SL6
Initial Oxide 930 : 318 ' . 609
Zinc fluoride | 663 ' 197 i | 553
Composite (without post-etch)| 930 - ' 713
Composite (with post--etch) 920 . 861 694'
Residual 376 636 342
Willemite 544 225 - 352
Top layer . ' 10 ,; 19

Table 4.2: The film thicknesses (in X) for Type-A

willemite as measured on three difference

experimental slices.







grain—siées which aré all well-arranged in a éircular‘manner (see Plate 4.1).
This feéture may have been caﬁsed by tangential sﬁrface tension of the
constituent materials around a defect centre when in‘the molten state.
Howevér, observations of the~residuél film-did not reveal any related
defects in the generally glassy-like appearance.

The SEM examinaﬁion of both the coﬁposite and fesidual films was
'usuélly carried out in the secondary emission mode.- The-contrast obtained
for the Willeﬁite is better than for the residual film since the latter
tends‘to'darken afﬁer a prolonged exposure. Even higﬁ magnification
(capable of. resolving to about 0.1 pm), and tiltiné the test chips to
extremes, did not reveal ahy significant non-uniformity of the willemite
surface, apart from the 'crater-like' features at defeéts. This indicates
that overall, the willemite is uniform and the 'craﬁer—like' features are
actually bumps rather than dips.

Gfooves were prepargd in some coméosite films, by etching off the
ﬁillemite along a narrow strip, fér examining the edge between the willemite
and the residual film. Unfortunately,’even at high magnifications, there
wéreru)oufstahding features that could be seen. in the SEM, which may
indicate that the change from the willemite to the residual film is
gradual rather than a sharp edge.

Cathodoluminescent mode examination in the SEM Sh§wed positive

~results for the willemite films, but not for the residual films. However

no other features could be seen in the cathodoluminescent mode.

4.4 Electrical Results for the Residual Film

The film thicknesses for Type-A willemite on the slices that were
used in electrical measurements are shown in Table 4.2. It must be men-
tioned here that the residual film thickness was deliberately made much

greater than the minimum suggested by Errihgton (Table 4.1). Very thin
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films (less than 100-2) are known to give rise to>quantum mechanical
tunnelling and if this is dominant other properties of the film may be
masked. Residual film thicknesscs for the electrical measurements are
greater than 300 2, well in excess of those for direct tunnelling to occur.
Capacitance and conductance measurements-were‘carried out in

aﬁbient room light since no noticeable differences'can be observed from
those in the dafk, but neverthless dc conduction mcaSurements were made
in the dark.

| A'typical capacitance/conductance-voltage characteristic of the
.residual film is sﬁown in Figure 4.1. The measuring frequency was 100 kHz
unless otherwise specified. 1In forward bias; i.e. when the metal polarity
is made more positivc with respect to the semicondcctor, a slight ihcrease
in capacitance is observed which saturates between 60 and 90 mV at a value
of Co = 111.14 pF. The value of Co is attributed to be the high frequency
reéidual film capécitance and for a thickness of 341_8 over an area.of
>1.03 # 10_3 cm2 the diclectric constant of the film works out to be

K, = 4.,17. For values greaterAthan 90 mV there is a rapid drop in cap-

acitance which is cOnsidered to be due to failure of the G-C-V plotter to
measure capacitance in parallel with high conducticn.'

In reverse bias (metal made more negative than the semiconductor),
the capacicance decreases quite rapidly up to - 0.52 V which will be shown
in Section 4.4 to correspond with VfB' followed by a more normal depletion-
type charactéristic for higher voltages. Correspondingly a rapid drop in
conductance also occurs_until, at a yoltage of -0.20 V, it starts to rise
| again, achieving a peak conductance value of 2.33‘u0ﬂclose to the voltage
VFB' For voltages greacer than VFB the conductacce drops rapidly until
at about -1.0 V and beyond, becomes virtually negligible.

Measurement at 1 kHz and at greater voltages than shown in Figure 4.1

reveals an increase in the conductance starting at -4.35 V, again rising
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rapidly with further reverse bias. At 100 kHz this rise in conductance
is not observed until the voltage is -7.75 v.

The dc conduction characteristic is shown in Figure 4.2 for both
forwgrd and reverse bias. At very small voltages (léss than 10 mV) an
ohﬁic relationship is observed in both directions of bias. Voltages
greater than 10 mV give a rapid rise in the férward current leading to a
strong power law reiationship (log J ~ Vn) from 100 mvV onwards with a
Vélue of n = 6.8. 1In reverse bias the ohmic region is followed by a
sublinear region up to -0.52 V and a more rapid rise from this voltage
to -4.40 V. Beyond -4.40 V the current rises even more'rapidly in a
power-law relationship coinciding with the increase in conductance observed
at 1 kHz.

Transforming the capacitance-voltage curve of Figure 4.1 on to a
1-/C2 -V plot reveals a characteristic very different from that of a
Séﬁottky barrier (Figure 4.3). For reverse voltages, less than VFB'
1/C2 appears constaht for both high and low frequencies. With higher
reverse voltages the 1/C2 plots fit two straight lines with changes of
slopes occurring at -1.31 'V and -1.;% V for the 1 kHz and 100 kHz curves
reépectively. 'The two curves diverge from one another as the reverse
voltage is increased.

To try to explain the capacitance characteristics, some work was
also done on the underlying silicon after the formation of the Type-A
willemite. After the removal of both the willemite and the residual
films with hydrofluoric acid etch, aluminium was deposited on the bare
silicon ﬁo form a metal-semiconductor contact. A £ypical result for the
1/C2’— V for the resulting Schottky barrier is plotted in Figure 4.4.
The experimental points are found to be much lower than the calculated
_cufve for an ideal Schottky barrier (indicated by NT = 0) having the

-4 2 - ,
sxpected parameters of an area of 6.89 x 10 cm , a doping concentration
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15 =3 ’
of 2.3 x 10 cm and a metal-semiconductor barrier height of 0.65 eV

(Sze (5)). Assuming that the lack in agreement is due fo contributions
from'deep—impufity trapping levels in the silicon, theoretical curves
based 6n the Sah-Reddi Theory (see Sectiop 3.3), Qére'calculated for bothV 
donor aﬁd'écceptor—type tréps with varying uniform qoncentrations. The
donér-type trapping curves (indicated by fo) are célculated for a single
manganese level at 0.53 eV above the valence band of the silicon using
equation (A3.8) (frdm Aﬁpendix III), while the acceptér—type trapping curves
(indicated by Né‘) are for zinc at 0.55 eV from the'conduction band using
equation (3.5). It is seen from the experimental résults that there is
evidence of some considerable concentration of donor-type deep-impurities
in the silicon since an acceptor-type level will yield curves above the
ideal case. At low reverse voltages there is no deviétion between the high
and low fréquency values of I/ézlbut at higher voltages the value for 1 kHz

is higher than for 100 kHz.

4.5 Analysis of Residual Film Results

As mentioned iﬁ Section 4.2, the existence of the residual film
after etching off the Qillémite has been confirmed by ellipsometric measure-
ments, yvielding thicknesses larger than 300 8. It is necessary to deduce
as mgch as possible about the properties of the structure from the electrical
measurements desqribed in Section 4.4. The characteristics are somewhat
similar to those of a Schottky barrier with the possibility of the film
beihg sufficiéntlylconducting to form a Schottky baprier in the silicon{
1f this is so, the measured capacitance should théﬁ agfee with that from
Schottky barrier theofy as' given in Section 3.2. From the C-V results of .
FigureA4.1,'the capacitanée at zero voltagé is well'in excess of 100 pF,

while the theoretically‘calculated value for a Séhottky barrier in the same
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silicon over the same area (1.03 x 10—3 cm2) gives a capacitance of only
abéut 10 pF which hakes a simple Schottky barrier model unlikely.

Another possibility is that the film is insulating but with pin-
holes or other défects which enable Scﬁottky barriers to form over small
areas where the metallization and silicon effectively touch. 1If ﬁhis
were-sé.the results would surely not be so reproducible over a large
number of similar structures. Also the measured éapacitance would be
egpected to be less than the theoretical value of 10.pF for the entire
capacitor area, whereas it is much greater. With these discrepancies,
it is quite clear that a Schottky barrier model for the residual film
structure has to be discarded.

A third possibility is that the residual film is an insulator
without 'gross defects so that Qe then haQe an MIS structure model where
the‘maximum capacitance Co' as ip Figure 4.1, can bé taken to be the high
frequency capacitance of the film. This results iﬁ an effective dielectric
constant Kg of 4.16:for a film 341 X thick. For such a structure,'fhe flat~

band capacitance can be calculated from Sze (5) to be
-1

: T KO kT Ks Eo ;: .
1 - + — A e————ee. .1
CFB Koeo A do K 2 (4.1)
s q ND

where do is the film thickness,
k the dielectric constant of silicon,
s - )

A the capacitor area, and

Nd the donor'éoncentration, known from the resistivity of the silicon.

o -3 N
Using a value of 2.3 x 1015 cm for ND, KS =-11.7 and the rest of
the parameters as quoted earlier, the calculated value of C%B using

equation (4.1), is 59.30 pF; corresponding to a flat-band voltage

VFB = ~0.52 V. The total charge QO present in the residual film can
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then be calculated from the relationship

VFB =‘ ¢ms - Qo/co ' ‘ (4.2)

: For alum;nium and n-type éilicon, ¢ms = -0.70 volts (5), which
résults in Qo = 2.7 x 10_9 C cm—2 corresponding to én'area density of
positive charge of 1.7'x 1011 cm—z. This indicates a high concentration
of positivg trapped chafge so that any speculation.about the band diagram
of the residual film has to ailow for band bending. Another consequence
of the'large positive charge is to draw electroﬁs towards the semi-
cénductorlsurface so accumulating it even in thermal equilibrium.

’~ in aécumulation‘the silicon can jus£ beAregérded as another electrode
for the residual film where the carriers are readily supplied by the
silicon (see Figure.4.5). Thus in such-a situation the forward bias
'_characteriétics are primarily those of the résidual film. vIn normal

-circumétancés, the insulator in an MIS structure is'regardedAto be non-

conducting and tfap—free, but because of the‘high'trapping centres in
fhe residual film, appreciable conduction is assumed to take pl&ce via
these céntres. Further confirmation from ac condﬁctivity measurements
A :

sh&é& be discussed later in this section. From the forward bias dc con-
duction curves of Figure 4.2 measured at room temperature, the threshold
voltage at which the linear part of the curve begins is about 90 mv,
coinciding with tﬁelvoltage at which féilure in' capacitance measurement
occurs. Such a power-law relationship, log I ~ §n’ has been reported by
‘Jonscher (6) for éﬁOrphous.materials displaying a hopping conduction
mechanism where theAvalue of n can be anything between 6 and 14. The
value of n from the linear part of the experimental cdrve at 290K is

6.8. Below room temperature the power laWis obeyed over a much wider

range of current, about four orders of magnitude for the curve at 196°K.
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Figure 4.5: Proposed band diagrams for the ;esidual.film structure
(a) in accumulation, and (b) in deep-depletion.
Arrows within the film indicate the process of tunnel-
hopping. EF andAET are the Férmi—level and ‘the deep
trapping levels in the silicon respectively. EFM is
the metal Fermi Level with rgspéct to that when in
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Figure 4.6:

(a)

Mechanisms for hoppingconduction:aftef Jonscher

and Hill (7).

(a) High-field emission from a donor-type centre for
(i) thermal emission over a barrier, (ii) thermally
assisted’ tunnelling and (iii) pure tunnellirng.

(b) Direct injection of electrons from metal into“
localized states instead of surmoun;ing the

barrier ¢ .
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Furthermore, the activation energy of hopping conduction is reported to
be very low (-mlo—zev) (6) since conduction takes placé between localized
energy levels close to the Fermi level rather than the free-carrier bands
(7). The onset of high field hopping conduction is found by Jonscher (8)
to be about 2.5 x 104 V/cm and this is éomparable to tﬁe field of 2.6:‘:10.4 V/cm
'at the threshold voltage of 90 mV for the power—law'charaétéristic of the
residual film. High field conduction can occur eitherAby Poole-Frenkel
egcitation of carriers over potential barriers from localized states, or
by thermally assisted tunnelling through the top of the field-lowered
barriers (see Figure 476(a)). |
Another feature reminiscent of hopping conduction is the dependence
of ac conductivity on frequency, taking the form ¢ ~ os where 0.8 <s<1.1 (6).
for a voltage of -0.2 v, the aC;conductivitieé measured at 1 kHz and 100 kHz
give a value of s:= 1.04. Because of the high density of localized.staﬁes,
.di;ect copduction from the electrode into these sﬁétéé'is ltkely {(Fig 4.6(b) )
and furthei work by Jonscher (7) has estab;ished that the conduction is
electrode independent. Work on silicon‘monoxide by Servini and Jonscher (9)
and Klein and Lisak (10) has shown that conduction at high fields is a
Poole-Frenkel hoppiné process between localized centres. Bearing in mind
that the residual £film is probably some combination of oxides of silicon,
it is therefore very.iikely that the mechanism-for éonduction is by a
"hopping process. |
| In-feverse bias, the ohmic region of the dc conéuction is followed
by-a strong sublinear characteristic up to the flat-band voltage VFB'
Presumably this is due to electrons being prevented from getting into the
semiconductor from the localized levels of the residual film by repuiéion
ﬁrom the negative charge already present in the accumulated surface of
~ the silicon. The repulsive behaviour gives rise to an increase in resis-

tivity, hence explaining the drop in the slope of the log I vs log V plot.
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Here, capacitance is mainly being contributed by the residua} film (see
Figure 4.1Y, but the drob in capacitance with further increase in reverse
voltage is possibly attributed to the film becoming more conducting as
field-assisted trapping conduction becomes dominant. For reverse voltages
between VFB and V&, the sub-linear characteristic stili prevails but this
time.with an increase in current. When a plot of‘current against the
sqnare root of the appiied voltage is made, the experimental points are

' found to follow a linear relationship (Figure 4.7). Here the field that
‘1s required to allow a large number of electrons to pass through the
residual film has been snrpassed so that most ofathe applied voltage is
dropped across the silicon. With the silicon surface in depletion, holes
generated in the bulk are'swept towards the surface, recombining with
electrons from the residual film in the vicinity of the surface. This
leads to a 'recombination front' being formed in the semiconductor surface.
In his theoretical modei for such a phenomenon, thz;i’sser -(11) has indicated
that it can give rise to a current of I ~ V% provided  the dieiectric
relaxation time exceeds the minority-carrier lifetime. Such an effect is
contrary to the conventional semiconductor.thSics case where the dielectric
relaxation time is usually smaller. Similarly the generation process of
holes in the bulk of the semiconductor can also be a current limiting
factor. Since the width of the depletion region (i.e. the generation
region) increases approximately as V12 the current would be expected to
vary with the square root of voltage (12).

‘'The shape ofythe 1/C -V plot of the re51dual film and its fre-
quency dependence (see Figure 4.3) suggests that there is not likely to
be a simple relationship. Possible contributions towards the frequency
dependence'are from the residual film, the deep donor-type levels in the

silicon and the electron-hole generation process in the bulk. At low
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vffequehcy less conduction is expected to occur via the hopping process
in the'residﬁal film, which means that fewer elecﬁroﬁs are available at
the inferface. On the other hand the low frequency allows more holes
to be swept towards the surface. Similarly more of.the deep donor-type
ﬁraps can become ionized increasing the density of pésitive centres. The
net result is an increase of the positive charge within the space-charge
region which tends totincrease the capacitance and explaining the lower
values at 1 kHz compared with 160 kHz in the'l/c2 against V plot. Pre-
sumably the trapping éentres play the more dominant role because if the
electron and hole concentrations were drasticall? differént (i.e. more
holes than electrons) then accumulation of holes wbuld occur and an
inversion plateau should be observed in the capacitaﬁce characteristic.
Since no'inversion is observed the recombination rate must be too fast
to be affected by the'iange 6f measurement frequenciés used.

The 'knee‘ characteristic (i.e. the change in slope) in the
1/C2 - V curves can again be explained in terms‘of ﬁhe role played by the
donor-type traps. At flat-band voltage all the tréps are filled and
uncharged,'but as the vdltage becomes more negati?e a éoint is reached
where the trapping level crosses the Fermi-level, beyond which the centres
become ionised, leaving fixed, positive centres. From this cross-over
Véltage onwards the chargé of the trapping centres will add to that of
-the donors in the semiconductor, effectively changing from a low to a
higher net doping concentration. . This is consistent with the change
from a'steep to a more gradual slope in the 1/_C2 vs.V plot.

If deep-levels are neglected then the theoretical value for the

inversion capacitance, Sze (5), is given by
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'where XB = ‘Ef - Ei and the other symbolé are Fhe usual parameters.
With xp = 0.357 ev, N_ = 2.3 x 10" en™, a = 1.05 x 107 on’, the
calculated inversion capacitance is founa to be 19.82 pF, which would
be reaqhed at a voltage of -1.54 V. This voltagé‘would be less negative
if deep donor-levels are taken into account. By coincidence the theo-
reticél inversion voltage of -1.54 V is comparablg to the voltage of
-1.55 where the 1 kHz 1/C2 - V plot changes. ByAassﬁming thé surface
pofential ¢s of the silicon to be approximately equal to the difference
between this voltage and the flat-band volﬁage (¢S =[Vc - VFBI ), the
value of ¢S_can be predicted; As in previous'cases; it is assumed here
that the applied voltage is dropped entirely across.the silicon. From
Vc'= -1.55 v and-V'FB = -0.52'?, we find éhat ¢s * 1.03 v. This is much
larger than expected because ¢s shoula be equivalent to the difference
between the silicon Fermi-level and the trapping ievel. Assuming that
fhé trap-levels are at the intrinsic level, ¢s = IEF = Ei = Q.257 V.
As can be seén,-the voltage for the change in slope is very much greater
than this,.which,can‘possibly be explained as follows. When the trapping
level‘crpsses the Fermi level, at ¢s = 0.257 v, électrons are expected to
.-be released from the traps into the silicon conduction band such that the
dono#—type traps become positive. This situatidn ﬁay not arise because
the released electrons are immediately replaced by electrons coming from
the residual film,. Suqh trap-filling and emptying processes are usually
observed to depend on the time constant of the traps'and measuring
frequency.

The unexpected rise in dc.currept for voltggés~more than VT== -4.40 v
can be explainéd by the following. At.these voltageé, the semiconductor

is forced into the deep-depletion mode with a lot of band bending near

the interface. The high field at the interface can then lower the barrier

54




(possibly by image force lowering) as.well as making the distance between
the bands at the edge thin enough for tunnelling: Electrons from the
localized levels in the residual film will then be able to pass directly
into the_silicon conduction'band_contributing toAan increased current
density. - The ac conduction measurements at 1 kHz also show a sudden’
increase in conductivity from -4.40 V onwards, thus supporting the dc
results.

" From tﬁe discussion above it canabe concluded that the electrical
properties of the residuvual film can be satisfactorily explained by a
médifiéd MIS model.‘ Sinde nothiﬂg is known about the energy bands of the
regidual film,la wide band-gap, comparable to that of silicon dioxide,
with ldcalizea energy states at mid-gap {as been assumed. As discussed
.in Section 4.2, the residual film is éome form of an oxide of silicon,
~and iﬁs dielectric constant of 4.17 lies between the value of 3.9 for

l ' . ] : consishent
silicon dioxide and 5.0 for silicon monpxide which is eemstent with the
refra&tive index values. The discussion has led to.a model of tunnel-
hopéing conduction through the residual film, rather: than direct tunnel-
ling. A similar model has been successfully used.by Dubey et al (12) for
explaining the properties of anodic oxide MOS structures. 1In the accumu-
lation mode, Figure 4.5(a), the voltage drop is;ent;rely across the
-residual film which virtually limits the current; the role of the silicon
here is only that of an electrode. However in reverse bias, Figure 4.5(b),
the silicon plays a more dominant role, being the current limiting factor
over a widerrange of voltage. Electrons from the metal, which can move
‘easily by tunnel-hopping within the residual film, then face a recombina-
tion frbnt in the semiconducfor at the vicinity of the interface region.

It appears that this model can provide a reasonable explanation for all

the experimental results.
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4.6 Electrical results for theCJOmposite Films

Cdmpared with tﬁe'residual films the compdsite willemite films are
far more insulating apd the majority of the measurementé are.of the C-v
characteristics.

The coﬁposite willemite MIS structures haQe very good MIS-type
C-V characteristics, wi;h strong inversion and accumulation and a
reasonably steep slopé in'the:depletion regime. . Fiéqre 4.8 shows a
'typiéal‘example of such a characteristic from slice SL6 where the first
‘hélfQéycle of thg sweep is from pogitiVe to negétive_voltage Starting at
_+‘3.0 V;' The accﬁmulatioﬁ capacitance -in the initial curve is chax:=87'7 pF,
which can be assumed to be the effective capagitance-of the compqsite film
itsélf; Strong inversion occurs at a caéacitanée of.20.0 pF, which is in
agreement with a calculated value of 19.8 pF using equation (3.8) with a
donor concentration .of 2.3 X 1015 cm_3. The flat-band capﬁcitance, as
.c51¢ulatea from equétion (3.10), gives CFB = 59.9 pF; éo;responding to an
Vinitial flat-band Qoltage of'VFBo=— 1.23 v. The dépletion characteristic
is as dne would expéct to find in typical practical MOS~s£ructures, but
in this cése'the slbpe is 1less steép than the ideal curve. The displace-~
mgnt of the C-V curve along the voltage-axis, resulting in a negative flat-
band voltage, indicates the existence of positive chargés within the film
even initially.

An outstanding feature §f the C-V charactéristics of the composite
film is the hysteresis observed when a complete cycle is measured. After
‘going into étrong invergionlup_to -3.0 V in the fofward sweep, the return
sweep always has its onset voltage for iﬁversion,phlled towards a less
’negativé value. The gradient of the C-V curve is also reduced, stretching.
out the curve in the depletion region, Therefore,lwith a maximum positive

measuring voltage of +3.0 V, it is sometimes hard to tell whether accumula-

tion will definitely occur, although there is always a tendency towards
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accumulation in the retufn sweep. The most conclusi§e péint that can be
made here is that there is always a shift in the flat-band voltage towards
a less negativelquantity following a negaﬁive bias éweep. In this case
the shift arising from the hysteresis is about 1712 V.

- To help ideﬁtify the cause of the shift, measuremenfs for both
directions of sweep voltage (i.e. positive to neéative and vice versa)
starting at different values of voltage bias.weré cafried out on fresh
structures. It was found out that positive sweep voitages do not give any
shifts of the C-v curve{ while those in the negative region have a large
effect. The deduction that cah be made from these.observations is that a
negative voltage has the effect of neutralizing pdéitive charges and/or
creating negative space-charge fegions within the film.

The efféct of the magnitude of the negative voltage on the C-V
shift is more difficult to measure because of the ever-changing voltage
during the sweep, making it complicated. For example, in Figure 4.8, the
forward.sweep C-vV curve in the second cycle indicated by double arrows,
is shifted slightly towards the left of the previous return sweep, showing
that there is a small amount of recovery. Although the effect is small
compared with the first hysteresis, the pattern of the C-V curves is
similar to those arising from positive iong movements within the film as
has been pé%posed by Grove et al (21) for MOS structures.

Figure 4.9 illustrates the change in the C-V curves when the sample
was stressed with a voltage of -4.0 v fof different durations of t%me.
Measﬁrements were éarried out in the first cycle ofAthe forward swéep from
+3.0 v £o ;3.0 V. It should be noted that the posSibility of even small
negafive measuring voltages contributing to the flat-band shifts cgnnot
'be toﬁally omitted. For this reason the maximum négative measuring voltage

was limited to -3.0 V which is less than the stress voltage of -4.0 V.
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It can be seen that the largest change in the flat-band voltage occurs
during thevfirst second of the applied stress. This large change is
followea by smaller shifts which gradually tend towards a saturation con-
ditien after a very long period of stresees. Simultaneously with the
shift in the C-V curve is the reduction in the depletlon region slope,
implying some correlatlon between the three parameters

A prolonged stress of -4.0 V for about 104 sec eventuaily led to
what is called the 'breakdown' in the MIS-type characteristic; as’
illustrated in Figure 4.10. The term 'breakdowﬁ' used here is not in the
actual sense of a total dielectric breakdown, but rather the incapability
of the structure from sustaining'charge equilibrium.” This phenomenon is
identified by losses in strong inversion characteristic iﬁ the negative
regime of measuring voltages and accumulation charaeteristics in the peeitdise
positive regime. (See curve (b) of Figure'4.10f; At the onset of this
phenomenon,there isistill a tendency to inversion as illustrated by the
existence of a plateau in curve (b). If further stressing is carried out
the C—V'charaeteristic will ultimately become that of the residual film,
implying a loss in the insulating property of the overlying willemite film.

In order to study the variation of flat—baﬁd voltage with stress
amplitude and stress time, a more careful procedﬁre has to be followed.
This is done by firet finding the average flat-baed eapacitance, CFB for
several composite structures. The C-V curve of‘a fresh structure was
then measured for a small voltage range around the expected flat-band
value. A constant dc negatlve voltage VS,'i.e. the stress voltage, was
applied to the structures for a given time and the above measuring pro--
cedure repeated. For stress durations of less than 1 sec an Advance
Instruments PG 58 Pﬁlse Generator was used to appiy:the stress. By pro-

gressively increasing the time of the stress, the change in flat-band
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Figure 4.11: Flat-band voltage vs. negative stress voltage.

Stress time, 1 sec. Initial flat-band voltage
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Figure 4.12: Flat-band voltage vs. stress time for twoA
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voltage with stress time was thus observed. In an alternative experiment
the stress time was held constant while the stress voltage was varied.
Although this method is not very accurate, it was also able to measure
changes in flat-band voltage without much interference due to the C-V
measuring voitage. Furthermore, it is sufficientl§ accurate as long as
the stress voltage magnitude was kept higher than the initial flat-band
voltage VFB - Greater inaccuracy occurs for low stress voltages, i.e.
values close to the initial flat-band voltage oﬁ about -1.27 V.

Results for the variation of flat-band voltage with stress voltage
are given in Figure 4.11. Increasing negative dé voltages were applied
cdnsecutively to the composite structure for one sec with interruptions
in between to carry out measurement of VFB.» The iﬁitial flat-band
voltage V is at -1.27 v, implying the existence of positive charge

o
'already in the film. This is followed byAa very 'small change in VFB for
values of Vs up to -1.70 V. Within this region of Vs the change in flat-
band voltage is slightly over 0.1 V, virtually a cbnstant. From
VS = -1.70 V-to about -3.80 V, there is a rapid change of flat-band
voltage towards less negative values. Up to this point the value of VFB
is still negative, indicating that the effective stress so far has not
been able to alter the polarity of the net charge in the composite film,
i.e. the film still contains net positive charge. The change in flat-
band voltage over this region is about 0.85 V, giving an average slope of
0.4 for the gradient. Values of VS greater than -3.80 V yield progres-
sively smaller changes in flat-band voltage, with an approximately linear
relationship between the shift and the stress Vditages.' The éhange in
flat-band voltage over 6.20 V of stress voltage is about 0.55 V, equiva-
lent to a slope of 0.09 for the gradient. A polarity change from negative

to positive in VFB occurs at VS = -7.0 v, implying that stress voltage
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above this valge are capable of creating net negativé charges within
the film. The maximum amplitude of VS that can be applied before the
C-V characteristic goes into 'breakdown' is -14.0 V.

Another important'test that‘was carried out after a large negative
stress had shifted the curve to a positive flat—bana voltage value was to
try to recoVef its initial negativeAflat—band voltage. The attempted
récovery process was carried out by applying positive stress voltages.
AIthough different magnitudes and durations of positive. stressing were
tried, there was only very-slight recovery towards less positive flat-
band voltages and the flat-band voltage could never be made negative
after once being forced positive.' Again the 'breakdown' phenomenoh
occurred if very high positive voltages were applied in the attempted
recovery process. If the stressed sample was left for 24 hours an open-
circuit recovery of about 0.2 V was observed whichAwaé again insufficient
to make VFBIreturn to a négative value. |

As has been mentioned earlier, the shift in flat-band voltage is
also a function of time as shown approximately in Figure 4.9. More
accurate measurements were made using a technique similar to that for
fihdihg the effect of voltage stress. The value of Vs was fixed while the
structure was pulsed either manually or electronically for different
durations of time. Flat~band voltage measurements were made after each
pulse. Figure 4.12 shows the shift in VFB with time for two different
stress magnitudes. The horizontal axis here is the true total stress

‘time; i.e; the sum of the nominal stress timés appiiéd. It can bé seen
that for Vs = - 5.0V, a shorter time is required to achieve a given flat-
band shift compared to Vs = -3.0 V, the difference being more remarkable
for stress times in excess of 1 sec. It looks as if there is a tendency

for the -5.0 V stress curve to saturate with time, and in fact for a stress
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time of 1O4 sec, the C-V curve goes into the typical 'breakdown'
éharécteristic. Presumably this indicates that .the nét charge within

the film has reached a méximum value, and that any further action in
trying to add further charges is prevented by'repulsion due to the
internal built-in field arising from thg space-charge already in existence.
At the lower end of the logarithmic time-axis, though not shown in Figure
4.12, the flat-band shift for -5.0 V stress was also observed for times as
short as a few microseconds, but for -3.0 V stress, the shift only startéd
for times greater than 60 Ms. Another point of ‘interest is the time
required to achieve'a value of zero for the flaﬁ-band voltage. For a

-5.0 V stress, this time is about 1.5 sec. but_fo; a -3.0 V stress it is
about 150 sec. This is a difference of two orders of magnitude in the
stress timé for_a difference of only 2.0 V in the stress voltage. 1In
othér words, it takes about a hundred times longer to neutralize the
positi&e spacé—charge within the composite fi}m with a -3.0 V stress
voltage than with -5.0 V.

Since results from C-V measurements have shown that the measurement
itself may a;ter the electrical properties of the composite film, it was
to be expected that the same problems would be encountered in de con-
duction measurements. Nevertheless current measuréments were carried
out carefully with small increasing steps of volfage (a few millivolts)
each ;pplied for about half a minute. The purpose of the long measure-
ﬁent time was to observe if there is any fluctuation or decay in the
current. The current characteristic for negatiﬁe applied voltages is
. shown in Figure 4.13 from which it is seen that-the current starts to be
appreciable at around -1.10 V. This threshold voltaée happens to coincide
with the flat-band voltage VFB from C-V measurements, although it is

slightly smaller. The current starts to saturate at around -1.70 V and
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I
Experimental Slice SL1 SLé6
Composite, dT _(8) 920 693
Residual Films, d_ %) 376 341
Willemite, d_ %) 544 352
c (DF) 68.0 .| - 87.7
max .
C . (pF) , 21.2 20.0
min .
: F 52.9 " 59.1
CFB (pF) , v
.VFBO (volts) -1.24 -1.23

Table 4.3: Typical results of film thicknesses
“from two slices of Type-A willemite

processed separately.




the saturation current is about 10_9 A. The voltage range over which
the current saturates corresponds to the range ofAstress voltages which
cause the dramatic changes in flat-band voltage iﬁ Figure 4.11.

Another_feature to take notice of is thevdirection of changing
voitage during the current measurement. In Figu;e 4.13, curve (a) is
for measurements made with increasing negative voltages while curve (b)
is for the return measurements with decreasing negative voltages. It can
be seen that curve (b) is shifted towards the right of curve (a), implying
that a higher voltage is required in the second case in order to achieve
the same current (i.e. the current decays). If very high voltage stresses
or prolonged measurements are carried out, the whole cufrent-voltage
characteristics of curve (b) are, however, shifted very much towards
lower values in the woltage axis (curve (c¢) in Pigure 4.11), with a
slight increase in the saturation current.also. This implies that the
composite film is now more conducting, and in fact if measurements were
carried out over a long time (a few hours), the ccnduction characteristic
ultiﬁately approaches that of the residual film. However, the direction
of shifts along the vcltage—axis leading to the 'breakdown' phenomenon
in the C-V curve is opposite to the dc conduction case cited here. 1In
the C-V case, the shift due to the effect oﬁ negative voltages is first
positive going and then negative, followed by the 'breakdown' phenomenon
(seejfigure 4.10). Presumably the process leading to the 'breakdown'
phenomenon found in the C-V characteristics corresponds to that of the
I-v measﬁring process.

Conduction measurements with positive voltages are inconsistent
but again there is a threshold voltage for appreciable current flow.
Hoﬁever in this case the threshold voltage is found to be variable from -
0.2 v oﬁwards. Above the threshold the current rises very, very rapidly

-finally approaching the forward current characteristic of the residual
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film. It is possible that the consecutive application of positive
voltages for some time can cause the composite film to approach

'breakdown. '

4.7 Analysis of Composite Film Results

Table 4.3 presents film thicknesses and some of the capacitance
results for Type-A willemite composite film struétures fabricated on dif-
ferent silicon slices. The residual film thicknesses from both slices
are comparabie but there is a difference of about 200 A in the willemite
film thickness. Values of the accumulation capacitance are given in
the colﬁmn headed Cmax' and from these values and the thiéknesses, the
effective dielectric constant of the cdmposite,,:.film‘lcc is caiculated
as 6.68 and 6.64 for sliceé SL1 and SL6 respectivel?. Using a dielectric
constant value of 4.16 for thé residual films; thé respective dielectric
constant Kw of the willemite film for slices SL1 and SL6 is found to be
12.19 and 15.52; These values are rather higher than might be expected.

The capaciténce in strong inversion given by Cmin are comparable
for both slices and so are their initial flat—ba@d voltages. Such result;
demonstrate the consistency in the properties of Typé—A composite willemite
films prepared in the same manner at differen_t’ tin‘leslwith the present
technique. As has been mentioned previously, the negative value of the
initiai flat-band voltage VFB indicates the'existeﬂce of positive charges
within the compoéite film. Calculations carried out using equation (4.2)
give a bulk charge density of 2.8 x 10il cm—2 which surprisingly agrees
well with the bulk charge density of 1.7 x 1011Acm“'2 for the residual
film, particularly as there is a scatter of about 0.2 V in the value of

v . This agreement shows that the positive charges in the composite

FB
(o]

film reside mainly in the residual film. 1In other words, it appears
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that the fresh film of willemite itself after processing and prior to any
measuiement is electrically neutral.

Hysteresis effects foﬁhd in C-V measureﬁents, as in Figure 4.8,
and the flat-band voltage shifts with stress time, as in Figure 4.9,
show that only negative voltages applied to the metal are responsible.
There are two possible causes of the flat-band shifts in this direction
g€ither (a) negative charges are being introduceé info the films, or (b)
there is movement oflmobile positive charge in the films away from the
silicon and towards the metal. Possible mechanisms'for the shift can
be categorized into two, namely electronic and ionic, and each possibly
will be treated individually.

When a negative voltage is applied to the metal, the two electronic
processes tﬁat can give rise to a negative space-charge are (i) the
extraction of holes from the-willemite into the'métél, and (ii) the
injection of electrons from the metal into the w;llemite.A The discussion
of the charge movement is here being confined td the metal and willemite
_only bécause a strong inversion characteristic in fhe C-V curve is always
observed, thus ruling oﬁt any appreciable charge exchange between the
silicon and the composite film. Considering that willemite is a wide
band-gap material (Eg a 5.5 eV), the concept of hole conduction and trapping
within the forbidden gap is very dubious and Jonscher and Hill (7) have
pointed out that hole processes can be ruled out for large gap materials.

kol

Hence the mechanism of hole extraction from the willemite into the yi;&e—
mite is not discussed.. The plausiblevelectroﬂic mechanism that will

be discussed herelis,'therefore, that of electron:injection from the metal
into the willemite.

The threshold voltage at which flat-band shifts become appreciable

is -1.70 V and taking into account the voltage drop across the silicon
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‘”;é weil, tﬁéiéorréspsnaigéhﬁield across tﬁe composite film is approximétely
1.7 x 105 V/cm.; If the mechanism of e;éctron transfer in the willemite.
iévby-Poolé—Frenkei conduction the field that would-ndrmally be required
is about{an'6rder of magniﬁude'higher than this. "Electron injection has .
been observed at a fhreshold fiela of 1.5 x'106 V/cm for a MAOS structure
'by_Bélk ana Stephany (13) and at 106 V/cm for a MNOS structure by.Tsujide
ét al (14).- For ﬁhé séke of argument, assume that the trapping centres

are dbnor—tyée‘with Fermi-level of the dielectric at @id—gap and that the
bérrier'height of the traps with respect to the metal Fermi-level is

0.5 ev; If thé-tunnelling distance through the forbidden gap is about

Sb g,'thén for Poole-Frenkel conduction té‘take place the field has to be
abo_utl‘lO6 V/cm. Presumably such a mechanism is ﬁnlikely in view of the
facf thét the measﬁring field in our case is much lower. An alternative
‘mechanism for electron injectidn'into'tﬂe willemite is by hopping conduc-
tion; inVolying thé direct tunnélling’of electrons‘between localized
states with energy levels situated around mid—gap.t Although the field
requiréd for this to occur is only moderate, aboﬁt 104 - 105 V/cm, the
density of localized stateé has to be rather high, of the order of 1018 053
or more. Zinc silicate, being a glassy material, seems to be a good can-
didate for hopping conduction since a number of other glass materials have
been found to exhibit such a mechanism (15). Unfortﬁnately, for moderate
field strengths, conduction 5y this mechanism is normally observed at low
ﬁemperétures (see Jonscher (7)). Therefore there is considerable doubt

'as.to whether_the trapping of electrons in the willemite could account

for the flat—bahd shifts observed.
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The second category for negative space-charge formation near the
gilicon is from ions. Positive and negative ion concentrations may be
changed locally by the movement of mobile impurity species within the
willemite, as océurs for sodium ions in'aluminium oxide, see Abbott and ;
Kamins (16), or by thé polarization of the dielectric itself, as for
phosphosilicate glass (Snow and Deal (17) ). ' In most dielectrics, the
mobile impurity species are positive ions often sodiuﬁ, potassium or
h&drogen. However, positiﬁe ion movement frém impurity species can def-
initely be eliminated as the dominant feature here'because, as has been
discove;éd, the value of VFB can in fact be made positive with sufficient
négative stress.” If the effect of this stress was to draw positive impurity
ions away from the silicon and towards the negative electrode of the metal,
VFB would certainly become less and less negative, but it could never be
made positive even if all the impurity ions'aré»transferred to the metal-
film interfacé in this way; On the other hand, if'the_impurity species
are assumed to be negative then, with negative bias, they would be expected
to bevdriven cioser towards the silicon and resulting in a more positive
V. | value as found. However,'negative impurity ions would méan that the

FB

initial flat-band voltage value va would be positive which does. not
' o

apply to this type of structure.

Abbott and Kamins (16) have found symmetry in C-V curves about
the initial flat-band voltage when stresses of both polarities were applied
to their A1203 coméosite films containing sodium impurities. For the

willemite composite structure, the flat-band shifts are non-symmetrical

about V .. and in fact there is no shift at all with positive stress

FB
o

voltage. Hence for all these reasons, movement of impufity ions cannot
explain the experimental results, although small effects of positive
ion movement can be detected from the slight hysteresis at the second

cycle of the C-V curve as illustrated in Figure 4.8.

66 -




The second alternative,'which seems more likely, is that the shift
in the C-V curve is due to the polarization of the willemite itself. Such
polarization can lead to the formation of a space~charge within the com-
posite film which in turn induces charges of opposite polarity in the
semiconductor so shifting the flat-band voltage. The two types of polar-

. ization which may be possible here are due to molecular polarizability
and/or interfacial polarizability. The former is due to the displacement
of positive and negative charge centres or the orientation of dipole
moments when a field is applied, while the latter is due to charge
accumulation at trapping centres or defects so as to induce an image charge
in the nearby‘electrode. For the composite structuré,_if the polarization
phenomenon occurs in the willemite, it is difficult to choose between the
two mechanisms but by using the double-dielectric MIS-type structure model
suggested by Snow and Dumesnil (18),on whqse analysis the following
discussion is based, a good understanding of the polarization phenomena
is possible.

The willemite film has been shownAto be elgctricaUQ?neutral initially
but it is assumed to have a uniform ;oncentration of N mobile cations each
with charge g compensated by.an equal concentration of fixed anions with
charge - gq. Upon application of a negative voltage, the mobile cations

A . | |

will =&+ towards the metal where they discharge or pile-up, leaving
behind a negative space charge of density - gN, near the willemite-residual
film,interface. The negative space-charge in the willemite will at first
compensate the positive centres present in the residuél film but with
lengthened stress time and as the space-charge grows, all the positive
- centres will become compensated for and extra positive charge-will then

be induced in the semiconductor (holes and dopant jons in this éase).

The effect can be seen in Figure 4.9 where the flat-band voltage reaches
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é saturation with a positive value of VFB after a long duration of stress,
indicating the existence of a net negative charge in the composite film.
On the other hand, the positive space-charge layer'being narrow‘and near
the outer electrqde, inducés all its image charge in the metal.

Figure 4.14 depicts the situation for the charge distribution, electric
field and potential after achieving saturation in va with the stress
voltage. By neglecting the charge'QQ and using Poiéson's equation,

Snow and Dumesni% (18) derived the saturation voltage AVSAT in terms of

vV o=

A = - > 4.4
VSAT Kw do Vs - ( )

where the value of N has been assumed to be very large ( > 1019 cm-3)

With some algebra, equation (4.4) can be transformed to give AVSAT in

terms of the effective dielectric constant of the composite film Kc and

its thickness dc, i.e.

AV 0
SAT Kk do 1 Vs (4.5)

Figure 4.15 shows the experimental points for flat-band saturation
voltage plotted against the stress voltage. The straight line drawn has
a slope of 0.412. wWith Ko = 4.17 derived from Seétion 4.4 and equating
the slope factor to the square bracket term of equation (4.5), the value
of Kc is found to be 6.0, which is comparable to Kc = 6.64 as derived from
the accumulation capacitance calculation. The discrepancy may be due to
4,negl§cting Qo in the derivation éf equation (4.5). .Another possibility is
tha£ whereas the line drawn in Figure 4.15 passes through the origin, the
experimental measurements show a threshold voltage at -1.70 V below which
there is little change of VFB' "Another factor is that the voltage drop

across the silicon itself has also been neglected.
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From the kinetics of space-charge formation, Snow and Dumesnil
also arrive at a relationship for the flat-band voltage shift with time:-

K

. £ .
AV . o .u - g - =
FB k do Vs ! exp T (4.6)
w
Where t is the total time of stress.
Here T is the time constant of the space-charge definéd by
. a 2
T, = € kT + — N .7

o Kw Ko dO (Ng D) (4.7

where D is the .diffusion coefficient for the mobile ions.

Khowing the value Of'AVSAT fo; a given Vs' a plot of
log (1l - AVFB/AVSAT) against time of stress should therefore give a straight
line. From Figure 4.12, the v;lues of AVFB with stress time can be extracted
and AVSAT is téken to be 1.13 V for Vs = -3.0v, 1.73 v for VSA= 5.0 Vv and
2.65 V for VS = -6.0 V. The resulfing plot is presented in Figure 4.16
but the iinear:relationship is not found. This deviation from linearity
has also been fqund by Snow and Dumesnil for their borosilicate glass films,
andvthey explain it by that fact that as the polarization builds up the
field in the bulk of the dielectric drops from about 105 V/cm to near zero
Since the mobility depends on the field, a curvature in the plot will occur
because of the field changes yith time. For the case of the willemite film,
the férmation of negative space-charge is in fact very much enhanced by
the presence of the positive charges in the residual films, so explaining
the stfong curvature obsefved. Furﬁhermore there is a change in the
.directién of the internal field at the dielectric-dielectric interface
"pbetween the initial and the final situations. Neglecting the curvature
of £he lines plotted in Figure 4.16, the time constant for the formation

of this space-charge may be found approximately from the corresponding value
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of 1/e for (1 - VFB/'VSAT)' Thus T is found to‘be 1.15 sec, 1.65 sec

and 1.80 sec. for valueslof VS of -3.0 v, -5.0 Vv and -6.0 V respectively.
Using equation (4.7) and an average value of 1.53 sec for ¢ , the diffusion
coefficient of.the mobile ions can be estimated by assuming appropriate
values for the other parameters. At rooﬁ temperature and usingK.w = 15.50,
Ko = 4.16, the Felative thicknesses of willemite and»:esidual film for
siice SL6 from Table 4.3 énd N = 1019 cm_3, the value of D is approximately
10_14 cmz/sec. .This value is highér than the value of 10_19 cm2/sec at
ZOOOC for Na2+.ions inlborosilicate glass estimated by Snow and Dumesnil .
This may be reasonable for thé'willemite in view 6f the comparative ease
with which the C-V curves can be shifted at room temperature.

The threshold value of v, = -1.70 V at which appreciable shifts in
flat-band first occur corresponds-to the voltage ét which the dc current
is found to rise suddenly to the saturation valuerf lo—9 A. This current
may be principally due to the movement-of ions pius‘some cbntribution from
electrons moving into.the willemite from the metéi. .Since strong
;nversion is still possible, even when VFB has gone ;ﬁto saﬁuration, it is
certaih that holes accumulating at the surface are not being replenished
This would imply that only a negligible number of eiectrons can be
. traversing the whole length of the composite film from the metal to the
silicon.

The drastic lowering in the gradient of the C-V curves which occurs
with the VFB shift can be explained by the polarizatipn of the willemite
' being -inhomogeneous. If the polarization occurs preferentially at certain
pérts of the willemite filﬁ area, then the observed VFB will be a suitable
average of values cofresponding to the polarized;énd non-polarized areas.
If the.inhomogeneity occurs over very small areas, the average for each

capacitor will be the same, as observed. Such inhomogeneity in the flat-

band distribution will cause a stretching out of C-V curves on the voltage
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axié as has been described by Brews (19). It is not surprising that such

inhomogeneity arises in the willemite because film exéﬁination, as described
coaw

in Section 4.3, has shown the ereasy and coarse textu;e of willemite

crystallites. A similar efféct was also.found in thé work on willemite by

Davies (1).

The above discussion has concéntrated on the effects of negative
applied voltages on the position and shape of the C-V curve. With positive
applied voltages there is hardly any shift in the flat-band voltage until
'breakdown' occurs, as reported in the last section. such a phenomenon can
be viewed on the folyowiﬁg lines. The movement of negative ions towards
the metal electrode is totally dismissed since they are already assumed to
be immobile. Other alternatives are electron accumulation at the silicon
surface. and the movement of mobile positive chargesAtoQards the residual
filmvinterface. The latter cannot easily happen for two reasons. Firstly,
since polarization is expected to take place near the vicinity of the
diéléctric—dielecﬁric interface, any movement of poéitive ions, téwards
-this interface canAonly result in a ve?y slight displacement. It may be
thét such a small displacement is not sufficient to reQeal any ;ffective
space-charge in the condition that the residual film is non-penetrable by
the mobile positive ions. The second factor, probably the more dominant,
is the role played by the fixed positive charge centres in the residual
film. Any tendency trying to create a positive space-charge near the
interface_will be suppressed by these fixed centres, repelling any mobile
positive charges. In fact it is the same fixed positive centres that are
also responsible for enhancing the formation of the negative.space—charge
'bwith the négatiVe-biés. Higher positive voltage only creates an intense

repulsive field at the interface which can create lattice strains and

ultimately the 'breakdown' phenomena in the willemite.
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4.8 . General Discussion of Type-A Willemite Films

The formation of Type-A willemite by baking“féf 20 min. at IOOOOC
results in a three-layer structure, namely the ﬁnderlying silicon, the
residual film and the.willemite itself. Basically the silicon still has
moét of its initial properties, apart from the addition of deep levels
within the band-gap. From the starting gaterials,-Zan:Mn and Sioz, the
two most likely candidates to form these deep levels are manganese and
 zinc ions, but this raises the question of which of the two is most likely
to get into the éilicon first during the reaction-bake. It also raises
Athe question of the diffusion of these ions th;ough Sié2 which will also
depend on their respective seéregation coefficienfs. Zinc has a maximum
solid solubility of 6 x 101§ cm—3’in silicon and it forms two acceptor—type.
levels at 0.55 and 0.31 eV from the valence band, while manganese, with a
solid solubility of 2 x 1016 cm~3, has a single donor-type level at 0.53 eV.
In Figure 4.4, the Schottky barrigr 1/C2 - Vplot sbows the effect of
Varying-concentrations of zinc and manganesé using the Sah'-Reddi Theory
described in Chapter 3. It is found that the experimental points fit the
theory in the direction of donor-type levels, i.e. the actual 1/C2 values

are lower than the ideal case. This indicates that the deep-levels are

due to manganese rather than zinc and fitting the experimental points to

the theoretical curve yields an approximate donor-type trap density of

7.1 x 1015 cm—3, which is still less than the maximum solid solubility

Qalue of 2 x 1016 cm_3. Since there is no daté available for either the
diffusion ©Or segregation coefficient of manganese in;si;icon or Sioz,
it is diffiéult to knowAth manganese woqld competg with zinc diffusing
into the silicon. In spite of the 1% manganese in the initial zinc
fluoride, as compared to the larger proportion of zinc, it appears that

more manganese than zinc gets into the sllicon during the short reaction

' o
time of 20 .minutes. This could only be possible if at 1000 C, manganese
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diffuses through SiO. at a very much faster xele than zinc. There appears

2
to bé no reason why this should not be so.

 The theoretical curves of Figure 4.4 assume uniform donor concentra-
tions throughout the silicon. - The deviations of the experimental points
from the Nif = 7.1 x 1015 cm-3 curve at low reverse bias could, therefore,
be due to non-uniformity.

" The introductionof manganese in the silicon.doés not markedly affect
the general propertieé of the composite structure, where the inversion
capaéiténce calculated without deep levels is comparable to the experi-
mental value. On the other hand, the deep levels play-an important role
' as recombination centres near the interface with £he residual film and
of course the semiconductof's minority carrier lifetime is expected to be
chénged because.of this.

Previous work on the reaction-bake for forming willemite speculated

that the reaction might take the form of

2ZnF. : Mn + 2Sio. = Zn,Si0, +  SiF, 4

2 2 4

Also, Errington ( 2 ) has proved that the presence of oxygen in the
atmoéphere can continue oxidizing the silicon during the reaction-bake
process. This shows that oxygen can pass through both willemite and silicon
oxide during the reaction.

Reactions for the formation of silicate glasseé are generally not
as simple as the above because the ratg—determining factor is dependent
on.so many_paraﬁeters like the diffusion of varioﬁs anions and cations
within the lattice of the silicate, the bonding nature of the ions or
influence of ionic fluxes. The ions Si4+ and 0°° can diffuse very

2+
rapidly through a silicate structure, but unbounded cations like Zn  or
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2+
Mp would be the rate-determining factor because the diffusion rate of
, 4+ 2- B
these cations far exceed those of Si or O (20). For these reasons

it seems more likely that the willemite forming reaction is in two stages

rather than one, taking the form:-

ZZnF2 : Mn + SiO2 > 2Zn0 : Mn + SiF4 +

2Zn0O : Mn + SioO -+ Zn _Sio. :
2 9510, + Mn

In such a case, the zinc oxide presumably dissociates into zinc and
: 2+ 2~
oxygen (Zn0 == Zn + 0 ) which diffuse through the silicate to react

with the underlying SiO_ and finally forms willemite. For this reason it

2
can be expected that the residual film, largely made up of a network of
silicon and oxygen, contains embedded Zn2+ and/or Mn2+ ions. The present
electrical results show that there is a high density of positive centres
in the residual film which supports‘this proposai. These centres may also
be responsible for providing localized states in the residual film by
‘becoming couloﬁbic electron trapping sites or by causing trapping sites
Qﬁt of st;ucturél defects. Visual observations of fhe residual film under
the microscope showed that the residual film has a very fine granular
_ structure, presumably polycrysta;line, and that there are no flaws or
defects to be found. Under the SEM secondary emission mode with an
electron energy of 25 keV or less, again, there were no special features
of the image, although sufficient contrast was obtained. The grain size
is very fine, which would imply that the residual f;im is polycrystalline.
Té deduce the properties of Type-A willemife from the electrical
measurements made on the composite structure is higﬁly complicated, but
from knowledge of the residual film, a reasonable model can be postulated.
As mentioned in the previous section, there is no definite means for

distinguishing between electronic trapping and polarization effects at
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modefate-field strengths. However, at high fields, say greater than

106 V/cm, a certain amount . of electronic conductiéﬁ.wouid be expected.
Unfortunately this high field electronic conduction cénnot be observed
because of the so-called 'breakdoyn'phenomenon taking'place first. This
phenomenon willbe mentioned in a later part of this séction. In all con-
duétion measurements involving high'fiélds, the cqmposite strubture met
with the same fate, i.e; the current characteristic'tgnded towards that of
the residual film structure and never recovered. .Another phenomenon related
to the current measuremenfs is the critical Voltage.at which the rapid rise
in current occurs. Davies (1) attributed this to the voltage at ;hich the
number éf electrons injected from the metal into the willemite become

appreciable. From the polarization model proposed for moderate field

strengths, the critical voltage of about -1.27 V may correspond to the

' field required to displace the mobile cations from the immobile anions.

The critical voltage used here is analogogs to the coﬂcept of activation
energy foi ions in dielectrics as applied by Abbots and Kamins (16) and
Snow and Dumésnil (17) to sodium ions in A1203 and lead ions in borosilicate
glass respectively. In the ‘former case, the activation energy is approxi-
mateiy 0.60 - 1.00 eV while the latter has a value of 1.05 ev.

An extensive survéy of the structural properties of willemite films
has been carried out by Edwards. The basic structure is formed by inter-

4-
linking of Si0O, tetrahedra to ZnO,, the (SiO4) forming a radical anion

4 4
2+ .
while the Zn acts as its cation. The Si-O atoms are covalently bonded
while cations and anions are ionically bonded. Sutton (20) in his review
on space-charge polarisation in silicates, indicated a rigid glaséy network

of the silicon¥oxygen tetrahedra while metallic idns are more loosely

bound and reside in relatively large cavities in the network. Consequently,

_ the'energy barrier for the motion of these cations from cavity to cavity
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is relatively low so that currént flow occurs under an electric field by

a statistical drift of these ions through the network cavities. It can be
assumed anf and Mn2+ afe the metallic catioiis moving within the

cavities in the case of willemite, and the very low critical field required
may inaicate thét they are loosely bonded to the siiicate tetrahedra network.
Preéumably, with a negative volfage, Zn2+ and/or Mn2+.ions are freed from
tﬁe (Si04)4_ radicals thus leaving a negative space-charge in the willemite
as dbserved. Under the influence of the applied fiéld,mobile cations will
find their way to the metal by drifting from cavity to cavity by the most
probable paths. Since a random distribution of willemite crystallites
exists throughout the entire film then it can be expected that there will
be a lateral non-unformity in the polarization and this is shown by the
reduced slope of the C-V curves with increasing flaﬁ—band shift, It is

not known.whether the cations pile-up of are discharged by the metal on
reaching the electrode. Non-stoichiometry of the willemite is expected to
occur most markédly in the vicinity of the willemite—residuél film interface,
and the cations here may be léosly bonded. For this reason, polarization
at the interface is thought to be dominant in the wiilemite film. Usually
suéﬁ a type of polarization is known as interfacial polarization and in fact
iﬁ this case its occurrence is very much influenced by the presence of
positive centres in the residual film.

As the negative space-charge is formed by polarization of the willemite
the interaction between this negative space-charge-ana‘the positive centres
in the fesidual film, possibly Zn2+ and/or Mn2+ cations, will create a built-
in'fieid. This internai field, shown in_Figure 4.17(b), will cause very
largé mechanical strain in the lattice of the siliéate network which
ultimately can give way to localized conduction effeéﬁs in the willemite.

Perhaps this is how the 'breakdown' phenomena occur, although the actual

mechanism, as in most cases of dielectrics, is not well-understood.
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Figure 4.1%(a) illustrates a proposed initial situation in the composite
structure band diagrams. The silicon surface is accumulated due_to the
residual f£ilm positive centres while the willemite,which is assumed to be
initialiy neutfal,-haSIKJband bendingé. After a satﬁration in polariza-.
tion has been achieved, the bands are depicted by Figﬁre 4.16(b), where

the silicon surfaée'is now in depletion and the internal field causes a

high degree of band bending in the willemite at the residual film interface.

4.9 Conclusion

The technique for the reaction-bake formation of Type-A willemite
has been described in the early part of this chapter,ffollowed by the results
of‘a visual and SEM examination of the films. The composite willemite films
are found to bé cathodoluminescent while the residual films are not.

The electrical properties of the underlying.silicon and the residual
film have been described. The silicon is found to contain deep donor-type
ievels makiﬁg it more n-type while the residual film is an insulator with
a high density of positive centres which contribute to the field-assisted
tunnel-hopping high-fieid conduction mechanism.

The electrical properties of ﬁhe basically insulating composite

willemite films are deé?ibed in the later part of the chapter. Polarization
WAS found to be a dominant feature in Type-A willemite although electronic
conduétion cannot be totally dismissed. The polarization may be dﬁe to the
dissoseciation of Zn2+ and/or Mn2+ cations from the (SiO4)4— radicals.
A breakdo&n phenomenon in the composite film has begn‘attributed to the
iﬂternal field caused_bylpositive centres in the reéidual film and negative
‘5pace—charge arising from polarization. ] |

The electrical properties of Type-A willemite will be compared with

those of Types-B and C in the'general discussion, Chapter 7.
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CHAPTER 5

INVESTIGATION AND DISCUSSION OF TYPE-B WILLEMITE

(Long Reaction Time - N2/02)

5.1 Introduction

In the iast chapter the.results were described for Type-A
wiliemité produced withva'short reaction-bake time, approximately 20Amin.,
in an. ambient of dry nitrogen. The results have shown the influence of |
the residual film, as first discovered by Davies (1); between the silicon
and the willemite. This film is presumably a consequence of an incomplete
reacticn although there is né definite experimental evidence for this.
However, in:separate work Hurd‘and Johnston (2) have discovered that for
a complete reaction to take place, the reaction-bake ﬁime has to be
extended to approximately 20 hrs. In this chaptér, and the next, the
properfies of willemite formed by a reaction-bake time in excess of 20 hrs
will be described. In accordance with a suggestion by Dr. Hurd it was
dgciaed to inéorporate a 1l0s cxygen in nitrogen atmosphere with this long
reaction time. The willemite prepared in this‘wéy will be termed
'TypéfB willemite'.

In this chapter, all the investigationé oﬁ Type-B willeﬁite
will be presented. The early part of the chapter describes the parameters
and processing involved in the preparation of composife structures from
this fype of willemite. Details of the preparation technique otherwise
required will not be repeated since they are very similar to those for
Type-A willemite. Section 5.2 also describes the<e£amination of the films
by ellipsometry, optical microscopy and the SEM. Eléctrical results,

mainly C-V measurements, are presented in the following section. The

later sections of this chapter are used for the analeis and discussion

' of the electrical results.




5.2 Preparation and Examination of Type-B Willemite

The object of incorporating 10% oxygen in. the .reaction
atmosphere'fqr this type of willemite is to obtain the in situ formation
of Si02, which can then react with the Zan. The flow of oxygen into
the furnace was measurgd on a separate flowmeter and adjusted to 10% of
the total gas flow. As mentioned in the last chapter, the reaction
furnace was sét at lOOOOC and profiled>to achieve aAfla;—zone about
6 cm long.

Some preliminary films were produced for thickness measure-
'ments. These had various thicknesses of initialjoxidé and it was found
that even with negligible initial oxide, the resulting residual film
was aboﬁt 200 X} thick. It was decided that the initiél oxide thick—
ness for the electrical test slices should be about 200 X , SO as to
have'§~reasonably good film-to-silicon interface.

As described in Chapter 2, the oxidation of silicon slices and
evaporation of Zan are standafd prbcédures. Afte:_thé willemite furnace
had been prepared, the slices were gradually introducea into the furnace
so that from room temperature to the peak temperaturé of lOOOoC it took
a timerf.about 10 min. This ptocedure is to avoid any possible stress
in the films that-may be caused by a sudden exposure to a high tempera-
ture. The reaction bake was carried out fbr about 2d hrs, but it cannot
be denied. that small fluctuations in the oxygen fléﬁ and the temperatﬁre
may have occurred during this time. Extracting the slices from the
furnace was simply the reverse of the introduction brocedure. The post
reacﬁion cleaning of £he willemite surface was 5y diiute NaOH solution
and the willeﬁite etching was done by a weak solution of either acetic or
'hydrochloric acid. In processing, the experimental sliceé were
accompanied by test chips used for film thickness measurements, and
optical and SEM examinations.

The.film thicknesses of three experimental slices are presented

in Table 5.1. It can be seen that the initial oxide thicknesses were
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Experimental slice SL4 SL7 SLlo
Initiai Oxide 233 203 216
Zinq Fluoride 197 | 571 770
Compo;ite, dT 861 854 935
Resiaual Film,rdo 636 257 226
Willemife
a4, =4d -d 225 597 709
 TABLE 5.1 Film thicknesses in S on thiee egperimen#al

slices, as measured with the ellipsometer.







slightly over 200 2 while the'thicknesses of zinc fiuoride is seen to
' vary from.l97 X<for SL4:to 770 g‘forrSLlO._ Nevertheless, irrespective
ot the g;ﬁc fludride thickness,Athe totai thickness-of the composite
film on'aii three‘slices,was found to be 850-950 g. ﬁecause of the
’ very thin rincAflnoride film, slice SL4 is found to hane-a residual film
.'of>about.636 9 while the other two have residualhfiim thicknesses of
‘slightly over 200 X Slice SL4 therefore has‘the thinnest willemite
film and a thick residual film Wthh may be due to the fact that w1th
very little zinc fluoride, oxidation of the silicon is enhanced during
the.reaction—bake process. } It must be recalled here that the oxygen
' present inlthe ambient leads to the further oxidation of the silicon
hdurinc the:reaction while it is being attacked at a rate which depends
on'the thiCkness of the zinc fluoride. ' 1In other words, -the thicker |
the zinc fluoride the thicker will be the willemite £ilm and the
thinner the res1dua1 film. ' Average refractive'indices of the composite
' films range from 1. 56 for S14 to 1.85 for SL10O w1th the residual films
having'values of 1.6L and 2.14 respectively.

‘Unlike Type-A willemite, the willemite”films:prepared in this
case have a much finerAgrain:structure as seen nnder the optical micro-
scope. Fine,bluish dendritic reatures were-observed and it was confirmed
- by the SEM that this feature was not topographical (e.d. dips or bumps)
but. due to-differences_in refractive index. These dendritic features
existed in the form of cellular.structures as shown in Plate 5.1. The
edges of the w1llemite films had coarser crystallites ‘which were more 3
v-dispersed and closely resembled the features of Type-A willemite in their
:grain size and colour. Thls edge effect may have been caused by a more
inhomogeneous flow.ofvthe constituent materials in molten form towards
':the edges during.the reaction-bake process.
',Cathodoluminescent tests on Type-B willemite using the Tesla

, tdischarge gave very good bright green light emission thus confirming
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the luminescent properties of this .type of willemite films. On the

other hand, use of the cathodoluminescent mode in the SEM resulted in a

rapid darkening of the image implying a charge retention capability of

the willemite; .In other words, films of Type-B willemite are good
insulators. 1In tﬁe SEM sécondary emission mode, the Type-B willemite
films gave higher images contrast than Type-A willemite. This was
observed by'placihg the two types of willemite sidé by side>during the
investigation. This shows that the secondary emission coeffiéient must
be greater in Type—B than in Type-A: films.

After etching off the willemite, the residﬁai films were not
céthodolﬁminescent. Dendritic features, like those in the willemite,
were also observed in the residual films but with brown colouration

instead of blue.  These dendrites appeared in a background of very fine

'grained yellow material. On etching off the residual film with concentrated

HF, ;he dendriticvfeatuxes were still found in the underlying silicon, as
shown in Pléte 5.2. Suspecting that the crystalliné structure of the
silicon surface may have been disrupted by the proééssing, electron
channelling pattérn (ECP) tests were carried out in the SEM on the

residual silicon; together with a fresh piece of silicoh acting as a
control. This test can determine features of the sémiconauctor crystallinity
up to 50 3 beneath the surface. The control silicon‘gave a very strong
ECP image with well-defined lines while the residual silicon under test
revealed slightly diffused lines although its ECP image was still
'récognizable. It must therefore be concluded that the silicon_surface is
stiil crystélline after the formation of Type-B willemite with the slightly

off-set image being due to the incorporation of additional elements in the

silicon surface.
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5.3 Electrical Results

fhe electrical properties of Type B willemite were studied by
similar methods to Type-A, with measurements on both composite and residual
films. In addition the change in the silicon due to the long reaction,
as shown by the existence of dendritic features in the surface, aroused
interest in knowing moré about the resulting electrical properties. For
this_reaéén a separate investigation of deep levels in the silicon was
made by means of the metal-semiconductor rectifying characteristic using
the mercufy probe technique. After etching off tﬁg composite willemite
film, gold contacts were evaporated on to the unpolished side of the
silicon and sintered at.4509C in nitrogen fqr about 10 min. A thin oxide,
fdr rectifying purpose, was grown by reacting the silicon in a mixture of
-10% ulfrér H202. The tést piece was then placgd ﬁith.its Surface of
interest downwards on to a Perspex block with a capilléry column contain-
ing 99.999% pure mercury forming a rectifying top coﬁtact. The sample
was held_firmly‘in place by two steel probes pressing downwards on to the
gold. ReQerse—bias capacitance measurements were made Qith a Wayne-Kerr
RF-bridge at_a frequency of 5MHz following thé procedures laid down in
Chapter 2. The results were compared with those fér a control sample
‘of:silicon that had not 5een used as a willemite substrate.

A]/cz-vr plot of the capacitance measurements i§ presented

15 :3 and

in Fig 5.1 aﬁd-compared with theary using Ny = 2.3 x 10 cm
v =0.253v fér the mercq;y—silicon Schottky barrier. ‘The experiment;l
points for the control silicon fit well with the‘calquiated ideal curve,
hence showing the reliability of the measuring teéhnique. It can be

seen that the exéerimentallpoints for the test silicon are considerably

. above those for the ideal case, indicating the existence of deep acceptor-

typé traps in the silicon. This result is the opposite to that for
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Experimental Slice
SL7 SL10 SL4
Structure
ap &) 854 935 861
Cmax (pF) 68.9 55.1 36.1
C . (pF) 18.5 17.2 13.0
min
Composite
Film CFB (pF) 49.6 -40.3 28.8
v (volts) -0.884 -1.077 - -0.900
FBo :
Ky 6.42 © 5.62 3.39
O .
do (A) 257 226 636
residual Cox (pF? 104.0 : ;19.7 73.8
Film C . (pF) 20.9 19.6 18.6
min :
6. . .
CFB (pF) 66.3 69.1 51.9
Veso (volts) -0.515 -0.802 -0.980
K 2.91 2.95 5.12
TABIE 5.2 Typical results from 3 different slices of the

composite and residual film structures.




Type-A willemite where the traps are donor-like. There therefore seems -
to be some correlation between the presence of the dendritic features in
the silicon surface and the deep acceptor-type traps'observed in these
measurements. A detailea dnalysis of these results.will be taken up in
fhe next section.

Most of the electrical measurements refer to the Type-B willemite
films thch will be classified into two types depepding on the respective
thicknesses of the willemite and residual films. The first category has
the willemite thicker than the residual film while the secéhd was the
reverse.situation. In both cases‘the residual films were far more
insulating‘than fér Type-A willemife and the d.c.'coﬁduction was too low
to'measure'accurately. The electrical results ére therefore entirely
based on C-V measurements and the effects of electrical stress on changing
these characteristics.

A. Composite Structures with dw> do

Results presented in this category refer ﬁo measurements made
froﬁ slices SL7 and SL1O processed in different batches. From Table 5.1,
both the (dw/do) ratios of slices SL7 and SL1O were found to be greater
than unity as described in Section 5.2. In general( the C-V curves of
both the composite and residual film structures from Bqth slices have
typical MIS-type characteristics. A summary of their MIS parameters is
presented in Table 5.2 where Cmax and Cmin represent'the accumulation
and strong inversion capacitances respectively, and CFB is the flat-band
capacitance calculated from equation (3.10). From the total thickness drp
and tbe vélue of Cmak' thé effective dielectric constan# of the composite
film is about 6.4 for SL7 and 5.6 for SL1O. The initial flat-band volﬁages
\' are -0.884v and -1.077v for SL7 and SL1O respgctively, the more

FBO

'negative value being for the thicker film.
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Generally speaking, the C-V_curves for the present composite
willemite films in this category behave similarly ﬁo those of Type-A
willemite. The hysterisis for a full cycle C—V'measurement is found to
depend on sweep speed,tiﬁe and the maximum measuring véltage. Shifts in

posiive
flat-band voltages also tend towards more pessible values when negative
volﬁages are applied to the metal electrodes. This feature is illustrated
in Fig. 5.2(a) where, with consecutive increase in a2 min duration
negative stress véltage to the metal electrode, the C-V curves are seen
to shift toward the right aloné the voltage-axis. As for Type-A willemite,
the C-V'Shifts are accompanied by lowering of the siope resulting in a
stretching-out efféct in the depletion regime.

‘A difference in the characteristics is fgund, however, in the
residual films for Type-A and Type-B willemite. For Type-B the residual

film is far more insulating and similar stress-induced shifts in the C-V

curves are observed/ although the magnitude of the change in the flat-

" band voltage, AVFB, is much smaller than for the compoéite film. The

residual film C-V shift is illustrated in Fig. 5.2 (b). Since both curves

in Fig. 5.2.(a) and 5.2 (b)are for a 2 min stress time, a direct compari-

son - in their magnitudes can be made. For the compoéi£e film with

Vs = -4.0v, AV is found to be about 1l.32v while uﬁder the same stress voltage,
the residual film haé a shift of only O.27y. Correspondingly, the lower-

ing of the'slope of the C-V curves in Fig 5.2(b) is less than-in Fig 5.2(a).

As will be discussed in Section 5.4 the implication is.that the creation

of negative space-charge in the composite film is prédominantly in the
willemite rafher than the residual film. Neither;thé composite nor

the residual films have any noticeable shift in their . flat-band voltages'

when positive stress voltages are applied.

A preliminary illustration of the change occuring in the

composite film C-V curves with stress duration is given in Fig 5.3,'
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- Fig 5.2 (a) A tvplcal C-V plot for a Type-B willemlte composite structure
with increasing negative stress voltage. Stress time, 2 min.
Case of dw > do.
. 00 :———-Cmax = lO4.Q.pF
80 L
Initial
_ curve
. CFB= §6.3 PF
60 r_
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40 +.
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Fig 5.2 (b) a typical C-V plot for a Type-B residual film structure
: with increasing negative stress voltage. Stress voltage,
2 min. Case of dw > do.
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The stress voltage iﬁ this case is -4.0v and the pattern of the shift

is very similar to that for Type-A willemite except tﬁat it is slower,
especially for short duration of stress. After the first second of
st;ess, the value of AVFB is 0.45v but which is jnsﬁfficient to convert
the polarity of the flat-band voltage to a positive quantity. For the
residual film; the time taken to attain a giveh shift is much longer
still.- "For example, after a stres§ duration of lO3Aséc with VS= -4.0v,
the shift in the flat-band voltage of the residual film is 0.37v while
the coﬁposite film has AVFB'= 1.42v. Again, it can be dedu?ed from this
that'the process creating negative space-charge in the composite film
séems to be dominantly in the wiilemite rather tﬁan the residual film.

So fér, the discussion of Type-B willemite structures has been
coﬁfined to moderate field strengths, i.e.less thaﬁ’lo6 v/cm. However,
some work. extending into higher fields has‘also been carried out. Fig 5.4
shows Lhe effect of high'stress voltages on'shiftingvthe C-V curve.

This shows moderate and high field effects denoted by Regions I and II
respectively. It should be noted here that with a negative bias applied
to the métal electrode, part of this voltage is dropped across the
‘silicon. " In the strong inversion case the drop is approximately 0.5v
and therefore negligible compared to the larger stress voltages. For
negative values of Vs, Region I of Fig 5.4 shoﬁs AVFB ;ising gradually,
Iwith a tendency to saturate after 7.0v. vThe maximum change in flat-band
voltage is less than 1.0v. Region II is defined for stress voltages
greater than 10.0v,which correéponds to a field of épproximately lO6 v/cnm.
In.negétive bias, AV%B is seen to rise rapidly for Vs é 10.0v, followed
by a slight séturation for voltages befween -17.0 aﬂd'—lS.o v. Surprisingly,
for any further increase in stress voltage, AVFB is seen to decrease.
Such results can be interpreted in terms of the space-charge distribution
in the film. For Region II, éhe build-up of negative space-charge in

the composite film is very rapid continuing until a maximum in the build-up
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Fig 5.4 Change in flat-band voltage with stress voltages of both
polarities. Stress time, 1 sec ; initial flat-band
voltage, -1.08v. Regions I and II represent moderate
and high field regions respectively.
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Fig 5.5 Change in flat-band voltage of the composite structure with
. streus duration for two different stress voltages.
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Fig 5.6 Plot of flat-band saturation voltage against stress voltage
for composite and residual film structures of Type-B willemite.
Initial flat-band voltages :- composite -1.08v,
residual film -0.88v. R
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Fig 5.7

High field C-V characteristics of Type-B composite structure.
V_ = -12.0v applied prior to measurement. Arrows indicate

d?rection of sweep, starting at +15.0v.




is reached. The highest applied voltages'must result in a loss of some
of the negative space—chérge that has been built-up preVigghly. The
fact that positive stress voltages do not produce any appreciable flat-
band shifts is confirmed by the result shown in Fié. 5;4.

The flat-band saturation voltage, i.e. the value of maximum
AVFB for a given stress magnitu@e, against the stress voltage plot of
Fig 5.6 shows a good linearlrelationship for both c&mposite and residual
film structures above About‘3 volts. The slope of tﬁe line for the
éomposite structure is 0.517 while that for the résidual film is 0.150.

Fig 5.5 presents mgasureménts ofAthe changg in flat-band voltage
for the composite structure with duration of stresé.= For both stress
voltages, -4.0v and -8.0v., AVFB increases only slightiy until at about
1 sec. where the increase appears to be more rapid on a log scale.
Ultimately, Ava reaches a saturation value. With -4.0v stress this
occurs at i6Q sec. and with -8.0v atAlO3 sec. It should be noted that
the results.piesented in Fig. 5.5 are for the case of moderate fields,
Region I, only. |

A further feature was observed in the C—V-cﬁrves of the
composite structure with high applied fields. | This effect happens
after the structure is subjected to a high étress, éither positive or
negative, for some considerable time. For example Fig 5.7 shows a
typical C-V curve for a composite film that has préviously been
subjected to é stress vdltage of -12.0v for 1 sec. éo:as to achieve a

positive value of V The C-V measurement covers a iange of £15.0v,

FB.
starting from +15.0v. In the forward sweep, instead of going from
depletion into inversion, the capacitance of the structure keeps on

" decreasing with increasing negative voltage until at about -10.5v when

" it suddenly increases again. This increase is accompanied by some

considerable conductance of a few u¢ rising with the sweep voltage
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between -10.0v and -15.0v and back again. In the'retﬁrn sweep the
capacitance is quite similar until -10.5 v, after which its value
femains cﬁnsﬁant~at 17.2pF right up to +1.8v. This is a strong inversion
characteristicslas opposed to the deep-depletion characteristic in the
forward sweep:. In terms of the semiconductor, it can be deduced that
in tbe fofward sweep the silicon surface is unable to accumulate holes
until-affér the high negative voltage has been applied. This .change

is probably related to the appreciable conductance obéerved between
-15.0v and -lo.bv. Later, the return sweep also pfoduces a more
positive flat-band voltage, a valqe of 9.4v as cbmpared to 2.7v for the
forward1sweep. This must be due to a net increase in the negative space
charge within the composite film after the struéture hés been exposed to
the high negative measuring voltage.

The variation of ﬁhe capacitance of the residual film with
frequency over the range 1-300 kHz was also measured. Fig 5.8 presents
thé fesuit plotted for the two dc bias voltages of Q.S and.4.0v i.e. in‘
aCbumulafion mode. The dielectric constant calcuiéted for a film thick-
ness of 226 2 and an area of 1.63 X lO_3 cm2 is about 3.53 at 1 kHz
dropping to about 3.33 at 30 kHz and above.

One feature absent in Type-B compared to.fype-A willemite is
the "breakdown" phenomenon which was never observed with the former even
though extremely highlfields of up to aboutl2 X 106 V/ém were subjected
to the structure. In the absence of this phenomenon.it was possible to
measure the'recovery of the flat-band voltage after shifting it with a
negaﬁivé:applied stress.' Thé fecovery was far more rapid if a positive
voltage was applied. Aiternatively the sample could be heated to return

the flat-band voltage in a negative direction. Results of experiments

of both types will be presented.
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Fig 5.8 Variation of capacitance of the residual film with
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Fig 5.9 Recovery of flat-band voltage with positive stress

voltage. Initially AVFB = +3.0v after negative stress:

Duration of stress, 1 sec, for each step.
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Fig 5.10 C-V curves of a composite structure measured at increasing
temperatures. Prior to measurements a hegative voltage
was deliberately applied to acquire a positive flat-band
voltage.
2.5
2.0+
-VFB
(volts)
' 1.0]
OL—
_0-5 | L [l i i t
(o} 100 200 ° 300
T( Q)
Fig 5.11 Recovery in flat-band voltage of C-V curves with increase

in temperature for the composite structure. Structure has
been negatively pre-stressed to achieve a positive flat-

band-voitage.




The following is an example of an experiment on flat-band
voltage recovery by means of a positive stress. The -.composite structure
was negatively stressed to achieve a +3.0v change in flat-band wvoltage,
after which increasing positive stress voltage steps were applied con-
secutively to the structure for i sec. The result is shown in Fig.5.9
where the recovery in flat-band voltage is almost proportioﬁal to the
applied voltage. However, this recovery does'not.happen as readily as
the shifts in the opposite direction since the slope of Fig. 5.9 is only
0.088 as compared to 0.517 for Fig. 5”§. These results indicate that
Type-B willemite is capable of losing:some of the negative space-charge
that it had previously acquired unlike Type-A willemité.

A moré pronounced effect can be observed frph Fig 5.10 where
C-V measurements were taken at elevated-temperatureé. Prior to the
measurements, the composite structure was stressed with a negaﬁive

voltage in order to give a positive flat-band voltage value, as depicted

by the T = 250C curve. At high temperatures, the curves are seen to be

pulled back towards the zero voltage axis and there_séems to be a corres-
ponding increase.in the depletion region slopes. As described in
Section 3.4 -of Chapter 3, the increase in Cmiﬁ at high temperatures is
due to the ihcrease of the carrier generation rate in the silicon. At
240°C the negativé bias capacitance approaches Cmax—as it would for a
low frequency C-V curve at room temperature. The recovery of the flat-
band voltage with temperature is shown in Fig. 5.ll‘where the initial
;alue was about 2.65v. The change is more rapid above ;bout 100°c.

These results show that temperature has the effect of éssisting the

reduction of negative space-charge that has been separated within the

. composite film by negative voltage stressing.

B. Composite Structures with dw < do

Results in this category are from slice SL4. From Table 5.1

it can be seen that the thicknesses of the composite and residual films
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were 861 and 636 3 respectively resulting in a ratioibf (dw/do) < 1.
Thié implies that the composife film is mainly made ué of the residual
film material rather than willemite. From the CmaX values and film
thicknesses, the average dielectric constants for the composite and
residual films are found to be 3.40 aﬁd 5.13 respeétively. The value
of the Qillemite film dielectric constant Kw work out'fo be 1.94, which
is rather small. - Inaccuracy may result from such céiculation because
of the extremely thin willemite f£ilm. These valuesiaré quite thg reverse
of the previously discussed results. Another difference is in the
-relatiVely small value of Cmin' about 13.1 pf, measured for the composite
structure.

~Fig. 5;12 shows typical C-V plots for the composite structure
which are'really very different from the cases discussed previously.
Fiistly, the C—V curves are capablé of being shifted by‘positive as well
as negative stress voltages in this case. Also, thé negative stress
produces a'comparatively small  shift compared with thé earlier samples
of both Type-A and Type-B willemite. A -10.0V stress voltage applied
for 3 minutes now results in a flat-band change of qniy + 0.20 V. On
the other hand, positive stress voltages produce considerable C-V shifts
towards more negative flat-band voltages in this type of sample. A
further difference is that the negative stress does ﬁot result in any
;ppreciabie decreaée in the slope of the C-V curves although positive
stresses give a considerable lowering.

The changes of flat-band voltage due to positive stress,
ogtained from suéh é-v curves, are plotted for both Fhe composite and
fesidual films in Fig 5.l3.‘ Surprisingly, the change for the residual
film does not differ much from that for the éomposite, which indicates
that the composite structure characteristic is largely determined by
the residual film. This would be expected because of the much thicker

residual film as compared to the overlying willemite layer. With
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Fig 5.13 Change in flat-band voltage with positive stress véltages

for composite and residual film structure.

Stress time, 3 min.
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Fig 5.15 Recovery of flat-band voltage with time after positively

stressing the composite structure. Voltage applied during

recovery is as indicated.




positive values of Vg up to about 7.0v, the flat—baﬁd change is very
small but this rises rapidly from S.Ov ﬁp to about ié.Ov although
.higher voltages were not tried. Compared to the previdus composite
structures, the change in flat-band voltage occurs at considerably
higher voltages so that the measuring voltage in ﬁhe fange + 4.0v makes
an ihsignificant contribution tqwards the Shifts. . Furthermore, the stress
véltages require to be applied for longer time to have an appreéiable
efféc£ i 3 mins in this case compared to 1 sec. in the.previous.
Iﬂstead bf separating negative space-charge within the composite films,
it seems here that positive'space—chargé is more impo#tant. Fronm
Fig 5.13; one can also infer that the positive space-charge occurs
within the residual film and/or at its interface witﬁ the silicon rather
than in the willemite itself. ‘ -

Another feature.of this type of composite structure is the
compératively rapid recovery of ifs'flat4band voltége. For éxaméle,
| if the cbmposite structure is stressed so as to achieve a large negative
flat-band voltage then a fast recovery is observed:on'applying a nega-
tive véltage. -In Fig 5.14, a positive stress has>resulted in a flat-
band volfage of -2.66v and then consecutive applications of -10.0v for
increasing times are seen to shift the flat-band voltage towards less
negative quantities égain. Simultaneously there is also a recovery in
the slope of the C-V curves towards that of the initial curve. The
effect of voltage on recovery is shown in Fig-5.15. ihe initial shift
in flat-band voltage was acquired by applying +l2.0§ for 3 min. The
recovery of flat-band voltage is ﬁost rapid in the:first 20 sec, follow-
- ing which there is only a gradual recovery depending sn the magnitude
of the applied voltage VR. It can be seen that with -10.0v across the
structure the recovery is laigest, about l.Ov‘in ;ob sec.,(while with

+5.0v some recovery also occursin the first 100 sec after which it almost
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saturates.' Coﬁpérison of the curves for +5 and -5% éhq&s that the
latter has only.é smail effect compared w;th the shért-circuit case.
The‘#esults presenﬁed indicate that fcr this type of'sémple the recovery
in flatfbahd voltagé‘is very depehdent on the magnitudé and polarity of
thé recovery vdltage.VR,'with very rapid recovery ocqu;ing in the first
tén:se¢onds. :

5.4 Analysis of Results

The results deécribed'iﬁ Section 5.3 will'how be discussed,
startiﬁg'with those on the silicbn and'proceeding to thé composiﬁe and
residuai_films of the two types. |

| ' The Schottky barrier 1/C2-Vr plot has shqwn»the existence
6f.a¢¢eptor;type‘trap§ iﬁ'the silicon (see Fig. 5.1) after etching off
the willemite. This deduction is made on the bésis,that the experi-=
mental points all lie above the ideal cnrvé, contrary to the donor-type
cése'deséribed in the last ch#pter. Since the two p&ésible mgtallic

atoms that'can Qef into the silicon from the initial an2:Mn.are'zinc

' ana,manganese(Ait is reasonable to expect that they can be responsible

for the deep tiapping levels. 2Zinc is an acceptor’and manganese a donor

in silicdn. Although manganese makes up a very sﬁall proportion of the

total metallic atoms, for the short reaction-bake time it appears that

manganese predominates in the silicon. But for the long baking-time of

the present willemite, zinc dominates the electrical characteristics of

the silicon rather than the manganese. Zinc has two acceptor-type levels

4ih silicon (3) at 0.31 eV and 0.55 eV from the valence band. The
" theoretical curve presented in Fig.5.1 assumes that only the upper level
‘is active for calcuiations made using the Sah;Reddi theory for deep-

1evel§ as in equation (3.5). The trapping concentration is also

assumed to be uniform ahd the theoretical case is the high frequency one

:only ; reascnable enough considering that the measuring frequency was

’

5 Miz.
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. The‘best theorétical fit for the experimental points gives a
trappiné concentraticn of 9.6 x 1014 cm'-3 for zinc and this value is the
net trap concentrétion. It may include a contributidn.from manganese
levels but theif effect,. being of opposite sign, is neutralized by the
‘lafger zinc concentration. Chang and Tsao (4) have reported work on
zinc-diffused MOS structures and they indicated thgt tﬁe value of Cmin
in n-type silicon will be reduced because of the'existence of zinc atéms
in the silicon. Tﬁis is indeed found to be the case for the composite
-stfuctures, where Cmin for SL7 and SL10 are found to ﬁe 18.5 pF and
17.3 pF respectively . as compared to the_calculated valﬁe cf 19.8 pF
" neglecting the traps.

As menfioned in Secticn 5.2, the dendritic‘features in the
siiicon are due to matér;al rather than topographical”differenceg.
Pchl (5) has reported thét zinc diffusion intb crystals occurs irregularly
dependiﬁg cn preferred oiientations with different rates. ~The preferred
penétratioh channelsvfor zinc in silicon may provide é possible explana-
tion forAthése dendritic features. This would shppoi£ the Schottky
bafrier resultslwhich aré explained by zinc atoms providing the deep
acceptor-type traps. However, from the ECP obseryatidn, the crystall-
inity of the silicon surface still exists and this is important when
considering for later discussion of the electrical results which will
 assume that the silicon is non—degenerate.

The discussion of the composite and residual film results

will consider the two cases as in Section 5.3.

A. Case of dw > do

In general, composite structures of Type-B willemite in this

’

category behave similarly to Type-A, especially for the moderate field

éaée of Region I. In Section 5.4 the flat-band capacitance CFB was

calculated using Cmax; Cmin and equation (3.10)_so that the corresponding
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initial flat—band Vbltage‘vao could be extracted From the C-V plot.
The 1n1t1al concentratlon of charges within the films concerned can then
be estimated using equatlon (4.2) by inserting the values of VfBO'
Taking ¢ms = -0.7 v (3) and results for SplO from Table 5.2, the initial
cﬁarees Within‘both the composite.and residual films are found to be
positive, with'conCentrations of 1.25 x lOll cm_a'and 1.37 x lol =2
fesbectively. The dlfference ‘between these two quantltles, i. e;
5.13 x lOlO cﬁ—z, is therefore the positive charge concentration in the
willemite film itself and/or at its interface with the.residual film,

"It is appropriate at'this point to attempt an analysis of
the residual film before diecuesing the more ccmplicated composite
structure. Since the reaction-bake process was carried out for a long
tlme it is reasonable to expect that the 200 X -thlck initial silicon
oxide must have been completely used up during the reectlon. Heece-the
non-w;llemite component of the composité film, which is defined ae being
resistant'to acetic acid'and noe-cathodoluminescent, muet be the result -
of fufther oxidation of the silicon plus cther_coestituents probably from
the zinc fluoride. Further oxidation is very_likely,since oxygen should
diffuse through the voids in the silicate structure of’willemite and
find its way to the silicon. It is a well established fact that the
thermal oxidation of silicon proceeds by the passage of oxygen through
the‘growing oxide so that movement through willemite, being made up of a
loose etructure)'should be even easier. The existence of lattice
defects and 1mpur1t1es in the residual film may also have contrlbuted to
the trap denSLty calculated earller.

Although the directions of the flat-bandishifts with negative
stresses'are the same for both composite and reeidual film'structures, the

magnitude for the residual film is much smallerAthan for the composite

structure (see Fig 5.5). This may be interpreted in terms of two
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different tfpcs of polarizaticn phenomena occurring-in'the residual film
énd the willemite, with the composite structure characteristic being
predominantly from the willemite. One type of polarization phenomenon
has been discussed in Sectiocn 4.7. It was due to the movement of metallic
cations within the silicate network of the willemite after dissociation
from the anions . Another type of polarization phenomencn which was .
proposed by Snow and Deal (6), causes a smaller degree of shift in the
C-V curves. Instead of there being relatively unlimited migiation of
ions within the film, corresponding to an infinite polarizability, the
polarization is limited tc a finite value. Snow ana Deal suggested that
this polarization could be due either to the oriencation of permanent
dipoles uniformly distributed& in the bulk, or fo interfacial pelarization
betwecn'conducting inclusions and the bulk materiai ;Ias shown in Fig 5.16.
They called bcth effects'dipolar polarization' coméared with the inter-.
facial sbace-charge pclérization discussed in Chépter 4.

against V_ plot (Fig. 5.6) for the

. The slopc of the AVSAT

‘residual film is 0.15. According to Snow and Deal (6), if the polariza-
tion.isidipclar'th;ﬁ a theoretical limit on.the slcpe can be calculated.
For phosphcsilicate glass, their’theoretical value was O.i8. This is
contiary to the prediction for space—chargé polarization due to ionic
movement where the slope is usuclly fcund to be in excess of 0.50. It
therefore seems likely that the residual film has'fhe smaller dipolar
polarization property.
From the residual film C-V curves of Fig. 5.2 (b) a lowering

:of-the slcpe is observed and it is very -likely that tﬁis is due to fhe
ihhomoceneous distribution‘cf the polarizing effect (7), 'Of the two
Htfpes of dipolar poiarization, the one most likely to be inhomogenous is
the mechanism due to conducting inclusions eiistiﬁc within the residual

film, particularly if those inclusions are non-uniformly distributed.

94



Metal | Residual Film , Silicon

\Qi ~

(a)

(b)

Fig 5.16 Schematic,illustratiqn of the possible dipolar
' " polarization processes giving finite polarizability.

(a) the orientation of permanent dipoles,

(b) interfacial polarization of conducting
inclusions. '

(after Snow and Deal (5) ).
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Fig 5.17 Thé rate at which the flat-band shift approaches

its saturation value for two different

stress voltages.
Data are derived from Fig 5.6.
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Fig 5.18 A plot of (i_AVFB/AVSAT) VS t for borosilicate glass/
silicon diéxide/silicon structure (after Snow & Dumesuil).
Note non-linearity of curve.

Fig 5.19 Comparison between experiment and thédry for AVSATverSUS

V_ for Type-B willemite structure. Dashed line is for theory
using Ky and gr.

Fig 5.20 C~V curves of borosilicate glass on n-type silicon showing
positive going shifts with negative stress voltages

(after Snow and Dumesuil).




Such conducting inclﬁsions can arise from the dendritic features
cluéteriné in preferred directione as observed. IE is possible that
tﬁese inclusions are of zinc and/or manganese. |
However, ﬁhe pclarizatioﬁ phenomenon in the.residual film only
accounts for a small shift of flat-band voltage, and therefore any treat-
ment of the composite structure as a whole can negiect this effect,
'especially ih.ReQion I fields. In other words, analyeis of the composite
structure at moderate fields will, apart from the initiaiAconcentration
_of positive charges, assume that ﬁhe residual film Plays a passive role,
i.e. the polarization is due to the willemite only.f fhe slope of the-line
in Fig 5.6 for the composite structure is 0.5i7 which is too large eo be
interpreted as due to dipolar polarization. ~Becauee the present composite
structure results are similar to those for Type~A wi;leméte, the analysis
that ie to follow will be the sare. Here again,'the model will neglect
the initiai'positive charges in the composite film and assume that the
wiliemite £film consists éf a concentration cf N immobile negative ions
compensated by an equal number of mobile positive ions; The equations in
Section 4.7 as aerived by Snow and Dumesﬁil (8) will be used with the
experimental values for the change in flat—baﬂd voltage against stress
time.
From Fig 5.5,a plot of (1 - AVFB/AVSAT) against stress time

for - 4.0 v and -8.0 v, stress voltages

. fA
can be made The values o VSAT

are taken as 2.37 v and 6.00 v respectively. The'result, plotted in
Fig 5.17, is found to be compareble to that for borosilicate glass on
‘eilicon'exide by Sﬁow_and ﬁumee;il (see Fig 5.18):U As ' in their case,
the graph is curved rather than the linear prediction'of equation (4.6),
andla similar explanatien to theirs seems to be possible. The non-

linearity is attributed. either to a distribution of ionic mobilities or

to field-deﬁendent npbility. As the polarization builds up the field
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in the bulk of the willemite decfeases from about lo5 v/cm to zero.
Thus, if the mcbility decreases with the decreasing field the graph will
be cu;ved in the direction found.

The rate of change of VfB here is slower than for Type-A
wiilemite. For'VS = -4.0 v, the time constant from Fig 5.17 is 22.5 sec.,
while for the previous willemite it was approkimately’l.lS sec at -3.0v.
This indicates that the present willemite has a more stable structure.
This is separately supported by_C—V measurements made to investigate ageing
effects. Formerly, all Type-A willemiteAcomposite>sﬁructures lost their
MIS-type characteristics after.storage for a few weeks in a dessicator
but in the present structures the characteristics are still retained
after more than four months.

A>theo£etical plét of the flat-band saturation voltage against
the stress voltage(Fig 19) can be madé using edquation (4.5). With values of
Ky = 3.22 and Ko = 5.62 calculated f?om'the cmax va;ue for SL10, the
thebretical-slopé should'be 1.369. From theory, the line should pass
through the origin buf this does not occur if the best straight line is
ldrawn fhrough the experimental points. Also, the éxpe;imental slope is
1.6%0. The shift in the experimental line along the yoltage—axis may be
accounted for by some voltage drop across the silicon and/or the  inhomo-
geneous polarization of the films. Especially at low negative bias, some
of the stress voltage is taken up by the depletion region in the silicon.
while this is neglected in the theory. The effec£ ofvinhomogeneous
polarization can be seen by the lowering of the C-V éiopes of Fig 5.3.
Snow and Dumes;il also proposed this éxplanation for similar effects
in their qomposite borosilicate giass-oxide films on silicon, althopgh
‘ to a lesser degree (see Fig 5.20).

The analysis so far has neglected field-enhanced electronic
conducticn because the fields concerned are not sufficiently high. At

high negative voltages, i.e. corresponding to Region II, where the fields
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are in excess of. lc_)f v/cm, conduction in the form of: electrons tunnelling
from the metal into.,-t_rag§ in, the;willemite is possible (9)..~ This ay.
happen because traps are,,veryullkely in -the band-gap since willemite is
a very. d;ilso;de;eq: material .(glassy).. The.two. known.charge exchangerssib'.c
meehap‘iv.sz_r}svbetweep thefggelt;a;pe_-‘]ggc‘tgode and ,traps..in; thewinsulator:band-
-gap are the Poole-Frenkel and hepping processes: .e\_.-I"nht;:hetformer,mfields

5 .
‘well 1n excess_of 1¢ A,.VL/“(‘:m'Aa;ebge‘qu;red«;atv,;,ngom,npe_zggegajsuxe-‘f_ with modérate

S

. Soncentrations ;;‘o,f oEEARRING states (10) . whileithe latterchas:to have a

high density of 's;tga};:,e.,s of2 :alQ%?xE‘P ) although the,. Jflel,d sat: room tempera-

ture can be as low.as 5.x,10%: w/em @1).. .as a.«.»cq.nsléquence.z@f:-g'lectronic

e

trapping H:-Q-:@d_dj;ti, 1,to, the.,.polarlzatlon\ effect, the; gnet« negative {space-

chazge in. the willemite is, eipected to be.very muchiincreased. - In factk

this, is. found to.be the case,1as ;can be seenifrom Fig,Ssdwn The: change
RSN A P NLRRAN S\ T Mty by ™ A S PR T

in flat—band .voltage vln,rReglon IT .is.more drastuc, tban tknyRegion: . hdiith
1ncreas.1ng negatlve blas, electron, trapplng contlnues q,occurlng Simultan-

eously withmgqllarzizatiwqp ;until-.cs:aturation An ~,_Avi=;égpc_cu;s +n This ‘saturation
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may. be due‘L to elther Xhe.filling. ur - 0f,all; the, traps. -and/oma ‘maxinuin

1n the, polarlzabllltybof-, the.. ilvgmt e for the.given jstressi@and time.

23 N

However, with. any further increase of the stress voltage above 18.0v,

- <

there is-a reduction,of "AVFB wwhich- can be-hexp;l.,alned;yasmfollowsA'*“f\.sDne to

the creat ion o f.negativey, spacercharge. within e Widlemite),z thes builthinl

BRI

field becomes.very; intense.so.that. thesbands :in the willemite)and the

vres:Ldual film at,the; interface-mustibe,ext remelyybent~mpoThe: trapped.

b4 e

electronsjcould be. released. into) the;willemit: e cenduction: bandiand:these
ctlyytunnels dnto: thesconduetions bandrof: then
~Hence:there is a net loss in negative space-charge due to

the detrapping,ofelectrong fromntheywiliemite. Suchrasphenomepop-cannot

G DN

TChargevxsemeszabo from.immobilesnegativesionsiand, there

A AT

-
C
~,
f

least up vo iais field stréngth, it may be the smallex dipolar poleriza-

T A0
-
PN




is no means of losing some of these anions at very high fields.
 Similar effects may account for the recovery characteristics.
Applicaticn of positive voltageslin order to speed ub‘the loss of the
negative space—chargé acquired with negative stressing seems to be possible
(see Fig 5.9). Eere, detrapping of electrons from the willemite into
the metal ceems to be the probable:mechanism father.than the movéﬁent
of positive ions back into the bulk of the willemite,although the latter
cannot be totally excluded. Especially with high ﬁositve recovery
voltages, the emptying of electrons from the trapping states into the
conducticn band of the willemite wouid be much easiér than trying to
moVe-the larger and more massive pcsitive ions.,. This is supported by
the faﬁt that the activation energy for ioms is u;ually much larger than
for electrons (12), although the line of distinction between the two
has never been eétablished (14) . However, at elevated.temperatures both
mechanisms may bg comparable and recovery of the flat—ﬁand voltage is
enhanced. Tﬁere is also a certain amount of restoration in the inhcmo-
geneous polarization of the willemite as can be seen from the partial
regaining of the original slope of the C-V éurves in Fig 5.10.

B. Case of dw< do

As described in the last section, the prominent difference
between ccmposite films in this category and the previous is the residual
film being much ﬁhicker than the willemite. It was also.shown in
Fig 5.13 that the shift of flat-band voltage in the gomposite film is
predominantly due to. the residual film. For these feaSons, a different
line QfJapproach from the previously discussed case.méy have to be taken
"when analyzihg the resﬁlts. |

From Fig 5.12, -a strong symmetry was observed in the C-V
curves for stresses up to i.8.0v corresponding to a field of approximately
9.3 x lO5 v/cm. If polarization is responsible for these shifts, at

least up to this field strength, it may be the smaller dipolar polariza-
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tion mechanism becauée of the very small shift magnitudes. Such a
polarization mechanism has already been cited for the residual films in
the previous category. 1In the present case, howevei, the symmetry in
the C-V‘curves could probably be due to the elect#ical characteristics of
tﬁe composite film being dominated by the thicker residual film rather
ﬁhan by the’willemite.

' Further stress voltages above + 8.0 v, howeéer, produce non-
symmetrical shifts in the C-V curves. The negative going flat-band
shifts with positive stressing are considerably larggr than the coirespond—
ing positive going shifts, and, especially in the former, partial recovery
of the initial flat—baﬁd voltage is quite rapid (see Fig 5.14). The
recovery could be made very fast (Fig 5.15) dependin§ on the magnitude
of the recovery voltage; e.g. about + 1.0 v in 20 sec. when VR = —;0.0v.
Such a fast recovery at room temperature is unusual.if the mechanism is
dielectric polarization of the type described and/or ionic movement, since
botﬁ mechanisms a?ernly appfeciable at elevated temperatures (14).

~Ap alternative to polarization could prosably be an explanation
in terms of electron injection. It should be remembered that the stress
voltages of interest are + 8.0v or greater, implying field strengths of
grééter than 106 v/cm. Fiéld—enhanced electronic trapping or detrapping
is possible in such fields. The space-charge,'as observed from the
flat;band shifts, is positive indicating one of two'possible electronic
effects, (i) the emptying of electrons from the composite film into the
metal or (ii) thgltunnelling of holes into traps,at'the silicon~composite
film inte;face. Since no appregiable d.c. conduction current was
- observed, then the formef, which is a bulk effect,‘éan probably be
dismissed, leaving the secﬁﬁd alternative, i.e. the.tunnelling of holes
from the silicon iﬁto'interfacial traps, although the source of thesé

traps is not fully understood. The stretching out of the C—V'curves.with B
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negative flat-band shifts probably gives some support to the interfacial

- traps model. When positive interfacial charges are present, it is much

easier to accumulate the s;licon surface with electrons than to invert
it with holes. Similar observations on MNOS structures were made by
Jeppson and Svensson (leL

With the limited amount of experimental:evidence it does not
seem to be possible to choose between polarization and electronic processes
in thesge films.
5.8 Discussion

Both film examination and the electrical results have shown
the existence of additional impurities in.the underlying silicon after
making Type-B willemite. Since baking occurs at such a high temperature
for about 20 hrs, it is reasonable to expect metallic zinc and manganese
to be able tc diffuse into the silicon. The Schottky barrier plot of
Fig 5.1 has shown that the deep-level impurities are acceptor-like in the
silicon, implying that the net impurity contributionlcomes from zinc rather
than manganese, since the latter is donor-like in silicon. Both zinc and
manganeése must eventually diffuse intp silicon. Even if the manganese
diffusés faster it must eventually be overwhelmed by the larger zinc
concentration. This is consistent with the finding of manganese in the
silicon following the Type-A willemite reaction but'of a considerable
zinc concentration in the silicon after the long reaction-bake process for
Type-B. Due to the lack of information .in the litefature, on the diffusion
of either zinc or manganese in silicon oxide or silicon, it is difficult
to be.morevprecise_on the méchénisms involved in tﬁe:diffusion processes.

Other forms of centre can be expected to exist in the residual
film, possibly from the presence of zinc and manganese, crystal defects
and vacancies. It has already been pointed out in the previous section

that the residual film may be primarily made up of silicon oxide because
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of the continuous exposure of the silicon surface to oxygen during the
reaction. Howeve;, such an oxide would be very impuré, due to rroducts
of the various other chemical processes going on simultaneously.
Presumably on completion of the reaction, a certain pr&portion of zinc
and manganese must remain in the residual film becéuse they have also
found their way into the silicon. This might be rélated to the observa-
tion of dipolar polarization as well as dendritic precipitates in the
residual film. -If zinc and manganese are able to form clusters of a
conducting phase (perhaps crystalline precipitates) in the oxide, they
would result in the type of dielectric polarization' found (Fig 5.léb).
Because of'the built-in field arising from such polarization, the residual
film is not expected to be electrically neutral after the application of
a high field, especially at 106‘v/cm or greater. Aiso, the non-uniform
polarization could be due toc the random distribution of the conducting
inclusions throughout. the residual film.

The analysis on the composite structuré in the last section
has neglected the much smaller polarization and charge of the residual
film but it is limited to the moderate fields of Region I, i.e. legs
than lO6 v/cm. However, the electrical results for the composite
structures give sufficiently reascnable agreement whgn fitted to the
Snow and Dumesﬁil space-charge polarization model (7) fcr this range of
field strengths. This shows that space-charge polarization in the
willemite dominatesf

The space charge pplarization mechanism in the Type-B willemite
films can also be éxpectéd to be the same as in Type-A willemite. Again,
the immobile negétive ion is'consideréd to be an (sio4)4' radicals which
is derived from the silicate tetrahedra while the'mobile'cations are
metallic_zinc or manganese. With the application of a negative bias on

the metal electrode, the cations are drawn towards the willemite surface
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Fig 5.21
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The band-diagram, charge, field and potential
distributions deduced for the composite structure
of Type-B willemite after removing the stress voltage.
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leaving behind an uncompensated negative space-charge. The positive
metallic ions are either piled up ig a narrow layer or discharged into
the ;S£Zi but in éither case, the potential drop at the metal-willemite
interface is negligible. The distributed negative space-charge, however,
will induce part of its image in the metal and part in the silicon,
forcing the silicon surface into depletion. In equilibrium the field in
the bulk of ﬁhe willemite would fall from ébout 105 v/cm to near zero.

Fig 5.21 illustrates the situation in the energy bands, charge
distribution, electric field and potential in the composite structure
after removal of the stress volﬁage dausing polarization. The energy
bands of the residual film are here assumed to be those of silicon
dioxide, for simpliéity. It should also be noted that the residual
film is assumed to be neutral. In Type-A willemite, ﬁhe_presence cf
positive centres in the fesidual film resulted in a strong curvature of
the plot of flat-band voltage against time ; very much deviating from
the linéar relationship predicﬁed by theory. But in the case of the
present willemite, the élight curvature of Fig 5.17 could indicéte an
almost neutral residual film.

Another important aspect arisiné from the polarization of the
willemite is the formation of an internal field after removal of the stress
Qoltage. Ionic build-up at both the interfaces,i.e. willemite-residual
film and metal—wiliemite, is very unsymmetrical because of the immokile
negative ions and the mobile positive ions. As a result there is a non-
uniform internal field in the willemite film (see Fig 5.21). Similar
results}fof fused silica have been reported by Cohen (15). With a large
degree of polarization, considerable reverse potentials can result when
the stress voltage is removed (14). The effect of this potential is

depicted in the present willemite by the openfcircﬁit voltage voc’ as

shown in the band diagram in Fig 5.21.
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5.6 . Conclusions

In this chapter the preparation and examination of Type~B
willemite films have been described. The reaction-bake conditions
imposedAwere 20 hrs. at 1000°C in an atmosphere of 10% o2 in N2.
Physical e#amination of the composite structures révealed residual films,
slightly over 200 % thick which are both‘non-lumiﬁescent and resistant
to glacial acetic acid. Dendritic features which are believed to be due
to zinc diffusion, were obser§ed in both the residuél film and the
underlying silicon. waever, ECP tests on the latter showed that it was
still crystalline.

| Schottky-barrier type C-V measurements on the underlying
silicon showed the existence of deep acceptor-like traps, believed to be
due to zinc. The residual films gave typical MIS-type'C-V curves which
could be shifted towards more positive flat-band voltages, with high
field negative stresses. These shifts, although smaller than for the
composite structures, were attributed to conducting inclusions in the
insuiating residual film.

The composite films showed similar electrical properties as
for Type-A willemite. The stability of the présent Qillemite films,
however, seems to be bette; i.e. they require higher stress voltages for
longer durations to achieve a given shift. The model of Snow and
Dumesail (8) has been used to analyze the electrical results in terms of
interfacial space-charge polarization of the Type-B willemite. The
polarization may be due to the dissociation of loosely bound Zn2+ ions
from the silicate tetrahedral network at the willemite-residual film
interface. | |

Further discussion, relating Type-B willemite to the other

two types, will be given in Chapter 7.
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CHAPTER 6

INVESTIGATION AND DISCUSSION OF TYPE-C WILLEMITE

(Long Reaction Time - N,)

6.1 Introduction

The type of willemite films to be discussed in this chapter is
called Type-C willemite following the growth technique as suggested by
Hurd 'and Johnston (1). Previéus workers on willemite films on silicon
have mostly investigated films prepared with a reaction-bake time ranging
from a few minutes to about an hour in a furnace ambient which was not
entirely oxygen-free. Auger profiling work cafried'éut by Hurd and
Johnston on such films revealed a non—ﬁniform distribution of the
ansio4: Mn constituenté, especially the‘presence of excess zinc in the
surface of the film and its depletion towards the vicinity of the film-
silicon interface. Following these findings Hurd and Johhston carried
out tests involving a long reacticn-bake time (about 24 hrs) in an ultra-
pure nitrogen ambient in the furnace. Films prepared in this way were
found from Auger profiling to have a more uniform distribution of their
constituents. Apart from a slight non-uniformity in a narrow region at
the interface, almost the entire thickness of the film had about the right
proportions of zinc, oxygen and silicon.

It is the purpose of this chapter to describe some of the
preparation, examination and electrical ﬁeasurements‘that were carried
out on this type of willemite film. Section 6.2 deséfibes the conditions
required in the'reéction of the constituent oxide and zinc fluoride to
produce this Type-C willemite. Some of the visual and SEM cbservations
on these films are given in Section 6.3. ' Section 6.4 presents the results

of various electrical measurements that were carried out and this is

followed by a section on the analysis and discussion of the results.
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6.2 Reaction-bake Process

In order to achieve an ultra-pure nitrogen ambient in the
willemite furnace, an Oxisorb gas purifier was added in the gas line
between the nitrogen cylinder and the gas-inlet sidé‘of‘the furnace.

The Oxisorb purifier is capable of purifying whité-spot
nitrogen to contain less than 0.1 vpm (volume per miliiqn) of oxygen |
and 0.5 vpm of water. One cartridge has the capacity to purify
320 cu.ft. of gas. To ensure a one-way flow of the purified nitrogen
in the furnace, a slightly higher than normal flow-rate (v 500 cc/min)
was set at the furnace gas-inlet side. At the same time the gas—éutlet
from the furnace was restricted to a small opening. -As usual, the
furnace temperature was set to give a flat zone at lOOOéC and left to
stabilize for at least a day.

Sample preparation prior to the reaction-bake process was
carried out in similar ways as for Type-A and Type-B willemite. Before
the silicon slice, which had been oxidized and coafed'with zinc fluoride,
was introduced into the furnace, the tube was flushed with a nitrogen
fldw of 1500 cc/min. The slice was pushed in to the furnace over a period
of about 10 nin. Thé reason for this gradual introduction was to allow
sufficient time for heat fedistribution within the films and the silicon.
This precaution is important in trying to reduce cracking and uneven

reaction effects. A period of 24 hrs was allowed for the reaction~bake

process after which the slice was slowly extracted.from the hot zone.
The slice was allowed to cool to room temperature at the furnace mouth
before removal. Similar techniques for defining capacitor areas, metalli-
zation and ohﬁic back contacts were carired out as previously.

Since the residual oxygen content is extremely critical in the
growth of Type-C willemite filhs, two slices were processed, one using

a nylon and the other a stainless steel pipe between the Oxysorb purifier
\
\
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and the furnace. It was thought that nylon might contain more adsorbed
water than the steel and hence it was expected that there would be some
differences in the electrical characteristics of the two slices.

A separate test was carried out to check the concentration of
oxygen in the purified nitrogen in the furnace. A piece of silicon,
etched with HF and cleaned with IPA, had its natural oxide thickness
measered on the ellipsometer. It was then left in the willemite reaction
furnace at lOOOOC for 24 hrs in exactly the same conditions as for the
willemite formed using the steel gas pipe. The oxide thickness increased
by.21 R during this treatment. This indicates a reeiaual oxygen concen-
tration of 0.2 vfm ih the nitrogen.

6.3 Film Examination

All the Type-C willemite films that were prepared had the.same
initial thicknesses of zinc fluoride and silicon diékide. The resulting
composite film had a thickness of about 70% of the total for the two
constituents. As usual, some of the test samples were assessed for

_cathodoluminescence and all showed green emission. The emission spectrum
fof this type of willemite films; measured at Newcastle Polytechnic (2),
was found tovbe_comparable to that of Type-A willemite having a peak of
5200 %.

Under the optical microscope, fine grains of Type-C willemite
could be observed but only at a very high magnificafion of approximately
450x. The grain size is much smaller than for Type-A willemite and signs
of localieed clustering occur to a lesser exteﬂt. The main similarities
‘between Type-C and Type-B willemite are in the dendritic and cellular‘
features which are distributed throughout the films (see Plate 6.1):

This was also observed by Hurd and Johnston (1) who thought that they

might be due to the preferential diffusion of zinc in certain directions

within the film.
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Cathodoluminescent Relative Prcportion
Etchant Test after Etching | of Residual Powder
Remaining
HNO3 acid No Small
HCl acid No émall
H2804 a01d No Moderate
Orthophosphoric acid No Large
Glaéial Acetic acid Yes Large
H,O (control) Yes Large

2 .

TABLE 6.1

of acid is 25%.

Etching tests on commercial willemite powder.
The last column indicates the relative

The strength

guantities of the initial amount of powder left after

etching.

Experimental Slice SL12 _ SL13
(Nylon gas pipe) (Stainless steel gas
pipe)
Initial Oxide 489 572
Zinc Fluoride 482 492
Composite film, dT 734 765
Acid-resistant thickness 629 638
Left-over, 4
X

Thickness reduction in 105 127
~acetic acid etch
d =44, -4d

r T X

TABLE 6.2 Film thickness in g for the two experimental slices

of Type-C willemite.




Investigatiqns using the SEM revealed similar observations as
above. Gener#lly, the films are very uniform, with no aistinctive topo~
graphiqal features to be seen even when tilting the éiice at an angle.
Contrast in the secondary emission mode at 15 keV is poor, which may
imply that the film is very insulating i.e. it charges up with the
bombarding electrons. At 25 keV, a slightly better contrast was achieved
band under very high ﬁagnification, similar fine grain crystallites distri-
buted in the dendritic network could be observed. When switched to the
cathodoluminescent mode, there was a rapid darkening of the image.

Probably the most unique feature of the Type—C willemite is the
inability of.locating the residual film, that is if'it.exists.} Generally,
the 'residual' film below the willemite is defined as that &= left behind
when the composite structure is etched with weak acetic acid, leaving a
non-cathodoluminescent layer. The type-C willemite, however, had rather
different properties. After the acetic acid etch,~the underlying film
still contained raﬁdomly distributed spots of green emission when tested
for cathodoluminescence. Also there was only a reduction of about 100 R
in the total film thickness, implying that the normal definition of the
residual film is not applicable in this cése. Even prolonged etches for
24 hrs in very concentrated acetic acid and in 10% h&drochloric acid did
not altér the situation, although dilute hydrofluoric acid totally removed
the film.

To compare the chemical reactivity of commeréial willémite
powdér with that of the film, some etching tests were carried out. Small
amounts.of willemite pdwder in glass tubes had various acids of 25% con-
centration added and left for about én hour. Afterwardé, the residue was
dried and testéd for cathodoluminescence. The results in Table 6.1 show

that apart from glacial acetic acid and water the other four etchants

virtually destroy the luminescent property of the powder.




Nitric and hydrochloric acids dissolve most of the willemite
powder while tﬁe other three acids attack only part of the powder. The
HCl acid etch contradicts the findings for the Type-C willemite films
described above. This may be because the willemite ciystallites in the
film are embedded in a silicon oxide matrix, preventing them from béing
attacked by the acid, although why this should occur for Type-C but not
for Type;B willemite is not clear. It must be concluded that there is
no clear evidence for a nen-luminescent residual film under Type-C
willémite; This made it impossible to do sepafate measurements and to
build up a model for the electrical characteristics of this type of film
as had been done for Types~A and B willemite.

Table 6.2 gives the film thicknesses for‘thé two electrical test
samples of Type-C as measured by the ellipsometer. Instead of the
'residual film', there is an acid-resistant film rgmaining after the acetic
aqgid gtch, the thicknessvbeing denoted by dx. The reduqtion of the
composite filﬁ due to this etch has its thickness dehoted by dr. It can
be seen that the film thicknesses are very similar so that there seems
to_be an improvement in the control of processing for the present willemite
films. The refractive indices of the composite films of both slices are
also.1.58 from ellipsometer measurements. The replacement of the nylon
by the stainless steel gas pipe therefore seems to have had little effect
on thé non~electrical properties.

6.4 Electrical Results for Type-C Willemite

Typical C-V characteristics of Type-C willemite composite
strucfures are shown in Fig 6.1 and F;g 6.2 for slices prepared using the
nylon gas-line (SL12) and steel gas-line (SL13) respectively. A nctable
feature is that the C-V characteristics can be shifted towards more
positive as well as more negative flat—band_voltages. With negative stress

voltages, the flat-band voltage becomes more positive while with positive
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voltages, it becomes more negative. In general this could be due to the
negative voltage creating negative space-~charge in the films close to
the silicon, and positive voltage creating positive épace—charge. The
possible mechaniém for such space-charge formation will be discussed in
moré detail in the next section.

The stability of the flat-band voltage of the-present willemite
is better than for either Type-A or Type-B willemite. A larger negative
stress voltage and a longer time is therefore required to achieve a given
magnitude of the flat-band shift. It should be noted that the stress
time in Fig 6.1 and Fig 6.2 is 1 min. instead of the 1 sec applied to
former types of willemite for similar measurements.‘ Generally both slices
show a lowering of the slope of the C-V curves With the shift of the flat-
band voltage for both directions of shift but again the reduction of the
slope is not as drastic as for the other two types of willemite. In
slice SL12, positive going flat-band shifts producelonly a slight lowering
-of the C-V slope but negative going flat-band shifts ha&e a large
reduction of slope due to the §§ersion voltage strétchihg out more than
the corresponding change in flat-band voltage. Fdr slice SLl13 the flat-
band shift are similar but less (Fig 6.2), except that the slope is
reduced-more for curves with positive going flat-band shifts unlike SL12.

A more convenient way of looking at the éhifts of the C-V curves
is by plotting the change in flat-band voltage AVFB against the stress
voltage Vs. The results for both slices are presented in Fig 6.3. It
can be seeﬁ that negative stresses have a larger effect than positive,
or in other_words, it is easier to form negative ratﬂgr than positive
space-charge. This is also shown by the 'threshold' in the stress
voltage which for positive stress has a value of about 5.0v and, for
ﬁegative, about -3.5v. Fig 6.3 also shows that slice SL13 (grown using

the steel gas pipe) is more stable than slice SL12, since the film thick-
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nesses are approximately fhe same.

The effect of stress duration has been important in assessing
previous willemite films but time only allowed a preliminary investiga-
tion for Type-C willemite with negative stresses. The change of flat-
band voltage with time is piotted in Fig 6.4 for thrée stress voltages.
It is obvious that the formation of negative space charge within the
composite film depends upon the duration cf stress. 'Atiloo sec., the
value of AVFB due to streséing with =-5.0v ts hardly app;eciable but a
voltage twice this ygields a value of AV'FB close to 2.0v. Within the
duration of stress that was investigated, i.e. a maximum of about 1.5 hr.,
there is hardly any sign of AV'FB saturating at room temperature. Again,
theée‘results illustrate the stability of the presept w;llemite films
when compared to those grown previously.

Since the C-V curves for Type-C willemite cén be shifted in
both directions, it was decided to make some measurements of the regoﬁery
proceés.v Two tests were carried out, one for the recovery of a structure
that had been negatively stressed (see Fig 6.5(a) ) and the other for one
positively stressed (see Fig 6.5 (b) ). For the structure that had been
ﬁegatively stressed to give AVFB of 6.84 v, the recovery, using a recovery
voltage of +5.0v applied for 1 min. at room temperature, is very slight.
But when the same stress conditions were applied at a temperature of
109oc, the recovery of the C-V curvé was almost complete. This shows that
the positively attained flat-band voltages are very stable, and recovery

at room temperature take hours or even days. This may be a useful memory

effect.

The recovery process for structures that have been subjected to
positive stress voltages is entirely different. At room temperature and
for a recovery voltage of -5.0v, the process is very rapid, occurring in

times of seconds (see Fig 6.5 (b) ) for a structure previously positively
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Fig 6.5(a)v Recovery of composite structure C-V curve at elevated
temperatures. Initial curve has been negatively stressed
to achieve Ava= 6.84v. Voltage>fo:,recovery is +5.0v at 1 min,
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Fig 6.5(b)

Recovery of composite structure C-V curve with time.

Prior to measurements sample has been positively stressed

to achieve AVFB= -1.45v. Voltage for recovery, -5.0v.
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stressed to givé AVFB = -1.45v. This indicates that_the positive space-
,charge formed within the composite film by positive sﬁress voltages can

be easily neutralised by applying a negative voltage (or an oppésite.field)
at room temperature. These two results show that fhé neutralisation of
negative and positive space-charges may occur by diffefent processes.

It was next decided to investigate whether high temperature
alone can lead to the recovery cf C-V curves. Twc composite structures
were'stressed.with voltages of opposite polarities .so aé to give positive
and negative AV‘FB values. They were then annealed iﬂ a N2 atmosphere at
a temperature of 4OOOC for 10 min. The C-V measurements were made prior
to the application of stress, after stressing and after annealing. The
results are shown in Fig 6.6 (a) and 6.6(b) fcr the negative and positive
stresses respectively. It can be seen that the original C-V character-
istics are parfly restored showing that most of the space-charge formed by

voltage stressing can be eliminated by a short period at high temperatures.

€.5 - Analysis and Discussion - A
The electrical results for Type-C willemite are somewhat
different from those for the other two types of willemite discussed in
previous chapters. The present willemite seems to ﬁe.more stable as
illustrated in fig 6.4 where it can be seen that appreciable flat-band
‘shifts are only produced by voltages higher than + 5.0v. If the field
required for the onset of electronic injection is taken to be 106 v/cm,
the corresponding voltage for the composite structures would be around
7;5v. The othei noticeable feature of the present cqﬁposite structure is
thét its C-V curves cah be shifted in both directions. lThis has never
occurred in pf_evious willemite structures,exceph wham dy<do }“" (‘:)F&"B vallacte.
Since the stress voltages causing apprecigble changes in VFB

give the same order of field as for electron injection, the analysis of

the results becomes more complicated. The problem of separating electron
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injection and dielectric polarization effects again arises. Unless
electrical measurements are carried out at. reduced and elevated tempera-
tures, which has hot been possible here, the two mechanisms are
inseparable. Eowever, from similarities with the other two types of
willemite, it is reasonable to assume that dielgctric polérization still
predominates in-the present wiliemite. The amounf of polarization is
thought to be less because of the better stability of Type—c material.
The stability is also iméroved by increasing the purity.of the hitrogen
used in the processing. For slice SL12, the gas was passed through a
nylon pipe which probably gave off more waﬁer than the stainless steel
pipe used for SL13. The improved stability of the latter is shown by
Fig 6.3. It is possible that this could alsc have coptributed to the
better symmetry of the C-V characteristic of slice SL13 compared with

' slice SL12 (see Fig 6.1 and Fig 6.2). Symmetricai'C—V characteristics
arising from dielectric polarization in MAOS structures have also been
reported by Iida et al (3).

. The type of polarization in Type-C willemife films could be
either'the dipolar polarization proposed by Snow and Deal (4) or the
interfacial (space-charge) polarization of Snow and Dﬁmes;il (5). It
is difficult to distinguish between the two effects becéuse the results
of AVFB against stress duration for negative stresses (Fig 6.4) cannot
be fitted on to the Snow and Dumesaii model, as was done for Type-A and
B willemite, since no saturation in AVFB was obsérvgd during the stressing
time used. -

Furthermore, the lack of recovery of the positively—shifted
flat-band voltaées at room temperéture shows the stability of the stress-
induced negative space-charge; (see Fig 6.5(a) ). Recovery is rapid only
at elevated teﬁberatures; One possible explanaticn is by assuming that
| polarization is caused by the Zn2+ ions moving towards the metal electrode,

where the cations are then trapped.,' As to how the trapping really occurs
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ié not known, but the cations have definitely got to overcome some
consrderable actlvatlon energy before it can be transferred back into
the bulk and reducing the space-charge (6). Such activation enexrgy can
'be'supplied thermally thus possibly explaining thelrecovery of flat-band
voltagesbat temperatures higher than room temperature.

lThe discussion in the laet paragraph hae soffer been confined
to hegative.stress voltages. With positive stress voltages, there is a
shift towards more negafive values of VFB in Type-C wiilemite. This
could be due to the formation of positive space-charoe,within the composite
film close to the silicon surface. The field to give eppreciable negative
'values in AVFB i_s'around'lo6 v/cm (Fig 6.3). Apart from dielectric po}ari—
zation, electronic injection processes or even the formation of inter-
facial traps are also possible at this field strengfhf-»However, unlike
the'positive-going~AVFB, negetive going flat-band voitages have a rapid
recovery at room temperature, which is clearly illustrated in Fig C.S(b).
It ma& be possible‘that the polarization effecr, with positive bias, is
probably sQamped by another more.dominant mechanism.

The more likely explanation for the negative;going flat-band
shifts is in terms of electronic proceéses. Since.ho appreciable d.c.
current has been observed, it can be deduced that such processes are not
in the bulk of the material. An alternative model, wﬁioh seems more
likely, is to assume that electron transfer takes place in.a small region
of the composite film near the vicinity of the silicon-film interface.
The poeitive space-cherge causing the flar-band shifts could thue be due-
.to the injection of:holes from the silicon ipto thie interfacial layer.
Hole injection from silioon into silicon nitride hes been widely reported
(7,8). A It is aiso possible tﬁat‘the stress voltage coﬁld itself create
further traps in the interfacial region of the composite f£ilm as in MNOS
strﬁctures (8) . The effect of annealihg et Goooc for 10 min.(Fig 6.6(b) )

could then empty those traps and reduce their numbers. The high
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temperature'annealing-out of traps has been reported for MAOS structures
by Salama (9)‘.

Fig 6;7 shows the change in the flat-band voltages with field
for the normal Type-C willemite composite structure and for a structure
that.has been etched with glacial acetic acid. It shodld be noted that
the acid-resistant film has a much reduced change of VFB with negative
stress. This implies that the surface of the composite'film, around
105 X thick, has stronger polarization features than the bulk of the
willemite.

Because of.the trapping and polariziné effects found in the
composite film structure of Type-C willemite, hysteresis is expected with
continuous cyclic stress voltages. Fig 6.8 depicts guch results where
the effect of hysteresis can be clearly seen. The iﬁitial flat-band
voltage was VfBo and the stressing was first doneAwiFh an increasing
positive voltage up to +20.0v, in steps of 5.0v for 1 min each. The
stress then décreased towards negative Vg etc. It can be seen that the
return positive stress has a decreasing effect on AVF‘B while the return
negative stress does not. This irplies a more rapid response for the
processes occurring with positive stress compared to.those for negative
stress. This agrees with the results on thé recovery of the flat-band
voltage discussed above. After the cycle of stress shown in Fig 6.8,
the complefe C~-V curve gt the point X had a considerably distorted and
stretched depletion regime although the accumulation and strong inversion -
capacitange were unchanged (see Fig 6.9). This resﬁif'could be due to a
combination of the two mechanisms discuséed earlier. .

A proposed model based on the electrical results discussed so
far is illustrated in Fig 6.10. The uppermost layer of the composite
film is probably @ade up of willemite having a loosely bonded structure,

which is strongly polarizable. - The underlying layer, which constitutes
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Fig 6.8 Hysteresis effect due to cyclic stressing.
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Fig 6.9 "The C-V curve taken after the composite structure of

Type-C willemite has been subjected to cyclic stressing
as in Fig. 6.8. '
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Fig 6.10 Proposed model for the Type-C composite willemite film.
Top willemite is non-resistant to glacial acetic acid.
Inset shows grains.of willemite crystallites separated
by very thin layers of silicon oxide. Diagram not drawn
to scale.



the major paxt of the composite film, is probably made up.of fine-grained
cfystallites of willemite which ére separated by thin layers of silicon
oxide. The structure of the silicate network is probably much more
compiete, hence the better electrical étability shown by the results.
Lastly it is proposed that there is an interfacial layer between the
willemite and the silicon, and this may.contain all the eleﬁents present
in the réaction, anSiyOz' Such an interfacial layer was also proposed
by Iida et al (3) to explain the instability found in MAOS structures.

It is believed that the anSiyOZ,interfacial layer could have a large
trap concentration which could be further increased by positive stresses.

The results show that these could be traps for holes rather than electrons.

6.6. Conélusion

The-teqhnique for growing Type-C willemite, as proposed by
Hurd and Johnston, has been described in the early éaft cf this chapter.
Etching tests on this type of wgillemite shows that'it_is largely resist-
ant to most acids, except HF. Cathodoluminescence is still found after
the normal etching with glacial acetic acid so that the definition of a
'residual' film becomes vague.

The electrical properties of the present films showed better
stability than Type-A or B willemite ; a larger stréés voltage and/or
a longer time is required to achieve any appreciable.shift of flat-band
voltage. Polarization is thought to occur throughout the entire range of
negétive:sﬁresses, while hélé injection from the siiicon into inter-
facial traps in the film is thought.to dominate with pésitive‘stresses
1a¥ger-thanb5.0v.

On thé whole the present composite film is thought to be more

uniform than the previous, except for a narrow interfacial region at the
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silicon and a slightly more open structure at the surface. The model
proposed is that'crystallites of willemite are uniformly distributed
'within the film and separatéd by very thin_silicon 6#ide, with the correct
average composition for ansio4 as found by Hurd and thnston (n).

The properties of Type-C willemite will be cbmpared with those

of Typés A and B in more detail in Chapter 7.
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CHAPTER 7

UNIFIED DISCUSSION OF THE PROPERTIES

OF THE THREE TYPES OF WILLEMITE

7.1 Introduction

In Chapters 4,5 and 6, three different methods of forming
willemite films and some of their physical properties-have been described.
In each chapter, the electrical results have also been presented with
some discussion, but-due to the lack of precise information on properties
such as the nature of traps, the carrier mobilities, trénsport mech-
anisms, étc‘;'a detailed analysis'is impossible. - In general, the analysis
of the electrical results uses‘ordinary electrostatics, especially the
flat-band voltage in the MIS C-V characteristics, for-deteéting the polarity
and concentration of space;charge within the films. ﬁowever, conclusions
6f the nature of the space-charge brought about by.the application of
electric fields have to be treated with some reservations because of the
lack of information about the material préperties. |

It is the primary objective of this chapter to attempt to bring
togéther the explanations proposed for the various willemite films. This

must be highly speculative although there should be some unifying factors

to be found to correlate the growth and electrical properties of the three
types of willemite, especially concerned with the nature of the space-

charges formed within the films.

The factors affecting the méchanism for the solid-state reactions
in the growth of willemite films on silicon are discussed in Section 7.2,
while Section 7.3 will be devoted with trying to relate the resﬁlting
properties to the grﬁgth conditions. Section 7.4 describes the possible
méchanisms éf dieiectric polarization and electronic iﬁjectiqn in willemite

composite films with emphasis on the conditions in which each might be

117



observed. A general discussion of the electrical properties of the
compositg films, with partiéulér attention to the wi;lemite, is presented
in Section 7.5. The main differences bgtween the three types of willemite
are pointed 6ut*and an'attempt is made to relate the observed physical
prope:ﬁies and the cdrrespondihg electrical propertieg.

7.2 Sclid-State Reactions in the Formation of Willemite

Detailed studies of the structural properties §f willemite films
grown on silicon were made by Edwards and Rushby (l1). - Later, Davies (2)
found that the final film is inhomogeneous.with an outer insulating layer
on the willemite, and an inner interfacial film between the willemite and
the siiicon. The outer film is eaéily removed, but the interfacial
(or 'residual') film is far more important as it can substantially reduce
the efficiency of electron injéction from the silicon into the willemite.
This consideration led Errington (3) into a detailed iﬁvestigation of
willemite growth, varyihg the parameters of gas ambient, temperature and
time. |

Pdssible‘mechanisms_for the formation of silicates by solid-state

reactions are illustrated in Table 7.1 (4). There are several alternatives

"to. the simple direct reduction of silicon dioxide and zinc fluoride molecules.

The rate—limiting factor in the formation of silicates is generally the

electroneutrality of the ionic fluxes arising from the mobility of the

Si4+ and 02- ions (4). However, in the presence of loosely bound

metallic cations, the rate-limiting factor is due to the mobility of the

cations,_Zn2+ ions in this case, in the growing silicate (Table 7.1(a) ).

At the high reéction temperature (v lOOOOC), the zinc fluoride is assumed
to be molten with loosely boﬁnd éinc, possibly in the form of mobile Zh2+
ions. The diffusion of molecular zinc fluoride itséif is not likely
because of the comparative sizes of the zinc fluoride and zinc silicate

molecules. It is morellikely that the zinc fluoride is partially
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dissociated into its respective ioms, i.e. Zan;ﬁr an+ + 2F-, allowing
the Zn2+ ions, which are only about 1/19 of the size of a zinc silicate
molecule to diffuse easily between the silicate tetrahedra. This model
is slightly different to that proposed by Errington (3), who concluded
'thét the formation of willemite was limited by thelrate of dissolution of
molten zinc fluoride in silicon-dioxide; Tﬁis is more likely in the initial
stages of the reaction, where the zinc fluoride and silicon.dioxide are
in direct contact with each other, rather than at later times in the
reaction process.

For thé Zn2+ ion diffusion model, Errington proposed a theoretical

relationship for the willemite thickness

_ I
w n

2+
where C is the concentration of Zn ions at the willemite
surface,
‘qs . C 2+ .
D is the diffusion coefficient of Zn ions in willemite,
2+
n is the number of Zn  ions incorporated in a unit
volume of willemite, and

t is the reaction time.

Some evidence for a relationship of this fbrm was obtained from
experimeﬁts carried out by Errington which gave a reasonable value of
about 10—'16 cm2/sec at 900°C for D. The value of C_was found to be
dependent on the_availability of Zn2+ ions, or imwother words the thick-

ness of the evéporated zinc fluoride. The final thickness of the willemite
film was therefore also dependent on the thickneés of zinc fluoride.

This has beén confirmed by the experimental observations presented in

Table 4.1. An excessively thick zinc fluoride film will result in a

large amount of unreacted products in the top-layer while too thin zinc
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fluoride film leaves a considerable thickness of residual film. For this
reason, a balanqe in the ratio of initial oxide to zinc fluoride thick-
nesses is important and in most cases, tﬁis ratio is between 1l:1 and 1:3;
An important parameter in the growth of wiilemite films is the
leng@h of time for which the'reaction—bake process is carried out. The
reaction time used b& most previous workers was one hour or less, typical
of Type-A willemite, and Errington found out that tﬁé relationship given
by Equation (7.1) is oqu applicable for reactions taking longer than 2
_ mihutes; Hurd and Johnston (5), however, concluded that such short
reactions are incomplete resulting in a high concentration of zinc piling
up néar the surface of the film as shown in Fig 7.1 (a), while regions
near the,silicon—film-interface are depleted of zinc. They argued that
Zh2+ ions aré‘unlikely to diffuse right through the willemite to the
silicon dioxide in such a short time. on the other hand, manganese,
which has'a relatively smaller mass than zinc, is likely to find it easier
to diffuse'through the 5102 compared to zinc. This conclusion is supported
in the present work by the presence of manganese, rather than zinc, as
deduced from'Schottky;barrier measurements on the silicon below willemite

2
By extending the reaction-bake time to about 24 hrs., Hurd and

formed by a 20 min. reaction in N_.
Jéhnston obtained a more uniform zinc concentration in the final film.

This is shownlin Fig 7.1 (b) which gives their results for an Auger profile
of ﬁhe materials. It is believed that_in this case, sufficient time_has
been allowéd for the Zn2+ ions to be transferred from the éurface right .

| through.the willemite to the silicoﬁ dioxide. In fact, as shown in
Chapter 5, ;he prolonged reaction timé enables a concentration of

9.6 x 10;4 cm--3 of zinc to diffuse into the surface of the underlying
silicon. Hence the technique of prolonging the reaction process gives a
more uﬁifdrﬁ willeﬁite film which is a feature of Type-B and Type-C

willemite films discussed in Chapters 5 and 6 respectively.
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The aﬁblent ln which the reaction-bake process takes place also
has a strong influence on the final willemite film. Zinc is well known
to be easily oxidized s§ that even a slight preéenée of oxygen in'the
ambient might alter the reaction mechanism in the film. Zinc oxide is
‘aiso‘an insulatofland is also thought to be one of the constituents of
the top layer. - Also, oxygen, whether in molecular or icnic form, has
a very high diffusivity in'silicon dioxide (6) with.a diffusion,coefficient
of about l0_9cm2/sec apprbximately at 1008C.The unit cell of a-silicate
structure being rglatiVély larger and more open than silicon dioxide,
might be expected tc have an even>higher diffusivity for oxygen. Oxygen
in the furnace gas can therefore lead to further e%idation of the silicon
during the reaction leading to an increase in the residual film thickneés.
This was shown to occur by Errington (3) and it has been proved to be the
case here when oxygenlwas deliberately.introduced into the ambient during
the'preparation of Type-B willemite asldéscribed in'éhapte: 5 (see
Table.7.l (c)g (dY)l. In order to prévent oxygen from‘ihtérfeiing with the
reaction-bake process, ultra-pure nitrogen with less than 0.1 vpm of
oXygeh, waé'therefore used in the preparation of Type—ciwillemite;

FfomVTabie 7.1, it can be seen that all four bossible reactions
forming a silicate involve ioﬁic movement. If the reaction is incémplete,
an accumulaéion of ions can be expected at the. surface and/or at the inter-
face of the silicate film, which may lead to lack of~e}ectrical neutralityv
of the final film. 'This effect has been observed in the initial flat-band
voltageé of composite strﬁctu;es whiéh prove that positive charges ek;st
within the film;‘.It has also been suggested in the litéfature that the
éartial préssure of oxygen in the reaction ambient plays anAimportant role
'in determining the electrical propeities of silicages (4) and this is

confirmed by the differences between the three types of willemite investi-

gated here.
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The three types of willemite prepared during the course of this

reseérch might be related to the four reactions shown in Table 7.1.
Reaction (d) seems mést likely fof the formation of Type-B willemite due
.to the role of oxygen which was delibefately added to this reaction.;

When there is no oxygeh present reacticn (b) seems to be more likely if
the‘metallic ion source is x instead of X0 corresponding to Type-C
willemite. For Type-A willemite, with a very short reaction time and
small oxygen concentration, any of the reactions wouldAseem to be possible.

7.3 Physical Properties of Films

Due to the differences in the reaction-bake conditions the
various types of‘willemite have slightly different physical properties
and it is rathei difficult to.categorize these propérties. Some general
features have already been presented in Table 2.1 of Chapter 2, and an
éttémpt will be made in this section to relate other pﬁysical properties
to the method of forming the willemite.

Film Thicknesses

As described in Chapter 2, film thicknesses‘are measured with
the ellipsometer to an accuracy of + 20 X for Sio2 films on silicon.

However, both willemite and residual films are very different from 5102
in that they are probably inhomogeneous and their intgrfaces are much
more diffuse. These two factors can easily give rise to inaccuracy in_
the ellipsometer measurements, the simple theory of which assumes a
homogeneous film and a sharp film-substrate interface. Furthermore in
the measurements of composite films, the double—dieiectric nature of the
film gives éﬁly an effective or apparent value for thé‘ﬁhickness, rather
than the actual sum of the wiliemite and residual films thickneéses.A

In the casé of Types—é and -C willemite, the existence of.zinc channels
in the silicon is also bound to alter the reflectivity value of the

silicon from the value of 4.05-0.0281 assumed in the program used to

calculate the thickness. Overall, the thickness measurements are,
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therefore, expected to be very much less accurate than for Sio2 on silicon.
Some simple calculations can be made of the thickness of initial
oxide tox required to produce a thickness, tw' of willemite. Consider a

volume of 5102 film, of thickness tox and area A. The total number of

silicon atoms is

- ToX o
NSi = - _ o (7.2)
where téxis the thickness of a unit cell of SiO2 and

a is its area.
If Mox is the molecular weight of Sioz, which is 60.09, and

Pox 1S its density, then

a = 2% | | : (7.3)

The same expressions can be appliedlto ZnZSio4 where tw and t&
are the thicknesses of the final film and the unit cell of ansio4 respect-

ively. Since each unit cell of Sio2 and Zn25104 contains one silicon atom,

Nsi is the same for both materials, so that

ox _ Mox/pox (7.4)
t - M /p ‘
w w w

where Mw and p, are the molecular weight and density of
Zn,Si0,. This assumes no loss of silicon during the reaction.

Substituting the values Pox = 2.27, pﬁ = 4.103 and Mw = 222.85

gives

= 0.487 - . (7.5)

rf
£ ‘o"
E]
f
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- This shows that to produce a willemite film of thickness tw
an initial oxide of thickness 0.487 tw ié required.

ForbType—C willemite the experimental values of the initial
oxide thicknesses are 489 X and 572 g fér slices SL12 and SL13 respect-
iveiy, giving values of 1004 3 and 1175 g from Equation (7.5). However,
the measured values were 734 % and 765 % respectively, indicating a
discrepancy of something over 300 R. Results for Type;A willemite .
deviates more than for Type-C willemite in that the measured willemite
thickness is only half of the calculated value. Tﬁis could be due to
any of the following factors :-

(i) Exror in ellipsometer readings as discussed earlier,

(ii) The valuebof P used is for willemitg powder rather than
of the thin film.

(iii) It is possiblé that not all the SiO2 has been used up.

Film Examination

In the three previous chapters, film examinéfions using both
the optical microscope and the SEM have been described. The use of
ﬁhe optical microscope is straight forward, where the points of interest
are featu?es like crystallite size; defects, coloration, etc. The SEM
has been used in the secondary emission and cathodoluminescent modes for

the examination of the films, while tests for crystailographic features

on the underlying silicon have been made by the Electron Channelling

Pattern (ECP) technique.

Forxr the‘purpose of comparison, the three typgs of willemite '
will be discussed fogether,based on the examinatidh of the underlying
silicon, the residual film and the willemite film.

(a) The underlying silicon :- -

The silicon surface of Type-A willemif.e, _‘under the optical

hicroscope appeared to be smooth with no distinctive features. However,
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dendritic features forming crazed patterns are obvious for silicon
surfaces frém Types-B and C. This feature has been associated with zinc
diffusion into the silicon surface during the long.reaction time. An
explanation for this seems to be that zinc diffuses through Si02,
because of its random tetrahedral network, in certain preferential

regions within the oxide. It waé élso thought that the crystalline
structure of the silicon might have been lost because of this feature

and ECP tests were carried out. The resolution of this technique is
within 56 g of the surface. The patterns, only slightly diffuse at the
edges, were still observed in the underlying si;icon of Types-B and C
willemite indicating that the crystalline structure is still retained in
spite of the disruption seen in the optical microscépe.

(b) The residual film :-

Such films are well-defined for Types-A and B willemite by
being non—cathodolumineséent when bombarded with eiectrqns. In the case
of Typé—c willemite, the definition is more vague because the cathodo-
luminesce remains after the composite film has been washed with normal
acids but HF removes-the entire film. Under the optical microscope, the
. residual film of Type-A willemite appears to be free from any distinctive
features, while for Type-B willemite the dendritic features are obvious,
supérimposed with very fine crystallites. The‘dendritic features appear
dark brown while the crystallites are almost colourless; Secondary
emission imaging in the SEM proved to be fruitless because of the charging

of tﬁe film.

(c) The willemite film :-

The Type-A willemite films show very coarée crvstallites,
observed even at a magnification of 250X under the optical microscope.

The crystallites appear violet in colour and embedded in a tan background.

They could be crystallites of willemite embedded in a silicon oxide matrix
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astpointed éut by Edwards (1). If yhite specks ére seen at points of
.defects then this may indicate that the starting oxide is not defect~
free and of good quality. The crystallites get more coarse towards the
edgé of the sliée.as well as uneven, pqssibly due to the outward flow of
the feaCting constituents when in the molten form. |

Types-B and C willemite'films appear moreifiqe grained than
Type-A and with bluish érystallites rather than violet. The distribution
éf the crystallites is more uniform and film surfaces é;e almost defect-
free. The crystallites seem to be more numerous than in Type-A willemite.

The observed differences in grain-sizes bgtween Type-A willemite
and those of'Types—B.and C can probably bg explained as follows. During
the reaction process; willemite crystallites that are: formed during the
initial stages of the reaction are assumed to spread out and allow further
reaction to take place between the zinc and the silicon oxide. In the
case of Type-A wiLlemite before this could occur thé reaction is stopped,
hence‘leaving behind coarse grains of willemite crYStallites.intermingled
with other constituénts'in the finai film. On the other hand, the long
reaction times -of Types-B and C willemite ensure thét the growth process
is not interrupted. After the initial willemite crystéllites are formed,
they spread out and more of the zinc is allowed to continue reacting with
the oxide. This continuous spreading out effect may be responsible for

‘the formation of the fine-grained structure over relatively larger areas.
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7.4 Electron Injectian and Dielectric Polarization

The shifts in C-V curves along the Voltage a#is for willemite
MIS—tYpe structures were observed right frem the early work of Edwards
(1) aﬁd later, Davies (2). In other‘materials C-V shifts have always
been asﬁoéiated witﬁ the creation of interface states (7), movement of
mobile impurity ions (8), or the formation of space-charges arising
froh either dielectric polarization (9) or electronic trapping (10,11,12).
One or more of these mechaﬁisms can occur simultaneously in an MIS
structure, depending on factors such as thégélectric field strength,
material, - temperature, time and the pblarity.of the top electrode. In
the present work, the extremely large shifts in the C-V curves of
willemite composite structures could not be explained in terms of surface
states and mobile impurity ions as pointed out iﬁ Cbapfers 4, 5 and 6.
An attempt is made in this section to try to obtaih a better understand-
ing of the other two mechanisms, electronic injection with:trapping and

dielectric polarization, in order to distinguish between them.

Electron Injection

Electron injection into willemite films of MIS-type structures,
especially from the silicon, has always been the objective of the present
work. Unfortunately, willemite being a wide band-gap material (v~ 5.5 eV)
and having a very open structure, is likely to have considerable concentra-
tions of trapsAin the band-gap, although their nature and energy levels
relative ﬁo the band edges are not known. Unlike the case of crystalline
solids, conduction in glasses or disordered materials faces two difficulties,
as'éointed out by ﬁott (14) aﬂd Jonschgr and Hill (15).. These are the
lack of a‘rigorous theory and great unceftaintf about their detailed
structure.. For these reasons, the use of concepts such as conduction
and valence bands is not as rigorous as in the crystalline éase. The

problem arises because of the. absence of long-range order that is a
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distinguishing characteristic of crystalline solids. Nevertheless the
short-range order in non—crystalline materials is basinally like that

in the corfesponding érystal and this is expected to give rise to some
of.the same importént properties as for the crystalline state, most
notabiy the existence'of conduction and valence bands separated by a
gnp.v However, the disordered solid_also has many localized states

near thé band edges and caused by the imperfeétions.A The electron energy
levels are schematically illustrated in Fig 7.2.

The energy levels of the extqnded states within the conduction
and valenée bands are not loc;lized, i.e. an electron in one of these
states is free to move through the solid with a finite nobility. In
tnellocalized states an electron is restricted to a small volume and it
therefore has a very low monility (16) . Such states are sometimes
classified into "shallow" (near a band edge) and "deep" (near mid-gap)
states and they are often loosély referred to as "tfaps", On the other
hand, the states caused by a definite atomic impurity is illustrated by

a single energy level E, in the band-gap (see Fig 7.2).

t

‘Charge injection into insulators can take Va:ious forms, depend-
_ing on factors such as the band-gap, nature of traps, dielectric constant
etc. For simplicity, only one-carrier (i.e. electron) injection into an
insulator will be considered here. Theithree possible processes by which
-,electrons can be injected from a metal or semiconductor are :- (a) by
.surmounting the potential barrier into the conduction band,'(b) by emission
into trapping ievels, and (c) by tunnelling into‘the Eonduction band.
-'In-the nase (a), the activatinn energy required to surmount the barriers
in wide band¥gap insulaﬁors are usually very large, énssibly a few électron
"volts. This makes it most unlikely unless photo-or ;hermal-excitation is
_used. Case (c), alsq'called Fowler-Nordheim tunnelling, usually requires

: 7 ' v
very high electric fields, close to 10 v/cm. Most of the discussion of
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electron injection in Sec. 7.5 is therefore centred around mechanism(b) .
Electronic conduéticn via traps in insulators can be in the
form of either Poole~Frenkel conduction or hoppiné conduction. 1In the
former,Aelectroné injected from an electrbde into ;raps in the insulator
.are emitted into the insulator conduction band (as showh in Fig 7.2(a) )
beforg being retrapped at the next site. For this field strengths of
106v/cm or greafer'are required, e.g. as reported for Si3N4(ll) and.

A1203 (12). On the other hand, hopping conduction,-never involvés the
_insulator conduction band. With a high density of localized states in
the béndrgap, electrons injected into the insulator ;re transported by.
by hopping between these énergy states which form a sort of a quasi-
conduction band (see Fig 7.3(b) ). It has been pointed out by Jonscher
(16) that this process requires less field strength than the Poole-Frenkel
process, e.g. an estimated 2 x 105 v/cm when the density of locaiized
states is approximately 1017 cm-3 (15) at room temperature.
Studies of charge trapping effects in insulators usihg MIS-type

étructures have been successful in explaining the pfoperties of 513N4(17,18)
and A1203 (19,20). In both cases, charge injectionAénd transport have

been found to be by the Poole-Frenkel mechanism.

Dielectrié.Polarization

Polarization.in insulators refers to the limited displacement
of charge by an electric field. Although polarizatiéﬁ can be an
electronic or ionic process, the discussion here will be confined to the
case for ions, where the build-up of thé polarization is a slow process
and the degree of polarization is large.

Two of the mdst common forms of polérization by theldisplace-
'mént of ions in an electric field are illustrated in Fig 7f4 (21) . The
,iﬂterfaéiél polarization shown in Fig 7.4(a) could be due to either mobile

impurity ions present in the dielectric or native ions which are dissociated
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from the lattice site of the dielectric itself. The'second form of
'polarization, Fig 7.4(b), is for the case where ions are clustered along
the boundéries of crystallites or conducting inclusions in the dielectric.
Both typés of polarization give rise to space-charge in the dielectric
and hence to a non-uniform internai field. -A theore;ical description
6f the space-charge and changes in the internal field has been given by
Sutton (22) for experimental observations made on lead borosilicate glass.
The space—éharge_formed was due to the displacemeﬁt of‘mobile cations from
immobile anions in this case.

The  charging and discharging currents due to the orientation
of permanent diéoles or to the movement of ioné élways decay with time
but there is no means of distinguishing the two (23). Consequently when
one speaks 9f gppduction in ingﬂétors, which almost élways decays with
timgé qgg‘géuaiiy has'in-mind a transpert process iﬁvoiving the bodily
;irtrgﬁéport‘of charges rather than polarization, although one can rarely
test whether one is correct. In éertain glasses, elec;rolytic conduction
by cations has been cbserved at room temperature anéiabove (24). The

variation of conductivity with temperature at modérate fields can usually

be expressed by
0 = A exp /T . (7.6)

A and b being empirical qpnsfants. The glassy network formed
by silicate_tetrahedra is relatively rigid and the modifying alkgli or
_metéllic cations reside'in large cavities. They-arg loosely bonded to
the.network and the energy barrier which has to be 6vercome'for movement
to a neighbouring cavity is low. Aw1£h sufficient thermal -energy, the
lcatién can leave itsvstéble position andAmigrate, for short periods of

time, through the silica framework. In the presence of a field, these
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cationé will drift thorugh the cavities finally bqilding up polarization
effects.. Thus the conduction éurrent, as seen from equation (7.6), is
tremendously increased at elevated temperatures. A theoretical description
of the polarizatioh andldiffusion of alkali cations in silicates has been
clearly bresented by.Charles (25).

7.5 The Electrical Properties in General

In the last three chapters, individual discuséions of the
electrical properties of the various films have been given. The electrical
results showed certain similarities as well as differences dépending on
the reaction conditions. It is the objective of this section ﬁo try to
relate the growth conditions to the properties of the. films in geﬁeral.
(1) Initial Constituent Films:- |

The éuantity and quality of the initial cohstituents ZnF):Mn
and SiO2 for the formation of willemite could éaéily affect the final
Properties. The purity of Sio2 in MOS structures isAwell-known to have
an important influence.on the stability of its flat—band vbltage (7).
This was also shown by the initial flat—baﬂd voltage vaO of the present
composite structures. The first batch of test capacitors, which had dry-
oxidation carried out in the same furnace used for wet-oxidation, showed
v varying over a considerable voltage range, whiéh could be dﬁe to

FBO
impurities. However, later capacitors, which had the initial oxide

grown in a separate dry—oxidation fu;nace, have values of VFBO which are
~constant within + 0.2v. This showed that the quality of the initial
oxide has a difect influence an the electrical characteristics fiﬁai
composite willemite films.

The thickness éf ZnF2:Mn required'for the reaction has been the
“subject of sﬁudy by E;rington (3) who showed that an excess could lead to

an unreacted top-layer while insufficiency results in a thicker residual

film. Davies (2) showed that the unreacted top-layer is insulating which
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could prevenf any direct metal-to-willemite contact. However, the
residual film in Type-A willemite is quite conducting with a field-

. enhanced tunnel-hopping conduction pfocess, which therefore depends on
thickness. In Type-B willemite the residual film is very insulating but
it was shown to have a polarization effect at high figlds due to the
displacement of charges on éonducting inclusions, poséibly of zinc and/or

manganese within the film. If the 2nF, :Mn is very thin ( ~ 200 X), the

2
fihal residual film is thicker than the willemite film. This was shown
in Chapter 5, i.e. the case for dw< do, which showed thét the electrical

.characteristics of thelcomposite films are then dcﬁinated by the residual
film.

(ii) Film Stability:=-

All composite structures measured immediately after processing
disélayed_good MIS-type C-V characteristics. Howé&er, ageing effects
were observed on the composite films from Typé-A wil;emite. After -2/3
weeks in a dessicator, the structureslshowed the 'breakdown' phenomenon
meﬁtioned in Chapter 4. Sucﬁ deterioration was nof‘observed in either
Types-B or C willemite‘composite films, where even after four months,
MIS-type C-V characteristics were still obtainable.

| | This ageing effect in Type-A wiilemite might‘be explained by
its Auger profile meésured by Hurd and Johnston (5);. In this short-
reaction case, the excess ginc concentration in the éurface region of
the film could have modified the silicate network and weakened the bonds.
Furthermore, as indicated by Sutton (24), the structuré at the surface
of the glass although not well understoéd, appears to be frequently
affected by the surrounding environment. Therefore, some form of chemical
reactioh may have taken piace between the Type-A willemite and the atmos-

phere so as to alter its electrical properties. The detailed mechanism

involved is, however, not understood.
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The 'breakdown' phenomenon was also obsérved after the prolonged
application of negative stress applied to the Type-A willemite composite
structufes. The cause of this has been attributediﬁo the high'built—in.
electric field resulting from the polarization effeét. If this develops
in- localized areas it could result in conductiné channels formed by broken
bonds. Sihce this phencmenon is absent in both Types-B and -C willemite,
it can be deduced that the latter films are more uniform in nature so that
. the localized conduction did not occur.

(iii) Effect of Stregs Voltages :-

The effect of the stress voltage on the flat-band shift and
shape of the.C-V curves, has been the main method uéed fqr studying the
chafge movement within the insulator of other MIS systems (8,18,19). The
same method was used here for the MIS-type composite willemite structures.
The main characteristics observed in the three typeé of composite willemite
fiims were‘as follows :- .

EZEE-A e?B ~ Type-C

(a) Negatlve.stress AVFB positive AVFB pOSLt;ve AV'FB positive
(b) Positive Stress - No shift A No shift AV'FB negative
: ' . axcept whew
dyw<de ‘
(c) Residual Film Tunnel~-hopping Dipolar Polar- -
ization

Negative voltages shift the flat-band voltageftowards more
positive values, while positive voltages, have no effect, éxcept for
Type—-C willemite. The negative space-charge arisin§ from negative
stréésing has been explained in terms of the moveméntfdf Zdz+ cations away
from the willemite-residual film interface, leaving béhind the immoﬁile
gilicate radical (3104)_4'. This explanation is justified in the case of

.1 Types-A and B willemite where the residual films are clearly defined.
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However, for ‘Type—c willemite, the movement of the loosely bound Zn2+
lcations was believed to be confined to the surface region of the willemite
film, i.e. about 150 X thick, since there is no well defined residual
film in this case.

Oné of the important features of the electrical properties of
glass is that it can act as an electrolyte (22,24) with ionic conduct-
ivity depending on temperature according to o ~ exp‘(;w/kT) where W is
the activation energy. Since most metallic cations occupy interstitial
'positions in the network, the aétivation energy may be very low. The
composite film of Type-A willemite has a room temperature resistivity of
about 1012 {l~cm which, from the above expression, isAexpected to decrease
at elevated températurés{ Furthermore, at room température the resistivity

of glass varies from lO5 fi~cm. to about 1019

Q~cm. (24) depénding on the
Chemicalvcomposition. Willemite seems to be similar gnd the activation
energy of the cations at interfacial regions could fﬁerefore be low,
although no measurements were carried out. -In Typé~A willemite, the short
reaétion—ﬁake, which was thought to leave the reactién incompléte, may
be responsible for the loosely bonded Zn2+ cations at the willemi;e-resi—
dual film interface. For Tfpe—B willemite, theAcontinuous passage of
oxygen during thé reaction may have caused the Zn2+ cations to form‘some
oxidevof zinc rather than making stronger bonds with the interfacial
silicate network. The complete reaction and oxygen-free ambient used for
Type-C willemite may have ¢onfined such loosely bopded structures to the
surface region of the éomposite film (v 150 S thickx as described in -
Section 6.5. ” \

Both Types-A and B willemite showéd no shiff in'flat-band
véltage when positive stresses were applied. 1In botﬁ cases, the residual

films are thought to be an oxide of silicon containing gross impurities

and defects.. The residual film of Type-A willemite is probably unreacted




silicon oxide while for Type-B willemite it was thought to result from the
further oxidation of the silicon during the reaction. Oxides of silicon,
are more close spaced and compact in their structure than the silicates
(26) because they have'feweranon—bridging oxygen atoms in their structure.
Furthermore,the' presence of cations acting as netwqu modifiers in
silicates tends to weaken the bonds while this does not occur in oxides
of silicoﬁ which are more crystélline (Fig. 7.5). For this reason, it
is suggested that the Zn2+ cations cannot penetrate the residual film at
room temperatures so preventing any appreciable space-charge occuring at
the diélectric-dielectric interface. This could explain the stabilitf
of flat-band voltage Qith positive stressing in Typés-A and B willemite.
It is proposed that the bulk of the Type;c willemite film is
made up of well distributed Zn_SiO, crystallites separated by very thin

2774

layers of SioO,. Hence the movement of ions is confined to the individual

2
crystallites rather than throughout the entire thigﬁness of the film so
that the effects of space-charge_formation with stressing are less drastic
than in the earlier types of willemite. The polarizapion in this cdse is
of the smaller dipolar type as illustrated in Fig 7.4(b).

When very high positive fields are apﬁlied to Type-C willemite

the resulting positive space-charge is thought to be due to the injection

of holes into interfacial traps. Such traps would be in a very thin

<interfécial layer of the form of anSiyOz. This e}ectronic process was
proposed because it only occurs at very high field strengthé, in excess
of 1Q6 v/cm, and it shows a very rapid recovery of'tﬁe flat—band voltage
at rogm teﬁperature. furthermore, thé.anSiyozlinterﬁacial layer proposed
‘seems ﬁo be consistent.with the Auger profile of Type-C willemite as
measured by Hurd ana Johnston (see Fig 7.1 (b) ).
(iv) Role of Residual/Interfacial Films:-

The residual film of Type-A willemite was investigated initially

by Davies (2) and further work by Errington (3) showed that it could not
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be totally eliminated in the processing. It was thought earlier that
the residual film played a very important role in reducing the efficiency
of electrén injection from the silicon into the willemite and even
péssibl& in making the whole structure non-conducting. However, as
described in Section 4.5, if sufficiently high fields are applied to the
residual film, electrons can pass through it by tunﬁe}-hopping through
locaiized states. For thicknesses greater than 300 g , where direct
quantum tunnelling is not possible, the tunnel-hopping process was achieved
by applying a field in excess of lO4 v/cm. at room temperature. Even
;hough conduction is possible in the residual film, eleétrohs from the
silicon may be prevented from passing right through tﬁe compositefilm by
repulsion from the negative immobile anions near the willemite-residual
film. " Another possibility is that there are insufficient localized states
available around the centre of the willemite band~gap.f§r tunnel-hopping
to oééur.— The overall conduction in composite films of Type-A willemite
is therefeore thought to be due to the movement 6f iénsL This may explain
how it is possible to observe good MIS-type C-V characteristics in Type-A
wiliemite éomposite structures, which have at the séme'time a d.c. conduction
giving a current of ap?ioximately 10-9 A. at fields of around 105 v/cm.
D.C. conduction, confined within the willemite film only, is an ionic
process while the high frequency strong inversion C-V characteristic is
electronic.

Tﬁe residual film of Type-B willemite is less conducting than for
Type-A.. As discussed earlier the formation of the residual film is
diffetent in the two cases. In Type-B willemite the fﬁrther oxidation
'of the silicon during the reaction probably provides the residual film
wiﬁh a better and more compact silica network although zinc inélusions
were thought.to be still present. The measuremgat Qf-cmax against

frequency for this film (Fig. 5.8 of Chapter 5) shows a variation with
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frequency between abouf 103 Hz and 2 x 105 Hz. Normal silicon dioxide
has a constaht value of dielectric consﬁant over this range of freq-
uencies (27).  The frequency variation could thereforéibe due to the zinc
inclusions,'which‘may be seen from visual examinations of the film. The
Séhottky-barrier measurements on the underlying silicon also show the
presence of zinc. This could also account for the.residual film of Type—B
willemite having the dipolar type of polarization éharacteristics which
were found. |

The presence of the residual films, in the case of Types-A and
-B willemite, or of the interfacial fllm; in the case of Type—c willemite,
nust reduce the electron 1nject10n from the silicon into the willemite
fiims. The presence of space-charges, impurities ;nd defecté in these
films further reduces the efficiency of eleétron injectiqn into the wille-
mite. Hence the prcbability of electroluminescence by impact collision |
with the Mn2+ centres is greatly decreased. Lattice séattering, reducing
the enérgy of injected electrons, further reduées the probability of
impact ionisation and light emission from the willé@ite. Space-charge
arising from polarization would also affect the electron injection process
particularly by forming a layer of negative'immobile,anions at the inter-
face of the willemite.

Former workers on willemite thin films on silicon (1,2,28) have
obtained only weak elecﬁroluminescence, even at wmexy field strengths very
close to those for dielectfic breakdown. No electroluminescence at all

was observed in the present work prcbably due to the factors discussed

above.
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CHAPTER 8

 CONCLUSION

8.1 Conclusions of the Present Research

The work described in this thesis has concentrated on the growth
and electrical properties of thin films of willemite on silicon as formed
from the solid-state reaction of ZnFZ:Mn and Sio2 at a high temperature.
The research was divided into phases corresponding to three types of
willemite film, called Type-A, Type-B and Type-C willemite. Each phase
involved a study of the growth technique, physical appearance, electrical
measurements and analysis of thé-results, in order to achieve somé cor-
relation between the growth conditions and the properties of the resulting
films. Results for the three types of willgmite were presented in their
individual chapters, 4, 5 and 6.

Earlier work on willemite thin films on silicon (1,2,3) has
aiways been plagued b&'non—reproducible electrical results which has been
attriﬁutéd to the cont;mination of the films due to imperfect processing
techniques. The use of integrated circuit téchniques for fabricating
the electrical test structures in vefy clean conditioﬁs has considerably
increased the repfoducibility in the eiectrical results. Very small

capacitors with well defined edges and reduced fringing field probably

avoided the_defects in earlier, larger structures. Alsoc, the silicon
was o#idised in a speciai dry-oxidétion furnace capable of producing high
quality MOS device;. Thé ZnFZ:Mn was always evaporated in a vacuum of
'\flo-_6 torr, and eVery precaution was taken to prevent chtamination at
all stages of processing. As a result the initialiflat-band voltage; of
the composite willemite MIS-type C-V curves had a scatter of less than |

+ O0.2v and in the case of Typé-A willemite, the negative bias d.c. cond-

-9 .
uction measurements produced a constant current of about 10 ° A in almost
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all capacitors. Such reproducibility, specifically for Type-A willemite,
héd‘neQer been achieved béfore. With the reproducibility it was worthwhile
to investiéate various ways of producing the films to try to find an
optimum structure for injection electroluminescence.

In general the structure of silicates is well understood (4) and.
there is no.doubt about the depehdence of their electrical properties on
the structure as shown, fo; example, in work on alkali silicates by
Charles (5). The different conditions for growing the three types of
willemite fesulted in corposite films with widely differing properties.
The excessive zinc éoncentration in the surface of Type-A willemite films
and its reduction towards the intericr gave a residual film, consisting
mainly of silicon and oxygen. Because of the rélatively short reaction
time, zinc diffusion through the entire thickness of the underlying
silicon oxide was not possible although the Schottky barrier C-V measure-
ments on the underlying silicon shcwed that manganese was able to diffuse
through during the reaction. This indicates a very much larger diffusion
coefficient for manganesé than for zinec. 1In Types-B and -C willemite,
however,'the zinc was able to diffuse right into the underlying silicon
because of the much longer reaction tiﬁe. Types-B and C yillemite are,
therefore believed to have a far more uniform zinc concent?ation, than
Type-A. |

The most important factor common to Types-A and -B films is the

residual film. The residual film for Type-A willemite was attributed to

the incomplete reaction of the Sio2 film while for Type~-B it was due to

the oxidation of the silicon during the reaction. In:both composite films,
the formation of a negative space-charge with a negative stress was
explained ty ionic movement due to the weak silicate bonds near the willemite

residual film interface. This proposal was made in view of the fact that

4 has a much more open- structure than SiO2 with many voids and loosely

Zn_Sio
2

139



bound cations (1,4), while the residual film, which is approximately Sioz,
has a more compact stiucturé (6). For this reason, chemical non-stoich-
iometry of the willemite is to be expected near the willemite-residual film
interface. The ZnZSiO4 at this interface has a relatively large number of
non—bridgihg oxygen atoms which are electrically compensated by zinc,

acting as the network medifier, fitting inﬁerstitially within the silicate
network.i.The effect of this is that some of the ions are loosely bound

at the interface (7).

Type-C willemite had the additionalinew property that most of
it could not be étched in'normal acids. It was therefore impossible to
isolate a 'residual' non-luminescent film. The lack of chemical reactivity
was probably due to each crystallite being surrbunéed by protective silicon
oxide. However, the film probably still had a very narrow interfacial
layer below the-fully reacted willemite, and with a very thin loosely bound
film, similar to Types-A and B willemite on tﬁé surface. The thickness
of this surface layer was measuréd by etching in the normal way. The bulk
of the Type-C willemité film is thought to be made up of crystallites of
willemite separated by very thin layefs‘of silicoﬁ oxide, while the inter-
facial film, anSi Oz,.is due Fo the coh;tituent atéms-not:heing in the right
proportions for-any definite compound Fo form. This feature also exigts in
MNOS (8) and MAOS structures. (9).

In general, the electrical properties of the three typés of
willemite film are dominated by fhe effects of polarization. In most cases,
polérization is due to tﬁe displacement of the mobile Zn2+ cations from
the immobile (si04)4_ radicals, so as to leave a'negative space-charge
following the application of a negative bias on the electrode. This polar-
ization is favoured by the modified structure of the silicate lattice

'nea¥ the dielec£ric—éie1ectric interface. The Zn2+ cations are in inter-

stitial positions in voids in the silicate network, where they are loosely

bound and‘easily displaced. This picture is consistent with the work
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of Sutton (1¢,11) who showed that silicate glasses have iénic conduction
with the cations as the mobile carriers in most cases.

The electrical results for the compdsite films of Types-A and
B willemite have 5een fitted to the Snow and Dumesﬁ&l double~dielectric
‘polarization model (12) shoWing that the above type of interfacial space-
charge pblarization, was responsible fcr the formation of negative space-
charges, with negative stfesses, in these films. The residual film of
Type-A willemite has field-enhanced tunnel-hopping properties where the
localized states were provided by defects and/or interstitial ;toms in
the silicon oxide due to the incomplete reaction. On the other hand, the
fesidual film of Type-B willemite showed dipolar polarization effects which
required high electfic fields, and this phenomenon‘has been attributed to
the presence of'condﬁcting inclusions in the predominantly silicon oxide.
Type-C willemite, being the most uniform, has mainly dipolar polarization
properties. The bulk of this willemite is thought to become polarized by
charge accumulation at the crystallite interfaces. However, the thin outer
layer';ay have the same interfacial space-charge polarization as in Types-2a
and B willemite. Injection of holes into traps within the interfacial
anSiyoz layer is>be1ieved to occur with very high posifive applied fields.

As mentioned in Chapter 1, the long-term objectiye of the present
investigation is to try to achieve electroluminescence by the injection
of electrong, possibly from the silicon, into_the film. The results show,
that suéhla process is not very likely, even though it may have occurred
preQiously witﬁ fields alﬁost sufficient to cause dielectric breakdown.
The reasén is that the polarization with negative bias reduces the field
in the willemite to almost zero. The negative space-charge near .the silicon
prevents the injection of electrons and greatly reduces the number capable

2+ . )
of impact collision with the Mn ~centres. Also, the low field in the

willemite would increase the probability of trapping and reduce the
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probability of them acquiring high energies. ﬁhen high positive voltages
aré applied, electrons are prevented from being accelerated from the
silicon into the willemite film by two factors. Firstly, the electrons
will bé scattered within theicomparatively thick residual film, and
secondly, they will be repelled by the negative immobile (Sio4)4-'radicals
at the dielectric-dielectric interface. In Type-C willemite, the field

of the trapped holes, will also prevent the acceleration of‘electrons into
_the bulk willemite film when a positive bias is applied. All these
factors complicate the ideal suggested procéss of eleétron injection \

2+ : '
followed by impact collision with Mn*~ centres in'.- the willemite films and

explain the negligible electroluminescent properties of the present willemite

films.

8.2 Suggestions for Further Research

On the whole, the present work on willemite films has provided
only a partial underst;nding of its electrical properties. If more
information on the dielectric is required, then a.c. capacitance measure-
ments would probably be of greatest help. This is because the physics
of polarization is well understood, and the a.c. capacitance technique
has been extensivéiy studied for numerous materials over a wide frequency

spectrum, thus providing the relaxaticn time constants. In most silicate

glésses, relaxation processes are observed in the lower frequency range (10),

i.e. at abou£ lO4 Hz and less.

Complex pfoblems arising from maferial inhomogeneity, .inter-
facial films, loosely-boﬁded structures, etc., have been encountered in the
present work. Auger profiling} as done by Hurd and Johnston (13), could
possibly provide more inférmation on the distribution of the constituent
materials, and electron diffraction studies could be usgd-to investigate
the structure of the crystallites, especially for the long reaction-bake
willemite films. It is hoped that from such studies, the film guality

cbuld be improved, trapping and polarization effects could possibly be
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reduced, and electron injection processes into the willemite films
enhéanced.

However, other methods for depositing thin films of willemite,
which might yield higher quality films, are still possible. There is of
course the direct thermal evaporétién of ansio4 : Mn powder in a high
vacuum although there is some doubt as to whether the manganese atoms
could be deposited simultaneously in this process. The other possible
deposition technique is by sPuttering: where the vapour pressures of the
constituents may be less important. With recent advances in ion implanta-
tion techniques and their progressive application in.semiconductor‘
technology,.might encourage them tq be used for forming homogeneous wille-
mite films. The 5102 film on a silicon sub;trate could be bombarded with
zinc and manganese ‘atoms, and the depth of penetration ihto the films could
be varied by contreclling the energy at which the atoms are acceleratgd.
Heat treatment could then be épplied to crystallise the disrupted lattices.

-Although electroluminescence has hardly ever been achieved in
the present willemite films, cathodoluminescence is always a prominent
featﬁre which can be achieved with ease. For this reason, a deeper theor-
etical study of cathodoluminescence should be able to provide a clearer
Picture of the mechanisms involvéd. Consequently, this might provide

information relevant to the electroluminescence properties and the para-

meters by which it could be achieved.
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APPENDIX I

CLEANING PROCEDURE FOR SILICON SLICES

All silicon slices were cleaned by a standard procedure before

any further processing was carried out. The procedure, using Ultrax

chemicals, is as follows:-

(1)

(2)

(8)

(9)

Boil three times in trichloroethane

Rinse in isopropyl-alcohol (IPA)

Rinse in deionized water

Heat fof 30 min. in concentrated nitric acid
Wésh in flowing deionized water for 30 min.-
Wash in IPA, then blow dry

Etch in 10% hydrofluoric acid

Rinse in deionized water for 30 min.

Wash in IPA and blow dry.



APPENDIX 1II

ELLIPSOMETRY THEORY

Ellipsometry is the measurement of the effects-of reflection on
.the state of polarization of polarized light. The state-of polarization
is characterized by the phase and amplitude relationships being resolvgd
. into two plane wave components, i.e. normal and perpendicular to the plape
Gf incidence, of the electric field vector. The wé;e components are

'designated by p, in the plane of incidence, and s, normal to the plane

of incidence.

1-2 interface

. \ \ \ \ \ \ \ \ \\\ 2-3 interface

In the case of reflection from the surface of a medium x into

a‘medium Y, at the x-y interface, the general formulae for the Fresnel

reflection coefficients are




n cos = n Cos
X ¢ ¢X

- - Y Y
rp oony cos ¢Y + ny cos ¢x ) (A2.1)

n cos + n cos
L, oS ¢ ¢

- Y y - :
s n cos¢ + n_ cos¢ (A2.2)
X X y

Consider the situation at which the light has to traverse a
measurement medium 1, a thin. film 2 and reflected from a substrate 3.
Theﬁlthe Fresnel qoefficients for theltwo component waves'for reflection
.from the surface of the film into the ambient (at thé 1-2 interface) are
r, and r,£ . S8imilarly the reflection from the substrate into the film

1p is

(at the 2-3 interface) produces the coefficients r2p and r25' The change
in phase o , of the beam of wavelength A caused by traversing the film of

thickness d and index of refraction n2 is

' : L
g = (2;—d> <n22‘—_ nl2 sin2 ¢'1> | (a2.3)

where ¢1 is the angle of incidence in the measuring ambient of index of

.refraction nl. By répresenting a complex function D such that

D = -201i . (a2.4)

the ratio of the parallel and normal total reflection coefficients can be

written as
r1 +'r2 eD r1 + r2‘ eD ,
o = P2 , 2 — (A2.5)

+ : i
Lo Iy © LA T ®

Now the value of p can also be represented in terms of the
relative attenuation and phase shift of the parallel component with respect

'to the perpendicular component by the azimuthal angle A, and relative




phase shift ¢ . This is expressed by
Ai
p = tand e * (az.6)

Knowing the value of the complex index of reflection for the sub-

strate n, and inserting into equations (A2.1) and (A2.2), the values of

3

n, and d can be obtained by equating (A2.5) and (A2.6), where § and A

2

are derived from measurements. The final expression is in the quadratic

form

Cl(eD) + c.€® + c. = o0 (A2.7)

where Cl,'C2 and C3 are complex functions of the refractive indexes,

angles of incidence, A and ¥y . Equation (A2.7) gives two solutions for
D

e but only the real part gives the true value of d. -Otherwise, if both
n2 and d are unknown, a series of refractive index.values are assumed

and the corresponding thicknesses are calculated. Using these values

for n, and d, a reverse technique is used in calculating y and. A, which

2

will result in a certain amount of error, 6y and "8A, from that of the
measured values. The final value of n2 and d is chosen for the condition
where 8y and 6A are both minimal. The value of 8y and 6A has to be

within experimental error.



APPENDIX 1III

CAPACITANCE CALCULATION FOR SCHOTTKY BARRIER

WITH DEEP DONOR-TYPE TRAPS

Deep donor-type levels are assumed
to be present in a n-type semiconductor
at an energy level ET and with uniform
Such levels

doping concentration NT.

‘when below the Fermi-level, are filled +,

|
I
l
|
|

E
R R

‘with electrons and regarded as electri-

cally neutral. When above the Fermi- -
level the traps lose their electrons to Ap/q

be electrically positive. A similar

approach to that of Sah and Reddi for

acceptor levels yields a stair-case

F

© 0 0,0 0 0 Of
' T

charge distribution such that the

following conditions hold.

Py (0<y< yt) q(ND + NT)

Py (yt<y<w) aN

Using Poisson's equation gives

(a3.1)

(a3.1)

(A3.2)

and integrating over the voltage range from VD to V results in

. 9 2 2
D 2K€O [NDW * NTyt

(A3.3)



or g 4 - _
VD \% Zkeo [ND (w yt) (w+yt) + Yy (N +N )] (A3.4)
Substituting | 2k€o ¢t
- = ——— -
W yt qN (a3.5)
D
where
¢, = (B, - E/q
into equation (A3.4) results in
No NT q NT
V. -V =19 e 1 - —— + —=— (N_+N)) w-|— J(w-Yy,)
+ +
D t ND | ND NT 2K€o D T ND NT t

(A3.6)

and solVing for the depletion width of the space-charge region this gives

N xKe N

we=|—"— ) w-y) + 2 I

V. -V - —_— N_+N
N_+N t q D N +N ¢t (D T)

(a3.7)

From Sah and Reddi, the high frequency capacitance is defined by

KE KE g N 2ke ¢ 2Ke N
Cac = wo=/ 2O N EN / : =4 : Yoo VoLE EN b | [Np + V)
a D T Py ! D T

(A3.8)

As NT -+ 0, equation (A3.8) approaches the ideal capacitance relationship-

5
g N
S o D .
ca.C =\ — v, -V

which is the normal expression for the trap-free case.
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