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ABSTRACT

The interconnection problems in solid state
‘electroluminescent displays, due to complex addressing and memoxy
-requirements, can be minimised by making a monolithic device in
.which light is produced in q&hin film on silicon and controlled
'by underlying integrated circuitry. This thesis describes the prep-
aration and properties of some luminescent films for this application.

Preliminary work was aimed at depositing epitaxial
ZﬂS phosphor films on silicon but, due to problems of reproducibility
and activation, this was not a smccess. Its termination, however,
:was prompted'myﬁnly by another reason; the discovery by the author
of the pﬁosphor willemite (Zn28i04:Mn) which seemed admirably suited
»for deposition as a thin luminescent film on silicon integrated
cirouitry. The maiﬁ advantagevwas the novel method of fabrication
which involved thg conversion of an oxide layer on the silicon
surface to ﬁillemite by reaction with an evaporated film of ZnFZ:Mn.

The films produced were éomposed of‘microcrystallites

embedded in;a mafri# of unreacte& oxide. They were brightly green
-cathodoluminescente. In an MIS structure the current was assymetrical
'with.bias.‘ Forﬁnegative and low positive bias on thé metal the
i films were highly insulating but with high positive bias relatively:
large currents flowed accompanied by weak??iectroluminescence.
A.conduction model, based on capacitance-voltage, current=voltage

and lumineséencewaperiments; has been proposed. In this, mobile

’positiﬁe ions in the film dischargéfSﬂly when the cathode is metal




ii
so that with positive bias, they accumulate in front of the silicon
‘where field intensification occurs. -Eleotfons then tunnel from
the silicon to collision excite the_lumineacence of manganese

centres iq%he willemite.

Th; observation of dec. electroluminescence iy thin
films-of willemite together with the ease and reproducibility of
the fabricétion prbcess and its apparent compatibility with silicon
technology, is thought to be a significant step in the development

of a monolithic display based on silicon.
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| ' CHAPTER ONE

INTRODUCTION

1.1 Electronic displey systems

The u}timate iject of the work described in this
the;is is the ‘production of a display device which is to be
completely compatible with modern electronics., A displey is
esséﬁtially a device tb convey information across the interface
betﬁeen a machine and aﬁAobservér. The ideal display échieves
optimum matching at the inteffaoe and éonsequenfly its design is
defermined not only by the requirements of the observer but also by
the type of information presente@ tqﬁhe interface.v

Blectronic displays range-in complexity from simple
indicator lamps and alpha—numeric devices to television receiver tubes
and addressable computer output terminals. The prime requirement of
any displiy is to convert the information into a visible form. ‘ The
devices fall info two classes. In the first, electrical energy is
: converted'directly into light output (i.e. active displays). In the
second, the electrical eneréy is used to modulate an external light
source (i.e. passive displa&s). A further recuirement for eny
- otherithaﬁ simple systems is the ability to show different types of
information.(e.g. numbers or 1etters)(quickly, one after the other,
on the same display afea. .This-is usuall& achieved for alpha~
nuﬁerics iﬁ one of three ways (a) by éelectively lighting up dots in

a 7 by 5 matrix, (b) by selectively lighting up elements in a seven

bar arrangement, and (c) illumination of full character shapes
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‘stacked one behind the other as in the gas discharge 'Nixie!

tube. (Fig 1-1). Further sophistication necessitates the device
having a memory so that it can retain the original display once it
has been written without the continual re-addressing that would
'Arequire excessively large bandwidths for the information link.
Advanced compﬁ%er output graphics also require displays to be

. addressable from both sides of the interface.

Many types of system have been proposed for electronic
| diéplay. Some, like the cathode ray tube, have become zlmost
universally accepted for certain applications such as television,
whilst the pofeﬁﬁia} of 6thers has remained unrealised. A4 brief
, description of the main types ofAdisplay will now be given.

1)  Passive disvlays

Thae modulation of light can be achieved by selective_
absorption or by scattering of the incident light. Displays can also
be made by deflectlng the 11gnt prior to incidence on a gcreen.
Several phy31ca1 processes liave been proposed for such systems.

a) Photochromism Photochromism is the reversible change

that occurs in the absorption spectrum of certain materials produced
by the incidence of electromagnetic radiation. By using ultra-violet

light to write the display and infra~red for erasuré, practical displays

cen be made (Ref 1-1).

b)‘ Blectrochromism - Yhen materials change their

absorption or scattering properties under the influence of en

_electric field they are said to be electrochromic. The Franz-Keldysh
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b). 7 bar stylised numeric

c)coincident ‘natural’ shapes
usually stacked as in a Nixie tube

Fig |-l Some alpha-numeric display configurations
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effect is an example of this in which small shifts in the

absorption edge of certain materials (such aé Gads)are produced

'by an abplied field,but these are usually too small for practical
displayse However certain 'liquid crystals!characterised by long
thread-like molecﬁles,_exhibit a form of electrochromism that has
-beeﬁ_used to achieve practical displays in thin film structures
(Ref.1-2). The effect has been attributed to the mo?ement of
conféminant ions in the film disrupting the regular alignment of the
long‘molecules §o that ;elected areas can be made opaqué. A similar
effect can also be produced By thin films of ceftain nagnetic materials
which can be made to scatter light when suitably activated by electric
fields. |

c) Light deflection systems' Light deflection systems

‘utilize either movements of the optical components of the system or

changes in the refractive index of the optical media induced either

acoustically or electro-optically.

a) Mechanical -display systems Hechanical display systems,

mentioned here for the sake of completeness, include the more mundane
~ but very useful types of display dependent on the physical movement
of pointers and patterns usually achieved electromagnetically

(e.gs clocks and meters).

2) hective displays The conversion of electrical

energy.into light can be accomplished in general by any of three
processes:— gas discharges, the incandescence of solids and the

luminescence of phosphors. Al three are used in active displays.
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a) Gas discharges Neon lamps and fluorescent lights

have been used for many years for large scale displays and for
indicators. Alpha~numeric display dgvices based 'on glow discharges
are also used extensively in the form of *'Nixie!' tubes. Several of
 the disadvantages of '"Hixie'! tubes have now been eliminated in a
new generatioﬁ‘of glow discharge displeys that utilize a dot matrix
(Ref 1-3). These devices are potentially very cheap and ig is also
possible to incorporate st&rage facilities into them,

. b) Incandescent displays Incandescent tungsten

filaments are used for a great many display applications where their
high brightness and cheapness are considerable assets.,

c) Gathodoluminescent digplays The cathode-ray tube

has begn developed to a high degree of sophistioation brought about
méinly-by the consumer demand for television and the military demand
for radar displays. CRT systemé are now produced that incorporate
.all the'featurés requifed for the more complex displays, but at a
high pfice. Several of the other diéadVantages of the CRT can be
eliminated by cold-cathode thin film structures and these are being
 actively studied (Ref 1-4). However, the short lifetimes of these
.devices at the moment may §rove to be a.fundamental limitation.

d) Electroluminescent displays Considerable research

effort has been devoted to the prdduction of electroluminescent
_disnlays. ZnS phosphor powders have been used in the form of display
panels for several years but they have always been relatively dim

~and have usually requlred high a.c. voltages preferably at frequencies
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of a few kHz;A Nevertheles; a television display based on a
ZnS powder phosphor has been made by.Mitsubishi Ltd (Japan) although
it has not yet apveared commercially. . »

| Mcre recently both powder layers and thin films
(Ref 1~5) have been made to give out sufficient light to be plainly
visible in a iightad room using only d.c. voltages of a2 few hundred
volts. However, an 'electroforming' process is at present reguired
to initiate theAelectroluminescence in these devices and probably
because of this the vorking lifetimes‘are short. It has been
- proposed that this sort of dévice vould be vefy suitable for largé
scale display in conjunction with thin film transistors.

In ZnS electroluminescence (referred to aé EL in this
theéis) is‘fhought to be the result of excitation of 1uminescen£ centres
ﬁy.electrons that have been injected into the luminescent material |
as the result of localised high fields. The alternative form of IL
- shown by other materials,such as GaP, utilizes the recombination of
excesé carriers which have been injected from a forward biased p-n
junction. The extensive study of this phgnomenon and its attendant
tedhﬁolqu hasg fesulted in light emitting diodes of GﬁP (giving red
and green light) and GaAsP (red) being commercialiy available for use
és:indicafor'lamps. Alpha~numeric displays. are also available in the

form of 7 by 5 matrices of disﬁretq diodes from Hewlett-Packard Ltd
and as seven bar element displays froé Monsantb Ltd. More recently,
‘Hifachi Ltd (Japa;;istandard Telephone Laboratories Ltd., have

produced a completely monolithic numeric display on a single chip of

GaAsP., - For direct compatibility with computer . logic circuitry or
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other digital input 21l these types of display incorporate a
separate silicon integrated circuit decoder separately connected
to the display element. ' |

With the success of the GaP technology the basic
'reseérch éffort is now being devoted to the new generation of
alectrolumiﬁescent materials such as A1N and tertiary compounds
such as In_GaP which are potentizlly move efficient and capable of
emitting light of severzal different wavelengths. However, this
work may be forestalled 5y the development at Bell Laﬁoratories of
a new raﬁge of phosphors excited by infra~red radistion and thﬁs
,'capable of beiné'ased in conjunction with the very efficient GaAs

infra—~red emitters.,

1,2 The disadvéntages of existing display systems

Apart frpm the GaP type displays the main disadvant-
age of all the systems described above is @hat they are incompatible
with solid state circuitry either because of their high drive voltage
or largeAcurrent consumption. | fhe paésive displays based on both
‘photochromic and electrochromic devices have the additional disadvant-
ages in.thét‘they are relatively unproven and they‘appear to sufferb
from a slow response and a short lifetime. Mechanical systems suffer
equally from a slow resp&nse and they are also unreliable compared
with completely electronic displayé aithoﬁgh they can be comparatively
cheap. .It is considered that light deflection systems may be too

sensitive to misalignment to be practical as versatile working displays.
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Among the active displays itvis wnfortunate that
gassdischarge dévices requiré relatively high drive #oltages
becauée their cheapness and easy availability offef considerable
advantages. Incandescent lamps can also be relatively cheap for
large scale displays‘but they consuﬁe a comparatively large amount
of power aﬁa generate unnecessary heat as well as having a relatively
short life, The catﬁode-ray.tube also has several disadvantages for
disﬁiay. Althouzh it is physically large, electronically complicated,
expénsive and fragile, it will nevertheless probably reign supreme
- féf many years because of its high degree of soéhistication. Thin
film cold cathodes may remove some but not 21l of the disadvantages
of fhe éathode—ray tube.
In.contrast with the dispia& systems described above,
GaAs and GaP diodes require only low drive voltages (1.7 V) and
currents (10 mi) so that they are compatible with integrated circuitry.
They are also very reliable and potentially cheap although at the
moment their prices are not competitive with the more established
' types of indicator display. However, édvanced displays require
complex interconnection with electronic circuitry fof addressing ;nd
possitly memory purposes. It is certain that these functions will
be performed with silicon integrated circuitry for the foreseeable
Tuture so'fhe.iﬁtérconnectipn proBlem.is due to a fundamental
inpompatibility of the materials for }ight emission and for integrated

oircuitry. As displays grow in complexity the interconnection
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problem increases and it at least sets a cost limit to the use
pf‘lérge scale displays of this type.

A completely monolithic display based on silicon
: woﬁld solve the interconnection problem and would thus have .
- considerable advantages over existing displays. These advantages
shbuld furéﬁer increase iﬁ the future as more and more information
is presented for display from solid state devices. These consider-
ations were the main reason for carrying out the work deséribed in
this thesis which is aimed at the eventual production of a device in
which thevlight output from an electroluminescent film on silibon isg
controlled directly by circuitry within the silicon.

1.3 A silicon-based electroluminescent device

Silicon itself is not electroluminescent because the
'probability of non-radiative transitions occuﬁ}ng is much greater
_ than the p;obability of radiative tfansitions. "‘Although the reasons
for this‘are not completely undgrstood, a contributory factor is the
detailed energy structure of the silicon and its impurity centres
which show that a change in momentum must acconpany the radiative
recombination of an electron and a hole. Even if thésa vere not so
any EL from silicon would 5e in the infra-red becsuse the energyigap
ié l.l eV whereas for visible EL a material with a band gap greater
.than about 1.7 eV is required. |
An alternative EL mechanism to the direct

recombination of electrons and holes in silicon is EL due to
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avalanche breckdown. In this 'hot' electrons generated by

very high fields in the silicoﬂ lose energy radiatively within
the conduction band. The radiative process in such high fields
ig however very inefficient and consequently onl& very weak EL

is poséible, even if the high fields can be generzted uniformly.
Nevértheleés Fairchild Semicénductors Itd have developed avalanche
luminescent diode arrays (18 by 32) for use as film markers where
the?VGry low light output can be tolerated.

Although silicon itself cannot emit light efflclently
by recombination across the energy gap, it is posqlble in theory to
injéct carriers from the silicon into an electroluminesoent material

Minority corrier
with which it is in intimate contact. EfficientL}njection cannot
océur however at a forwerd biased p-n heterojunction from the
nérfoﬁer energy gap materizl (Si in this case) into the wider gap
phosphor because eﬁergy level considerations dictate that the
injection efficiency will always be low due to the outflpw of majority
carriers from the phosphor (Ref.l—6). A high field injection
mechanism, such as tunnelling, must therefore be utilised, and in
order to attain‘the.ﬁecessafy high field the electroluminescent
material must not only be felatively insulating but it must also be
extremely unnform to prevent dielectric breakdown. Large voltages
.are not, bowever, requlred to produoe the hlghﬁlolds if the
luminescent films are very thin (less than about lOOO ).
A possible device would then have a metaléinsulator—silicon (MI3)

structure ﬁith a transparent top contact in place of the metal to
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allow the light to escape. The mechanism which is proposed
for the radiative transitions of electrons injected from

silicon into a2 suitable vhosphor film is similar to the present

. theories of d.c. eleactroluminescence in ZnS:Mn phosphors,

These depend on-high field.injection from cénducting inclusions
in the ZnS/and the subséquent acceleration of the carriefs to
excite mangaﬂese luminescent centres either by resonant transfer
with copper activator centres or by direct collision. The light
outputbis then charaqteristic of the manganese ion in the host
lattice as it relaxes back to its equilibrium level. . A schematic
energy band diagram of this mechanism in the proposed device is

shown in Fig 1-2.

It should be_noted that electroluminescent materials

~such as GaP which utilize forward biased junction injection and

subsequent recorbination of electron-hole pairsAvia impurity centres
cénnoj be ﬁsei as a thin film on silicon because their rélatively
low resistivity prevents the.atfainment of the requisite high fields
without the loss of one of the carrier tybes required for the

electron-hole recombination.

_1.4 An outline of the thesis

. The general form of a displey device based on
silicon has been describedAin the pre?ioﬁs section. Having decided
on this line of approach the immediate researéh programme must be
céncerned with the materialsltd,be used %o giye the optimum light

output. The necessity for high field d.c. electroluminescence
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Fig I-2 Schemotic energy diagram of a possible thin film
electroluminescent device based on silicon
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led naturally to the work on the production of Zn3 films on
4si1icon described in Chapter 3. It was hoped that the films
would be capable of sustaining high fields and woulAbe.electrolum—
inescent if they could be produced as single crystal layers on the
:silicon. The pfime reason for choosing ZnS initially was that.it
is a well—p;oven phosphor which is capable of attainiﬁg very high
luminescent efficiencies in cethodoluminescence. It zlso ﬁad
a crystzl structure that_is potentially compatible with silicon
for epitaxial growth. |

7 _Unfortunately £he work on the deposition of ZnS on.
‘.silicon was not a success maiﬁly because of the difficulty of
obtaining reproducible films but élso because it was found to be
difficult to activate the films once they had been deposited.

Thig part of the work aléo included a2 certain amount
of «silicon technology (Chap 2).. Thié was thought to be necessary
_notAoﬁly because silicon was being used as a substrate but z2lso
beéause it is anticipated that the silicon will later contain p-n
junctions and the effect that the phosphor layers had on these will
be important. A khowledge of the phosphor-silicon interface also
necessitated some siliéop wérk.

'The ZnS work was terminated after about one year.
In addition to the unsuccessful state of this work its termination
was prompted by the discovery by the author of another phosphor

which already appeared‘to have considerablé advantages over other

_materials when used as a film on silicon. The phosphor;manganese
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activated zinc orthosilicate (Zn2SiO4:Mn) is used extensively
for.cathode ray tubg screens and it also occurs in nature as
the mineral willemite.

The main advantages of willemite are in the
method of formiﬁg a thin film of the phosphor on silicon aﬁd in
its compatiBility with the established silicpn technolozy.

The process used was a ﬁovel one involving the conversion of
thermal oxides on silicon into willemite by the reaction with an
évapdrated film.of the phosphor ZnFQ:Hn. (Chap 4). The films
were brightly green cathodoluminescent and they compared favourably
with commercizl willemite cathode,ray tube phosphors..

The structuie of this new type of phosphof film'
wag studied bj several methods including X-ray difffaction ’
eléctrqnhicrosoopj and infra—red‘absorption, and these are described
in Chap 5.

The willemite films are relatively insulafing at low
field strengths and‘infdrmation on their eiectrical properties was
obtained largely by measuring the capacitance~voltage (C-V)
chéraoteristiés of metal-willemite-silicon (If/S) structures and
comparing them with similar thermal oxide devices. It was thus
pdésible to establish the nature of charge movements in the willenmite

( N
and to estimate the number of tactive' surface states at the silicon-

willemite interface. (Chap 6).
The current-voltage characteristics of the films

are described>in Chapter T. The most significant result to come
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from these measurements was that although the films are
insulating (about 1014 ohmsg) for a negative bias on the mefal
up to fields of 2.10§V cm'-l and for a low positive(bias relatively
large currents éan be passed through them at high positive field
strengths (about 15 V across 750 K). This was attributed to
tunneliing from the silicon due to field intensification czused by
ionic space charge selectively building up in front of the silicon.
Ftrthér oonfifmation of this mechanism was given by the C-V work.

The mosg'important consequence of this discovery
.was that the relatively highAcurrents are accompanied by weak green
EL, which occurs only in these'conditions, i,e. with a high positive
field. This was discussed together with other luminescent properties
of the films in Chap 8.
A study of the literature showed hat EL had

occasionally been observed previousl& in willemite but only in
powder phosphors and usually with high 2.Ce vOltages. (Sec 4.2)
Hoﬁever if has not been investigated in any detail. As far as can
be agcertained this is the first time that d.c.EL has been seen in
thin films of willemite and at voltages as low as 15 V in this
material. Althoggh the EL;was weak, being visible only in a darkened
rdom, it is considered that this observation together with the novel
method of bréduction of_these fiims rqpresents a significant step
-in>the:rea1isation of é completely monolithic display device based

on silicon.
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The nature of the work described in th% thesis

is mainly exploratory with the unfortunate consequence that each
particular phenomenon studied could not be examined in as great

a depth as woﬁld have been liked in the time available.

 For ekamplé, no éompietely detailed mechanisms are proposed for
either the I-V characteristics or the EIL phenomenon itself.

However, several aspects of the work are novel and it is hoped

that sbme'of it will form the basis for a more detailed examination
of the physical processeé involved and a more detailed viability |

- study of a practical display system. Further work in this direction
is suggested in‘Chapter 9 together_with an overall discussion to

link together the preceding chapters. .




References for Chanter 1

S 1=l
1-2
1-3
1-4

1-5

1-6

G.K. Megla, Applied Optics 5, 945 (1966)

G. Heilmeier, Proc. I.E.E.E 56, 803 (1968)

D.L. Bitzer and H.G. Slottow, Proc. Full Joint Computer Conference
(1966)

R.W, Lobax and J.G., Simmons, The Radio and Electron. Engineer

35, 265 (1968)

A. Vecht, N.J. Werring, R. Ellisand-and P,J.F. Smith

Brit. J. Appl. Phys. (J. Phys.D ) Series 2, 2, 953 (1969)

. |
A.G. Fischer, S.S. Electron. 2, 232 (1960)




~16-~

CHAPTER THO

! SILICON  TECHNOLOGY.

2.1 Introduction

S~ ' In order to produce thin luminescent films on silicon
it ﬁas first necessary fo master several aspects of modern silicon

' techndlogy. Furthermore, as if was envisaged that finally these
films would be deposited on ﬁo silicon which might contain both b—type
and n;type regions)forﬁing part of integrated circuitry within the
chip, it:was necessary to produce simple diffused p-n junctions in
‘some of the silicon Bubstrétes. The first part of this Chapter is
concerned mostly with the aspects of silicon wben it is used as a

'sﬁbstrate and Sec. 2. 4 describes work on the production of diffused
p-n junctions and the interactions of these jurciions with surface

£ilms on thé silicon.

2.2 Silicon prepafation
ézochralski grown single crystal slices of silicon were

obtained from Metallurgie Hoboken (Belgium) with one side of each

slice aluﬁina polished-to a mirror finish and the other side lapped.
| Both - p-type and n-type gilicon weré obtained doped with boron and

arsenic'respectiveiy to give resistivities in thé 1-10 ohm-cm range.

The orientation of the slices was (111) t 1 degree.

- The 1 indh diémeter-s;icgs, which were about 100 microns

' thiék,-were écribed with a diamond and cleavéd to produce chips whigh

were usually about 1 cm by 0.5 cm for us.e as subsirates. The silicon
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slices, as bought, were claimed to be nominally dislocation free,
anévto‘check~this the dislocation densi;ies wefe measured both before
‘and after cleaning, by using Sirtl etch (Ref 2-1)which was made up
froﬁ a.33% by weight solugtion of CrO3 in water and 49% HF mixsed
in the proportions of 1:2 by volume. This etch preferentially
reveals dislocations on the (111) face of silicon after an immersion
of about 2 min. A 15 sec immersion reveals small scratches and
stécking faults on the silicon surface. The dislocation density of
.silicon slices obtained from Hoboken was usually iess than 100 cm-z.
-The preliminary work used silicon slices obtained from Ferranti Ltd.
ﬁénd these had dislocation densities of 40,000-10,000 cm-2. If the
slices cleaved badly arrays of additional dislocations could be
generafed in the chip. Clumsily used tweezers could also produce
this effect , particularly in the poorer quality Ferranti silicon.
An”exgmple of the induced dislocations im shown in ﬁig 1-1
The surface preparation of the silicon chips prior to
deposition is obviously very important partiéularly as the silicon
is required not only as mechanical support but also as a contact for
injecting carriers into the thin film to produce electroluminescence.
Ideally a clean, optically flat surface free of work-damage is
required. Chemical polishing etches, consistiﬁg primarily of nitric
acid andAhydrofluorio acid, are usually used in the production of
vsémiconductor devices, often with a moderator of acefic.acid.

For compositions relatively rich in nitric acid non-selective etching




Fig 2-1 Disloocation arrays in maltreated silicon
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Fig 2-3 Interference fringes reflected from a partially

metallised oxide step on gilicon
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6ccurs which removes the work damage and leaves thé surface shiny
but with a uniform rippling known as the 'orange peel' effect .
Boiling 5% sodium hydroxide produces a bright shiny opticélly—flat
‘surface with dep pits at dislocations.

| Substrates on which ZnS was deposited in vacua
(Seo 3.2.4).were prepared by degreasing in electronic grade
trichloroethylene and methyl alcohol using Soxlets, washing in
deionised water and then using one of these chemical polishes.
Typically the acid etch that was used had a composition, by volunme,
of 1 part'HF, 6 parté HNO3 and |0 parts acetic acid. An immersion
of abowanﬁn waé used for this mixture, whereas for the alkali
etch which was more vigorous and effervescent a shorter time was
used, usually about 30sec. No correlation was obtained however between
the quality of the ZnS films and the silicon preparation, probably
because of the_general.lack of ﬁeproduclbility in the evaporations.
This is described more fully in Sec 3;7.

Prior to the epitaxial déposition of silicon on silicon
using the tet:achloride, a hydrogen chloride gas etch is usually used
followed by a hydrogen etch, to produce very smooth damége-free
surfaces. A vapour flow tedhnique was initially envisaged as a
poséibility for the deposition of ZnS on silicon (Chap 3) and if this

méthod had shown more promise (Sec 3.3)lan édaptation of the gas

phase etching technique would have been very convenient,

-
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Electrolytic etching can also be used with

. hydrofluoric acid mixtures containing additives such as glycerol
which increase the viscisity and produce the correct electropolishing
action by the selecti&e dissolution of high spots- This method has
fhé at#raction of producing surfac;s that combine the optical
flatness of a mechanical polish with the damage free finish of a
chemical polish. However, it was not used because of the increased

'Qomplexity of electropolishing and the necessity of making electirical
.contact to0 the silicon chiﬁ before the deposition of the luminescent
film.

It-has been shown that most wet chemical etches can
introduce undesirable impurities on to the sil}icon surface even when
electronic grade chemicals are used. Silicon surfaces also oxidise

~ very rapidly on exposure to an oxidising gas to produce oxide layers

" about 50 3 thick. Even in a vacuum of 10-6 iorr a silicon surface is
oxidised in less thén a second by the gases which are inevitably
present in the system (Ref 2.2).

| A further method of surface prepartion utilizes the
thermal oxidation of the silicon surface itself. Mechanical damage
at a polished surface is genefally believed %o extenﬁ to a depth of
3—4Vtime9'the size of thé abrasive particles. The final mechanical
ﬁolish usually uses 0.25 micron alumina.so that damage may extend to
about one micron into the surface . If the surface is then oxidised
this silicon can be removed by incorporating it into the oxide. |

Approximately 0.4 of the oxide thickness is composéd of silicon from
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the underlying substrate, so that to remove all the damage an
oxide layer 2-2.5 microns thick must be grown. The oxide film is-
-~ then etched off with hydrofluoric acid to‘produce a damage-free surface
which retains the flatness of the iniiial mechanical polish.
A disadvaﬁtage of this method is the time required to grow the
_ relatieely thick oxide layers and the possible redistributioh of
impurities in the silicon which may take place due to different
eolubilities of impurities in the oxide and the silicon.

| Thermal oxidefion of silicon proceeds by the inward
motion of the oxidising species fhrough the oxide (Ref 2—3)(unlike the
anodic oxidation of silicon which proceeds by tae outward motion of
silicon)(Ref 2-4). The silicon which produces ths initial monolayers
of oxide therefore remains at the surface of the oxide after oxidation.
This means that any impurities which may have been intynduced during
the polishing or subsequent processing of the~chip; such as abrasive
partlcles, grow out of the silicon surface and leave an oxide-silicon
interface which has never been in contact w1th/2i31ronment. Some

“impurities may however diffuse through the protecting oxide layer during

the hlgh tepperature oxidation itself.

Thermal oxldatlon as a surface preparation was used in
the breperation of planar p-n junctions (Sec 2.4). The oxide in this
case aleo acted as a mask for impurity diffusion. Oxidation was used
to0 prepare the surface of.substrates used in the work described in
) Chapter:4. In this the oxide again served a double purpose, being used

here as one of the reactants in the production of willemite films on

gsilicon.
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2.3 Oxidation of silicon

2.3.1 Apparatus and techniques

A Oxides were grown by two processes depending on the
vthickness required. The apparatus used for thermal oxicdation of
silicon in dry oxygen is shown schematically in Fig-%:ig and the
open fube gteam oxidation system is shown in Fig %;55. The furnace
was heated resistively by four Crusilfite elements connected in
series:and equispaced around the outer alumina furnace tube.
Oxidations were carried oﬁf in a silica tube, one inch in'diameter,
inside'tﬁe furnace tube. Although the furnace was capable of running
at 140000 at full power this was seldom used becéuée of the crystallisation
-of silica that occurs above 1200°%. Temperatures were controlled by
using a Eurothérm Type PID/SCR-10 Controller with a Pt/PtlB% Rh
.thermocouple placed between the alumina tube and the silica.

Oxygen was supplied from a standard cylinder and dried
by passing over trays of PZOS.A needle valve was used to coﬁtrol the
gas flow which was measured with a Rotameter. Polypropylene
- coﬁnecting tubing was ggnerally used in preference to vinyl which not
only éllows diffusion of ambient gas molecules through its walls but
also §ontains undesirable impurities. A submicron filter is usually
'conéidered necessary in the gas flow immediately before the gas enters
the reactor fuﬁe to prevent dust particles contaminating the oxides,
eand in laterAwork a gintered glass filter was incorporated into the

system., A more common source of contamination however, was small

particles of cristabolitqﬁhich gradually formed on the silica ware
after long usage. : ‘
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Steam for oxidation was produced from deionised

water in a flask which was connected to the reactor by glass tubing
which:was heated to prevent condgnsation. After degreasing in
eloctronic grade trichloroethylene the polished silicon chips were
inserted into the hot furnace in a silica boat using a silica
ﬁush—rod. o

The oxidation kinetics of silicon are now well
" understood. (Ref 2 -VS). The duration of oxidation relative to 6
'time:constant' T, determines whethef the groﬁth rate is linear or
) parabolié Fig.i - 4. The time sonstant incorporates most of the
oxidation parameters such as temperature and coucentration of the
oxidanf. When the reaction time is less than T the rate of oxide
forﬁation is linear and depends onAthe rate of the reaction at the
silicon/oxide interface. TFor times greater than T the rate is parabolic
énd is determined by'the transport of the oxidising épecies through
~_the growing oxide layer. The speed of the reaction and the diffusivity
increase exponentially with temperature and therefore both the linear
and the barabolic rate constants increase in the same way.

In this work thin oxides, abouwt 1000 8 thick) were
generally produced using dry bxygen typically for 1 hour at llOOOC.
These‘afe the conditions for the parabolic growth so that the much
longer times required to produce substantially thicker oxide would be
impractical. Increasiﬂg thé oxidatiop-temperature was also considered
' impracticai due to the deterioration of the silica ware. In order to

produce thicker oxides the steam oxidation therefore was used.
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Water vapdur is 500 times more soluble in silicon oxide than
oxygen and consequently, even though it has a slightly lower
diffusivity, this means that the flux of oxidant molecules through
the oxide is conéiderably increased. = In the parabolic region of
growth this considerably increasés the rate 6f.formation of oxide.
Steam oxidations typically produced layers 1 micron thick %fter 2
hours at 1100°C. p;ovided the temperature of the water in the steam
generator was sufficient to produce a pressure of one atmosphere of
water vapour in the vicinity of the silicon.

2.3.2 Physical Assessment of Oxide layers

The thickness of the oxide films was measured using
a Watson 16 mm interference objective attached to a Beck Epimax
microscope. Interference occursl;$;;::;nochromatic light reflected.
frém the specimen and from a reference plane in the objective
: ieeemhines; The fringes are displaced if there is a step on the‘
surface and knowing the wavelength of the incident light the height of

the step is simply calculated.

In the present work the step was produced by etching
away fhe oxide so that its thickness could be measured. Masking to
produce a step was done using Apiezon *'W' which was dissolved in
trichloroethylene and painted over the desired oxide area. Ideally
a step is required which is wide enbugh fo allow the displacement of
the fringes to be counted easily. Such a step éan be produced by
ﬁsing 48% HF to etéh the oxide because thiS»etch_undercuts the mask

sufficiently to produce a graded step. Part of the surface was
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metallised with aluminium to give a reflecting layer. PFigl -3

shows the fringe pattern reflected from a partially metallised
oxide step. In the unmetallised region displacement of the
fringes is due to an optical path difference between light reflected
from the bare silicon and from the silicon underneath the oxide.

The di}ection of displacement of the fringes in this case is
opposife to that with Ehe metaliised stepe.

If it is assumed that gbomplete 180°phase change
occurs at the silicon/oxidé interface then, knowing the refractive
index of the silica film (1.46 for a thermal oxide) (Ref 2 - 6), the
thickness of the oxide film can be calculated from fringe displacements
écross an unmetallised step. Weak reflections also occur from the
surface of the oxide. These can be seen in Fig L - 3 as faint
oontinuations of the fringes acfoss the metallised/urmetallised
boundary at the step. HMetallisation was not necessary when these
fringes were prominent. Incidentally the continuous nature of -these

fringes indicates that any phasqéhange that may accompany reflection
at the oxide and silicon surfaces is not important. A disadvantage
of using anvinterference microscope for measuring film thickness by

this method is that fringes are formed from only a few reflected light
This

produces the rather broad frlnges shown 1n Fig L - 3, unllke the finer
fringes which can be obtalned using the more tedious multmkle bean
.interferometry.A However, fringe dlsplacements were usually estimated

by eye to one tenth of the fringe spacing (about 250 R using sodium light)
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and by photographing the interference patterns this was reduced
to about 100f. |
The interference colours of oxides can also be used

as a guide to their thickness, and coloﬁr charts have been produced
- for doing this (Ref 2 =7). A uniform hue endef times 100 magnification
usuelly means that the oxide has no large discontinuities. However,
small pin-holes and flaws, not usually discernable by direct
observation can be enlarged by chlorine gas etching (Ref 2 - 8).
| To do this the oxidised silicon chips were heated to 900°C, in the
furnace shown in Fig 1 ~ ; using a medified silica furnace tube which
allowed a small flow of chlorine gas frem a Lectern bottle %o be
s ops which Was avgow in this case.

introduced into the main amgem flowe The chlorine gas was bubbled
through NaOH solution at the exit vent. Any pore or microcrack in
the pretective oxide allows chlorine to penetirate 1o the silicon
beneath, where it reacts te produce a visible mark on the surface.
Typical pinhole densities obtained for oxides of 1000 £ thickness were

100 cm 2. ° The thicker oxides used forvhasking against diffusion had

very few pin-holes or none at zll.

Chlorine etching was also used to detach oxide films
from their silicon substrates for examination by transmission
electron.microsepy. An electron micrograph and a transmission
| diffractograph of a detached film are given in Pig 5-3.showing the

wniformity of the films and their amorphous nature. This part of the
work is described in-more detail in Sec 5.3.2,'
Chapter 4 describes the copvefsion of oxide into

luninescent willemite. Further measurements of the oxide properties

made for comparison with willemite, will be described in‘Chap.S,é & Te
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24 Inmpurity diffusion in silicon

2+4s1 Avparatus and techniques

Planar p-n junctions were produced by the
diffusion of phosphorus into p-type silicon usirg a solid source
of 2;?;;%5 « The apparatus was built in the depart@ent gnd is
shown in Fig 1-6a. The diffusion furnace is similar to that used
for oxidation with the addition of a'sepafate source furnace,the
 temperature éf which could be controlled to produce the témparature
profilg shown in Fig Q;Gb . A monotonic increase in temperature
from the source to the diffusion furnace is required to prevent -
gondensation of the P205.vapour at the front of the furnace.
Quartz wool is used to prevent onsdust being picked up in the
carrier gas and contaminating the siliooﬁ surface. The P205 is
vapourised in the source furnace and is carried to the silicon by a
suitable carrier-gas where it reacis wiia the cilicon surface to
produce a glassy phosphorus-rich oxide layer on the silicon.
Predepositions of this type were carried cut with the silicon at 900°c
and the source temperature about 200°C. The P205 was then removed
from the source furnace and the temperéture of thé diffuéion region
increased to about 1100°C for the main diffusion of the phosphorus
into the‘silicon. Predepbsitions and drive-in diffusions were usually
carried out in an oxygen atmosphere to énhénce the formation of an

oxide on the silicon so as to prevent out-diffusion of phosphorus

during the high temperature processing. The gas was dried by passing
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it over trays of P205 upstream of the furnace.

! . | The final surface concentration of phosphorus on
the silicon depends on the vapour pressure of the P205 as
controlled by the source temperaturs. However the wvapour pressure
of the f205 is considérably affected by the presence of water
vapour which it absorbs very quickly. Special precautions were
therefore tzken to prevent water pick—up in the transfer of the
onsffrom the sealed ampoﬁles to the furnace.

' The disadvéhtage of using P205 as a source‘for
_phosphorus diffusion is that it is>very difficult to obtain low
surface concentrations reproducibly and the suxface concentrations
are usuaily greater than 1029 cm—3 after diffusion. lodern
diffusion systems therefore use liquid POGI3 or phosphine gas which
allow a greater control of the impurity distribution. However, it
was decided, at least initially, to use the solid P205 sburce because
of its less toxic nature and its convenience.

Oxide masking was used to control the area of the
diffused regions. A thickness of about 0.5 microns is required
to prevent penetration of the diffusing phosphorus for a typical H
diffusion of one hour at 1100°C (Ref 2-~9). Photoresist techniques
were used to define the oxide maské, although for simple geometries
it was ofteﬁ simpler to use Apiezon 'Y dissolved in trichloroethylene.

The oxides were etched with a standard HF etch buffered with émmonium

difluoride to reduce undercutting of the masks.: The etch was made by
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dissolving 8 parts by weight of NH4 FHF into 15 parts of water
and then mixing 4 parts by volume of this solution with 1 part

by volume of 48% HF.

24442 Assessment of diffused layers

The junction depths were measured by bevelling the
semple, delineatiﬁg the p-n regions with a selective electrochemical
plating solﬁtion and then using interferometry. The bevelling was
approximately 5° and was produced using a specially angled jig and
successive polishes of 3 micron 1 micron and 1/4 micron diamond
paste. The electroplating solution.consisted of 20 gm of copper
sulphate dissolved in 100 gm'of weter to which 1 ml of 48% HE had
been added (Ref 2 - 10). Plafing occurs first on the n~type region
of the bevel. When the junction was sufficiently delineated the
solution was flushed away. The interferometer described in
sec 2.3.2 was used and the depth of tﬁe junction measured by counting
the fringes down the bevel along an extension of a fringe on the

unbevelled region of the chip.

The surface concentrations of diffused layers in
silicon were measured using the four-point probe method (ref 2 - 11)
The probe apparatus was similar to that of Kennedy (ref 2 - 12).
A?robes were made cf 0.008 inch tungsten wire electrolytically pointed
(ref 2 - 13) and equispaced 0.010 inch apart. . The pressure on the
probes could be adjusted using a‘threaded weight end the specimen was
held in a small»vacuum chuck.. Currenf,I,through the outer probes

produces a veltage drop V across the inner probes. A potentiometric
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measurement of V ensures that contact effects are eliminated.

This was done using a Pye Portable votentiometer with an
external Tingley galvonometer having a sensitivity of 2.4 mmﬁgmp.

The values of V and I together with a knowledge cf the junction

depth can then be used to obtain the surface concentration of the
impurity (ref 2 - 14, 2 - 15),

In the present work typical surface concentrations
for a diffused n-region 4 micron deep were about 1020cm-2 but this
could be reduced to less than 1018 by oxidising and stripping.

The resistivity of initial silicon slices was also

measured using the four point probe method in the range 0.1 - 10 ohm-cm

and. found to be as expected.
2,43 Contacts

Permanent eléctrical contact was made to the silicon
devices by bonding on thin aluminium 6r £old wire. For p-type
siliqon 0.602 inch thick aluminium 1% silicon alloy wire was
ultrasonically bonded to the bare silicon surface using a Kerry's
20 watt Fine Wire Bonder. To ensure a good ohmic contgct a brief
bake in air at a temperature below the silicon/aluminium eutectic of
577°C ﬁas required. Aluminium was also used to‘make contact to
heévily'doped n-type regions. Although A;*++is an acceptor ion
Iit is thought that an effective ohmic contact is formed due to
the preferential solubility pf A over P~ in silicon producing
a tunnellihg §+- nt jpgcfion.

OhmiéJcontacts'to moderately doped n-type silicon
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are usually made by using gold wire doped with aboﬁf 4% antimony.
However, pure gold wire 0.002 inch thick when thermocompression
bonded to a bare silicon surface could be made ohmic by electro-
forming. The wire was first threaded throﬁgh fine capillary tﬁbing
gnd a small length melted in a gas-oxygen flame to broduce an
annealed ball of gold at the end of the wire. The silicon was
ﬁeated to just below the gold/silicon eutectic at 370°C and the
ball pressed on to a'cléan oxide-free surface with sufficient force
to produce about 50% deformation of the ball. 2he bonds were
simplylelécfroformed by passing a current through them which was
sufficiently large to produce some localised heating and diffusion
at the gold/silicon interface.

2¢5 Surface properties of p-~n junctions

2.5.1 Introdvction

The production of simple plarar p-n junctions in
silicon was undertaken because it is envisaged {hat in devices
electroluminescent films will be pr&ducéd on silicon which would
contain p and A-type regibns. The solid state circuitry produced
within the substrafe might be used either for addressing the display
device oxr for stofage. - It may also be possible to use the high
field regions éssooiated with the p-n junétions themselves to produce
the electroluminescence, Because of this it was thought necessary
to consider the effect of dielectric films on the properties of p=n

junctibns beneath them.  Section 2.5.2 gives a brief review of this

topioc.
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- ?.5.2 - Space charge regions‘in the silicon éurface
The surface properties of p-n junctions can be
explained in terms of the formation of space charge regions in the
silicon surfaceladjacent to the p-n junction. The theory of these
space charge layers will be described in more detail in sec é o 2
where their capacitance in ﬁgif structures ié used to give information
 about dielectric layers of oxide or willemite on silicon. Physically,
the space charge region is due to the repulsion of majority carriers
in - the silicon by surface fields. On a p-type substirate depletion,
" and fiﬁaily inversion, of the surface is achieved by the application
of an increasingly positive potential. -Where a bulk junction
comes to the surface the fieid—induced junction due to the‘inversion
_layer is in parailel_with the true metallurgical junction and
consequently both the reverse leakage current (Ir) and the breakdown
voltage (Vb)-can be dominated By the surface effects. |

i) . Leakage current

Fig 2 - 7 is a schematic diagram showing tiné effects
that a'field induced junotionAhas on the leakage current of a
d+p diode. A negative surface potential (fig 1 - Ta) prevents the ’
formation of any space charge regions in the surface of the p region
and‘the reverse current is gove:ned solely by the characteristics of

the true metallurgical junction. ForAsilicon at room temperature

this means that I# is constant depending mainly on the number of

- generation-recombination centres in the depletion region.
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‘the reverse current of a n'p diode..
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With g positive surface potential (fig 1 - Tb) a depletionilayer
forms that includes the defect-laden surface and this hot only
increases the number of centres available to generateAIr but also
results in J; being dependént on the surface potential.
Increasing the surface potential further however (fig A - Tc)
causes the depletion layer to leave the surface ,as the inversion
' region.forms,and this decreases the concentration of defects in the
deplefion layer which produces a 6orre$ponding decrease in T,.

ii) Junction brealkdown

Breakdown of a p-n junction usually ocours~by an
avalanche multiplication process in the depleiion regions and is
therefore determined ideal1y by fhe maximum field which exists
there. This maximum field is dependant on the resistivities of the
p and n regions énd the gradient of the impurity concentration. .
it ié also dependant on the degree of field intensification that
occurs at the corners of the junction. Space charge fegions in the
silicon surface adjaéeﬁt {0 the junction alter the field distribution
around a planar juncﬁion and thus effect VS. However if field induced
junctions exist at the surface they have their own breakdown voltage
which is usually iess than that of the metallurgical junction.
}Breakdoﬁn often occurs at defects in the depletion region. This is
more likely with induced ‘junctions because of thg proximity of the
sﬁrface. At breakdown, current flows along the inversi;n layer or

'*channel' to the diffused regions and saturates-at a value depending
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on the conductance of the inversion layer. On increasing
reverse bias after saturation has been reached the true break-
down at the metallurgical junction is usually reached, If, however,
several different breaksdowms occur the reverse characteristics
are usually stepped due to the channel current’saturating after
each event. Metal ions can also lead to a similar 'softening' of
the reverse characteristics. In this case it is thought that local
breakdown occurs at metal precipitates within the depletion layer
.(Ref 2-17). These metai'impurities,can usually be remo&ed and the
characteristics ' hardened! byla process similar tb the predeposition

of phosphorus.

. 2.5.3 Surface films on p-n junctions

. The thermal oxidation of siliﬁon is limited by the rate
of diffusion of the oxidising species through the growing oxide and
consequently excess silicon must exist in the oxide near the silicon
surface. This produces an effeotive.fixed positive charge (st)

in the oxide. The positive surface potential produces depletion
regions in p-type silicon beneath. Annealing the silicon in oxygen
reduces st by allowing oxygeq%o diffuse through the oxide and react
with the excess silicon. The leakage current of the junction and its
bréakdown voltage can thus be controlled by careful annealing processes
.which-téilor‘the surfacq,potential to produce the required characteristicst

Current-voltage measurements were made on finished diodes

using'a Tetronix Cﬁrve Tracer Type 575.' The characteristics of a
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typical nfp diode produced by the phosphorus diffusion process

described in Sec 2.4;1 are shown in Fig 2~8a. The junction area
was typically about 0.05 cm2. Similar diodes to these , measured
with the passivating 'phosphorus glass' still on the silicon surface,
were ﬁsually thard? probaﬁly due to the gettering action of the
phosphorus treatmeqt. Removal of the phosphorus glass produced a
very unstable characteristic (Fig 2-8b) and on reoxidising the
surface the diode was still soft due to the formation of space charge
reéions (Pig i~8c). The effect of annealing in:oxygen at 500°C for
10min is shown ip Fig 2-8d, the decrease in I, being due to the
.removal of Q. &t the silicon surface.

Hydrogen is extremely mobile in silica and produces an

effective increase in Q__probably due to the formation of og~ 0ns

’ 7
from O in the silica glass (Ref 2-18). EBven a brief exposure to
hydrogen has an extremely deleterious eflect on the diode character-

istics as shown in Pig 2~8e. The subsequent removal of st by

further annealing in oxygen to regain the original 'hard' character—

istics is shown in Fig 2-~8f.

The formation of willemite films over p-n junctions
and their effect on the diode characteristics is discussed in Sec 8.2.

2¢5¢4 The gate—controlled diode

A gate -controlled diode structure was made to illustrate
the effect of surface potential on the reverse characteristics. This

was constructed by evaporating an aluminium ring electrode on the
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oxide above the p-n boundary to form the gate (Fig‘i;lo). The gate
voltage Vg could be varied with respect to the p~region and the
reverse characteristics were photographed for several gate voltages
(Fig 2~11). Négative values of Vg cbunteraét the positi&e space

_ charge'trapped_in the oxide and give decreased values of Ir whereas

: positive Vg increases Ir due to the formation of field induced
Junctions. On increasing the positive potential on the gate it
should'have been possible to observe inversioﬁ of the surface and the

corresponding drop iz_l‘Ir as the depletion regiqn leaves the silicon
surface., Tha maximum possible gate voltage was however limited to

the breakdown voitagerf the oxide, vwhich was about 25 volts in this

~ case.
é.g Conclusions
The following has been achieved :-
i)cutting and etching the siliqg?to orcduce chips suitable
as substrates.
ii) controlled oxidation‘ahd oxidé thickness measurements.

iii)contact fabrication. -

1v) n~type diffusion to give the expected diode characteristics.
All this agreed with eipectations and therefore
demonstrated an adequate control of the technology. The use of the

above technigques on a routine basis fof the study of luminescent

films on silicon was now possible.
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CHAPTER  THREE
;' ZING SULPHIDE FILMS ON SILICON

3¢l Introduction

This chapter describes the deposition and pioperties
of ZnS_films on silicon.l The ultimate aim of this wofk wasg the
produoiion of an electroluminescené?}or applications to display
devices. The devices envisaged would contain their own addressing
and possibly storage capabilities in the form of integrated circuitry
in the siiicon substrate wiih the light output being controlled by
the potential of_the underlying silicon. = The general consideratiohs
of electroluminescence relevant to thin films are discussed in Sec 123,
) These considerations show that high-field carrier
: injection at the Si-Zn¥ interface and at the top electrode should
produce conditionS'wﬁich were favourable ﬁgr the d.c excitation of
the luminescent centres in the film. A phosphor film was therefore
required that could sustain very high fields and the use, of epitaxial
film of ZnS on silicon seemed to be a reasonable first objective,
The interplanar distancés of silicon and cubic beta~-ZnS agree to within
Ofﬁ% and the atomic arrangemeht in the basal plane of hexagonal
alpha ZnS also fits closely with that oi the (111) plane in silicon.
It therefore'seemed likely.that epitaxy of ZnS on single crystals of
silison would be possiblé. ' |

The first part of this chapter describes the

experiments which were carried out and the apparatus used in the
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pieliminary work designed to assess the feasibility-of producing
A the required display device using ZnS phosphor films. The results
of this work and the assessment of the films.that were produced
are followed in Bec.3.7 by a discussion of the problems involved.

3.2 Evavorated films of ZnS on silicon

3e2¢1 The evaporator system

~The evaporator used in this work was built in the
' conventional

Department to a/des1gn. It consisted of a 12 inch bell-jar
evacuated by an Edwards Type E03 §i1 diffusion pump used in conjunction
with a liquid nitrogen {rap. Pressureé were measured using an -
Edwards Pirani gaﬁge for the backing-pump pressure range and an
Edwards‘ioniéation gaﬁge for lower pressures. The system was capable
of reaching an ultimate pressﬁre of about 10-6 torr;

The slectrical power units for the evaporator comprised
twq 30amp a .c. supplies, é 3kV 3d%mp’H T supnly for ion bombardment
cleaning aﬁd sputtering, and a 3 A electron gua filament supply capable
of Operéting at =2kV from earth. 'Ioniéation gauge degassing facilities
were also incorporated into the system.

Up to four temperatures could be measured in the bell-jar
ﬁsing Chromel-Alumél thermocéuples via an 8-way instrumentation lead-
thfbugh.- A Pyé low resistance multi—way.switch was used to‘indicate
each temperature on either a Honeywell TPemperature Indicator (Type0s-5s)
of ; potentiometer as required. The Honeywell indicator could also
be used ag an on-off temperature controller for a resistance heater.

A rotary 1ead-through enabled a movable shutter to. be used w1th1n the

bell-jar.
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3.2.2 EBvaporation sources

ZnS sublimes at about 105090 in vacuum. The
sublimation is usually aocompanied by a largé amount_of decfepit-
atione. This is-due not only to the ZnS vapour being produced
from within the bulk of the charge but also because commercial-
luminescent gfade ZnS can contain volatile impurities, usually
chlorides, up to 0.1% by weight. Luminescent grade ZnS powder
wag obtained from Levy West & Co. Ltd. for the evaporations. This
Qas further purified for some-evaporations using the flow s;stem
ftechnique-described iﬁ_Sec 3.3. and the Sméll cfystals“so produced
were used as the evaporation charge.

) Initiaily'a pebperpot source was used for efaporating
ZnS. This consisted of a standard Edwards molybdenum boat with a
perforated 1lid of molybdenum foil fitted over the.cgntre dimple.

" ‘Phe temperature of the source wés‘meashred by a Chromel-Alume;
thermocouple spbt-welded to the underside of the dimple.” These sources
were simple to construct.and produced uniform films with relatively
little loss of heat to the surréundings. Héwever, ZnS reactis slowly. -
with all refractory metals at high temperatures so that these molybdenum
éources had a very limited life and they also probably produced .
’confaminated films, To prevent this a quartz crucible source was
devgloped.

The crucible consisted'basically of two concentric

silica tubes (Fig 3-la). The inner tube was sealed to contain the

thermocouplerand it was used as a support for the crucible. A quartz '
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wool plug wag inserted into the belled mouth of the'outer tubecmi
 prevented excessive spitting of thé charge. The ZnS was sublimed
using the radiant heat from a coil of molybdenum wire surrounding
the crucible, Tantaium tubing was used as a heat shiéld around
the‘moiybdenum coil,

A later version of the gquartz source was slightly
different, The tube was longei and the upper part of the crucible
was heated by a separate molybdenum coil tp provide a secénd hot-zone
the temperature of which ﬁés measured by a second thermocouple inserted
up the centre tube as shown in Fig'3-;%2 This érucible was used in-
an adaptation of the 'hot-wall bell-jar method' of evaporation (Ref 3-1)
in which the hot wall of the extended silica tube prevented excessive
condensation of the ZnS, or of one of its dissociation products, on
to the co;der parts of the surroundings. This technique was used in
;n effort to improve the feproducibility of the evaporated films and
to improve their stoichiometry.

3s263 Substrate heaters

In order to grow crystalline films and to get good
_adhesion it is necessary to condense them on to a heated substrate.
One effect of heating the substrate is to change its state of oxidation.
Silicon forms an oxide on.its surface very rapidly even in a vacuum
fof 10_6torr (Ref 3-2) and it was hoped that this could be thermally
etched away by heating to about llOOoC‘before cooling the silicon in
~the pfesence of ZnS vapour fo form the phosphor film. To obtain

‘these relatively high temperatures without contamination from a heater
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gtrip an electron-beam heater was developed based on the design
of Waies_(Ref 3-4) and this is shown schematically in Fig 3-2
The éleotron gun filament operated at a negative potential with
respect to earth, Tt was made of thoriated tungsten wire shaped
in the form of a flat zig-zag to produce a wide beam of electrons.
The electron beam was focussed on to the earthﬂtantalum substrate
holder 2 om beneath the filament by a tantalum tube surrouanding the
filament and at the same potential as it. To produce the maximum
emiséion for a particular filament temperature the filament was
‘*flashed' before use. The gun was operated in the temperature
limited region to give a typical emission current of 1lOmamps a2t 2 kV
and this produced substrate témperatures up to llOOOC. | |

‘ The substrate temperature was measured by a Chromel-
Alumel thermocouple spot-welded to the tantalum su%trate holder next
~ to the silicon 3amole. _The silicon was clipped to the top surface
of the holdei which then acted as a mask for the evaporations from
‘belowg It is impossible to use Chromel-Alumel thermocouples in
contact with silicon at temperatures above about 300°C due to the

chemical reaction. ;

‘A resistive heater was used for heating the substrate
to‘lﬁwer temperétures where contaminatign was not so likely. It
§onéisted of & 0.004 inch thick molybdeﬁum strip which was directly
heated. .The silicon substrates were clipped qfer a2 hole in a smailer
piece of molybdenum which acteﬁ as an evaporatiqn mask and also

carried the tnermocouples. This holder was then fitted over a hole
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in the heater strip, through which the evaporation took place.
_ Substrate temperatures of up to 700°C could b9 obtained with this

heater.

3.2.4 Experimental
The evaporation experiments consisted mainly of

determining the effect of substrate temperature on the guality of the
evaporated films. Other parameters which affect film growth are
_background'pressure, rate of evaporation, the condition of the substrate and
source material. In inveétigating the effect of substrate temperature
the other variables were kept as constant as possible by using a standard
subétraté treatmeﬁt and by keeping the rate of evaporatibn constant,
Ideally a film thickness monitor was required buf, ~as this was not
available, it was decided to use the source current to control the
evaporaiion rate and to wnse a constant quantity of source material for
eaéh experiment. It was realised at the tims tﬁai this was not a
reliable way of controlling the evaporation rate due to uncontrollable
properties of the evaporant such as the‘amount of charge actually'in
contact with the crucible and the undefined evaporaﬁiﬂg area. However,

.for the initialﬁwork at least, it was decided that the simple method of

control was probably sufficient.

Silicon substrates were etched as descrived in Sec 2,2.
Electronic grade ZnS powder obtained from Levy-West Ltd, was used as
the source for most of the evaporations. The alternative charge for

some of the evaporations was the finely ground flow crystals (Sec 3.3.)

Extensive degassing. of the source and substrate was carried out prior
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to the evaporation by heating the source slowly to just below

1

its sublimation point.and the substrate to a temperature higher

than that to be used during the evaporation. Degassing was
continued until the pressure had dropped to below 10-5 torr.

During degassing a movable shutter was interposed in the 2.5 cm gap
betweeﬁ the substrate and the source. - The evaporated areas were
fypically about 5 mm‘2 on silicon substrates which were usually about
0.5 cmfby 1l cme A typical evaporation lasting 15 min with a source
temperature of 105000 pro&ﬁced film thicknesses ranging ffom 2600 )q
for substfate temperatures of 40000 to one micron for substrates at
about lOOOC. The deposition was terminated by interposing the
shutter between the substrate and theosource and the substrate was
then cooled slowly to room tempefature in abbut 15 min. Evaporations
were in general non-reproducible and the films were often discoloured
and néﬁ—uniform. General conclusions can however be drawn from the

results and these are discussed in Sec 3.7 together with the possible

reasons for the lack of reproducibility.
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3o3 Vapour flow deposition of ZnS on to silicon

4 Single crystals of ZnS can be grown by sublimation
using a flow technique (Ref 3-5). An inert carrier gas passed
over subliming ZnS powder carries the vapour to cooler parts of.the
system where crystal growth takes place. This method was used for
obtaining flow crystals for use in later experiments. It was also
decided to use this method to try to grow films of ZnS on silicon.

The furnace used was simiiar to the oxidation furnace
described in Sec 2.3.1 wifh the addition of silica liners inside the
furnace tube to enabie the crystalline growths to be removed easily.
Argon was used aé the carrier gas and the outlet fumes were bubbled
through hydrochloric acid and then water at the exit vent.

| Several flow runs Qere first carried out to determine
the position of the cr&stalline growth along the furnace tube for a
fixed source temperature and gas flow. The results are shéwn in
Fié 3-4. The ZnS charge was positioned slightly upstream of the point
of maximum temperature in the furnace tb assist crystal formation. -
Crystalline growths appeared first at about 1100°¢ and consisted of
.small ﬁeedles and platelets with the occasional large cfystal up to
40 mm2 in area. Moving downstream the c;ystallite size decreased and
the crystals became increésingly yellow and finally dark grey
‘indicating‘non-stoichemetric excesses of sulphur and zinc respectively.

Growth on silicon was investigated by placing several

freshly etched silicon chips in small silica holders into the flow

furnace equispaced,aibng the crystal growth region (rig 3f4).
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A typical flow run lasted 12 hrs with a source temperature of
1170°C and gas flow of O.Slnmﬂ. The results of this work are

described in Sec 3.6.2.

3.4 Chemical deposition of ZnS on to silicon
The third method of growing ZnS on silicon that was

tried was homogeneous precipi%ation. This involves the formation
of the suiphide from a metal salt solution at a controlled rate
governed by the dissociation rate of a sulphur containing compound in
the solution. It hasFeen used fof the growth of epitaxial films of
PbS on germanium. In this thg sulphide is produced by precipitation
from.an aqueous alkaline solution of a lead salt (Ref 3-6).
Homogeneous precipitation has also been used in the final purification
process for CdS. It was decided to see if films of ZnS could be
deposited on to silicon using an adaptation of ihis process.

| A solution of 20ml e#=206%i of 0.1 M zinc nitrate and
40 ml of‘0;5 M sodium hydroxide was madeAupc If this solution is
sufficiently alkaline the znttions do not precipitate as the hydroxide
but form the soluble zincate ion. In order to maintain a clear
sqlution the zinélnitrate ﬁas therefore added slowly to the alkali
particularly %or the last few mls which were addad very slowly with
much stirring.  The solution was then added to a second solution
consisting of 20 mls of N/ thiourea and the m,ixture was heated to
about 80°c. A freshly etched chip of silicon was suspended from a
P.T.F.E. clip face downwards in the liquid. After about half an hour

a fine white powder of ZnS had deposited on the surface of the silicon.
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These deposits were however very non-uniform and had poor adhesion
to tﬁé substrate, probably due to the oxidation of the silicon in
the water. Also the ZnS seemed to have no preference to fo;ming
on surfaceg unliké FbS which produceé mirror-like layers on any
surfaoe in contact with the precipitating solution.

Because of the lack of success this work was
discontinued. However, more recently Nagao and Watanabe (Ref.3-7)
have published a method for the deposition of CdAS using homogeneous
'p_recipitation from a mixutre of Cd(NO3)2, NaOH, NH4NO3 4 thiourea,
the ammonium salt apparently being necessary to produce the soluble
cadmium tetrémine ions. The CdS films produced had very good
adhesion to their glass substfates and it seéms possible that this
méthod might also be adopted for the production of ZnS films.

However, because of the necessity for using a silicon substrate in the
' prese;t vork and the likelyhood of it oxidizing in any aqueouslsolution
it was decided not to attempt this.

3.5 Post—evaporation treatment

In order to obtain ZnS films which have desirable
luminescent properties it is necésgary to incorporate the required
electrlcally and optically active centres into the lattice. This
process is called activation and 1t usually necessitates an increase in
crystallinity of the film to.looate the_centres in the correct lattice
sites. ZnS powder phosphors always condense in;an wactivated fornm

when they are evaporated, althouph on heated sustrates they are

often hlghly.crystalllne. This is due to the extreme difficulty of
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obtaining the required control over the evaporation and
copdensation rates of the host, the activator and the co-activator
simultaneously. Some pbst-evaporaticn treatment is therefore
nécessary to obtain highly .luminescent films. The methods used
to dat_é are listed 'beiow_ (Ref 3-12)..
| | i) Co-evaporation of the activator and the host

lattice and subsequent heat treatment.

ii) Gillés and Van Cakenberégs method (Ref 3-8) which
involve§ the evaporation of the activatdr,
usually a mefal, on to the host film. In a
subsequent heat treatment the activator diffuses
into the film and also induces crystallisation.

iii) Embedding techniques which utilise the solid state
diffusion of the activator at high temperatures
from a phoéphor,powder in contact with the film.

iv) The organometallic technique (Ref 3-9) which
reliés on diffusion of the activator from a hot
0il bath containing the activator in the form of
organometallic ions,

' Elsewhere ZnS films evaporated on to glass sustrates

" have beeﬁ made luminescent by all the methods described above.
However, in fhis work the necessify for using silicon substrates
which m;;::?éctrically aétive‘regions réstriéts the activation processes

‘which .can be used. In order to appreciate the probiem more fully

some of the methods for activating evaporated films on silicon substrates
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were attemﬁted using the ™t ion ag the acfivator. . Manganese is
a particularly suitable activator for d.c. EL in the II-VI compounds
bacause the luminesceﬁt transitions are internal to the ion itself
and are thus relatively independent of the transport properties of the
~surrounding host lattice. Also manganese ions are divalent like
the host'metal iens so0 that charge compensation effects are eliminated.
In theory, manganese ions should therefore be easily incorporated into
_the'ﬁost lattice,

» ‘ Thé simplest.ﬁethod was to activate the ZnS Eefore evapordion.
Electronic grade ZnS powder Qas aétivated with l% by weight of ﬁh by
forming a slurry with manganous chloride solution, drying it and then
baking at IOOOOC. The resulting phosohors luminesced with the typical
orange colour under U.V..3650 R light and also cathodoluminesced in a
2kV discharge. This phosphor powder was used as the source for evaporatioy
on to substratés ét about 400°C. The micron thick films produced were

not luminescent. After annealing these films in vacuo at 700°C (Ref2~12)

for 30 min they remained non-luminescent and a similar anneal in argon

at 700°C was no better and it usually caused the films to start peeling

from their substrates.

The embedding teéhnique Qas more successful, ZnS:Mn phosphor
powder was placed'on top of a deposited ZnS film which was then inserted
into an argoh flowét 700°C. The film produced by this method showed
weak orange luminescenéé un&er both U.V. and electron excitation although
“their adheéion to -the substrate was again poor.

A A third technique involved the evaporation of a thin layer of _

manganese on to the ZnS film as in the method of Gilles and Van Cakenberghe.
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"The final film‘however was not luminescent and it also partly detached

itself from the substrate during the heat treatment.
Elgctroluminescence experiments were not ccnducted on the

above films due to their non—uniformify and lacx of reproducibility

in their preparation.

3.6 Results

~ '3.6.1 Evaporated ZnS films
| In general the evaporated films were non-reproducible .
’EVaborations carried out under apparently identical conditions often
showed wide variations in the quality of the films, General fesults
. can hoWévervbe ﬁoted.
i) Pilms depcsited on to substrates with temperatures less
than 100°C were usuzlly transparent and amorphous as
shown by their broad diffuse X-ray diffraction rings.
ii) Evaporatiﬁns withvsubstrafe tenperatures in the range
100-450°C produced crystalliﬁe filus. The X-ray and electron
1o . iediffraction analysis of thesé films is described in Sec 3.6;3.
'iii) With substrate temperatures greater than about 600°C very
poor ;on—uniform films were produced. ThisAwas»probably
due_to reaevaporafion and the increased contribution of
éubstrate contémination. Above about 800°C ZnS vapour
appears to react with silicén.
iv) Post-evaporation heat treatment of ZnS films described above

usually resulted in the film becoming detached from its

substratef
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v) Due to the lack of reproducibility of the evaporated

films in general, it was impossible to ascertain whether
the source material (i.e. Levy-West powder or flow crystals)
or changing the source crucible and using the hot-wall bell-

jar method affected their- QuJﬁ}

3.602. Vapour-deposited films.
| . The films of ZnS deposited on to silicon using the flow
system were also non-uniform. The following observations were
however made.
| i) ZnS crystal growth occurs in the temperature range 1100-800°¢
~using the system déscribed in Sec 3.3. Silicon substrates in
this region were covered with polycrystalline deposits of
mainly hexégonal alpha Zns and a Laue back reflection X-ray
diffractograph of one of these films is shown in Fig 3 - 5.

. Fme_this it seems that the érystal habit favoured under these
cirdumstqnces is incompatable with the formation of single
crystal layers on silicon.

ii)‘ At temperatures higher than those in the growth region ZnS
vapour appears to react with silicon. It seems probable that
prior to the polycrystalline growth of ZnS on silicon, described

‘above, this reaction also takes place.

3. 6'3. Physical assesqment of films.

The ZnS films were examined under the microscope and

their thickness was measured interforometrically as described in

 Sec 2.3.2. ZnS vapour reacts with silicon at temperatures greater
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than about 800°¢ .and under favourable conditions it etches the
silicon surface to produce triangular pits on the (111) face
- probably by the formation of the volatilelreaction product SiS.
The triangular aréas s%gziiin Fig 3-6 were a few microns in size
¢

and at first they wereLwith'the initial nucleations of epitaxial
gréwth. To resolve this problem of whether they were pits or
deposits films were metallised and examined under a magnification of
x 425 with an interference objective made by Vicker's Ltd,
The directioﬂfdisplacement of the fringes, clarified by the use of
white light fringes, showed conclusively that these areas were in fact
pits which incidentally were rotated through 180°% with respect to the
etch pits produced by the NaOH etch. |

- The crystal structure of the films had to be examined
using a glancing angle X-ray diffraction technique. Since the
" scattering og&nrays by thin (0.5 micron) films was insufficienp for the
standard Laue back reflection technique. The silicon substrate was
mountéd on a goniometer head with the ZnS film aligned to make a 50 angle
with the incident X-ray beam. The forward diffracted X-rays were
recorded on a plate film positioned about 3 cm behiﬁd the specimen.
The arez of the  X-ray beam was about imm 2 . Due to the difficulty of

a

measuring the film-specimen distanoeLpalibration layer was sometimes

deposited on top of the evaporated film. This could conveniently be

produced by painting 'Silverdag' over the film.

ZnS evaporated on to substrates at about 300°C usually

showed the diffraction rings of the low temperature beta-Zns. The rings
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were unbroken qnd showed no evidence of arcing due fo a preferred
orientatioﬁ in the film. When the film was deposited on to substrates
at higher temperatures (about 400°C) the films condensed with the
(111) axis of béta—ZnS as a preferred orientaticn normal to the
substrate. Fig 3 - 8 is a2 diffractograph of one of these films
faken with a glancing angle of 5° showing aroing of the rings. The
angle subtended by ﬁhe arcs at the centre of the ring is a measure of
the deviation.of the préferred axis about the normal and this is about
¥ 50 in this case. The éingle crystal spots are from the underlying
silicon substrate. TFig 3-T shows a Laue back reflection X-ray -
diffractograph of the same film which could be taken because it was
partiéularly thick. It shows the randomness of the crystallites in

the'plane of the substrate. Diffraction rings due to the hexagonal

alpha~ZnS, the high temperature modification, were also faintly visible
innthe glancing angle photographs.

| A few of the crystalline films were also examined using
the JEM 120 electron microscope. This'microscope was acquired by the
Department towards the end oszggg work and cdnsequently no deteailed
investigation was undertaken. Films about one micron thick were scraped
from their substrates with a razor blade and then thinned by floating
them on dilute ﬁCl acid. AA'transmission'electron diffractograph of
such a.ZnS film deposited on to a silicbnvéustrate at 200°C is shown
bin Fig 997, The eleictron beam illuminates about 10"5‘ mm and consequently

fhe diffraction rings from the beta 2nS are more spotty than in

the X-Tay case. The “hexagonal alpha spots of a larger single
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crystallite of ZnS are also visible on this photograph and the
diffréctogréph of a perfect hexagonal crystallite of Zns is shown
in Fig 103-10.This however was not typical of the film as a whole
which was mainly bolycrystalline beta~Zns,
3.7  Discussion

‘The work described in this chapter occupied approximately
" one year, and though it was mainly of a2 preliminary nature several
considerations had become apparant by the end of the year, which led
to the termination of the ZnS work for the possible production of a
'golid state display based on silicon. These considerations are discussed
below with emphasis mainly on the evap&rated films. The reasons for
discontiﬁuing the chemical and vapour depositions are given.at the end
of their~respeotive sections 3.3 and 3.4 though several of these
considerations apply eqﬁally to all forms of deposition.

- a) Revproducibility

The main problem encountered during the work on
evaporated films was their lgck of reproducibility. In order to
prbduce uniform films much more precise control of all the eveporation
aﬁd condensation parémeters appears to be necessary. Several later
workers (Ref 3-10) heve also reported similar difficulties in the
‘evapbration of reproducible ZnS films. 0il vapour from the diffﬁsion
bump, resistance heaters,-the evéporant4charge and the poor vacuum
itself are all sources of uncontrollable contamiﬁation~in the system used.

If this work had been extended then the following features would have

been incorporated into an improved system.
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i) An oil-free U.H.V. system.
i;) Electron beam heating of the source and the substrate.
iii) Pre-evaporation purification of the evaporant charge and
control of the evaporation and condensation rates.
iv) A method for cleaning or etdhihg the silicon in high
vacuum. Jones et al. (Ref 3-11) using a carefully designed
U.He Ve system have more recently obtained epitaxial ZnS films
"up to 5 microns thick on silicon. A thermal etching méthod
for cleaning the:éilicon in s%ﬁu was adopted which involved
.fhe evaporation of the surface oxide and some of the silicon
itself; Epitaxial growth occurred at 620%after rapidly cooling
the éubstrate from a temperature of 9206in thé presence of
ZnS vapour.‘

Although the production.of epitavial films of ZnS on
silicon using improvéd methods therefore seems possitle it appears that
this would involve the use of apparatus not currently available in the
Department. Also for eventually producing devices the substrate prepar-
ation before evaporatioﬁ musf not be so rigorous as to prevent it béing
aﬁplied to silicon containing p-n junctions. The main reason for trying
to produce single crystal ZnS film however was to make them electrol-

uminescent under a high field and in this context the following consider-

ations are 2lso relevant.

b) Activation Problems.

Thin films of ZnS always require post-evaporation heat

treatments to make them electroluminescent (Ref 3-12). The work done
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on this wés not extensive, due to the problems of non-reproducibility,
and it was only relevant to polycrystalline films_and_not the single
c;ystél fiims which might finally have been produced. However, the
following‘detrimental aspegt of activation may be noted.

i) Activation involves the controiled diffusion of certain
impurities in-fo the ZnS lattice. These impu;ities must not
be allowed td diffuse into either the underlying silicon or the
adjacent silicon- which may contain electrically active fegions.
This restriction, though perhaps not impossible %o overcome,
bould offer considerable technological difficu;ties.

ii) The coefficients of expanéion of ZnS and Si differ slightly.

For example along the (111) direction they are7.10-6/°C and

2.5 10;6 /OC respecfively. (Ref 3-13). - It seems that in post-
évaporation treatments with films about a micron thick this results in
the detachment of thé film from its substrate. Jones e% al. (Ref 3-11)
in fact used the array of cracks appearing in their films after depositicn
at 620°C as evidence of epitaxy. The mismatch may be a fundamental
limitation to heat trea%ment.aftgr evaporation.

¢) Excitation Problems

~~Le
In order to produce electroluminescq& the luminescent

aentreséwithin the film must be excitated and for d.c. operation this
involves the injection of carriers from the silicon. Although the
exact ﬁature of interface states at hetérojunctions is not fully
‘understood it is probable that conta@ination and uncontrollable oxide

layers at the interface would reduce the efficiency of the field
_ v on .
emitting contact as envisaged for ZnSkSi « The following points seem
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\

relevant to the problem of excitation of electroluminescence in

films of ZnS on silicon.

i)

ii)

Silicon surfaces rapidly oxidise and this oxide must be
removed prior to deposition in order to achieve an efficient
contact as well as promoting single crystal formetion.

ZnS dissociates on sublimation (Ref 3-14) and the vapour

- appears 1o react with silicon at temperatures greater than

) 80090. If the reaction products are solids at these

iii)

temperatures the interface will be contaminated with the

consequent detrimental effects on the contact properties.

On the other hand if the products are volatile it would seem

to be feasible that, with careful control of temperature, the
ZnS itself could also be uged as an etchant for its own substrate
in ‘a2 similar way to the use of_SiCl4 ard HC1 mixture in the
epitaxial grbwth of silicon on gilicon.

Single crystals of ZnS are usually densely twinned and contain

many defects and it is probable that similar effects would occur

in epitaxial films deposited on silicon. These defects would

. be undesirable from the point of view of sustaining a high

field across the films and obtaining injection at the silicon

‘or top electrode particularly if activator ions concentrated

dedects
in théﬁAas often occurs in other materials.
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'3;3_ Conclusion

| In this chapter the preparation and properties of
ZnS thin films deposited on silicon have been described. Three
methods of preparation were tried but only evaporation seemed to be
feasible and even this was in general noﬁ—reproducible. The general
features of films evaporated on to substrates at differeant temperatures
are described and the possible modifications necessary for reproducib-
ilit& are discussed. It also seemed to be difficult to incorporate
the required activators tvobtain any form of luminescence.

The preparation of bright d.c. electroluminescent ZnS
films on glésé haé now been achieved elsewhere (Ref 3-15) and also
techniques for growing single crystal ZnS films on siiicon have also
been developed elsewhere (Ref 3-11). However, bringing these two
processes together to produce electroluminescent ZnS on silicon introduces
several new problems‘which have been discussed in Sec 3—gr, The processes
which appear-to be necessary to produce electrcluminescent films on
gilicon seem to be incompatible with the-éilicon technology necessary for
the display device originally envisaged.

The_difficultiesvencountered in the preliﬁinafy work
on the deposition of ZnS films on silicon and those which could be
anticipated in the production of a display device led to the decision
to terminate the ZnS thin film work. This-decisionﬁ?fortified by the
facj that electroluminescence of thin ZnS films were being extensively
studiédvin other laboratories and, since the start of the project,

considerable éffortzhad been directed elsewhere towards the. production
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of‘ZnS epitaxial films on silicon. Moreover the aunthor became
aware at about this time of another luminescent material which seemed
to show considerable advantages over ZnS for display devices based

on silicon. The new material willemite, had the added advantage

that it has scarcely been studied elsewhere in thin film form.

The rest of this thesis is concerned with these films and the next

chapter describes their production on silicon.

4
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CHAPTER FOUR

WILLEMITE FILMS ON SILICON

4.1 Introduction

4o1.1 .Genéral

| Willemite is a naturally occurring luminescént

mineral composed of manganese activated zinc orthosilicate. As a
photoluminescent phosphor excited mainly by 2537 2 ultraviolet
radiation it was used in one of the first fluorescent lamps, although
its photoluminescent properties are very little ﬁséd nowe. The catho-
doluminescent properties are howéver widely used for cathodéyay tube
screens. The ligbt output is usgaily green, the broad structureless
emission band centred about 5250 R being typical of the Mn*Fion in the
rhombohedral crystal structure of alpha—ansioé,-and it is practically
independent of the excitation method psed. Weak luminescence has élsq
been observed in the yellbw and red which is associéted with Mn*tin a
pseudo-rhombohedral structure of willemite called beta~Zn28i04 and_to‘m
amdrphous phase respectively. (Ref 4-1). A self-azctivated phosphor
Zn28i04 :Si cén also be made which luminesces a pzale violet with
electron and X-ray excitation (Ref 4-5)

4¢1e2 Blectroluminescence of Willemite

The photoluminescent and cathodcluminescent properties

of willemite phosphors were extensively studied in the early days of
phosphor technology. Various attempts have also been made to obtain
electroluminesence (subsequently referred to as EL) from Zn28i04:Mn

powders but the oufput'has aiways been Quite4low. Destriau in 1947




-61-~ _
gave the first report of EL from silicates. (Ref 4-2).

Bramley and Rosenthal (Ref 4-3) embedded fhe powder in a low
melting point glass and obtained EL with a.c. fields of the order
of,5.1054vqlt/cm. The light emission occurred near the electrodes
and was atiributed to fiéld emission across the electrode-phosphor

interface.

" Ueta (Ref 4-4) suspended ZnZSiO4:Mn in polystyrene and
obtained green EL with 500 volts at 50 Hz applied across a 20 micron
thick powder layer with 40 microns of castor oilAto form an insulating
film between the phosphor and the electrode. Similar results were
 obtained by Luyckx and Stokkink (Ref 4-6) who studied the brightness
waves bf the light cutput and observed high frequency oscillations at
their peaks indicating the approach of breakdoﬁﬁ. The potential
required t0 produce similar light output frem 2 Zp§ powder phosphor
was only a tenth of that required for-ansin in.  Mizushima (Ref 4-T7)
in a short note, mentions the observations ~f both light and electron
emission from a zinc silicate phosphor cold cathode.

A patent by Rulon and Butler (Ref 4—8) describes a
method for achieving EL in ansio¢:Mn. SnCl4 was.sprayed over the
phosphor powder and in a subsequent heat treatment conducting spots on
the phosphor particles of tin oxide z}e fbrmed to produce conditions
»suitable for EL. The brightness achieved however was still low being
0.015 f4-L with an applied x}oltage of 600 volts at 60Hz.

Nicol and Kazan (Ref 4-9) observed EL in conventional

cathodé?ay tubes. A" direct voltage was applied between the
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aluminium backing of the phosphor screen and a transparent
coat;ng on thé outside of the tube. EL was observed when the
‘screen ‘was. heated to allow sufficient current flow. = A brightness
Vof.l.S ft-L was obtained at a current density of 35@§mp/cm2'produced
with 200 volts. This effect was observéd both when the tube was
Jévac;ated and when the vacuﬁm_had been destroyed.

An explanation of the above effect was suggested by
Bowéfi and Bate (Ref 4—10) who also obtained EL with zinc &ie—frem
silidate‘in whicﬁﬁ;articiés were first coated with.an iohisable salt
suchlas;potassium silicate, a4material which is used as a binder in
the produétion of cathode ray tube screens. The emission was
iocaiised at the anode for d.c. opération but the output decayed due
to poiarisaﬁion effects. Host, but not all photoluminescent materials
could be made to EL in this manner,

Kolohoitsev et al. (Ref 4-11) obtained similar effects
to Bowell and Ba}es when they coated Zn25i04: Mn phosphors with NaZSiO3
but they found that the light emission disappeared in vacuum. They
concluded thatAthe motion of the ions in the powder matrix allows the
build-up of a sufficiently large potential barrier_atvone of the
electrodes to produce a coroﬁa discharge within the powder at
' relati&ély low dece voltages. This also explained the decrease in

llght output that occurred when the frequency vas 1noreasi% with a.ce
insuiRcient

excitation. At high frequencles there was thought to be,time between

cycles to allow for the redistribution of the ions in the powder,
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Lehmann (Ref 4;12) showed that many photoluminescent
but p?n EL phosphors, such as a ZnZSiO4:»Mn powder, could be made:
EL byifirst mixing the phosphor with sharp conducting particles,
usually ofAmetal. _ A slurry of the mixture with castor oil was then
‘inserted between a conducting glass blate and a metél electfode
covered with a thin insﬁlating film. When a.c. at a frequencj of
about.20 kHz was applied acfoss these cells light output was observed
at the=conta¢ts between the phosphor particles and the conductiné

particles. 'Light was 2180 observed when the conducting particles werse

' ' Ultra-violet ~
of copper sulphide. UL#éiﬁ$é;et excitation from gas discharge was

B =
N :
—

discounted because some phosphors showed differentAcolours for U.V.
photoluminescence and for contact EL.

The mosf recent reference to EL in ZnéSiO4: Mn appears
to be a paper by Jones (Ref 4~13) who constructed three basic types of
'EL cells using Zn2$i04:Mn,amqngst-other cathodé?ay tube phosphors.
The'Typé i cells which were similar to Lehmann's but without the

' conducting particles in the phosphor powder exhibited a.c. EL although
they glowed only weakly if at all in vacuum. Their Type 1l cell
_incorporated a 1ayervpf the semiconductor cadmium pyroantimonate
sandwiched next to the phosphor layer and this showed a.c. EL both in
air and in vacuum. In the Type 111 cells he removed the insulating
.fiim from between the electrodes which resulted in EL with direct
voltages applied in vacﬁﬁm. » A comparison of these cells with a
~ commercial ZnS EL panel showéd that eqﬁal light outputs could be

obtained for the same currents although 20 times more voltage was
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requirgd for the Zn28i04:Mn cellse. Jones concludes that the
EL was due to the bombardment of the phosphor by electrons either
at. the air-phosphor interface or at a semiconductor (in this case
cadmium_antimonate) to phosphor interface. Aithough the provision
'of'thé latter éontacts considerably reduced the threshold voltage
required for EL he doés not discuss the exact nature of this
semiédnductor/phosphor interface.

Itiappears that the EL of Zn28i04:Mn powders requires
much more intense fields than for the more-usual sulphide type
phosphors.  Many of the earlier observations of EL in willemite
- phosphors can probably be attributed to cathecdoluminescence or
ionoluminescence dve to corona discharges within the powder matrix
which could be enhanced by special phosphor treatments. The observ-
ations of EL from within a highly evacuated cathodé&ay tube by Nicoll

and Kazan however, means that this ig perhaps not always the case.

Consideriﬁg slso the work of Lehmenn and Jcnecs it does not seem

impossible that some high field injection mechanism which will excite
EL may also occur at a heterojunction with zinc silicate. It appears
that both a metal and a semiconductor can fulfil this fole.

EL studies_of.ZnZSi04: Mn have so far been devoted
entireiy to powders. The high fields which appear to be>necessary
to obtain the required injection phenbmeﬁa in willemite can however

:be obtained most conveniently by the use of thin films; although

thin films of willemite have been produced by other people nogne

. appearé to have cdhsidered‘their electroluminescent properties.




65
The production of thin uniform films which can alsé sustain
the high fields necessary for EL is described iﬁ SecA4.2.4 The next
section describes the methods of production of willemite phosvhors
- which have been used in the past andAmore specifically those which
have beeﬂ applied to the preparation of thin_films.

4e143 Willemite thin films

.Since Zn28104 melts at 178500 commercial phosphors are
usually prepared by a solid state reaction between a zinc compound
and silica. The zinc cohpound is often Zn0 though many variations
exist. In the *hydrofluoric acid' process (Ref 4-15) more intimate
mixing of~the sﬁiid state reactants is achieved by utilizing the
effervescent action of the volatile SiF4 which is produced when
hydrofluoric acid,Zn0, and silica are mixed. Zn23104is formed when
the products of the reaction are heated to 100000. The 'carbonate
- process' relies on the co-precipitation of the carbonate and silica
in colloidal form from a zinc nitrate and 2mmonium carbonate solution.
Again a high temperature bake is requifed $0 produce the silicate.
The manganeseiactivator required for luminescence is usually added in
the same way as the zinc compound in these processes.

Zinc silicate phosphors are used mainly for cathodé?ay
tube screens. Granular écreens produced from a powder have the
'disadvantages of . very poor thefmal confacf with the glass substrate
and of specular scattering of the light output from the cathodolumin-
escentvspot which results iﬂ 2 loss of resqlution. The light output

ag the electron beam moves across the screen is also very noisy.
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A transpﬁrent thin film screen shogld have none of these
disadﬁantageé and it would zlso give the dubious advantage of
bilateral viewing. _ Tt ﬁas mainly for these reasons that thin
willemite films have been investigated in a number of iaboratories
and. several techniqﬁes developed for their growthe.

The earliest éention of willemite films is in the
work bf Feldmen and 0'Hara (Ref4-16) who evaporated Zn25i04: Mn from
a tentzlum boat at 1300°C on to silica glass substrates. The films
condensed in a darkened condition due tq%he redudtion that occurs
during evapdration and. they required firing at llOQOC for 30 minutes
in oxygen in order to mazke them green luminescent. Vérious heat
treatments were described in a later paper (Ref4-17) in which Feldman
and O'Hara reported the formation of red and yellow luminescent films.
One p;rticular h2at treatment involved the diffﬁsion of boron from a
borosilicate glaas substrate and demoﬂstrated.the strong reaction that
can occur befween these films and their glass substrates.

A reaction technique invoiving a glass substrate and a
metal fluoride for the production of transparent luminescent Tilms was
patented by Rottgardt (Ref 4-18). 1In this, a manganese activated zinc
fluoride phosphor was evaporated on to the inside of a glass cathodé?ay
tube envelope vwhich was then b“ked between 300 % and 650 C. The result-
ing luminescent film was the product of a reactlon between the silicate
glass and the fluoride. Koller and Coghill (R?f 4-19) used a
variétion of this technique to produce silicate phosphor films by

evaporating ZnFé:Mn on to a high silicépcontaining glass substrate
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‘which had been heated to about 600°C.

i .A hot spray method was utilized by Kirk_and'Schulman7-

1

(Ref 4-20) wh&ch also involved the reaction with the substrate

surface. A methanol solution of ZnCl2 containing the requisite

- amount of HnCl2 was sprayed on to Pyrex substrates at 500—100000 to
producg green cathodolﬁmiﬁeégent films of Zn23104:Mn. The recrystall-
isation of a glass suﬁstrate éurface which results in the émbedding of

: willemife ih a vitreous matrix to produce luminescent films is fhe

subjeét of a patent by Veres (Ref 4-21).

| Substrate reaction technigues for the'preparétion of

- thin lumineééent films offer several.advantages over the more usunal
methods of production and these are enumerated mcre specifically in
Sec. 4.4. The work described in this thesis is concerned with the
preparation and proéerties of luminescent films on silicon with a
view‘to naking a fuily integrated display device and the development
of a substrate reaction technique for the production of willemite

phosphor films on a silicon rather than a glass substrate is described

in the next section.

4.2 The preparation of willemite .films on silicon

The substrate réaction methods-described in Sec 4.1.3
- have been used sucéessfully by several workérs to produce luminescent
willemite films on borosilicate and silica glasses and it was decided to
try to develop similar féchniques for silicoﬁ substrates.The use of
" the naturaliy occurring oxide on silicoh in the formation of a phosphor

vfilm forms the main original‘ideé in this thesis and is the reason for
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the choice of willemite as a luminescent material highly compatible
with silicon technology. lany othér advantageé becamé apparent
latef and these are listed in Sec 4.4.

’f The final process for the formatiox of willemite én
vsilicop consisted basically of the oxidation of the silicon surface,
the deposition of a layer of ZnF2:Mn and a subsequent heat treatment.
The details of this method and the different techniques that were tried
before the final érocess vas adopted are described below,

The oxidation and preparation of the silicon sustrates
is described in Sec 2.2, Oxide thicknesses of about 1000 R or less
" were generally used because thin fllns were necessary so that high

I'OAU"PJ,
. fields could be puxehased with relatively low voltages.

2

with 1% by weight of manganese fluoride was ottained from Levy iest

Electronic grade ZnF, both unactlvaied and activated

aﬁd Co; Ltd. It was decided to use Zanzﬁn becausé unlike other comp-
ounds that EOuld ve used ( e.g. ZnCl, ) both ZnF, and MnF, have very
nearly the same vapour pressure and melting points ( 872°¢ and 856°C
respectively ) so that the phosphor can be evaporated and condensed
without the loss of the act;vator. The requirement for the by-products
of the substrate reaction ( SiF4 iﬁ this case ) to be volatile is also
fuifilied with ZanzMn. The volatility of SiF4 and consequent effervesc—
ent action was in fact the basis &f the ' hydrofluoric acid ' process

‘used for producing willemite powder as described in Sec 4.1.3.

Some of the early work used unactivated ZnF2 to which

‘manganege had been added. This activation pfocess was carried out by
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méking a slurry of ZnF,: powder with a measured solution of MnClz’
”dryihg it and then baking in argon at a temperature just below the
melting point of the fluoride. Ideally this should be done in a
platignum cruciﬁle as ZnF2 reacts with silica. InAfacf, the use
of ‘a quartz boat results in zinc silicate forming on the surfaces
of all the nearby glasswafe as ZnF2 sublimes slightly at these
femperatureé.

Barly experiments on activation involving this baking
pfocess led to attempts at making willemite by.a reaction technique
from a,gas flow. A flow method which could be used without a vacuum
system éhould also have an advantage from the silicon technology poigt
of view, Oxidised silicon'chips were placed slightly downstream of
gome subliming ZnFZ:Mn at 800°C in a tubular furnace with an argon
gas flow. Silicate films formed on the silicon giving green
catho&iuminescenca. However, the films were frosty and non-uniform
and excess ZnF2: Mn seemed to prevent the formation of luminescent films.
Masking these films would be difficult although an adaptation of the
"standard oxide masking technique used in silicon technology might have
been possible.

Ir order to have more control of the amount of ZnF2:Mn
deﬁosited on to the hot silicon substrates it was decided to use a
Qacuum evaporation methéd instead of fhe gas flow. The substrates

.were heated in the bell jar system déscribed_i? Seo 3.2. using a
molybdenum striﬁ heater and the.phosphor was evaporated from a

pepperpot boat which is also describéd in Sec 3 2. Molton Zanreacﬁs
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with molybdenum and ideally a plafi-num crucible would have been

_ tons
used but it was found that the most reproducible evaporatee were

IA

perfqrmed by subu;ng Znf powder at about 825 C which is about 50 C

2
" below its melting point.and this could be done using a molybdenum
boat. Over 50 evaporations carried out with one molybdenum

peppérpot led to no appafent corrosion.

It was essential'to thorcughly outgas the source prior
to eyaporation at a temperature lower than about 450°C. The ﬁanganese
fluoride activator.reacts with oxygen at temperatures greater than this
and the.high melting point oxides produced remain in the cfucible ag
a biack deposit after the evaporation. - The fluorides are also
decomposed by any watef vapour in the sysiem. The evaporations were
carried out in the 10—6‘korr pressure rangee.

As the evaporating ZnF2 molecules reach the substrate
they react with thé'hot oxidised silicon to prdduca zinc silicate,.

The films produced by this process, however were only weakly green

cathodolumlnescent and again they appeared to be frosty and non-uniform.
The reaction of the silica with the implnglng ZnF2 molecules is determined
to éoﬁe extent by the.rate of arrival of the molecules so that too fast

a rate of evaporation resulted in a film which showed the yellow
luminescence of ﬁnreacted ZnF2: Mn on the surface and the weak green
luminescenCe of a thin willemite layer beneaths The ZnF2: Mn could
hqwevéi.be washed away'with-ammonium hydroxide leaving the silicate

layer intaét.

In the next technique tried the dépendence of the substrate
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‘reaction on the rate of evaporation was removed by evaporating
the ZanzMn.on to unheated oxidised substrates. These were then
removed from the vacuum system and baked at 1100°C-in oxygen to
give the reaction that forms willemite. The approximate thickness
Qf fluoride required to react with the éxide film was estimated
using the kn&wﬂ density vélues and assuming that the simple
reaction during the baking was :-

ZnF_ :Mn 4+ Si0 = Zn,S5i0 :Mn + SiF4

2 2 27774

The proporifions of ZnFZ:Mn and silica reqﬁirgd were

about l.5:1 by volume respecfively so that a typical evaporétion at
825°C produced fluoride films that were abcut 10002 thick. Hhen
converted to willemite these films gave bright green cathodoluminescence
showing for the first time that the phosphor could be produced
satisfactorily on silicon substrates.

The baking procedure required ‘o produce the brightest

ané most uniform luminescent films involved inserting the ZnF2:Mn
film iﬁto the furnace at liOOOC so that the flu&ride melted before
l any appreciable reaction with the oxidised silicén surface occurred.
~ Gas ambients containing oxygen appeared to be necessary during tﬁe
5=10 min bake'because probaﬁly the oxygen allowed the formation of
the cémpletely oxidised silicate necessary for bright luminescence.
ﬁ'eldman and 0'Hara (Ref 4-16) also found that films of Zn,8i0,:Mn

evaporated from the powder phosphor were only luminescent after a

30min bake in oxygen at 1100°%.
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In spite of the reaction'equation above there
seemed to be a wide tolerance iﬁ the relative thicknésses of
Zsz and silica films which could be used. successfully to produCe
green luhinescent films. ZnF2:Mn films which were of'grea?er'thgn

produced willemite $ilms which
about 5 times the thickness estimated from the above equationlwere
- frosty and only weakly‘luminescent. AGreater prqporations of ZnF2
resulted in dark non-luminescent films,

If only a relatively small amount of ZnF'2 was evaﬁorated
onto the oxidised silicon surfacé, films were obtained that
cafhodoiumineéced yellow. This observation was in agreemént with
previous workers who obtained yellow lumihesoént ginc silicate-powders
ﬁhen excess silica was used in their production.

Bright green cathodoluminescent films could also be
produced when up to lOOOR thickness of ZnFZ:Mn was evaporated on to
silicon substratesAwhich had not been thermally oxidised, though thiey
probably still had a thin oxide coating. In this case gas used in ths

- reaction bake probably. provided most of the oxygen required for the

formation of Zn2810 .

4

The maxihum thickness of the oxidé that could be used
was governed by the depth of penetration of the reaction. This is
"discussed in the hext chapter together with a siructural assessment
of the willemite formed by the substrate reaction process.

The proceés described above,involving the evaporation
2
by a bake in oxygen at about 1100°¢ was capable of producing uniform

of the ZnPF_:Mn on to unheated oxidised.silicon substrates followed
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green qqthodolumineécent films with brightness comparable to
thégg of commercial willemite powders. Over 80 willeﬁife films
were‘prepared altogether and of these all those made by this process
wifhin-the conditions outlined above (about 50) showed the same
green cathodoluminescence. The films Qere always uniform apart
fromla few films that had one or two smell specks of contemination
probaﬁiy produced by dust particles picked up during the transfer
from{the evaporator to the furnace.

4.3 Device preperation

Thé phosphor films made by the final process described
in Sec 4.2.usually had dimensions of .about 0.5 x 0.2 cm on silicon
substfates about 1 cm by 0.5 cm. Metal top centacts were evaporated
on to theAfilms after-baking usually in the form of an arrzy of A

3

21 dots each about 10~ cm2 in area. Gold, aluminium and indium were

used as contact metals. The evaporation masks for the contacts were
-made by standard photolithographic techniques. Contacts were also
evaporated on to the neighbouring oxide surface so that both MOS and
'metal—phosphor—silicoh structures were available for electrical
measurements, the MOS-devices being used for comparison purposes.
A photograph of a typical willemite and a schematic diagram is shown
in Pig 4-1.

.Ohmic electrical contacts were made to the silicon by
first etching the oxidé-froﬁ selected areas of the device and then

bonding wires to the silicon surface using the,teéhniques’described

in Sec 2.4.3.

Transparent tin oxide cohtacts were used on a few devices.







These were prepared by exposing the suvrface, heated to about 300°C,

to a stream of SnCl,in argon. Masking of these contacts was

4
difficult as no etch for tin oxide could be found that did not.
also attack the silicate film underneath. Stripé of tin oxide
0.010 inch wide were finally prodﬁced across the willemite by first
evapérafing aluminium on areas where the tin oxide was not required -
and after the dgposition etching it away with NaOH solution to take
the overlying tin oxide with it.

The deviceé:were m&unted on perspéx holders and placed
undef a microsdope so that the contacts could be probed in turn.
This was déne by using two micromanipulators madeAby Research

Instruments Ltd. which were fitted with gold prohes. The electrical

measurements carried out on these devices are descrived in Chapters

6 and T.
44 Discussion
The willemite films, prepared by the substrate reaction

. technique described above, offer considerable advantages over other
possible materials for the eventual production of an electroluminescent
display device based gn silicon. The immediate advantages are listed
briefly below a2lthough the Qhole subject will be discussed in more
detail‘in Chapter.9.
i) ~ The mefﬁod of production of willemite films is simple and highly

compatible with hoderﬁ silicon device technology in which

- controlled oxidation is extensively used.




i)

iii)

: by well established methods for conversion to the phosphor

iv)

vi)

vii)

viii)

* films excellent adhesion is assured.

Evaporation masks can be used to closely define the areas of

=T5=

‘The interface betweén the silicon and the phosphor should

be clean and free from contamination. The oxidatioh of
silicon proceeds by the inward motion of the oxidising
species &0 that the oxide-silicon surface is never exposed
to the ambient although diffusion of impurities can still
occur during the high température processing.

The use of a uniform silicon oxide film which may be grown

cpnsiderably reduéés the chancé of obtaining pinhdles.

The films are electricélly insulated from the adjacent silicon
surface by the surrounding oxide layer and junctions in the
gsilicon remain passivated.

The process appears to be capable of a high degree of
reproducibility which is probably at least partially due to the
fact that the process parametq% do not seem to be cﬁ\kal_

The unique feature of the phosphor Zan:Mn (used as the starting

material) enables it to be evaporated and condensed without

loss of luminescent efficiency so that the mangenese activator

can be easily incorporated into the willemite film during its

preparation.

willemite produced.

By ﬁsing the reaction of fhe_substrafe to produce the phosphor
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CHAPTER FIVE

'Thé Structural Assessment of Willemite Films on Silicon

51 The Crystal Structure of Willémite

5 Thé first detailed X-ray examination of zinec
orthosilicate, willemite, was undertaken by Bragg and Zachariasen:
(Ref 5-1) iﬁ 1930. The structure was shown to be based on a
‘rhombohedral space lattice with a unit cell of dimensions a = 8,76 2
and o = -107o 45', where 'a' is tﬁe length of the sides of the
rhombohedron and. & the obtuse angle between any two of them.

N Each unit cell was composed of 42 atoms comprising six Zn28i04 groups.

Silicates are classified, in general, by the Si-0
arrangement which they dispiay. The:basic building block consists of
a eilioon'atom surrounded by four oxygen atoms at the corners of a
regular tetrahedron. The Si-0 distance is about 1.6 & and the 0-0
‘distance 2.6~X, The variousvtypes of $i-0 arrangements that occur are
due tovthe fendanby of these tetrahedral (5104) groups to polymerise to
form.chains, networksand framework structures.

Bragg, in his early classification of the silicates,
inciuded willemite in fhe group which was characterised by the existence
of separate (Si04) groups (i.e. tetrahedra with oxygen atoms linked
onl& to the one central silicon.atom). Zoltai (Ref 5-2) in 1960
however attempted to reclassify.silicafe structures by introducing an
édditional criterion based on the relative size§ of the cation and the
anioﬁ and he inéiuded ZnZSiO4jin the class characterised by an

unterminated tetrahedral framework structure.




17—
It is difficult to get 2 clear picture of the
. | because

etomic arrangement in the willemite structure/of the large unit
cell and the rhombhohedral space latticé on which it is based.
Fig 5-1 is repréduced from Ref 5-5 and is an attempt to illustrate
some aépeéts of the structure. The structu;e is basiéally formed
by the intérlinking of SiO4 tetrahedra with Zp04 tetrahedra around
a trigonal axis in such a way that each oxygen atom of the SiO4 group
also{forms part of two neighbouring tetrahedra around Zn atoms.
Each Si atom and each Zn atom is then surrounded by four 0 atoms and
each oxygen atom is iinked by two Zn atoms and one Si atom at the
corners of an equilateral triangle (Fig 5-la)

The formation of the strongly bound Sid4 groﬁp in ginc
orthosilicate is due to the sp3 hybridisation of the Si atoms.
The mixed covalenféonic bond that occurs between the Si atom and the
four surrounding 0 atoms results in a SiO4 radical which hgs a net
charge of -4. The bonding of the Zn **ion to this radical appears to
be mainly ionic (Ref 5-3) each (Si04)-4 radical being balanced by
two Zn't ions..

Zinc silicate phosphors are made by incorporating

manganese ions into the crystal lattice. The ¥n*t ion enters the

laﬁtice as an isomorphous substitution for the Zn atom. Solid solutions
up to 45 mol % of Mn28104 have been reported by Kroger (Ref 5-4),
the only structural change being a small expansion of the lattice due

bhe- .
toleightly larger size of the Mn tion. \Thesg mixed cation silicates
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‘in fact occur natﬁrally as the mineral troustite (ZnMnSiO4).
For concentrations greater than 45% structural changes appear
in the phosphor and X-ray analysis showé %hat'crystals of the formula
MnSiO3 are formed. These luminesce red, astdoes the pure MnSiO3.

Zinc silicate can also crystallise in a trigonal
form that resembles a distorted tridymite or cristobalite structure
(Ref 5-6). This alltropic form is called.ﬁZ—ZnZSiO4 and its
preparation suggests that it is only an intermediate stage in the
fofmation of the‘usual<£'2n28104 to which it reverts on heating
~ above 800°C.

5.2 Reaction‘ﬁecth Studies

In order to determiné the depth of the substrate
reaction, fhe silicate film was dissolved preferentially iﬁ
éoncentrated hydrochloric acid. This left both the unreacted silica
film and the ﬁnderlying silicon substrate intact.-- The thickness of
fhe silicé film which had been con&erted tc wiliemite was then measured

= interferometric technique described in Sec 2.3.2.

using the smsdddiple
The maximum thickness of oxide that could be converted

to willemife by the reaétion process described in Sec 4;2. (i.e. the

roaction between an evaporated film of Zan and its underlying oxide)

ﬁas about 1000 £.  The uée of oxides thicker than this resulted in a

'ﬁillemite-oxide—silicon sandwich strucfuré as shown by the presdence

of oxide after etching off the willemite. The thickness of willemite

fihnslproduced on oxides thinner than lOOOR.was determined by the

oxide thicknéss, an&ﬁexceSS ZnF2 presumably being lost by evaporation.
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The distribution of the luminescent ﬁn++ ions throughout
the depth of the phosphar film was investigated by bevelling the
film and theﬁ observing cathodoluminescence down the bevel. The
phosphor film an@éubstrate were first 'potted' in a metallurgical
‘mounfing compound supplied by North Hill Plastics Ltd.; and then
1gpped to the required angle, usually about 10; using 600 grit, 3,
1, and 0.25 micron diamond paste in succession followed by a final
polish with gamma alumina powder, The mounting compound was then
removed with'hot‘trichldfoethylene. The mounting procedure prior
to lapping was necessary to prefent excessive rounding of the bevel
in the thin phq#phor film.
| _The bevelled device was mounted inside a small 'Spectrosil!
U.V. absorption cell with the phosphor film close to one of the optical
flats of the cylindrical cell. A rotary vump was connected to the
mouth of the cell and ; needle valve in the vacuuvm line controlled
the ultimate pressure in the cell, The film was made to luminesce
by using a glow discharge excited froﬁ cutside the cell with a Tesla
coil, Maiimum brightﬁess was achieved by localising the discharge
with a small metai ring placed outside the cell above fhe phosphor film.
The luminescent bevel was then examined withva microscope focussed
through the ceﬁtre of thé metal ring on to the specimen beneath.
| * The 'light output from thé phosphor film was photographed
through the microscope using no external illumination using a film,
Ilford HPS, which was relatively insensitive to the light from the

~discharge. The extent of the luminescence.down the bevel was




~80--

determined by comparing these micrographs with interferographs
of the same part of the bevel after it had been metallised.
 These photographs, together with oﬁe of the bevel under external
-illumination and a schematic diagram oﬁ%he device are shown in Pig 5-2.
T£e phosphor film shown in these micrographs was
‘ prepéred from a 1000 3 thick oxide film and it can be seen that
within the limits of resolution of the interferometric technique
(abopt ¥ 2QO 2 ) the whole length of the bevel is luminescent.
However, this does not pfove cénciusively that all the oxide has been
convertéd to a phosphorlbecaﬁse smearing of the luminescanf centres
down the bevel may have ococurred during the lapping process. Scattering
of the luminescence within the film may also be important. However,
the existence of a relatively sharp contrast at the interface beitween
the luminescent bevel and the non-luminescent oiide and silicon bevels
seem to indicate that both smearing and light scattering effects aue
neg;igib;e. It was concluded from these experimeants that as fer as
could be determiﬁed the willemite was uniform through a thickness

of up to 1000 1.

53 Electron microscopic examination of the Pilms

5¢3e1 The Microscope

The electron microscope which was purchased on an S.R.C.
'Contract partly for this work was a J.E.M. 120 made by Japan Electron
Optic Laboratories Co. Ltd.>' Tréngmiésion'eléctron micrographs and
selected—aréa‘diffraction patterns weré4obtained in the standard

manner.. A high resolution diffraction stage could also be
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.incorporated ihto the instrument and this enabled reflection
diffraction patterns to be obtained. Thé microscope was normally
operated wi%h an electron.accelerating potentiql of 120 kV. All

-the micrographs were recorded on Ilford N50 piiotographic plates.

5;3{2 Transmigssion Studies.

Since electrons interact strongly with solids the
electron microscope specimen has to be very thin in order to obtain
'appfeciable transmission. Samples must be of the order of 10008
thick for 120 kV electrdns. Wany standard techniques exist for
thinning bulk speéimens (Ref 5=7) but.most of these were unsuitable
~ for removing thin (1000 R) gilicate films from silicon substrates.,
fqr example, a common technique.for thinmming Si is jet-etching.

All the etches which were tried however dissolvesd the silicate much
more rapidlj than fhe silicon efen if the etch only touched the film
in the final stages of the thinning procedure;

_ Oxide films can be removed from silicon by using
-chlorine gas as a preferential etch (Séc 2.3.2) and this technique
was also used for removing the willemite. To do this the underside
of the silicon was first stfipped of its’oxide. The éiliéon
together with its surface film was then inserted into a furnace at
900°C.- After about one4hour in a gas flow of argon containing a
"small amount of chlorine only the willemite and oxide films remained
_and these were picked up from their crucibles by using the electron
microécope gridé covered in 'Sellotape' adhesive dissolved in chloroform.

The seiécted area diffraqtidn patterns of both the oxide
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and the willemite‘films which had been subjected to the chlorine
treatment were however identicai (Pig 5-3¢) consisting of the
diffuse halos characteristic of an amorphous material. Fig 5-3a
shows a microgfaph of the oxide. This has a uniform appearance
the only features being due to thickness contrast produced by
wrinkles in the film. The films are grown at llOOOC and differentizal
cdntraction between the oxide and the silicon occurs on céoling, S0
that wheﬁ the substrate is removed the strained film wrinkles.
A miérogréph of the converfed oxide is shown in Pig 5-3b. The
granular appearance of this is probably due to the reaction that occurs
during.the conversion process.,

The wiliemite films were not cathodoluminescént after
'fheir chloriné gas treatment. It appears that either the chlorine
acts as a 'killer centre' for the luminescence when the willemite films
become amorphouc or that the gas reacts with the willemite apd converts
it to.a non-lrainescent amorphous material, probably returning it to
-the oxide in this case. The oiide film apoeared to be unaffected
by the chlorine treatment end it could be converted to willemite after
it had been removed from its s&étrate. The converted film luminesced
~ green but it was difficult to determine its uniformity because of the
'wrinkled nature of the fragile surface. These films were unstable
-in the electron beam and this produced a twinkling effect in the
diffraction patterns which were obtained.' Thé reaction process on

the very thin oxides probably introduced considerable strain into the

films and the annealing effect of the electron beam would account

for this instability.
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‘The electron micrographs of oxide films converted
to willemite after removal from the silicon (Pig 5-4a and b) showed
‘roundish islands often in an otherwise uniform film. These were
probably small crystallites of converted oxide which were surrounded
by unreacted oxide in regions where there was ﬁnsﬁfficient ZnF2.
‘Diffraction patterns of the uniform areas showed them to be amorphéus
whereas the diffractographs of the islands (Fig 5-44) were character-
istic of a crystalline material. The apparently random nature of the
imﬁltitﬁde of diffraction\spots was probably at least partly due to the
instability of the films. The selected érea‘of diffraction was about
one micron square. The éresence of diffraction spots rather then rings
indicates that only a few cfystallites were being illuminéted by the
electron bean. A mean crystallite dimension would then be about
O0el= 0.5 microns which is consistent with each  island of Fig 5-4..

being a singie crystallite.

503¢3¢ - | Reflection Diffraction Studies.

| A reflgction technigue offers the advantage that thin
surfaée films can be examined without removing them from their
subétrates. The diffraction patterns from single crystal surfaces are
however very difficult to interpret. Polycrystalline arc patterns
présent difficulties ;n ahalysig because of the inevitable shadowing
;f the innermost arcs that occurs and fhe uncertainty in the position
of thé central undiffracted spot. The exact Qistance between the
photographic plate and that part of the specimen from which diffraction

occurs is also difficult to determine.
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For rgfiection microscopy the silicon specimens
were stuck to fhe reflection stage with 'Aquadag'.to~prevent
excessive charging of the specimen. Nevertheless charging
sometimes occurred for specimené with oxide coating greater than
about 0.5 micronﬂwhich could not therefore be studied. This could
have‘been overcone with a charge neutralizer for the microscope but
this was not available at the time.

The reflection stage was capable of movement in two
diréctions perﬁendiculaf'to the electron beam and it could also be
tilted about one of these directions and rotated about an éxis normal
to the specimen su;face. in this way the specimen was positioned
at a feﬁ degrees glancing angle to the electrocn veam so that the
forward diffracted electrons were focussed on to the fluofescent screen
or a photographic plate as requifed.

| The reflection diffraction pattern from a bare (111)
surface of silicon is shown in Fig 5-6. The Kikuchi lines produced
‘are representative.of'a perfect ;ingle crystal. PFor all the thermally
oxidised silicon surfaces which were examined a diffuse halo
diffraction pattern‘(ﬁig 5-7) characteristic of an amorphous structure
was obtained. ‘The.willemife films pfoduced diffraction ring patterns
which ﬁill be described later. These are characteristic of a
-polycrystailine material.

.Thé area 6f thé specimen from which reflection difraction
oocu:svis éf the order of 1 mmzdue_to the grazing.incidence of thq

beam. This is extremely large compared with selected area transmission
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diffraction where specimen areas as small as one micron square
can be defined by the use of apertures. A specimen which produces
a spotfy diffraction pattern in transmission (characteristic of
diffractions erm only a few crystallites) would produce broad

rings in reflection because as many as 106 times more crystallites

would be illuminated by the beam.

The thickness of film which is examined in reflection
is undefined because of the uncertainty involved in assessing the
depth of penetration of the electrons normal to the surface. Some
idea however can be obtained from the fact that 200 2 thick silicate
films often showed faint Kikuchi lines from the underlying silicon
in reflection when examined.

Because of the difficulties (described in Sec 5.4.2)
‘with films removed from silicon the reflection diffraction technigue
wag the primarily method usedlfor the identification and analysis of
the willemite <ilms. The ring pattern is analysed by a combination
of Bragg;s'law and a simple geometrical construction which for small

angles leads to the standard formula for the interplanar distance

)L

d = r T 5=1
where L is the distance between the photograbhic plate and the
1diffracting part of the specimen, )\is the wavelength of the
electrons (0.0334 & for energies of 120 keV ), T is the radius of
.the diffraction ring and n is an integer. ;
Diffraction patterns of several specimens are shown in

Fig 5;8 «nd—9 together with microdensitometer traces corresponding
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. to a scaﬁ scross the plate through the central spot. The overall
shape of each densitometer trace changes due to variations in the
backéround density of the plates because of different amountsbof
ineléstic écattering froﬁ the specimen surface ahd the varying
degrees of plate exposure. Some Qf the rings were also slightly
spotty. . InAspite ofvthis the agreemenf between the relative
posi£ions of the peaks, corresponding to diffraction rings, is very
goodfa
| Due to the uﬂcertainty in the location of the central spot
of eachAdiffractograph, the.pbsitions(s) of the peaks in ail the
tracés were measured relative to a common pcint, an unknown distance
(x) from the exact centre of the rings. After allowing for the
scéling factor between the microdensitometer chart and the plate
(1.5 inches 21 mm/ respectively in this caée) the radius of the rings
is given by |
| r = 8 % x ‘ 5=2

 and rearranging Eqn 5-1

8 = d -~-x 5-3
A graph of s against the reciprocal of the d-values

obtained from thé A.S.T.M. X-ray index card 8-492 foroC_ZnZSiO4

is shown in Fig 5-10. The d-values are shown on the abscissa with
the relative intensities as obtained from the X-ray index, expressed
on a linear scale 1-100. The straight line relationship obtained

indicates that the positions of the diffraction rings are consistent

with diffraction from d-zn,5i0, - The gradient of the straight




of
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Fig 5-10 Graph of 1/d foern1$|OLr obtained trom the ASTM index
aqainst the ring radii measured from the electron-ditfraction’
reflection pattern of a typical willemite film,.
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line (n W\ L) was measured and for A =0.0334 & and n = 1 gives
a value for the camera length, L, of 332 mm. The intercept on
the ordinate repfesents x the difference between the estimatea
and true position“of the centre spot. A calibration diffraction,

using an evaporated gold film and adopting the same analysis

procedure as described above, gave a value of 336 mm. for the

camera length with n = 1, in good agreement with that obtained

above. This was also consistent with JEOL information. Several
willemite films which-had been prepared under slightly different
conditions were examined by reflection diffraction and the following
genéral considerations about their structures can be noted.

i) Films which had been fired at temperatures between'900°C and
llOOOC always showed the same general diffraction pattern. Fig 5-8
and9 éhows a'represehtative number of these.

ii) PFiluws fired below the melting point of ZnF2 produced a much

" more granular looking diffraction pattern which was probably due to

the larger but more irregular crystallite growth likely in a solid
state reaction.

iii) Pilms prepared on oxide-free silicon surfaces showed diffraction
patterns which were indistinguishable from those of i) above.

iv) Manganese—éree gilicate films were non-luminescent but showed
diffraction patterns similar to i) above.

v) No structural effects could be distinguished between films which

‘had been produced on B-doped p~-type and As doped n-type silicon.
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vi)' Films which had been grown on oxides thicker than about
O.S/A ( and these were usually produced by steam oxidation) showed
much more diffusq@atterns, probably due to excess silica in the

" films and the consequent increase in the amorpihous characteristics
“of the diffraction pattern.
“vii) A few phosphor films were produced which gave yellow
cathodoluminescence (see Sec S;I_). Theée were prepared by using

very thin ZnP,: Mn films in the reaction process. The diffraction

o
patterns from these films were very diffuse and characteristic of
an amorphous material.

viii) Apart from those mentioned in vii)all the films which were

examined gave green cathodoluminescence in the electron beam.

54 X-Ray Diffraction Studies

Although the electron diffracticn work described in
Sec 5«3 showed that the reaction films had tihe general features of
willemite, it could not be used to determiane the interface spacing
d, with fery high accuracy. The miniﬁum spacing Ad, between two
d-values d1 and d2 ( corresponding to ring radii Ty and T, )

which can be resolved by diffraction in a perfact electfon microscope

can be estimated from Eqn 5-1 which gives

_ 1 ALir
hd = a —a, = \No(= -%) - AME 5-4
12 D T S B

For the J.E.M. 120 high reédlution diffraction stage and 120 & electrons
.%L = 11 R~mm and an average value of r was about 10 mm. The

accuracy with which the radius of the rings could be measured, Ar ,
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* was about 0.1 mm. Substituting these values in the above equation

gives a value for Ad of about 0.05 2 which is at least an order
of magnitude greater than that obtainable with conventional X-fay
diffraction. Consequently in order to abgolutely identify a material
guch as willemite ( which has many closely spaced d-values) an X-ray
difffaction experiment is required. |

The willemite films produced on silicon substrates were
%00 thin to produce any measurable diffraction effects with X-rays

and therefore a powder technique was adopted. A mixture of 99.9999%

4 8102 (obtained from Koch Light Ltd.) and ZnF2:Mn in the appropriate

molar proportions vias finely ground together and baked in exactly the
same manner as in the preparation of willemite films on silicon.
X-ray powder photographs were taken, using the standard Debye-Sherrer

technique, both before end after firing the mixture and these are

,shoﬁn in fig.5-11 together with a refersnce pcwder photograph of some

commercial willemite powder phosphor (Type ¥l obiained from Derby

Luminescents Ltd). The diffraction lines from the fired powder agreed

exactly with those of the reference and further confirmation that these

lines were due to willemite was carried out by the standard X-ray
diffraction analysis techniques. The fired powder mixture was green

cathodoluminescent like the commercial phosphor

5.5 Observations with the scanning electron microscove and the microprobe

5¢5.1 Introduction
| Scanning electron instruments employ a finely focussed

beam of electrons (about 1-2 microns “in diameter) which is scanned in a
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raster across the surface of the specimen. The scan generator
which controls ﬁhis raster also generates a raster on an oscilloscope,
in syghrdnism with the primary beam. The various signals which are
produced by the interaction of the primary electrons with the specimen
are then uséd to itensity modulate the oscilloscope spot, so that
pictures of fhe spatial distribution of these signals throughout
the Spaqimeﬁ are obtained. This information is usually photographed
on Polaroid film; Line scans of the primary beam along the X-direction
can also be obtained. In this case the deflection of the oscilloscope
"spot in the Y-direction is controlled by'the intensity of the beam-
indﬁéed signal from the sample. A chart output is possible with
. this method. |
The modes of operation of these instruments,depending on
the various types of interaction of the ﬁrimary beam with the svpecimen,
are as follows :~
i). Secondary and reflected primary electrons can be used to
obtain information about the surface of the specimen. The emitted
—electrons are collected and accelerated into a scintillator which emits
light, Phis light is then fed by a light pipe to a photomultiplier
and after amplification this signal is used to intensity modulate thé
oscilloscope spote. The mechanisms of electron emission enable contrast
in the micrograph to 59 obtained from fopographical featureé'and from
the composition of the surface. The potential;of the surface can also

effect the intensity of electron emission.

ii);  Fluorescent X-rays, excited by the primary beam and character-
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istic of the elements within the specimen, can be used to determine
the chemical compoéition of the specimen and its variation throughout
the specimen, A-Bragg spectrometef is used toAselect the wavelength
which is réquirea and the intensity of these X-rays is then used to
"control either the brightness of the Qscilloscépe spot or the ordinate
of the chart output. Instruments designed primarily for this mode
of operation are called electron probe microanalysers.

iii) The recombination radiation induced-by the primary beam can
-be used'in the étudy of luminescent materials. A photormltiplier
can be used to measure the intensity of the light output as the
electrons scan the specimen. Alternatiﬁely, the electron beam can be
left unscanned and unfocussed. The cathodoluminescence ié then
photographed through the épecimen—viewing microscope. This method is
not'possible in instruments with concentric electron and optic axes.
| iv)  Beaum ianduced currents provide information about charge
carrier mechanisms and those properties of the specimen that either
_eﬁhance or impede the charge collection. This mode is often used in
the étudy of semi-~conductor devices where the depletion layers of
p-n junctions provide suitable contrast effects.

The properties of willemite films on silicon corresponding

fo fhe first three modes of operation described above have been studied.
In addition, both the cathodoluﬁinesceﬁt and fluorescent X-ray modes

have been used in conjunction with interferometry to assess the

»

thickness of the phosphor films..

A scanning electron instrument was not available in the
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Department, and‘therefore a prolonged study of theAabove features
could not be undertaken. Three instruments at various other
places were used and these are described brielly below f—

a) The Stereoscan (Cambridge Instruments Ltd.) is used primarily
tO'diéplay reflected and secondary electron images of specimen
surfaces. The instrument at the Research Laboratories of
J. Jobling Ltd. was used.

b)  The Geoscan (Cambridge Instruments Ltd.) is an electron probe
microanalyser which enablés both X~ray and electron images to be
obtained. The observation of cathodoluminescence was however, not
possible with this instrument which belonged to the Geology Department,
University of Durham.

c) The JXA-3A (Japan Electron Optic Laboratories Ltd.) is a
microprobe similar to the Geoscan but with the added facilit& for thg
'observation of cathcdoluminescence. ~ This irstrument was used at the
School of Engineering Science at Bangor.

5¢5e2 ‘Results.A

Fig 5-12 shows the reflected electron images of two
luminesceﬁt willemite films obtained with the Stereoscah using electron

energies of 20 kV. One of the films EW102 was produced from oxide

1000 £ thick whereas the other EW100 was produced on the bare silicon.

f£ilme—ig—evident—Erom—themieregraphs. The globule formation of the

silicéte on the bare silicon and at the edges_of EW102 are presumably
due to the scarcityfdf one of the constituents of the reaqtipn in these

regions.
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Most of EW102 appeared uniform in the electron image.
The 'crater"iﬁ the lower part of the micrograph wés not tybical of
the_film as a whole and was probably dus to some contamination
of the oxide surface prior to film formation. Globule formation
can also be seen around thié defect. Lack of contrast between the
oxidei(the upper regions of Fig 5-12 a and b) and the phosphor was
probabiy due to the thinness of the films and also tofhe fact that their
secondary emission coefficients are probably comparable (both have a
similar structure and are“insulators). |
The cathodoluminescent image shown in Fig j8f3 was
oﬁtained with the JXA-3A using a beam current of 3.10_6amp at 25 kV
with the beam unfocﬁssed and unscanned. The thoiograph was taken with
a colour negative film (Kodacolor X ) and printed to give a colour
reproduction which was slightly blue compared with visual observations.
The cathodoluminescent '"islands' are at the oxide-phosphor interface
and correspond to the globules in the electron image described above.
The green cathodoluminescence of the films was generally uniform with the
occasional non-luminescent spots vresumably due to some form of contam-
ination. A blue lumiﬁescent spot is visible in the'micrograph which is
probably due to a luminescenf contaminant. TQis-luminescence and
“that of the films generally is discussed more fully in Sec 8.2.
-The depth of;the phosphor films was assessed using the
Geoscan electron micropf&be énd a tgchﬁique_similar to the optical one
describea iﬂ Sec 5-2. Instead of measﬁring the extent of the

cathodoluminescence down a bevel fluorescent X-rays characteristic of
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the Zn KXo radiation were excited by a line scan across the bevel

in thé microprobe. Film EW1l5 (prepared from 1000 R thick oxide)

was bevelled to 1%and the length of the bevel,as measured by the

- X-rays, was compared with the length megsured ﬁyAthe interference
techﬁique described in Sec 2.3. Within the limits of the interference
technique ( + ZOO-R ) both lengths were the same and this showed that
all the oxide had been converted to a compound containing Zn atoms,

. The resolution of this technique is greater than

4

with cathodoluminescence because of the fineness of the electron probe

presumably ansiO

(about 1-micron). Light scattering effects within the film are also
,eliminatéd. An& smearing of the silicate aown the bevel however,
. would still obscure the true depth of the phosphor film.

‘ A cathodoluminescent image of the bevel was also obtained
with the JXA;3A. A comparison of the length of the luminescent bevel
with the X-ray scan oonfirmed the assessment of the phosphor depth
givén above.

The X-ray line scan also.provided information about the
spatial distribution of the zinc silicate in the film. Large variations
in the intensity of the fluorescent X-rays appear to odcur as the
electron beam scans the film (357?;in—1)'and these could be interpreted
as variations in the disfribution of ansio4 within the film.

' The signal from the small number of 7n atbms in the thin film was
however relatively weak and most of the variations on the trace are
compafabie with the relativé noise level on the Zn deficient part

of- the trace (i.e.”tﬁe bare,siliconh. 4Vaiiations.larger than this
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‘could be due to damage in the surface of the film introduced by

‘the bevelling procedure.

5.6- Infra-red absorption studies

Thin films of infra-red active materials on silicon
,can'ctheniently be examined.by transmission infra-red spectroscopy
becaﬁse of the relative transpafency of the silicon substrates to
infra~red light. The SiO4 tetrahedra found in most gLésses,
silicates and silicon oxides retain their identity independently
of thelrest of the structure and absorb strongly in the infra-red
due to the polar nature 6f the Si-0 bond. The constraining nature
of the structure surrounding these radicals.and the degree of
polymerisationAof the tetrahedra produce absorption spectra which are
characteristic of the material. The identification of zinc orthosil-
icate films on silicon was therefore attempted using this method.

A Grﬁbb—Parsons double:beam infrapred.spectrometer in
the Chemistry Department at Durhém was usel for {hese measurements,
Specimens consisted of oxide and willemite films about 1500 X thick
grown on silicon substrates 200 microns thick with resistivities of
about 2-3 ohm-cm. The absorption of thgse substrates was appreciable
and to obtain a wbrkable differential between the two beams'and to
reduce substrafe effects an unoxidised silicon chip was inserted in
.one of the beams. Interference effects within the silicon slices
pfoduced oscillations in the output of the spectrometer and these have
5een averaged out in the spectra shown. |

Fig 5=14 shows the infrapréd-absorption spectra of a
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7 8 9 @) A (2 (3
: wavelength (microns)

Fig 5-14 Infra red absorption spectra ot a typical \yilleinite
. film and the oxide layer trom which it was made.
A . .
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thermal oxide both before and after conversion. Unfortunately,
t%@ cbnvertedloXide still retained an oxide coating on one of its
sides. The stroﬁg absorption characteristic of the Si-0 vibrations
for thermal oiides {9.2 microns and 12.5 microns) (Ref 5-8) are
therefore visible in both spectra. ~In a molecule containing N atoms
there are 3N - 6 independent degress of freedom but, for the regular
tetrahedral configuration of the SiO4 radical (¥ = 5), of the 9 possible
degrees of freedom two are triply degenerate and one doubly degenerate,
producing four separate vibrations (Ref 5-9). These‘have been
identified for the mineral willemite most recéntly by Saskena (Ref 5-10 )
at 10.2 s 107 4 11¢1 and 1ll.5 microns. These values agree very
closely with those obtained from the spectra of the willemite fiims
on siliéon. An absorption band for willemite at about lZAL has also
Been identified as being due to vibrations of the ZnO4 tetrzhedra in
the lattice (Ref 3-11). This could not however be resolved, due to the
insensifivity ci the infra-red spectrometer at these longer wavelengths.
5T _ Conciusions
The product of the reaction between silica and ZnF2 has

been conclusively identified by the X-ray powder technique as

OC-Zn2 SiO4. . anfirmation that willemite is also produced in the

slizhtly different conditions of thin film formation has been achieved

by using reflection electron diffraction and infra-red absorption.

.The films are polycrystalline consisting of a randomly oriented array
. . »

of small crystallites with a mean dimension of about 0.1 - 0.5 microns.
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A substrate’reaction technique is capable of

producing films which are thin and which have very good adhesion

‘
with their substrates which of necessity are chemically similar
to the films thémselves. These properties, although advantageous
from the device point of view, increase the difficulties in assessing
the étructure of the films because neither X-ray diffraction nor the
conventional electron diffraction techniques can be used.

Reflection electron diffraction was used as a non-
destructive method of identification. The necessity for the examinat-

1 ion of large areas with this method and the reduction in resolution due
to the small crystallite size make absolute identification difficult
particularly for complex substances with many closely spaoéd d-values,
Infra~red spectroscopy however does not rely on the crystalline ﬁature
of the specimen bui looks at the characteristic vibrational modes of
the molecules invalved, It is particularly convenient for the examinat-
ion of thin filis on silicon substrates because the transparency of
high resistarce silicon enables the simpler transmission technique
to be used.

The microscopic mechanisms involved in the substrate
reaction are not very,cléar but it seems that the reaction must be
-acqupanied by the evolution of the gas SiF4.- Whether this seeps
through from the deepest parts of the nascent phosphor film or whether
gas evolution occurs on thevsurface and the silicate is formed in some
, , >

~ metastable and pérhaps molten.form such as ﬁ-ZnZSiO4 before it

finally crystallises into the small crystallites, are obviously very
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difficult things to assess. ﬁowever, it seems reasonable to
as§ume that the evolution of this gas contributes to the formation
of suéh gsmall randomly oriented phosphor crystallites.

Depth stﬁdies have shown that this reaction can occur
to depths of up to 1000 & and that the Mn** ion in this part of the
- film is situated in a crystalline field suitable for luminescence.
The transmission electron diffraction étudies indicate that crystallites
of the silicate can exist surrounded by a matrix-of”amorphous'silica.
The similarities which exiét between the structure of silica glass
(iee. a random érray of interlinked SiO4 tetrahedra) and the silicate
itself do ﬁot preclude the possibility of some form of silicate-oxide
interfacé bonding,. The resolution of both the fluorescent X-ray and

the cathodoluminescent microprobe technigues which were used however,

was insufficient to distinguish between these small silicate crystalliters

in the phosphor film.
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CHAPTER SIX

'THE_CAPACITANCE~VOLTAGE CHARACTERISPICS OF WILLEMITE DEVICES

6.1 Introduction

The capacitance-voltage (C-V) characteristics of
métabinsulator—silicon (MIS) structures can be used t§ assess the
quality of'tﬁe insulator and the semiconductor-insulator interface.
The éssence of the technique lies in-the comparison of experimental
observations with idealised characteristics which are calculatéd on
the basis of a simplé model involving space charge regions in the |
surface of the semiconductor (Sec 6.2 ).

Deviations from this simple theory arise, however,

. when the insulator and the interfaces are not perfect. For example,
the insulator may contain charges of one kind or another and charge
trgnspdrt may alsc occur across the interfaces. The C-V curves are
modified by-these effects and fhis enables certain properﬁies of the
insulator-substrate structure to be deduced (sec 6.3 ).

Willemite films on silicon are sufficiently insulating
( the current-voltage characteristics are discussed in Chap 7) to
enable them to be used as the dielectric in MIS devices and the C-V
' oharacteristics obtained with these devices are discussed in Section
6.5.  MOS structures made with unconverted oxide adjacent to the
willemite films were also measured for comparison purposes. The
. properties of the silicon oxide-silicon system are so well-known that
they were used tb establish the reliability of the measuremant

technique which is described in Section 6.4. -




-101-

6.2 The Ideal MIS Capacitor and its C—V Characteristics

6.2.1 Introduction

The theory of the ideal MIS capacitor, based én the
formaﬁion of surface space charge regions in the semicondﬁctor is
'now well established. The effects of a distribution of charge‘at
a semiconductor surface were first considered by Shockley in 1949
(Ref 6-1). The mathematical relationships cannot be evaluated
explicitly and later works (Ref 6-2 and 3) extended the treatmentAby
using numerical me%hods.

The development of silicon technology and particularly
‘of methods for growing controlled surface oxides on silicon led to the
~ production of MOS structures. If was soon after these were proposed
as voltage variable capacitors (Ref 6-4 and 5) that they were first
used in the study of the siliocon oxide-silicon interface (Ref 6=6,7
and 10). More recenlly the théory Qf the MIS capaéitor has been
developed by Grove et al. (Ref 6-9) to bring out the physioal signif-
icance of the mathematical results.

The theory is briefly presented hére in order to
establish the physical model and to develop the formulae and notation
which will be used in the interpretation of the experimental C-V results
(Sec 6=5). Thé theory is based on a p-type cemiconductor but it can

be extended to n-type material by the appropriate changes in signs and

polarities bf the parameters involved.
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642.2 The physical model -

The energy band diagram of an ideal MIS structure
with a p-type semiconductor is shown in Fig 6-1, for three different
bias conditions. The diagram incorporates the following assumptionss=—

i) The work functions of the metal electrode and the
semiconductor are equal.
ii) The insulator and its intqrface are perfect and free
from space charges.
iii) There is equilibrium in the semiconductor so that its
| Fermi level (EF) remaiﬁs constant constant regardless
‘ of the appligd voltage Vg.
iv) The charge layers are of uniform density through their
thickness.

The surface potential;4é, is represented 5y the bending
of the bands from the flat-band condition (at whichd= 0 )and is
measured pésitive dowvnwards. The position of the Fermi level in the
bulk of the semiconductor,{l, is measured wi£h respect to Ei’ the
intrinsic FPermi energy and is»positive in this case. All ocapacitances
are related to unit area. |

With a negative voltage applied to the gate, holes
accumulate at the surface (Fig 1a) and'under'these conditions the
capacitance of the device is solely thaf of the oxide, Co.

For a slight positive bias (Fig 1b) holes are repelled
from the surface ieaving behind a negative space charge of uncompensated

" acceptor ions. As the concentration of electrons (np) in this
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.Fig 6-1 Energy band and charge distribution of ideal MOS
~'structure, for various bios conditions :
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region is so small that it can be‘negléoted the surface is

depieted of carriers and the charge per unit area in the space

charge region is

QS = - e Ngxy . 6-1

where Na is the density of acceptor ionms, e tﬁe electronic charge
and id the width of the depletion region.

If larger positive voltages are applied to the’
gaté'(Figélc) the bqndipg of the bands increases until, as the
conduction band approaches the Fermi level, the surface inverts to
n-type, i.e. the concentration of electrons at the surface (np) is
greater than n,, the intrinsic carrier concentration. With a small
amount of inversion the space charge in the semiconductor is still
dominéted by the exposed acceptor ions but, with increasing voltage
more and more electrons occupy the conduction Vvand and a point is
reached when n_ = Na’ The intrinsic Fermi level is then as far
below EF as, in equilib?ium, it was above and

'4)5 > 2 CPF 6-2

For higher applied voltages the additional space
charge.induoed in the semiconductor is accommodated largely by the
electrons in the narrow inversion region and not by any appreciable
increase in the space charge of the depletion layer. This is because
of the very rapid rise of nb with eﬁetgy due to the Boltzmannrelation.

The width of the depletion region therefore reaches a maximum X 3max
: : . : : ,
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and the space charge in the semiconductor.
Qs = Qn + e No Xine 6-3
where Qﬁ is the oharge per unit area of electrons in the inversion
region,
The total capacitance,C, of the MIS structure in

the depletion and inversion regions is the capacitance due to the

space charge region C8 in series with that of the insulator, i.e.

1 il 6mi)
C - Co + C_S
where ' dQs
(s = rs -
. | ‘ 6-5
and Co = Kg;go = 52§
(e ; Vo 6-6

Gois the permittivity of free space , Ko the dielectric constant of

" the oxide X, is the oxide thickness and Vo is that part of Vg which

appears across the oxide so that

Vs-"- Vo'+ CPS &

6.2.3 .The net surface space charge

The total space charge in the semiconductor is

o Us
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whei'e {)(x) is the charge distribution in a direotion pormal to
the surface a.nd u is the feduced electrostatic potential in the
gemiconductor (e.g. us= ‘pse/h'[ where k is Boltzmlam.l's constant
and T the absolute temperature).
Poisson's equation gives

| oja = P s

¥ Ks €o o

wher.‘e: Ks is the dieleotric constani of the semiconduotozf. The

Boltzmann distributions of electrons and holes are respectively

e nemp (- ) 6-10
PP = M exp (U.F = u) | I 6-11
In the bulk of the se'miconductor'( whers u = 0 ) charge neutrality
existé 4 v 4
plo) = (PP° -, = Nade =0 610
and with Eqn 6-10, 6-11 ﬁd—é-l—} this gives
Ne = lf;; smh(ur) 6-13
Assuming that 'PPo > n-Po then |
No = 2w 605‘1(“7) _ 6-14
In general, from E(in 6=-10, 6-11 and 6-13
PGQ . Yens s (us-u) - sah(w) ) 6-15

Integrating Poisson's equation once provides du/dx which can than

be sut:stitutedl in Eqns 6-8 with 6-15 to give after integration

‘Qs = = Reni Lo Flu,ur) 6-16
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where the intrinsic Debye length,

, Y [ Kee h
. = RT S To 6=1
Lo (E) l lem} 7

W

F(u,u.;:) = [1[.coah(u-u.r) -_mh(ur) +u.sinh(ur)]J 618

The part of Qs which is due to electrons in the

inversion region can also be calculated in a similar manner to give

b & Ur 6-19
Qu - I ) de = | W)
L [ /b

where xi is the depth of the inversion region inside the surface as

. defined by the intrinsic boundary where u = o, .

The capacitance of the ideal MIS device in the
depletion and inversiop régions can be obtained exactly by different-
iating the charge relations, Eqns 6-16 and 6-19 together with Eqns 6-5
and 6-4. T.he process is complicated due to the explicit nature of
the functions involved and numerical methods are necessary. | Fortunately,
graphical representations, obtained by computer, are available (Refé-8).

64244 The depletion approximation

A good approximation to the exact calculation of the
“capacitance ig possi‘ple for the range of applied voltages in which
the surface is depleted. In the depletion region Eqn 6-1 provides
a realistic value for Qs which 6an. be used with Poisson's equation
to give. a value for the suffaée potent‘ial

4) - eNq,xdof
s - 2AMKs €6

6~20

A combination of this with Eqns 6-4, 6-5, 6~6 and 6-7, after some
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S A,
¢ L[ s AKGY ~ 6-21
! Co [ e Ng Ks aco” J

manipulation gives \

This equation shows that the capacitence of the
MIS structure will fall with a positiva voltage on the top contact
incréasing from zero. This fall will stop as soon as the surface
starts to become inverted, beyond which the depletion layer width
.will remain constant. The theoretical capacitance varlatlon is
shown in Pig 6-2.

"~ 642.5 Variation of capacitance with frequency

The capécitance of the HIS structure varies with
frequency when it is biased into the inversion region. The computer
calculation of capacitance in the inversion region, described above,
assumes that all the chérges contributing to the space charge take
part in the meaéurement process and that they avre capable of moving
at the same frequency as the a.c. measurement signal. A% high
frequencies this is only possible for the majority carriers which

-9

| have dielectric relaxation times of about 10 “sec. The ability of
the minority carriers to follow the measurement signal is governed by
their genefation—recomﬁination rates and by their mobility as they
move in and out of the inversion region passing from the carrier rich
bulk of thé semiconduetor through the.surrounding depletion layer.
These proceS§es are too slow for the mlnority carriers to contribute

%o the 2eCe capacltance at high frequencles. . The minority carr;ers

do, however, limit the width of the depletion layér to a maximum,
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| Fig 6-2 Idealised C-V characteristics of an MOS structure
on p-type silicon
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Ximax® 28 has been explained above.  This meéns that the
oapéoitance of the MIS device, after_the onset of strong inversion,
levels out %o a minimum (Cmin) which is independent of Vg.

Using Eqns 6-5 and 6-20, the high frequency

cépaoitanée‘per unit area of the space charge layer in the inversion

bias region is

(C ) - KS.@O ‘ 6_22
S/min R .

Ldmax
Substituting for X imax from Eqn 6-20 and applying Eqn 6-2 as the

onset condition for inversion

_ | 7
» Ks €0 & Na 6-23
(C—S >F\i‘\ = ."i [ (‘lT/e_) [n (Nq/ﬂi)]

where

\n(Na/ne) = e de /RT

from Eqn 6—14 and 6-13. This can then be combined with Eqn 6-4 to

give the minimum capacitance of the device
Co. (Cs)min ' 6~24
(Co + (Cs)nin)

Cmin =

At low frequencies, usually less than about 100 Hz,
the minority carriers can follow the measurement signal. With
inéreasing positive bias more and more electrons then fill the
inversion layer and Cs therefore inoreases again so that the total
capacifanoe of the device (the series combinétion of C8 and Co)

increases to Co.
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The low frequency C-V characteristios are also
observed at higher frequencies than normal when the minority
carrierAgeneraxion—veoombination rates are increased either by
light or'heat.. FPig 6-3 shows such an effect in an experimental
C~V plot, obtained by the author, for an MOS device at 157Hz.
The low frequency type characteristics were obtained when the
structure Qas illuminated but reverted to the high frequenoy type
in the dark.

6¢.2.6 The flat-band capacitance

The flat—baﬁd capacitance, CFB’ is the capacitance
of the device when no pofential appears across the space charge region.
The energy bands are then flat and4l== 0. Further information on
the space charge properties-bf the insulator and the interface can
be obtained by measuring the volfage (VFB) required to bring about
flat-band cdnditiéns‘ In the idealtoase discussed above VFB; o,
Howéver,,in'praotice non-ideal characteristics are usuall& observed
Aa.nt‘i V. rarely eguals zero. | |

PB
6.3 Non-ideal C-V characteristics

6+.3.1 The flat-band capacitance

It is convenient to discuss here a practical method

of calculating C from an experimental C-V curve (sec 6-5) based on

¥B
the measurement of the maximum capacitance (Co) and the minimum high
frequency capacitance (cmin)’ This follows the treatment by

Lehovec (Ref 6-11).
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In the flat~band region, the surface is not
depléted and the total surface charge in the semiconductor musf be
considered by means of Eqn 6-16. If pp)? n, in the bulk (and this
is.ﬁsually the ocase for a p-type semi-conductur at room temperatura?j

" then Eqn 6-13 and 6~14 hold and substituting these Eqn 6-16 yields
fx 625

Y. -u il
Qs = Qﬂ/q (2Nee Useo) (w+e-| )
The capacitance of the space charge region in the wvicinity of the
flat-band condition is given by Eqn 6-~5 which, in terms of reduced

potentials gives

(cs)es = (e/kT) AQS/Ju\ 6-26

u->0
Differentiation of Q‘s’ in the limit as u tends to zero, can be
accomplished by using the series expansion of the exponentials
(u<< 0).Substituting this in Eqn 6-26 abova gives
A, 7 6-27
(CS)FB = ( Ne.e Us € ) (e/ RT \)

and from Eqn 6-23 and 6-24 this becomes
CO.CMI.Q. 6=25

(C—S‘)FB = 2 ( \n(Na/ﬂa))ﬁ (Co - Cmin.)

.

The capacitance of the device at flat-band is obtained by inserting

this equation into Eqn 6-4. The resulting expression can be written
in the form

(G- C) . G e
(Co - -Cmi_n'”)- Co'. 4 Cm‘m_[l(\ft (Na/l\i))'/1 - I}
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In this expression [ Q’('"(Na/n;)yh-. ‘}

is relatively insensitive to fhe value of Na’ ranging from 6.3

for ln.—cm_and p-type silicon at room tempefature, {0 5.8 for 10N -cm
méterial (faking = Y#S.léo @ at room temperature). The above
expreséion'for CFB oan then be approximated to within an acéuracy

of a few per cent to

CO - CFB ~ Co 6—30
Co - CMm Co + 6Cmm

This provides a very convenient way of measuring CFB{and VFB which

does not depend on an accurate knowledge of Na’ so that effects

such as the redistribution of impurities dufing oxidation, can be

neglected.

6.3.2 York function differences and charges in the insulator

¢

As discussed in Sec 6~2 gpace charge can be induced .
within the surface of-a semiconductor by the application of a suitable
bias to the gate of a MIS structure. However, such space charges
can also be groduced by charges inside the insulator or by a work
function difference QMS between the gate electrode and the
éeﬁiconductér. The effect 6f‘these adds to that of Vg and it results
in a shift of the C-V charécteristics-along the voltage axis. This
shift is represented by the value of the flat;%and voltagq VFB
(VFB= 0 for the ideal case above). .

. Pig 6~4 shows the energy bands of an MIS structure
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Fig 6-4 The enerqgy bands and -chorgz distribution of an
MIS structure o) the effect of work functien difference Dms
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.With the effect of4%sincluded together with the effects of an
intérface charge +Qgg and an arbitrary space charger¥r> distributed
throughqut the insulator. It can be shown by the use of Gauss' Law
from the superposition of elemental charges of the arbitrary

distribution.that. . .
Vrs = CPMS.- Qss /Co - I/Co (Vac,) (°<°C> dx 6-31
. (o]

A positive space charge therefore produces a negative shift in VFB
and vice versa. |

The exact nature of the sface charge in the insulator
-and the effect of charge moyement on VFB ﬁill be discussed together,
with the experimental results in Sec 6.5. A value for VFB can be
obtained from an experimental G-V curve by using Eqn 6-30 tovoalculate
CFB’ from Cmin and 007 and reading VFB off the voltage scale. Ean 6-31
can then be used with Co 10 obtain a.measure of the effective charge

(QSS)eff at the silicon-insulator interface.

(st)eﬁ? = (VFB - CDMS). Co C e 6-32

Values of 4%\5 for various metal/silicon combinations are given in

Table 6-1.

6.3¢3 Surface states
Thé charges qonsidered.above have been assumed to be
constrained within the insulator. We will now consider the effects
of interfacial surface étates or traps that are’ capable of interchang-
ing charge with the semicﬁnductor. Since the charge in tﬁese states

is governed by their proximity to the Fermi level it depends greatly




MS

Metal -CPM : p=type n~-type

eV 10 ohm—cm |1 ohm—cnm 0.1 ohm—cm 1 ohm-cm

Gold 4.8 -0.08 ~0.18 $0.6 - | +0.5
Lndium 4.0 | -0.88 ~0.98 -0.2 -0.3
Aluminium | 4.2 ~0.68 ~0.78 0 -0.1

Table 6-1 Varedus metal / silicon work function differences
( The work functions have been obtained from Ref 6-28 and 6-29

respectively and CP S calculated from Eqn 6-38 )
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: pﬁ the amount of band bending that occurs at the surface.

If.the capacitance of the structure is measured at
a sufficiently_high frequency the surface states cannot respond to
the measurement sigual so that they can be considered as fixed
: chargesvwhose only effect is to alter the amount of space charge in
the depletion layer. As the energy bands -bend dovmwards with
inoreasing.bias the amount of charge in the surface states varies and
~ this produces shift in the C-V curve which itself varies with applied
bias. The result is to distort’the shape of the characteristics in
‘a way which is governed by the distribution of surface states within
that energy range swept by the Fermi level at the surfécef (Prom the
onset 6f depletion to stroné inversion this is about ZCQF ). For a
Qontiﬂbm of states in this range a continual change in the slope of
the characferistics is therefore observed.

3y measuring the sloﬁe of the C-V ourve.at VFB it is
possible té ootain a value for the effective density of sﬁrface states
(p om—zev-l). The procedure for this is outlined briefly below,
fo}lowing an extension of the theory in Sec 6.2.6.

Assuﬁing that the surface states are of the acceptar
type (i.e. negative when occupied by an electron and neutral otherwise)
_'and-that the surface potential increases from the flat band position
| to a value ‘P then the_ incréa.se in the interfape charge is -De@_e
;An extension.of Eqns 6-7 and 6-6 to include this then gives

. Q D.ekTu eRT 4 o 6-33
Vj '%o_ - C " ! .

) Co
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where the constant includes any interfacial charge at flat band
and all ofher contributions to Vg not dependenf on u.

Differentiating this yields
% . [ aGs - D.e\zT}.' |/ 4 RT 6-34
do L du G <

Differentiating Egqn 6-4 with regspect to Vg and using Eqn 6-34 to

change the variable from dVg to du gives
-1

L (=) des | (Com Ci.[i@s-beu_'coﬂ] ~
de Co2 &vj ,Col (JU. -CT

. This can then be evaluated in the limits where u=0 (i.e. flat band)

using Eqn 6-26 and 6-27, and substituting Cpp for Cq using Eqn 6-4

to give 4 2 a4 . 6=36
D- (Co- Crg). Cre - _ Co . L Vet
N 2
3 ‘*%vﬂ] kT (Co-Cr3) €
Ves
where CFB osan be obtained from the experimental C-V curves using

Bqn 6~30 and (dC/dVg)VFB is the siope of these curves at the‘point
(CFB’ VFB)' The value of D obtained, together with the effective
" density of charge at the interface (Qs)eff can then be used to
chérépterise the quality of the interface and of the insulator.
Apart from the fast surface states described above,
traps can occur within the insulator which are sufficiently close to
the interface to allow carrier.exChange between the silicon (or the
metal elecfrode) and the iﬁsulator, either by tunnelling (Ref 6-21)
vor by a hopping‘mechan;sm,(Ref 6-15). These‘exchanges take place

relatively slowly and do not effect the slopa of the C-V curve but
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can lead to drift of V_, with time at a particular temperature.

FB
Also, due to the different probabilities for emptying and filling
ﬁhe traps and the different tunnelling range qf the.electrons and
' holes, hysterisis effects can be produced in a C-V curve, as the
bias increases and then decreases.

4

- 643.3 Minority carrier extraction

-Sec 6.2,2 described the limiting effect of the.
forﬁétion of an inVersiop layer on the width of theAdepletion region
énd fhe consequent leveliing off of the C-V curve to Cmin’ at high
frequencies. However, if the minority carriers in the inversion
layer cannot accumulate at the surface because of conditions favouring
injection into the insulator, then the capacitance goes on decreasing
at a rate governed by the Schottky depietion capacitance given in
Eqn 6-23. A plateaun region at cmin is also possible iT these condif-
ions occur only after the formation of the inversion layer.

Hith increasing bias the depletion region extends even
further into the semiconductor soAthat an increésing proportion of
fhe applied voltage appears across it and a point is evenfually reached
where the curfent fhrough the device is governed not 5y the insulator
or itg interface properties but by the generation of minority carriers
in the semiconducfof. This provides a limit to the current capable
| of flowing.through theAdeviqe. These effects have been observed in
pyrolytically deposited films of Si,N,, Sidz and A1,0, on silicgon

(Ref 6-12).
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In the above treatment,'current flow was assumed
to be restricted to the semi-conductor minority carriers beoéuse'
, the Fermi level is closer to the conduction band (for p~type) than
the valence band for depleting voltages. If current flows through
“the iﬁsulator by mechanisms involving the injection of majority -
carriers from the silicon however, no §hange can be expected in the
C-V curves provided that the measuremént apparatus is capable gf

measuring only pure capacitance and that the currents are not excessive.

6.4 Experimental

- C=V measurements have been made on a large number of
- Willemite films produced on silicon substrates as described in Chap 4.
Cifoular dot contacts (2.153 cn> in area) were evaporated on to both
the willemite and the adjacent unconverted oxide (Seq 4-3) and electr—
ical contact to the silicon was made as described in Sec 2.4.3.
- Aluminium, ngd and indium dotAcontaéts were used. The resultant MIS
structures were then mounted under é mioroscope and the dot contacts
were probed in turn with a gold probe held in a micromanipulator
(sec 4-3).

The C-V characteristics were usually obtained at room
temperature in the dark, and were automatically recorded on an X-Y
plotter. Preliminary measurements were, however, ma&e point by point
| using a Wayne-KerrlB.221 bridge operating ét 1592 Hz with the applied
bias adjusted step by step manually. Fig 6— 3 shows a typical C-V
plot obtained in this manner. . This method was very tedious and if

~the number of measurements was not sufficiently high significant data
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'oould be overlooked. Also, due to the time required to balance
the bridge at each point it was very difficult to measure any drift
that may have.occurred in the C-V characteristics. For these

réasons it was decided to use an automaﬁic C~V plotter.

. Several designs of automatic C-V plotters have been
‘published which use either phase sensitive detection (Ref 6~13) or
automatic brldge balan01ng techniques. However, because the
electronic equipment for these was not available in the Department a
beat frequency method waé developed (Ref 6-14). Fig 6~5 shows a
schematic diagram of the system. A éontinuously vafiable bias was
. applied to the ﬁIS structure using a Feedback waveform generator
. Type THG300 and the device was included as a voltage variable
capacitor in the Ld‘oircuit of a stable Frankl@%scillator designed to
. oscillate at a frequency, £ = 350 kHz. The voltage across thé device
‘was kept as smali as possible (aboﬁt.ZOOmV . With a total capaoitande,
¢ , in the resonant LC circuit of thé oscillator.

‘ Fz = ( COns\f.) / cosc

On differentiating this gives

dP = (cons}qn\')/(p & ’),JC -.
8o that provided df «f and dC<C___, df is proportional to dC, the
ohahge‘in the capacitance of the device. The small changes in
osoillator frequency (df ) were detected by beating the oscillator
signal with the signal from the beat frequency oscillator (B.F. O)
of an Eddystone 830/7 communlcatlons receiver to give an andio 51gnal

~the frequency of whlch was proportlonal to the capacltance of the device -
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Fig 6-5 Block diagram of the system used for the automatic
plotting of C-V characteristics
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A linear frequency—to-voltage.convérter‘was then used to display
the capaciténce as the Y ?ariable on a Bryan's X-Y recorder
(Mddel 21001 ). The bias voltage on the device was simultaneously
.applied to the X-input of the recorder. The sweep rate was typically
'aboﬁt 50 sec/cycle. Calibration of the C-V plots was achieved by
using standard capacitances in place of the device. The sample
holder capacitance was eliminated by slightly adjusting the B.F.0.
frequency. A 10 kohm résistor was placed in parallel with the device
to.ensﬁre.that amj variations in sample resistance did not effect the
oscillator frequency, although this would only be a second order effect.
' The C~V characterisiics of several devices were
measured after bias-temperature (-BT') treatments in order to ascertain
the properties of charge redistribution within the willemite. The
devices were heated to temperatures of up to 150°C whilst still in
contact with the probe, by mounting fhem on & silida plate which was
arranged on a small stainless steel support so that it could beiheated ’
from beneath by a coil of Kanthol resistance wire. .The temperature
waé measured by a Chromel-Alumel thermocouple in contact with the slica
plate and adjacent to the silicon. The complete heating stage was
enclosed in a metal box throﬁgh which a steady stream of argon was
maintained. After the heat treatment (2bout 5-10 min) the device
.was cooled quickly to room temperature with the bias still applied
aﬁd thg C-V characteristics were then measured. This process is
usually referred to as fhe BP test in the literature and this

abbreviation will be adopted here.
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6.5 Experimental results and discussion

'6.5.1 General observations on oxide structures

A typical C-V obtained curve for an aluminium/thermal
oxide/p—type gilicon structure is shown in Fig 6-9. The theoretical
| .curve for a similar device but with a perfect oxide and intefface
(Ref 6-8) is also included in the figure. The negative shift of the
-e@xperimental curve with respect to the ideal case indicates the
presence'of 3;1ollZ;ositive charges'reflected'at the interface
(Sec 6.3.2). The two curves have the samé gradienfé (about 6 pF/V)
and this shows that there are very few fast states at the intefface.
* Substituting this gradient into Eqn 6-36 with the experimental values

12 1

gives D = 10 eVﬁ crn_2 which represents approximately

for Co and CFB |
‘the lowest detection limit for this technique.

The results of BT measurements on the oxide~&evices
are summarised in Fig 6-T. It can be seen that the application of a
positive bias, at temperatures of abogt 1jo°c, shifts VFB in the
negative voltage direction. The initial characteristics can be

recovered by applying a negative bias. With continuing negafive bias

ghifts of V_. in the positive direction were usually small and the

FB
final value of VFB was always negative, corresponding approximately to

the above number of intetface charges. These BT drift effects are

typical of positive ion migration in fhe oxide which is usually

attributed to sodium or hydrogen ion contamination of the oxide (Ref 6-15).
Althoﬁgh the oxides were prepared iﬁ a controlled

. manner (Chap 2 ) ﬁ3 special precautions were taken to eliminate
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sodium contaminafion which can occur extensively when oxides

are gfown in silica glassware using resistively héated furnaces

(Ref 6-16). Traces of~hydrocarbon solvents and water can also
produce hydrdgen ion contamination of the oxide (Ref 6-15). It

is therefore reasonable to assume that the thermal oxides grown

here were exposed to varying and uncontrollable amounts of this

sort of contamination and this was confirmed by the varying extents

of drift that occurred for the several devices that were examined.

The distribution of the contamiﬁant ions within

fhe oxide ﬁas alsé variable anﬁ this led to varying amounts of

' pﬁsitive VFB shift from the initiai C~V curve. For example if the

contamination was introduced Just prior to the evaporation of the
contacts the positive ions would initially reside at the metal-oxide
interface and a>negativo bias would not shift VFB (Ref 6-17). On

.fhe other hand, contamination that is distribufted throughout the oxide

oan be.swept to the metal-oxide interface by a negative bias and

‘produce a small positive shift in VFB'

A negative value of VFB after prolonged negative BT
treatment indicates a fixed positive charge near the silicon-oxide
interface. This is generally attributed to excess silicon in this
A region}and its extent depends only on the. final heat treatment or
oxidation conditions of the device, for a particular silicon orient-
ation (Ref 6-18). 1In the oxides considered here the final heat
treatment was the bake-required for the coﬁversion of the édjacent
“oxide into willemi?e. In épite of this additioﬁal heat fréatment the

value of fixed surface charge given above compares favourably with
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values given in the_iiterature for similar oxides.

| The tendéncy of the capacitance to increase on
the inversion side (+VG) of the C~V curve as shown in Fig 6~7 is
thought to be due to the éccummulation bf'positive charges on the
‘oxide surface afound the metal electrode. This effectively increases
‘the capacitance of the space charge in the underlying silicon by
'inoreasing.its surface area so that the éeries capacitance of the
- oxide and the silicon ténd; to increase to a maximum of Co. This
effect was more noticeable at higher temperatures when presumably the
indrease in surface conduction allowed the charge to accumulate over
‘a lérger surface area (Ref 6-6).

The general results described abo#e fér oxides grown
on p-type silicon were also observed with n-type silicon. As expected,
the C-V curves {Fig 6-8) were a mirror image of the p-type character-
istics but retasined a negative‘shift.in VFB due to the fixed.positife
charge near the silicon. BT tests showed qualitatively éimilar
effects which could again be attributed to positive ion contamination.

The C-V measurements were usually cérried out in tle
dark. At the measurement frequency used (350kHz), the ambient
lighting in the laboratory had no effect on the characteristics and
even a focussed microscope lamp only ipcreaséd Cmin slightly. This
is consistent with an increase of n, produced by the light (Bqn 6-23).

| The thickness of the oxides rapged from 500-1500 R
as measured by an ihterference method (Sec 2.3.2) and was in agree-

ment with oxide capacitance measurements in the accumulation region
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(when no space charge capacitance is present) using the known
value of 3.4 for the dielectric,cOnétant of thermal oxide (Ref 6-19)
and the measured contact area. The largest error was in measuring
the exact area because the contact was sometimes scratched by the
gold proﬁe.

The conclusion.reached on the C-V measurements on
silicon oxide was that they were all in perfect agreement with findings
reported in the literature and with the theory for films containiﬁg
a positive ion impurity which was to be expected in the growth
oonditions used. This agreement gave confidence in the new measure-
B ments mgde on ithe adjacent willemite films.

6.5.2 Hillemite MIS devices

The C-V measurements made on the willemite films could
be divided into twe groups depending on the thickness of the reacted
layer. - This was determined by preferential etchiﬁg and interferometry
after the C-V measurements had been completed (Sec 5.2) It was found
that penetration of the oxide 5y the reaction was generally about
500 R producing willemite films which had a total thickness of about
.750 2 approximately 250 R of which was raised above the surrounding
oxide surface. The dielectric constant of willemite does not appear
to havé been measured in the past and it was difficult to calculate

from the capacitance measurements because of the limited resolution

of the interference technique (* 250 & ) for the thickness.
The approximate value bf 6 + 2 was as good as could be estimated.

_The willemite devices were categorised into the two general types :-
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(a) those made from thick (1500 R ) oxides which resulted in a
metél—willemite-bxide—silicon structure (MWOS devicgj'and

(b) those which were made from thin (500 £) oxides so that no
oxide (or at least only é very thin film) was present atAthe

silicon interface (MWS device).

&) MAOS structures

| Fig 6-8 shows the C-V curve for an IM0S device made
" by éonverting about SOO,X of the 1200 & thick oxide into willemite
(6uz¥ve M). The unconverted oxide adjacent to the willemite -has
been used to form the MOS device with the characteristics shown in
‘curve Ve It can be seen that the conversion of the outer layer of
the oxide into willemite has shifted VFB in a positive direction.
All the willemite devices that were measured on both p~type and
n~-type sjlicon% showed a similar shift so that VFB was often about
zoero as in the case above.

It‘is'thought likely that this positive shift in Vop
is due t§ the formation of a negative épace charge in the oxide next
to the silicon and that this neutralizes the fixed positive charge
normally found in thermal oxides. This negative space charge-is
probably due to-the diffusion of Zn2+ ions in the willemite moving
awa& from its interfaoe with the oxide during the high temperature
bake (1100°C) required.in its preparation. The evidence for this
hypothesis .is discussed below, |

| Uéing values obtained from Ref 5-3 it is found that

the Zn2+ ion has a radius of 0.38 R which is comparable with the
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radius of the network-forming the si* ion (0.398 ) in the oxide
(the radius of the network—bridgiﬁg 0%~ ion is 1.36 R). The
zinc ion can therefore replace the silicon substitutionally to
produce an effective negative space charée;_ Tnis is in agreement
with Chang and Tsao (Ref 6-20)who have recently investigated the
C=V properties of diffused zinc(from an evaporated metal film) in
thérmal silicon oxide.

The willemite used for the MYS structures was
luminescent and contained about 1% by weight bf-manganese. Hovever,
the'Mn2+ ion occupies a similar place in the willemite lattice as
" the Zn2+ ion (Sec 5.1)'and it also has»the same valency. It was
thefefofe considered that it would behave in exactly the same way as
the zinc ion as far as the C-V measurements are concerned. For this
reason none of the effects observed are thought to be influenced
directly by the manganese impufity. |

The range of values of‘VFB that were observed for
diffefent MA0S devices were probably due to the different degrees of
zinc diffusion as related to the quality and thicknesé-of the oxide
through whioh the Zn2+ ions diffuse. A However, the fact that VFB
was often zero and never. positive seems to indicate that the region
~of diébrdef in the oxide (i.e. the region of fixed positive space

dharge due to the excess silicon)allows the Zn2+ ions to be easily
accommodated. in the network wifh an effective negafive charge.
when'the disordef pas been removed and thé-space charge néutralised,
it is more diffioﬁit for tﬁe Zn2+ ioné to bé accémmodated with a

negativé charge so that a positive VFB corresponding to a net negative
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'epaqe-charge in the oiidé was'never observed.

The slopes of curves 1 ahd 2 in Fig 6-9 are very
similar and this indicatgs that no fast surface states have been
introduced at fhe silicon-oxide interface by the fabrication of
tﬁe MHOS device. However a few anomalous C-V curves were obtained
such as tﬁgt shown in Fig 6-10. In this it can be seen that there
is a-considerable diffe;enqe between the slopes of the MI0S device
and the MOS device, although VFB is still about zero for the
willemite device. The effective density of fast surface states for
this MMWOS device was 1.0 .1013 cm-2eV-1'as calcuiated from Eqn 6-36
whereas the slope'of the MOS curve.corresponded to a density of less
than 2. 10%% on? v"l.  An extra 8.0 .1012 cm—? eV ! states were
therefore added at the interface in this device.

 An explanation of this could be that, although the
oxide seems incapable of supporting an overall negative space charge
due to the zinc ions some of the ions diffuse right through these
particular oxides andtéct as fast'abceptor traps at the silicon-oxide
interface. Zn2+ is'an aéceptor impurity in silicon so that any
further diffusion of the zinc into the silicon itself should produce
an increase iﬁ the coﬁductivity of the p-type silicon or a decrease
for the n-type silicon. This effect was nefer observed with the
.anomalous devices, probably beczuse the bzke was.relatively short
(usually aﬁout 5.min) but also because it was very difficult to
ascertain how much of Cmin vas due to-the insulator cépagifance

(in this case the willemite and the oxide) and how much was due to
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the spéce charge capacitaﬁce in the silicoh.

Support for this explanation of the'anomaious
C-V.curves was also given by further anohalous characteristics
showh in Fig 6-10. In this graph severazl sweeps of bias have been
recorded with curve 1 Qorresponding to the characteristics of the
virgﬁnbdevice. With every positive excursion of the bias more and
more'fast states seem to be created as indicated by the continuing
decféase in the slope of the curve.. This is consistent with Zn2+
ions beihg swept to the'interface where they are trapped tp form
fagt surface states. The cdntinual drift of the C-V éharacteristics
witﬁ increasing number of bias sweeps was only observed with some
of the anomalous devices presumébly becéuse'a parficularly open
struéfure or poor quality oxide is required to allow the ions to
drift through it oqmparitively rapidly.

AlY the C-V characteristics of the willemite devices
that were measured showed at least some hysterdsis with applied bias.
The hjster&sis ﬁas_always in such é sense as to make VFB more negative
after the maximum positive excursion of applied bias. This is
opposite to that whicﬁ would be obtained if successive éarrier trapping
and retrapping occurred at fhe silicon-oxide interface (Ref 6-21)
and if was attributed to ion migration‘in the willemite. The
-possibilities of polarisation or carrier trapping at the metal-
willgmite'interfaoe aré diséussed later.

. Typical C-V curves obtained after BT experiments

' to
are summarised in Fig 6-12. They show a similar effect dg the
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room temperature hysteresis, namely that a positive bias, at
temperatﬁres of about l50°C, produced a negative shift in

rp

The latter was even sufficient to make VFB positive and it could

and a negatlve BT treatment produced a positive shlit in V

' be attributed to mobile positive ions (probably Zn )-moving in
-a relatively immobile negative matrix so that with-J% applied the
-p081t1ve ions migrate to the top contact and leave behind a fixed
negatlve space charge dug to the larger Sloj—radical. The positive
ions reflect most of their charge into the adjacent metal and do
‘not affect VFB whereaé at least part of the negative space chaége
' ls reflected in the siliccn to produce a positive value of VFB'
Similar affects to this have beeﬁ observed in lead silicate glasses
by Snow and Dumesni| (Ref 6-22). It is also possible for the
Some of bhewm .

positive ions or esme at leastLto discharge at the metal and the
Tesults of the I-V work showed that fhis wasg probably the case
(Chap 7). = With the C-V experiments alone it is not possible to
determine whether the ions discharge or not at the metal because the
offects of the space charge closest to the silicon always predominate.
However, the C-V. experiments do show conclusively that positive ions
do not discharge to the smllcon when they pile~up with positive bias
and this is in agreement with the conductlon model proposed in Chapf.

The fact that the BT curves in Fig 6~12 show a much
larger negative thén positive shift was probably partly due to an

additional positive ion component from sodium ion contamination and

partly to the factuthat the mobile positive ions can move close to
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the.silicqn éurface and affect VFB more than the distributed charge
of the immobile negative ions (Eqn 6-31).

During the BT experiments it was assumed that no
ionic transfer occurred between the willemite and the oxide and that
‘any zinc which had diffused in to the oxide during the bake remained
there. This is in agreement with the fact that after zero bias
temperature treatment the curve ralaxed to its initial position showing
that there was no change in the number of zinc ions in the oxide.
, ItAshould also be noted that a positive B.T. treatment produces a
: neéative VFB shift due to the accumulation of positive ions at the
‘willemite-oxide ihterface, whereas zinc ions actually inside the oxide

have an effective negative charge that produces the opposite shif?

| in V.

FB’ i.e. in the positive direction.

Hysteresis and BT shifts which make VFB more negative

after a positiva bias excursion and vice varsa can.also be attributed,
in theory, to two other effects besides the migration of positive
ions described above. These are (1) carrier exchange at the metal-
‘insulator interface and (2) polarisation of the insulator. The
roasons why these effects are not considered to be significant here
are briefly discussed below.

(1) I£ is usually assumed that interchange of charge at
a'mefal—insulator interface involves short range penetration of the
insulator because the carrieré either tunnel into trap states within
the insulator (Ref 6721) or the potential wells of the traﬁ overlap

‘with the eleptrodé'so that carrier hopping can ocour (Ref 6-15)
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It therefore seems reasonable to assume that the space charge
regibns pdeﬁced by'fhese processes lie close to the metal electrode
and that they reflect vefy little of their charge into the silicon
so that only small shifts in Vg oceur (x « x  in Eqn 6-31).

'This was not. observed in practice.

(2) Polarisation phenomena in insulators are due to one
or hore of the following mechanisms :£aihe displacement of the
electronic charge surrounding the molecule (b) the displacement of
the ions within the molecule (c) the aiignment"of dipolar molecules
in the applied electric field.or (d) to interfacial polarisatién -

' aAproqess that involves the separation of opposite charges inside
some macroscopic conducting phasé within the insulator.
The first two of these mechanisms contribute to the

high frequency dielectric cohstant of the ineulator. They are too

fast to contribute to any hysteresis or BT effectsAand they are also

"independent oF temperature. The zalignment of dipolar molecules
within a crystalline lattice is unlikely and again the correct
temperature dependence for this is not observed. (As the thermal

enargy of the molecules increases the amount of alignment should

decrease whi&h is contrary to what wés observed.)
Interfacial polarisation due to a non-uniform dielectric
seems to be the only likely polarisation mechanism for the hysterisis
.and BTbeffects in the willemite films because in this case the effect
inoreases with tempqrafure as fhé mobility'of the cﬁarges‘increases.

~This form of polaiisation has been observed by Snow and Deal (Ref 6-23)
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in phosphosilicate glasses on éilicon. Their éhifts in VFB
were.however small and always less than the polarising voltage
unlike tﬁe shifts shown in Fig 6-11 and they were attributed to
abqut 6% by volume of éonducting materiai in the glass. It is
'possible that interfacial polarisation may be occurring, at least
partly, in the willemite films but-it probably occurs by ion
migration within some macroscopic phase in the crystal suqh as a
small orystallite and as such it is prac£ically‘indistinguishable

from ion migration across the film.

" b) . MWS structures

A typical C-V curve for a thin MWS device is shown
in Fig 6-13. In this device the willemite film was made from oxide
that was about 500 ® thick and it was shown by preferential etching
- of thevﬁillemite that no detectable oxide {i.e. <1008 ) remained at
the silicon interface after the convérsion process., The C=V.
characteristics of the MOS device made from unconverted oxide adjacen:

to the willemite are also given in Fig 6-13.

The voltage hysteresis of MYUS devices can be seen to
be relatively greater than for the thicker_MWOS devices. This is
because the ions that give fise to the hysteresis are now much closer
to the silicon so that they reflect more of their charge in the semi-
| conductor and also the structures are much thinner which considerably
inoreases the factor x/xo in Ean 6-31 relating VFB-with the position

of charges in the insulator.
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Fig 6-13 and Fig 6-14(bottom) C-V curve tor two MWS devices
(top\ and adjacent MOS structures.
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BT experiments on MWS devices were qualitatively
éimilar to the NHOS ones alfhough the shifts in VFB were again
relatively larger than for the MHOS‘devices after similar BT .
treatment. This is probably for the same reasons as fhose given
above for.the iﬁoreaSed hystéresis effects. In the MIIS devices
the position of the initial C-V curve was however found to depend
on}the typé of metal that was used for the top contact and this
effect will now be discussed.

Although indium, gold and zluminium were used as
top contacts for the MJIOS experiments with both n and p-type silicon
no significant differences were observed between them (i.e. within
the limits of reproducibility). However, fof the thinner MUWS
structures which were all made of n-type si;icon, a considerable
difference was observed in the initial C-V curves for devices with
gold and indiuﬁ top. contacts. Thesé characteristics shown in
Figs 6-13 and 6-14 were obtained prior to any BT treatmenf. The
different values for VFB in these two curvés,can be attributed to
fhe game positive ion drift as discussed earlier for the BT case
vbut this time the ions must drift ajroom temperature in the electric
field set up by the difference in work functions.(4%5) between the
silicon and the metal. This drif¢ presumably occurs in the time

Abetwgen the contacts being.épplied and the C-V curves being measured
_whiéh Wwas usually a few days. Ton drift in the contact potential

field would be expected to be much greater in the thin MWS devices

’




=133a=

thén in the comparitively thick MIOS casé, as observed.
F Fig 6-15 shows the energy levels ofAén MIS device
with zerd applied voltage. The values,of‘P us for the three
.metals and for silicon of various resistivities have 5een calculated
using Eqns 6-13 and 6-14 and these are listed in Table 6-1. This

table shows that only a gold contact with n~type silicon produces

a negative voltage on the metal (i.e. positiveéﬂs). This is in

agreément with the positive shift in VFB that was observed for this
oombinafion only. This shift would correspond to the accumulation
of the Zn2+ ions at the metal and the formation of a negative space
charge of (SiO4)4; radicals near the silicon surface. If tﬁe Zn2+
ions diécharge to the metal however (and thereis evidence for this
in the I-V work) this could not be defected in the C-V shifts.
The existence of an electfic field due solely to 4> us and of
suffioient magnitﬁde to cause ion migration, is further substantiated
by the increase in capacitance on the inversiqn side of the
charagteristics in Fié 6~14 due to the accumulation of negative ions
on the surface of'the'device. This effect is also éhown in Pig 6-7
for a MOS device but here it oocurs ohly during BT treatment.
Negative values for VFB were observed for all the devices
that were made with the other metal/silicon combinations shown iﬁA
Tablé 6~1, and this could be attributed to ion drift in the reverse
direction due to the electric fields set up by the negative values
: °f4)mé .
Although the polarity_oflvFB,‘as indicated by the
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Fig 6-15 The cohtact potential difference of an ideal MIS device at
zero bias
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sign of 4)M$’ was maintaingd from device to device, its exact
value usually varied. This seems reasonable because the precise
histor& of eagh device prior to measurement was usually different
gnd this would alldw different degrees of ion migration fo occur
'befoie Vpp Was actually measured.

.The rate of zero-bias_ion migration also depends
on the value of (P uS and the magnitude of the resultant electric
field in the willemite. In the thicker Mﬁos devices, where the
fields were smaller and the amount of ion migratién correspoﬁdingly

less, this would‘accouﬁt for the fact that no zero bias effects were.
.observed., Anofher reason for this was probably that charge movement
in the willemite has a smaller effect on Vpg in the thicker films
which also have a relatively thick oxide layer between the silicon
and the willemite.

When no ion drift effects occur at zero biag the only
efféct of différent contact metals is to shift the C-V curve by an
amount equal to CP s (Eqn 6-31). This can be seen in Fig 6-14
' where.the characteristics of the MOS device made from the unconverted
oxide of device EW1l0 are shown for both gold and indium electrodes.
The shift in VFB between jhése {two curvesArepresents the difference
in 4) MS for the two devices (assuming th;t other charges are the same
4fqr both oxides) and eﬁuals.about 1.0 volt in good agreement with the
theoretical value of O.8V obtained from Table 6-1. -

| The formatlon of a negatlve space charge in the

insulator near the 81llcon appears to favour: the introduction of fast
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surface states at the interface. This can be seen in Figs 6-14
and 6-13 ithera the C-V curve of the dévice-with the indium top
contact has aAVFB = 2,0V (¢orresponding to an effective density
of 5.10ll cm-2 positive chérges-at the interfacsg) and a slope
 Whioﬁ is similar to that of the unconverted oxide, whereas thei
device with a gold electrode has a C~V curve with’VFB =457V
(1.4. 102 cm’zlnegative charges at the intgrface) and a much
smalier gradient corresponding to an effective density of fast
surface states of 1.7 . i012 oV om2 as caloulated from Eqn 6-36.
This is in agreement with the C-V ourves of the anomalous MWOS
- devices shown iﬁ Wig 6~10 where a similar density of faét surface
states was attributed fo a negative space charge at the interface
due to zinc ions in the oxide.

I4 has been shown by several authors (Ref 6-2;)
that electréﬁorming effecté can occﬁr ir {hin dielectric films and
these can be atfributed to the field injection of'metal ions from
the contacts into the dielectric. These effects seem to occur

mainly with gold electrodes and apparently devices can only be

3

electréformed in a vacuum of less than about 10 - torr. In spite

of the fact that the C-V meésurements described above were all
carfied out at atmospheric pressure, the difference between the C=V
- curves of.gold and indium contacted Mﬁs devices could possibly have
:been due to an electroforming effect viz. gold ion-injection into

the willemite under the influence of the electric field set up by

CP MS.
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Cagnina and Snow (Ref 6-25) have investigated
gold diffusion in jold/thermal-oxide/Silicoh structures using the
C-V technique and found no evidence for either gold-injection with
fields of up to about 106 v om-l (atfatmospheric préssure) or for
gold diffusion into the oxide for temperatures up to about 25000.

At temperatures higher than this they found that gold entered the

. ox1des with an effective positive charge in a 31m11ar way to sodium
;onsi( the ionic radll of gold and sodium are 1.37 R and 0.983
respéctively,and either';an therefore replace the netwofk bridging
- oxygen ion which has a radiué of 1.36 £ ).

The effective charge of the gold ion in willemite
is not known, but it is likely to be positive as it is in the oxide
and in most othér.dxygen containing dielecfrics. If this were so,
the positive space charge broduoed by the gold ions in the willemite
would produce a negative shift in VFB.which is opposite to what was
bbse?ved. Also in order to field inject positive gold ions 4)Mb
would have to be negative whereas for the gold-n-type siliconA
combination it is in fgct positive. For fheée reasons it seems
unlikely that injection of ions of the contact metal cén account for
the observed contact dependaﬁce in the MWS devices.

Carrier transfer mechanisms at the metal-willemite
interfaoe could also account for the contact effects that occur with
- MWS dev1ces. It was considered above, earlier in this Section, that
any 1nterohange of carriers at tﬁis4intérfa§e woula probably involve

space charge formation close to the metal electrode and this would
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have only a small effecf on the C-V curves. Even if the
measurements were sensitive to oharge injection from the metal

this could not account forAthe pésitive‘shift in Vin for gold
electrodes (ﬁiph n-mypGVSilidQ) and the negative shift for indﬁb
eiectrodes, because electrons would have to be injected by the gold
and holes by the indium (both under the influence of 4)MS)' From a
cbnsideration of the work functions of these two metals it would
however seem more reasonable.if the opposite occurred and in fact
gold is generally consideréd to'be a blocking élegtrode compared to
indium. Also if charge injection oocurred at the metal contact then
thefhysféfesis effects would ais5”5;3€;€i§}be due to this and the
-amount of hysteresis would 4kean be dependent on the shift of VFB
which would then be an indication of the ease with which charge occurs
at the interface. However, from Figs 6-13 and 6-14 it can be seen

" that the hysteresis is apﬁroximately.fhe same for both the indium
curve with VFB = - Z.o V and for the gold curve with VFB = 54V, 8o

" that once again charge injection seems to be eliminated as en

important process.

From the above considerations it is considered that
neither electroforming effects nor carrier injection can account for
the contact effects obtained in the C-V curves of the M{S devices,

and that charge movement in the contact potential field is much

more probable. | : >
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6.6 Conclusion
The C-V characterisfics of willemite films on

gilicon have been studied and compared with thcse of MOS devices
made‘from unconverted oxide surrounding the willemite. The MOS
| devices have standard C-V characteristics that can be explained in
terms of the theory presented in Sec 8,2, with the addition of tﬁo
épace charge components in the oxide namely, a mobile positive
charge and a fixed positive charge near the silicon. Other workers
have identified similar charges as being due to sodium or hydrogen
‘ion contamination of the oxide and excess silicon at fhe silicén—
" oxide interface respectively, and both these are iikely with the
fabriqation processes used here,‘ It appears that the willemite
conversion procéés introduces no further contamination into the
surrounding oxide.

| The C-V characterisfics of willemife films depended
on the depth of oxide thaf was used up in the conversion process, so
that either metal-willemite-oxide-silicon (10S) or metal-willemite—
‘gilicon (MWS) structures resulted. The thicker Mwos'devices displayed
chafacteristics that were consistent with a reduction in the amount of
fixed positive charge in the oxide sandwich. This has been attributed
t§ zinb diffusing from the willemite into the underlying oxide during
the high temperature conversion process. The silicon—oiide interface
'howeﬁer, usually remains free from fast surface states, as indicated

by the slope of'thelc-v curve. Voltage hysteresis and bias-

- temperature experihents on these devices indicated that ion migration
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ooccurs in the willemite probably'in the form of Zn2+ ions
moving in a matfix of (Si04)4- radicéis. The effects of both
polarisation and carrier exchange at the interfaces have been
”discounted. |

| The-C-V curves of the thinner MWS devices were
more senéitive to charge movement in the willemite and this enabled
a contact'effect to be seen in these devices that was not observéd
with the MWOS structures. MHS devices with top contacts of
different metals displayed characteristics having varying shifts in
bofh directions along the voltage axis. This has been attribﬁted
1 iop migration occuring under the influence of the zero bias field
set up by the difference in work.functions betwesn the silicon and
the metal. Possible alternative explanatioﬁs in terms of either
electroforming effecis of carrier exchange at the metal-willemite
interface have been shown to be incdnsistent witﬁ the experimental
results. It has been possible to prqduce MWS devices with no extra
fast surface states at the willemite-silicon interface, as shown by
the slope of the CV curve, in comparison with the chargcteristics

of the unconverted oxide.

The theory éhows that the hypothesis of ionic
mqvemeht in the contact potential field in the MHS devices could be
| confirmed by further experiments using p-type substrates, and it was
‘unfortunate that there was no time available for the further work
required. ~ Table 1 shows that the contact potential fields with

. gold and indium obﬁtaots are in the same direction with p-type silicon
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so that the shifts of Vop should also be in the same direction
unlike the case with the n-type substrates.

- Minority carrier injeption from the silicon into
- the willemite produces a characteristic change in shape of the
.C;V curve, although this was nbt observed in any of the devices
that were gxamined. It seems reasonable to assume that current
mechanisms through the willemite will therefore involve majority

carrier effects. The current-voltage characteristics of willemite

films will be considered in the next chapter.
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CHAPTER SEVEN

HEASUREMENTS OF CONDUCTION CURRENTS IN HILLEMITE DEVICES

Tel Introduofion

This chapter describes the conduction measurements -
that‘have been made for willemite films on silicon. The conduction
mechanisms that are-theoretically possible for a perfect metal-

_insulator-metal ( MIM ) structure are disoussed briefly in Sec 7,2.
The Quantitative applicéiion of these theories to experimental
results is notoriously diffiéult and this is particularly the case
with willemite because of the ionic movemént that has been shown té
occur within the films by the C-V work described in Chapter 6 and
the distortion of the internal electric field that this produces.
The structural assessment of the films (Chapter 5) has shown that
thej have a fine polycrystalline‘texture and this, together wiih the
rather unknown nature of the silicon-willemite interface due to the
substfafe reactive preparation (Chapter 4), leads to further departures
from an idéal structure. Complic#tions also arise because one of
the electrodeé is silicon which is capable (in its noh—degenerate
form)bf sustaining space chérges at the surfaée with the result that
the fiéld penetrates the electrode to a certain extent. This has been
-discussed extens1vely in Chap 6 with respect to the MIS structure and
effects that this may have on the conductlon mechanisms are discussed
-1n Sec 7.2.4

Eléctroluminescence (EL) has been observed from

w1llem1te fllms under certain condltlonsxuxh very high d.c. flelds

~and this is discussed in Chapter 8 with other luminescent propertiés
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of the films and the simple theories of dielectric breakdown
which are partly rélevant.

'Current measurements have not been éxtensive,
largely because of lack of time, and it is not possible to be
certgin about the cqnduction mechanism. In order to elucidate the.
exact mechanism in thin films it is usually necessary to measure I-V
curves with both the temperature and the film thickness as a parameter.
Althﬂugh this has not been possible in this cése, certain interesting
polafity results have eﬁérged from the simpleiI—V measufements and
.these are discussed with theAresults in Sec Te.4.

Barrier heights at the electircde interfaces can be
investigated by using the photoemission of carriers from the electrodes
into the insulator. This type of measurehent was attempfed for a
willemite film but with inconclusive results although intrinsic
photoconductivity of the willemite was found as described in Sec T.4.2

T.2. Conduction Mechanisms in Insulating Films.

T.2.1 General considerations

Acoording to the band theory of solids, insulators
are characterised by a full valence band separated from an empty
copduotion band by a forbidden gap of a few electron volts. For
sighificant electronic conduction to take place additional carriers
mst therefofe be introduced into the insulator. The resulting
current is then conitrolled by the iegion of.highest resistance
which is either at the electrodes or in thé bulk éf the material, .

This leads to theories of iﬁjection limited currents and bulk limited
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currents. Various mechanisms are possible within this class-
ifiéation and thesé are illustrated schematically in.Fig T-1.
'The theory'will be only briefly discussed here as ééveral>reviews
have appeared on the subject (Ref 7-1, T=2 ).

Te2.2 Injection-limited conduction

Thermal emission of electrons from the contact
-electrode to a conducﬁion level in the insulator takes place when
ele&ﬁfcns moving in the required direction have sufficient thermal
engfgy”to surmount the iﬁterface barrier _4) . Once'iﬁjected into
the conduction band of tha dielectric aé shown in IFig T7-la they are
:swept away to the anode under the action of the apnlled fleld.

applied field - .
- The barrier height is reduced by the imese-—fevecen—+thoelechrons

e and this introduces the field dependant term

into Richardson's thermionic emission equation %o give the Schottky

relation for current density.

" Y
J ="A*W‘exF[ (i; ig )} rd

Wheré T is the absolute temperature, A* the effective Richardson
coefficient, E the‘electricAfield strength and K the dielectric
qonstant of the insulator.

Field emission occurs with large applied fields
which produce a potential barrier sufficiently thin to allow electrons
to tunnel thrcugh it into the’oonduotion band of the insulatér as
shown_in Fig 7-1b.  For very thin insulator filmé (1ess than about

100 & ) electrons can also funnel completely through the insulator
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Fig7-1 Schematic energy diagram of an ideal MIM
structure showing several possible conduction mechanisms
a) Schottky emission b) field emission ¢) ‘direct’
tunnelling from cathode “toanode. d) impurity "hopping’
conduction ¢) Poole- Frenkel mechanrsm via traps f)
which can dominate space-charge effects.
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to reach the electrode as *hot elecirons'. Current densities
for quantum mechanical tunnelling mechanisms can be obtained by
integration from the expression

J jewh,e) D(E) JE | 12

where N(T.E) is the number of electrons which are incident on

1l

the barrier per second per unit area having energy within the raﬁge
E to E + dE and D(E) is the tunnelling probability. The integrat—
ion is-teken from the effective constant potential inside the’
source electrode to infinity. This équation cen be worked out to
various degrees of sophistication and the simplest gives the

Powler-Nordheim eguation.
2 g2 \
ek (2m) 7-3
J= —=nepl| -t . |
8ﬂh@ ek
Other treatments (Ref 7-3) take into account the image force barrier
‘lowering, the effective mass of tha electrou in the insulator and a
term which takes into account the small temperature dependence of
N(T.E). All of them however, retain the same general functional

behaviour as the Fowler-Nordheim equation.

‘At high temperatures and comparitively low fields
Sochottky emission usually predominates, while at high fields tunnel
emiésion takes over. However, between thece two there is an inter-
mediate region where thermally assisted tunnelling occurs. The

E complete treatment for all three regions is given in Refs (T=447=5)
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Te2.3 Bulk-limited conduction

So far only those current mechanisms governed
primarily by the propefties of the electrode have been c&nsidered.
However, when injection into the insulator is not the rate
.iimiting process bulk effects predominate.

"When the injecting electrode can supply carriers
at a rate which is greater than the rate at.which they flow‘away
through tﬁe insulgtor space charge build-up occurs either in the
conductioﬁ band or at trapping centres in the insulator. Tﬁe
ability of a contact to inject carriers into a semi-insulator is
usually characterised by the work function (d)M ) of the contact
.material, and the electron affinity 7( , the band gap (Eg ) and the
work functionCQ s of the semi-insulator. (Ref 7-6). In theory
ohmio.and blocking contacts result for p-type material when
CPM > By + % and Cps > CPM

respéotively¢ For n-type material these contacts result when

CPM>/’% - end CP5<CPN\
respectively. However, the extension of these criteria to.large
band gap solids is of doubtfﬁl validity and also there is the difficulty
@fidetermihiﬁg the values ofcpm and )L which actually occur at the
interface, so that in practise:it is usually difficult to decide
theoretically whether a contact will be ohmic or blocking.

| Nevertheless if a low impedance contact is establided
several I-V relations operate depending on the space charge condit-

ions, the trap density and the carrier trapping kinetics within the
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insulator. These have been reviewed by Wright (Ref 7-T7).
For ‘a simple single carrier model the I-V curve with‘increasing
applied bias is initially ohmic followed by a classical space
charge region, with I proporation to V2, until a trap filled
limit is reached when the current rises sharply to a trap free
space charge region.

| Doudble injection,i.e. of electrons at the cathode
'and‘ﬁoles at the anode, can also occur. In this case the transport
and frapping kinetics of.the electrons and holes then détermine the

/
type of I-V characteristics which are obtained and a wide variety

of I-V curves is found.

~Another bulk-limited conduction mechanism is due to
electrons that are trapped at centres in the insulator themselves
acting as a source of carriers. The process by which this cccurs
is called the Poole-Frenkel or 'internal! Schottky effect. Similar
considerations apply as for the emission of electrons from the
electrodes but with slight differences because the number of electrons
avéilable for emission is reduced and because the imege—fexece lowering
of tﬁe p§tentia1 barrier surrounding the trab is twice as large in
this case due tq%he immobility of the positive charge. The theoretical
cﬁrrenf density for thermally assisted emission of trapped electrons

into.the conduction band of the insulator is given by

efE V2 Tt
J - ;Qnst.E ecrp [~€(4>b_—'({fy\) )} T-4

RT

where 4>b is the height of the potential barrier around the trap.
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If the concentration of the impurity centres is
large so that a certain amount of overlap~occﬁrs between the wave
functions of the centres then the electrons can tunnel or hop
between the centres instead of being excited into the conduction

-band as in the Poole—Freﬁkel effect. This process is called
impurity conduction. Seversl quantitative treatments exist for
this situation snd one of these has been given by Simmons. (Ref 7-8)
and zpplied to MIM structures of A1203 and S5i0. The field dependence
of this mechanism is given by |

J = const. sink[mi.V} T-4b

The impurity centres described above are immobilev

' and aot as"steoping stones" for eiectrons passing through the
insulator. However, if fhe impurity centres are ionised and their
mobility is sufficiently large then ionic conduction occurs. The
ions move by way of defect sites (or.vaoancies) in a manner analagous
to solidvstate diffusion and the ionic current density has 2 similar

functional form which for large fields ( 105 V/cm) can be expressed by

_j o o,ocP[ —%A - %—_L} ’ =

where 4& is the height of thé potential barrier between defect sites
'1' is thebir spacing and Jo is a constant.

Although the ionic current given by 7~5 is determined
by the properties ogéhe bulk,electrode processes can also influence

ion currents in a way that depends on the nature of the charge

transfer at the eleétrode. " If electron transfér‘occurs readily at
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the electrodes then 7-5 is obeyed and solid state electrolysis
occurs; Pailure of the ions to discharge results in the build-
up of ionic space charg; at the electrodes znd a gradual decrease
in the current due to polarisation effects. Injection of ions

of the electrode metal is also possible as an electrode transfer

process (Ref T7-9).

The factors thét determine whether or not an ion
discharges at an electrode include not only the work function of
tﬁe electrode and the electrode potential of the discharging ions
but also the physical nature of the electrode surface and in
. particular its ability to absorb the ion on its surface
(electrocatalysis)a In electroiytic solutions the potential
required, in.excess of the theoretical value (as obtained from the
electromotive geriss) o electrodeposit iois at the electrode is
termed the overvoltage, a term whlch must be determined empiricallye.
'In sec T«4.3 it is concluded that 7o't ions moving in the willemite
films discharge at the metal (i.e. In, Au.on Al ) eléctrode .of the
MISldevice whilst remainipg ionised in front of the silicon

electrode. In view of the above factors this will be shown to be
a reésonablq deduction.
7.2.4, Conclusions
The following conduction mechanismg in thin

insulating films have been discussed

i) - Schotthy emission — I (T/T ) oL E/Q'T
n (T/E ) & Ve

1ii) Space charge llmlted currets a)Single carrier injection.

11) Fleld emission

b)Double carrier injection'
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iv) Poole-Frenkel conduction-——\n('T/E) £ E*
v)  Tonic conduction — I (T) o E/T

In spite of the fact that all these processes
have different field dependencies it is very difficult to
: diétinguish between them on this basis, particularly as over a
smzll range of V most will produce straight lines on é log plot
and also some of the constants in the relations are very difficult
to measure (e.g. the emitting aréa and the effective work function)
(Ref 7-13). |

A further complication is that although the .
, péssibia conduofion mechanisms discussed above usually occur in thin
insulaéor films in isolafion they can be inter-related in certain
conditions. Several examples of this have been reported by other
workers. For example electroforming effects in thin films of Si0
and the subsequent voltage controlled negative resistance phenomena
»(Ref 7-.8) have been ascribed to ion injecticn at the anode followed
by iﬁpurity conduction with a 'memory"effect attributed to space
chaige guild—up in certain voltage ranges. Similarly silicon
| nitride films on'silicon have been shown (Ref 7-10) to.exhibit three
condﬁction meghanisms for pérticular voltage or temperature ranges
dépending on whether traﬁped electrons are field emitted to the
. conduction band (with or without thermal assistance) or whether -they
8imply tﬁnnel between the trap centres {(Ref 7-10) . Also thermal
silicbn oxide MIS structures have been sﬁqwn to exhibit Fowler-

Nordheim emission_ffom either of the electrodes (Ref T-11) whilst
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double sandwiches of both Si3N4 and SiO2 (Ref'7-12) give rise to

: in addition
further charge memory effects\to the different conduction mechanisms

of the éonstituent layers.
The abocve two examples of conduction processes
in thin films are particularly relevant because they used silicon
as one §f the electrodes compared with the MIM structufes described
in the theorétical discussion. Spacé charge effects in the surface
of the silicon of an MIS sﬁructure have been discussed in the previous
chapter. Electrode c;ntrolledvconduction in thin films is predom-
'inately concerned with the>injection of electrons at the contacts and
it can be showm that for a positive bias on the metal contact electrode
of a MIS structure both p—typé and n-type silicon provide a degenerate
supply.of electrons. Por the p-type silicon this occurs only after
the inversion of the surface. The voltage drop across the silicon
space chérge in this case can,however,hever be greater than the erergy
gap because of the effective limit +to the width of the depietion
layer in the surface (Sec 6.22 Eqn 6-2 and 6-20). It follows that
for a moderate bias (greater than about 10 volts)only a small part of
the v&ltége is dropped in fhe‘depletion layer and the field in the
" thin film is approxinately eqﬁal to the applied voltage divided by
thé film thickness.

T.3 Experimental Procedure

The willemite devices used for tpe conduction measure-
ments were the same as those used for the C-V work and their preparation

is desoribed in Sec 4.3 (Fig 4.1). Gold, indium and aluminium top
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contacts were used. The currents in the willemite devices were
ﬁsually less then io;loamp~for most of the bias range. These were
measured with a Modsl A-33C Vibron vibrating-reed électrometer
which had built-in measuring resistors of up to 1012 ohm to give
full scale deflection for currents of 153 anp to 10-6amp. The
devices were mounted on a % inch thick block of Perspex which was
fixed on té the moQabie stage.of a microscope so that the top
contacts could be selected in turn using a gold probe held in a
micromanipulator and the whole arrangement was,enélosed in an
earthed metal box to prevent pick-up. A schematic diagram of the
apparatus is given in Fig T-2.

Apart from the samples with dot contacts (Fig 4.1)
on which most of the experiments were performed, a guard ring
contact arrangement was used on onqﬁevice to see if there was any
lealkage across the surface of the wiilemite. With the guard ring
at the same potential as the dot inside the ring, leakage current
cannot flow. However, for all the contacts on this device the
guard ring potential did not affect the current. This showed that
leakage currents across the surface were negligible probably due to
the thinness of thé dielectric compared with the long paths for
any surface currents. o |

Photocurrenté measurements were carried out by
sugspending the device in the monochrématio light beam of an Optica
_spectrOphbtometer Type CF4 which used a hydrogen lamp source. The

device was mounted normal to the horizontal light beam and positioned
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using a X-~Y mioroscops stage in a vertical plane. A microprobe
wzs also attached to the X-Y movement so that the device could be

contacted before being positioned in the ligzht beam.

For the photocurrent experiment transparent gold
top contacts (about 1073 on? in area) were evaporated on to the
willemite in the standard manner. The degree of transparency was
assessed by a simultaneous evaporation on to a silica substrate next
1o the device. -Any absorption of light.in the gold'oould then be
acoounted for by measuring the absorption spectfum of the gold on

transparent silica.

The wavelength of the monochromatic light from the
_zptica was automatically scanned at a rate of 65 2 miﬂ starting at
1800 8 and‘the photqcurrents were measured with the Vibron as
" described above. This was repeated for a few set bias voltages of
both positive and negati&e polarity. |

Te4. Results and Discussion

T4l Experimental I-V curves

—_—

o Cuwrent rmeagurements were carried out on both MJVOS
and MWS devices.’ The MWOS.devices’had £ilms thicker than about -
1000 £ with a detectable oxide film at the willemite-silicon interface
.énd fhé MWS type had thinner films in which all the oxide had been
converted to willemite. Both p~type and n-type silicon sustrates
'weie used for.tﬁé“MWOS samples but the later MWS ones were restricted
to n-typé silicon due fo the lack of time: It was found that the

~substrate type ana resisti#ity (in the range 1-10 ohm m\) did not
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affect the I-V curves of the miy0S devices. This was probably
due to fhe formation of degenerate inversicn_layers at the silicon
surfaces which provided contazcts that were effectively metallic.
This is described in more detail later. ‘Similar lack of substrate-
| depeﬁdence is also expected for the MIS devices.

The typical I-V characteristics for a MWO/p-Si
device (EHT3) and a Mi/n-5i device (EWL10) ere shown in Fig 7-3
7-4 and 7-5 for both negative and positive voltages applied to the
top contact. (All voltages refer to the polarity of the top contact
with respect to the silicon). Several top contacts were tested on
. ‘each device and they all showed very similar characteristics.
Bgth types of deviceg show a broédly similar I=V behaviour with larger
currents flowing for positive bias after a certain critical field
strength has been reached, although the.increase was greater for tle
MAS devices and the §ritical field about one half that of the MWOS |
devices. |

The experimental uncertainty on a particular I-V
" plot is primarily due to the varying current. Two distinct types
of variation were evident corresponding tc different régions of the
I-V curves. These were (i) polarisation effects (i.e. the current
decaying slowly with ti@e) which occurred throughout the negative
bias range and in low positive bias régions and (ii) spiky and
relatively high frequency variations in the current foxﬁhe high
posifi&e field region. In the polarisation region a rough estimate_

of the error on the current measurements was made by noting the.
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current values 5 min and 10 min after the start of each
meaéurement. Experimeﬁtal errors in the high positive bias
region were estimated from the recorder trace over a period of
about 10 min. These aré indicated by a vertical line in the I-V
curves. Aluminium, gold and indium top contacts were used in the
experimenté but no difference in the generzl shape of the I-V
oharaoteristics vas observed. This can be seen from Figs 7-3,7-4
' andi7-5;

| For values of positive bias greater than the maximum
shown in the above graphs further increases in current occurred, but
these are not included because they were very erratic dnd difficult
to measure so that only a few readihgs'were pogsible. At first
thése even higher currents were confused with breakdown of the device
but it later proved possible to reproduce the readings on the same
device when the experiments were repeated. A typical value was aboutl
100amp at 15 V for the device used in Fig T-4 and this provided
an apbroximate order of magnitude agreehent with anstreight=—tine
extension of the bositive bias curve shown in the granh. Because
of this and becausé these much higher currents occurred only for
positive bias if seemad likely that the conduction mechanism was the
.same fhroughout the whole high positive bias region.

Dot contacts on the unconverted thermal oxide next

to the willemite film (Fig 4.1) were also used ﬁnyburrent measurements.
The 6xides always>showed polarisation éffects'for both negative and

positive bias throughout the full voltage range, and the I-V curves
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were essentially symmetrical and similar to the negatively biased
willemite devices. Only a few.I-V measurements were made on the
MOS devices as these strﬁctuﬁes have been the subject of extensive
study elsewhere (Ref T-11). Their prime use hers was as a rough
.Qomparison with similar measurements made on the willemite.

The most important observation from the I-V
- measurements is the rapid increase in the high field current in the

‘willemite which occurs for a positive bias only and which is not

found in silicon oxide. This increase will later be seen to be
S

important for possible EL applicationSec 8.3)

Tede2 Photoconduction measurements.

Measuremeuts of photoconduction were initiated to
see if carriers in the contact material could be photoexcited dver
the potential barriar at.either electrode ond into the willemites
The relationship between the resultaht‘photocurrents and the wave-
length of the incident light could then be expected to yield values
for the barrier heights at the interfa§es. This has been done
successfully by Williams using 5i0, (Ref 7-14) and by Goodman
(Rgf 7-15) with Si3N4 . It was expected that a knowlédge of the
barrier heights obtained by-this method, and perticularly their
’vériation with different‘contact materials, would help to elucidate
'~ the cénduction mechanisms in willemité films.‘ In practigé this
effect was swamped by the bulk phdtoconduction of the willemite
which;‘as will be seen, incidentally produced information that

‘helped to confirm the conduction model provosed in Sec T.4.Z3-
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Fig T-6a shows the photoresponse of a 10008 thick
willemifé film (EN 97) with 20V applied. This curve was identical
for both positive and negative bias voltages. In these measurements
" the waveiength of the light was automatically scanned at a rate of
65 & / min. Fig 7-6b shows the response curve for both bias polé}ties
plotted together after a correction factor has been applied to take
account of the sﬁectral response of -the hydrogen lamp. )

Polarisation of the currents occurred when the
wavelength scan was stopped at any part of the exciting region.
Negative currents flowed in the measuring circuit when either the
voltage was reduced to zero or the spectrophotometer slits were closed.
These phenomena were consistent with the redistribution of space charge
in theAwillemité films.

The spacércharge in the film could have been produced
by photeinjection from the contact of electrons which were subsequent}y
trapped in the willemite but this would have meant that the barriers
at both electrodes would have to be exactly the same height to account
_for the symetrical photoresvonse. It was more reasonable to attribute
the photocurrenté to intrinsic photoconduction within the willemite
and this was éubstantiatéd by two furthér points. PFirstly, Kroger
: in 1939 (Ref T7-16) found the absorption edge in a willemite phosphor
to be 22008 which is very éimilar to the response ghown in Fig T-6
.(2250'3), and secondly.photocurfants were not observed in the thermal
oxide tast boints néxt to the willemite a; they should have been
.‘according to Williams (the initial photoresponse was at 2900 X in his

experiment on SiO2 )
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| This lack of photocurrents in the SiO2 also ruled
out the possibility that photoemission from the contact into the
air might accoﬁnt for the photocurrent because the photoemission
from gold contacts on the willemite and on the oxide would then
be the saﬁe. Photovoltaic effects were also discounted as the
source of the observed currents because any voltage induced in the
device as é result of the light would then be divided between the
high resistanée of the device and the relatively low measuring

registance in the Vibron circuit so that only a very small part

" would be recorded.

It was therefore concluded that the monochromatic
ultraviolet light that was used in theée experiments was too weak to
produce any meaéurable photoexcitation from the contacts and that
the photoeffects were due to intrinsic photo-conductiorn (Ref T-17)
in the willenite. An estimate of the optical band gap of the
willemite films obtained from the cuf-off of the photocurfent was
S.St O0.1l. eV. which was in very-g;od agreement with previous workg.

| Transient photo-effects were also observed when
the slits of the Optica wefe first opened at any wavelength from
3290 % to about one micron, but these were attributed to the creation
of electron—hole'péirs in the silicon.substréte and their subsequent

recombination. This effect counld easiiy be distinguished from that

 &escribed above, ' .

| The fact that the high-field photocurrent was indep-

endent of polarity whereas the dark current was considerably greater-

f
[




-160-

with a positive bias is confirmation of the conduction model
proposed in the next section.

Toede3 A model for the conduction process

A model for the conduction of willemite films on
’ siliéon must explain the observations described in Secs T.4.1,
Te4e2 and 6.6. These are summarised bfiefly below :—

i) Relatively large and noisy currents flow across
the device when high positive voltages are applied to the top
electrode. |

ii) Throughout the negative bias region and for a low
,.positive bias theAcurrents are comparatively small a2nd they show
polarisation effects. v

iii) These characteristics are, in general, unaffected
by the metal of the top contact and also thoe conductivity type of
;he'silicon. It is of particular interest that both indium and
gold contacts with MW 1n-Si devices produce a similar I-V curve
because indium has a smaller work funcfion than the electron affinity
of silicon and vice versa for'gold. The thermal properties of the
fop contacts dp however effect the breakdown propertieé of MIS

structures (i.e. their ability for self-healing) and this is discussed

inAChap 8.
‘@v) The photocurrents produced by irradiating the

willemite device under bias with ultra-violet light are about the
. same for both polarities and show no increase in the high positive

bias region.
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v) The C-V work described in Chap 6 showed that ion drift
was occurring in the willemite £ilms under bias. An estimate of
the ionic conduction can be obtained from the C-V curves by
assuming that in each sweep of the applied voltage all the charge
'movement is reflected in the hysteresis of the C~V curve (Sec 6.5.2).
In Fig 6-13 the hyster981s voltage is 2 volt and the capacitance
about 80 pF so that with a sweep time of 25 sec this gives a value
for ionic current of about 5.10-12amp, which is iniapproximate

agreement with the currents observed in similar devices with negative
UIH’\ Qf’zs.

and /low positiveﬁvoltﬁ applied.

.Hhen the I-V results were plotted in accordance with
the simple conduciion relationships described in Sec T.2 it was
found that straisght lines were obtained for most of the mechanisms
in ‘the negative and lcw positive bias ranges and aimilarly in the
highlpositive field region. The inability to distinguish a single
mechanism in this Way was mainly due to the emall voltagé ranges
involved and. to the experimental error.on the results. Nevertheless
not one of the simple conduction mechanisms could explain all-the
.facté described above for all the voltzge range and beéause of this
a model was necessary £hat incorporated a combination of processes.

‘Coﬁsiderétion of_these points led to the following
' simple model for the conduction proceés which apbears to fit all the
‘facts. It is propééed that in the negative bias region the very

small currents are mainly ionic and due to the transport of Zn2+

ions in the willemife films . via defect éites. Under the influence
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of the negative field these ions move towards the cathode where
at least sﬁme of them ﬁill discharge because the cathode is metal.
Ionic conduction produces some solid étate electrolysis in the
willemite but this heed not affect the film greatly because of

" the small ocurrents involved.

With positive bias the ions move towards the
silicon electrode where, in contrast to the metal electrode, it is
proposed they do not discharge but instead form a positive space
charge that builds up in front of the silicon. - The size and
distribution of this space charge is goyerned by the rate of air;yal
. of ions at the interface and the opposite flux of ions due to their
electroétatic self-repulsion and self-diffusion. For low positive

fields hoﬁever, thé space charge is small and currents are due to
the ioﬁio conducticn itself.

Polarisation effecté in the negative and low positive
bias region are probably due to the ionic nature of the currents.
In addition, some electrons may be thermélly emitted from the
electrodes and contribute to polarisation effects by becoming trapped
'in the willemite, However, the fact that no work function dependence
was noted shows that currenfs due to this wmechanism are probably
negligible.

With a high positive ﬁias, space charge enhances the
electric field at the cathode (Fig T7-7) until this is sufficiently
largé to éllow electrons from the silicon to tunnel through it. The_

,4ourrent-then increases rapidly with voltage.in accordance with the
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Fbwler—Nordheim relation (Seo T7-2). However, any attempt to
intérpretvfhe constants in this equation in terms of barrier
heights and effective masses will be very difficult. In general
with high field conduction it is not easy to attach any significance
to these values because of uncertainties involved in dgfiniﬁg thg
emitting area and because of 'patch effects"but in this case it

isg particuiarly difficult because of the field intensificatioﬁ that
is thought to occur so that the actual field value is not easily
estimated.

In the tunneling proceés it is proposed that the
elecffons passing through the positive space charge do not combine
with the-oppositely chargéd'ionic space charge because the time
taken for them to tunnel is much smaller than the recombination time
of an electron wiih a positive ion. Neutralization of the space
charge probably doeé occur however when electron-hole pairs are

generated in the willemite as a result of the ultra-violet light.
Tﬁis accounts for the photocurrents being about the same for both
bias polaritiés (Fig 7-f3) whereas the dark current is considerably
.greafer at high fields just for the positivezz;Zre the build-up of
space charge 'ailows tunnel emission to occur.

- The fact that the positive ions do not discharge

to the silicon can be explained by aséuming that a thin oxide laxer
~exists at the interface. This layer would be greater than about
100 K‘fhick for the.MﬁOS devioes and less then this or even only a

monolayer in fhe MWS device. The idns then crow@ up against the
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 oxide and are unable to discharge, They theref&re enhance the
electric field which reaches a critiéal strength when electrons
can tunnel through the oxide layer into the conduction band of
the willemite, in much the same way as they do in a hot electron
triode (Ref 7-2 p 109) #rP. An alternative explanation of the lack
of ionic discharge at the silicon as opposed to the metal interface
is that the ions can be thought of aé having energy levels in the
forvidden gap of wi;lemite.and that these aggéé correspond to
energies in the forbidden gap of the silicon.. This would mean that
an ion drifting up to silicon interface would have a very small
chance of finding an electron in the silicon %o neutralise it.
However, the C-V curves have shown the presenée of éurface states
at.the interface and these could effect the neutraliéation ﬁrocess.
bIn view of this,the first explgnation given avove seems more probable
although bofh processes 6ould contribute to the effective insulation
of the ions from.the silicon,

. The possibility of the enhancement of the electric
field at a contact by mobile positive charges has often been used in
the explanation of dielectric breakdown, e.g. in NaCl Ey Seitz in
1949, and more réoently (Ref 7-19) in thermal oxide films on silicon
which have beén found to show different]ﬁreakdown properties

- depending on whether the silicon is positive or negative. With a
positive bias on the top electrode the breakdown of Qilicon oxide
lbbeys’Peek's law which states that the breakdown voltage is proportional

1
to t * where t is.the time that elapses after the initial application
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-. of the bias. On the other hand for negative bias the
breakdown is abrupt and occurs at-a-constant vbltagg independent
of time. - These observations could only be explained in terms
of positive ions drifting under the influence of the applied
fiéid but discharging oniy at the metal. The ions in this

case are presumably provided by some -form of contaminatibn

(eeg. Na¥ ) but the above observations of Peek's Law would then
lend support to the model proposed above for the conduction

mechanisms in thin willemite films.

Te5e Conclusién°
The I-V characteristics of willemite films on
silicon have been investigated and a model is proposed for the
conduction mechanism, This involves mairly ionic conduction
for the whole of the neéative vdltage range and for low posifive
bias values. The mobile positive ions are thought to discharge
. only when the cathode is the metal. For the positive polarity,
when the_cathode is silicon the ions produce field enhancement
| et the inferface which results in quantum mechanical funnelling
of electrons from the silicon. Relat;vely high currents then
flow with high positive-applied fields only. This ébservation

and its explanation are of great sighificance for the possible

use of willemite in display devices.
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An important aspect of these experiments
has been left out of the above discussion, and this is the
existence of green d.c. electroluminescence that accompanies
the large cuérents in the high positive field_région. This will
" now 56 discussed in the following chapter together with other

luminescent properties of the willemite films.
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CHAPTER * EIGHT

THE LUMINESCENT PROPERTIES OF WILLEMITE FILMS

8.1 Introduction

Zinc silicate is an insulator with an energy band
gép of about 5.5 eV (Sec Te4e2) and in its 'pure form' it exhibits
only a very feeble pale violet lumiﬁescence. This luminescence
iS'thought.fq be due to an excess of silicon in the lattice which
résults in the formation of the self-activated phosphor Zn23i04é Si
(Ref 8-1). When zinc silicate is activated with manganese however
a brightly green luminescent phosphor, ansiO4 ¢+ Mn, is produced
which also occurs in nature.as the mineral willemite.

The manganese ion in willemite normally substitutes
for the zinc ion ip the lattice, where the loéal energy environment
is such that the green luminescence occurs as opposed to the more.
usual yellow emission of the M2t idﬁ in other phosphors (e.g. 2ZnS:Mn).
The configurational co—ordinate diagram has been derived by Klick arnd
Schulman in 1952 (Ref 8-2) who attributed the emission transition to
a spin reversal of one of the 3d shell electrons of the Mn2+ion, the
mode of vibration being a radial one for the four oxygen ions- surround-
int the manganese. (Fig 5-1 shows a diagram of the crystal structure.)

Tﬁe luminescence spectrum of willemite is broad and
featureless even at low temperatures (g;g. 20°K, Ref 8-3) which is
.characteristic of emission from localised centres. The peak emission
occurs at about 5200 R for 1% bj weight of Mn,. although it has been

found to move slightly longer wavelengths as the percentage of
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manganese is increased. This is due to small changes in the

configurational energy'of the activators caused by some overlapp-

ing of their potential wells.

In addition to the normal green emittihg form of

"willemite both red and yellow luminescent phases exist. These

were first noted in 1923.by Schleede and Gruhl (Ref 8-4) who found
that when fhe green luﬁinescent powder was fuged and rapidly
quenched a vitreous looking product was obtained which showed a red
luminesoencé. Less rapid cooling resulted in a phosphdr with a

yellow luminescence. ‘The formation of the red phase of willemite

. is thought to be due to the evaporation of Zn0 from the melt leaving

an excess of silica which on cooling forms crystals of the red
luminescent phosphor Si02: Mn. The yellow phase, on the other hand,
has beenvattributed t5 the formation of a vsovdo-cristobalite form of
willemite (ﬁ-—Zn23i04A) in which {he manganess takes up a network
modifying position in place of some of the silicon ions. The yellow

phase is, however,unstable and it reveris to the green form above

" about 800° C. Red and yellow luminescent films have also been produced

by Feldman and O'Hara who evaporated the green emitting powder on
to glass substrates under various conditions and then subjected the

films to certain heat ireatment (Ref 8-5).

In spite of the two luminescent variations described

‘above the green emitting phase is not only the most common form of

willemite but it is by far the brightest and most efficient phosphor.

The green emission‘ﬁay be excited either byAultra-violet.light or by
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electron bombardment, although the efficiencies may be different

. depending _
for each type of excitation,/in an empirica; way on the precise
details of the preparation (Ref 8-1). Electrolumihescence
has also been observed from willemite and past worker's reports
of this are discussed fully in Sec 4,2, , The observation of
' a.c.vEL from the willemite films used in this work is described in
Sec 8.3. in which a possible mechanism is also discussed.

The photoluminescent excitation spectrum of willemite
has a cut-off at about ééSO R for a weakly activated phosphor.
However, as the concentratioﬁ of manganese increéses, the absorption
| band.of the mangaﬁese ions themselves appear on the 1onqhavelength
side of the cut-off. Further than this the nature of the'energy
transfer process that excifes the ménganese ion has been vary little
studied by modern workers. This is 21so partly true of the oathodol-
uminescent spectrum where excitation occurs by way of secondary elcctroué
generated by the incident primaries. The emphasis on most of the
willemite phosphor research in the past has been on the development
of bright green, efficient cathode ray tube screens and once this
had been achieved very little further work was done. ~ Once the green
ehission of willemite had been perfected the phosphor researchers
'méved fo new materials that were capable of efficient emission in
other coloﬁrs that wefe not possible with willemite.

8.2 Experimentai observations of cathodoluminescence

The willemite films made as described in Sec 4.3 were

brightly green cathodoluminescent. waever, they showed no sign of
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photoluminescence when irradiated with ultra-violet light from
a'high pressure quartz hydrogen lamp (2537 R ) either at room
temperatire or_at liquid nitrogen temperature. One reason for
this could have beey that the precise structure and the chemical
compoéition of the films were incompatible with the required photo-
luminespent procesgses, Another poséibility was that because the
films were so thin (about 1000 f ) the ultra~violet light interacted
only weakly with the luminescent cantreé in the film. (Some inter-
action with the films must'have occurred because intrinsic photo-~
conductivity was obscrved for wavelengths g;giggs than about 22008
(sec T7.4.2 ).
| | " Commercial ﬁillemite powder obtained from Levy

West Ltd (Type P1) behaved in a roughly similar way to the films,
i.e. it was brightly green cathodoluminescent but only very feebly
phbtoluminescent with ultra-violet light. This was probably because
the commeréial powder had been developed empirically t6 méximise the

~ cathodoluminescent output and this also applied to the films themselves

to a certain extent.

The emission spectrum of a cathodoluminescent willemite
film is shown in Fig‘8-la. This curve was obtained using the Optica
sﬁéctrometer (Type F4) with the phosphor excited at room temperature
by means of a 2 kV glow d#%hérge in a&éugh vacuum chamber. The curve
'is broad and featureless as expected (Ref 8—6).and the peak wavelength
of 5195 X agrees well with.fhe value obtained on the same apparatus

_ for the commercial Pl powder (5200 % ). However, very little more
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useful iﬁformation can be obtained from the émission spectrum
using such a crude form of excitation‘and any further cathodol-
uminescent work would have had to use an exciting beam of electrons
of known energy. Attemﬁts at making a simple electron gun to

| enable this fo be done were abandoned because of technical
-difficulties.in the limited time available. The cathodoluminescent

spectrum of the ZnF, : Mn powder from which the willemite films

2
were made is shown in Fig 8-1b for comparison.

Green cathodoluminescence was also observed from the
willemite films_when they were examined with either the 100 kV electiron
microscope (Sec 5.3 ) or the 25 kV scanning electron microscope
(sec 5.5.) A colour photomicrograph (Kodacolor X print ) of a
- willemite film in the JXA-3A microprobe (Sec 5.5.2) is shown in
Fig 8-3. The purpose of the S.E.M. work was to assess the uniformity
of the light output from the film. | In this con%ext:ithe photograph '
is not typical of the film as a wholé which gave a very uniform green
light over most of its area. The apparent non-uniformities in thisA
phqtograph'were in fact chosen by the micrescopist as something on
which to focus. The blue spot is particularly interesting and it

may be due to some sort of.carbon contamination (probably from an
Qrganio solvent) reacting with the silicon to produce a blue lumines-
-qent form of silicon carbide. A different shade of green'Was
observed at the edge of the film. and this is thought to be due to

~contrast effects caused by the film being thinner at its edges. The(

. blue spot and the different shades of green méy however be .due to
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_differeﬁt intensities of the same green colour which may affect
fhelﬁhotographic process.

_ A fow films were also ﬁroduced that showed a pale
yellow cathodoluminsescence. - These were made by using oniy a thin
layer of ZnF2 in the reaction process and thgn baking at about
800°C so that excess silica was present (Sec 4.2 ). The yellow
1uminescenée changed slowly to green for films baked above this
temperature. These films also showed crystalline properties when
examinéd by electron refléotion diffration (Sec 5.3) although the
exabt defermination of the crystal structure was impossible
bécause of the diffuse neture of the diffraction rings. In view
of these facts it seemed reésonable to attribute the yellow lumines=-

. cent phase to the formation of beta—ZnZSiO4: Mn in agreement with
previous works (sec 8.1). |

| ‘Ncn¥luminescent films wére ﬁroduced when the willemite
was made oﬁ substrates which had been héaﬁily doped with phosphorus.
The diffusion of phOSphqrus into silicon for the preparation of
blanaf p-n junctions is described in Se¢ 2.4. One effect of the solid
source method o? diffusing phosphorus is'that the surface of the Si
is very heavily doped probably up to the solubility limit of about
lbéo'atoms cm—3 so that the thermal oxide grown on top is also
heavily doped (Sec. 2.3 ) When willeﬁite was produced by reaction
‘with the oxide on tﬁese planar junctions it wa§'found that only part
of the film, that over the p-type silicon, was cathodoluminescent.

. The willemite produced on the heavilj doped n-type region was not
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iuminescent and this was attributed to the .poisoning effect of
the phosphorus on the activator centres . If the surface layer
of the heavily doped n~type region was first remdved by steam
oxidation and stripping of the oxide the normal green luminescent
films of willemite could be formed on the remaining Si.
The iuminescent willemife could also be produced on the arsenic
doped n-type silicon that was used in other experiments.

A cathqdoluminescent alpha~numeric display is shown
in Fig 8—3. " This was ﬁfoduced by simply evaporating ZﬁFZ: Mn
through a mask on to oxidised silicon and then baking it in the
usual mahner.(Sec 4+2). It is shown here to demonstratefhat, although
a fusion reacfion occurs in the bake, the precision of the original
evaporation of Zan:Mn is retained in the willemite. The micrograph
of Fig 8-3 was takgn using Kodacolbr X film ard excitation by means
of a 2kV glow discharge. The final objective of the work described
in this thesis was to obtain similar alpha-numeric displays but with
controlled electroluminescence rather than cathodoluminescence.
Needless to say, this objective has not been achieved although an
important step towards it has been the observation of‘d.c. electrol-

uminescence of the films as described in the next section.




~175=

8.3 D.c electroluminescence of willemite films

8+43.1 Experimental observations

| For electroluminescent experiments the willemite
devices were positionéd under a microscope in a darkengd room.
| Bias voltages were applied in the same way as for the I-V experiﬁents
(Sec 7.3) but with either a 10 k- or 100 k+ protective resistor in
series with the device. Electroluminescence (EL) occurréd when
high electric fields were applied and the light output was photographed
through the microscope using ASA 3000'P91aroid film. Only MiSdevices
on n-type silicqn were used for the EL experiments because of the
* lack of time. |

| Tho 1ight output Qith electrical excitation was

extremely small. This was partly due to the smell area of the test
points as well as the limited brightness. Thus it was always necessary
:for the eye to be wéll dark—adapfed and t~ use tuu microscope with
about x100 mapnlflcat:on. The problem of measuring the light output
or its spectrum was not tackled due to the lack of time.

Two types of light output were noted. . The first,
which will be referred to as Type I, oocurreﬁ for both positive and
negative appiied voitages, and it consisted of bluish-white flashes
which ﬁere accompanied by localised destruction of the top eleotrode.

Thése'are thought to be due to the electrical breakdown of the willemite.
Thé other form of ;ight output Type II,occurréd oniy with a positive
voltage abplied to tpe'metal electrode andAconsisted of a relatively
uniform green gloﬁkkhought to be EL vhich was sométimes aécompanied by

flashes of Type I light also. The thermalwoxide devices adjacent to
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 the willemite exhibited only Type I light for both positive
and negative voltages.
The light output is usually only visible because
destruction of the top electrode occurs during *he process.
" For Type I light this involves vaporisation of the metal contact
for a few microns around the discharge point. A smaller area
of the insulator is also destroyed inside this region exposing the
8ilicon substrate underneath, After the breakdown event no part
of the metal is in contéct with the silicon (i.e. the breakdown is
self-healing) and this results in the full vecltage being reapplied
~across the deviée'as soon as the MIS capacitor recharges. Further
breakdown events “hen taks place if' suitable sgites exist or alternat-
ively if the bias is increased'slightly. A continuation of the
above processes can lead to gross destruction of the contact area.
Self—healiné breakdoﬁns.also occur when the'device
is biased with the metal positive though {0 a lessef extent, It is
thought that self-healing breakdowns piay no part in producing the
Type II\light output. The latter was chéracterised by a green glow
which produced much more widespread dsmage than the Type I process.
Obviously the light cannot Bé observed through an opaque metal
eiectrode unless some deétruction occurs and it therefore seemed
" possible that the EL process could hafe been occprfing beneath a
greater part of the electrode than just the damaged—arga. One particular
device in fact shoﬁed a faint ring of EL é:ound the dot electrode,

ag though the light‘ﬁas being scattered out from beneath the contact.
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Idgallyva transgparent top contact wés required
and; to this end, tin oxide contacts were deposited as described
in Sec 4.3. These were not very satisfactory as the deposition
process was'machanically vigorous, particularly with the masking,

80 that only a few undamaged films with tin oxide contacts were
achieved. However? these showed the same general charaéteristics
ags those with the ﬁetal contacts although more breakdowns, producing
the Type I light, were visible for both polarities, probably because
of the San deposition techﬁiques.

A further shorthmihg of the SnO2 electrodes was that
their breakdown was not always self-healing, so that only the most
.perfect willemite films couid be used. The virtue of contacts that
did display self—ﬁaaling breakdowns was thaf any flaws in the film
which would effectively short circuit the device, could be effectively
isolafed by “the self-healing event leaving the more perfect willemite
film behind to withstand the high fields necessary for electiroluminescernce.

Aluminium, gold and indium were used as contact
metals but'it was found that they all produced qualitatively similar
results. The only praotiéal criteria for a satisfactory contact
appeared to be that it should be thin enough to produce self-hezaling
ﬁréakdowns. Gold evaporated films having a thickness of about
1000 £ were found to be thg'best in tﬁis respect.

A few simple I-V measurements yere conducted in
conjunction with the electrolﬁmiﬁescent work.v The Type I light

output was usﬁally accompanied by a ﬁoisy intermittent current which-
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was characteristic of breakdown and which usually occurred for
a b;as of about 15 V across a 750 R film. The current during
the Type IT light output was much less noisy, and the intensity
of the EL was found to be approximately proportional to the
currént as far as could be judged by eye. Typical current values
for maxlmum brightness with 15 V across T50 R was about lOO/Mamps.
__The current density was impossible to determine bscause the actual
area’through which the current was flowing was unknown. The life
time of'the devices disﬁiaying this sort of EL was probébly only a
few hours but again this was.difficult to quantify because the
failure was usually due to breakdown at the damaged contact and
clearing the short by a self-healing breakdown often ragenerated
the EL.

Although the spectral distribution of the Type II EL
was not measured, a rough check'on this was obtained by using a
‘Chance optical interference filter which had a pass band from
5300 R to 4950.2, When this was placed in front of the electrol-
ﬁmi&?nt film there seemed very little difference in the in£ensity
of the light as far as could be judged by eye. This was in agreement
with the cathodOluminescentAspectrum (sec 8.2 ) as the transmission

band of the filter passed about 80% of the cathodoluminescent

spectrum of willemite.
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8,3.? Discussion

| The light output from willemife‘films desaibed in
the previous Sgction only occurs with very~high applied fields and
information on dielcctric breakdown is obviously of relevance.
Some of the recent published work on breakdown of thin films 1is
descibed in Appendix A which shows that self-healing as well as
,propagating breakdown processes are well known and that the light output
from discharges has also been studied.

The general features of the Type I 1izht emission
observed for negative bias with willemite films and for both polarities
with thefmal oxide devices ( Sec 8.3.1 ) were consistenf'with observations
of electrical breakdown. The nature of the discharge point and its
degreé'of destruction were also similar to the effects of breakdovm

in silicon oxide reported in the literature. To the eye these (9110)
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' discharges appeared as flashes of bluish thte light in contrast

to the gréen glow of the Type II light emission which was observed
only with willemite films subjected to positive bias and which could
last several hou;s.

Propagating breakdowns can last for several minutes
but in this case the track which the diécharge leéves behind is
easily recognisable. No evidence of this discharge.phenomena vas
found either for the oxide or for the willemite devices and it was
_ concluded that the external resistance of 100 kohm was too large
in this cése for the propogation of electric breakdowns.

| ' The light emission that accompanies the discharges
described above is probably better tﬁought of as a gas discharge.
In distinction to this, however, it is proposed that the Type II
light was a true solid state phenomenom and further that fhe EL wvas
: a direct consequence of the large incrzese in current that was
observed in the I-V experiments for the same‘positive bias range.
The high currents arise as a reault of field intensification in
fronf of the esilicon caused by mobile positive ions in the willemite
and it seems likely that the 'hot' electrons passing through the
willemite excite.the luminescent Mn2+ centres which then relax to
give out theif characteristic emission specirum. This 1lizht output
© was green and as far as could be jﬁdgéd has the same spectral
distfibution as the cathodoluminescence of the willemite films.
:Unfortunately from a practical poéint of view, it a1s§ seems probable

that the same ion movement that produces the favourable conditions
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\

for EL may also lead to the deterioration of the device
‘with time.

| Although this EL phenomenon is roughly similar
to'the céthodoluminescent processes it should be noted that the
voltages involved here (10-20 V) are mich less than the sparking
poténtial for air so that there is no possibility of glow discharges
occufring and exciting the phosphor by electrbn.bombardment.
Incidentally tﬁe fact that green luminescence was not observed
'nQar the gas disoharges“énd arcs that were caused by breakdown of
the dieiectric for negative applied voltages showed that any
cathodoluminescent contributions to the light output were too small

to notice.

A full correlation of the results of the C-V, I-V
and electroluminescent work together with the relevant structural
aspects of the willemite films will be given in the final chapter

of this thesis.
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. CHAPTER NINE

CONCLUSIONS

9.1 Summary and discussion

The work described in this thesis was directed
-towards the eventual production of a monolithic display device
bagsed on silicon. Such a device, uéing integrated circuitry within
the silicoﬁ, would be capable of overcoming the interoonnectiqn
problems associated with the addressing and memory functions of
modern displsy devices. In the proposed device the light outout
from an electroluminescent film would be controlled by the potential
of the underlying silicon. Electroluminescence in such a structure
relies on the high field injection-of carriers from the silicon into
the wider gap phosphor material (Chap i).

Ths use of silicon as a substfeie for this type of
device was considered absolutely esséntial beczause éf the negd for
complex solid stzte circuitry. The silicon is required to be both
- an injecting contact and a substrate material cgmpatible with the
phosphor technology. It is a good substrate because almost perfect
lsingle crystals of silicon are readily available commercially ;nd
the simpler-aspects,of the technology are well publigised. Very
iiftie silicon technology had been attempted in the Departﬁent prior
to this work and one of the first reqﬁirements was to master some of
the relevant'techniques. Controlled cutting, etching and oxidation
of commercially polished silicon wafers has bgen mastered and diffused

planar p-n juhotions, M0S structures znd gate controlled diode
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structures have been made (Chap 2). All the results on silicon
agréed with the estéblished practice and theory of the technology.

The first phosphor material tried was zinc sulphide{
This was choseﬁ bscause it is pre~eminent for the type of high field
EL that ié to be used. D.c. electroluminescent thin films and
powders havé been made by several workers elsewhere and it seemed
likely that the sort of mechanism proposed (tunnel injection from
conducting inclusions of'copper sulphide and collision excitation of
manganese centres) might be extended to injection from silicon

¢ substrates provided the electric fiecld was high enough for tunnelling.
To withstand the high field,single crystal epitaxial films of Zn3 on _
the silicon were qonsidered'fo be desirable, The good match of the
silicon and ZnS latiice spacings was an additional point in favour
of.trying ZnS,.

Three methods of deposition were tried, chemical
deposition fron aqueous solution, vapour deposition from 2 carrier gas
flow, and vacuum evaporation. In all three the main difficulty seemed
to 5e'due to-poor oompatibility with silicon. Chemical deposition
from a solution of zinc éalts in thiourea produced powdery films with
pobr adhesion.which was attributed to oxidation of the silicon in the

wafér. In order to produce epitaxizl films heated substrates are
probably required although it was foun@ that ZnS chemically attacks

7

silicon at temperatures greater than about 800°C in both the vapour

deposition and the evaporation technique. At lower temperatures

polycrystalline films were formed. Por the flow technigue the films
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consisteg of randomly oriented crystallites mainly of o-2nS,

whereas the evaporated films were mainly Q-Zns oriented with the
(111) axis perpendicular to the substrate surface (%hé (111) plane

of silicon). This was in agreement with other workers who.have
shown that the prepondgrance of the two crystal types of ZnS devends
mainiy on the exact deposition parameters during crystal growth.
Because the evaporafed films greﬁ at least partly oriented, it seemed
thatfthis'technique had the most promise although the films produced

vere never reprdducible and were often of poor quality. This was

-

attributed to uncontrollable.contamipation of the substrates during
evaporation which could have been overcome iﬁ any further work by the
uée of a much cleane;,evaporation system then th2 one used. In addition
considerable difficulties were experienced in trying to activate the
polycrystalline films»with Mn.
For a number of reasons discussed in Sec 3.7 fhe verk
on ZnS films was terminated. The ZnS exberiments were not very
éxtensive (eeg. the g;owfh rate of the films was never fuliy investigated)
and although unsuccessful in depositing evitaxial films it was stopped
iargély because of thé discovery by the author of another phesvhor,
willemite which seemed to bé admirably suited for deposition on silicon.
Iﬁ conﬂést to ZnS, the compatibility of willemite
) with’silicdn was excellent. EL from willemite had been observed
in the past by severalAﬁorké (sec 4,1.2) but the output had always
been: low. .Fﬁrthermore the EL of willémite'thin films had not been

studied, nor had films of willemite been denosited on silicon so
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that there was plgnty of scope for original work. Also the
'deposition technique which was developed was entirely novel'and
waé subsequently the subject of a Patent Application.
The formation of willemite on silicon uses a
'substfate reaction technique which involves the oiidation of the
silicon surface féllowed by the evaporation of a thin layer of

~the phosphor ZnF.: ¥n. Heat treatment results in the ZnF2:Mn

o
reacting with the silicop oxide to form the willemite (Zn25i04:Mn)
lgyers which are brightly green cathodoluminescent. A full
description of the deposition technique is given in Chap 4.

 The méin advantage of this technique was its
'cdmpafibilitj with modérn silicon MOS technology and, in contrast
to the ZnS work, the reproducibvility was very good. Over 80 films
were produced under idenﬁicél conditions wiih no significant change
in eithgr their physioal nature or céthodoluminesoénce. Control
bf.the silicon~phosphor interface was also considerably better than
with ZnS because it is never in contact with the ambient during the
formation of fhe phosphor, Incorporation of a suitab;e luminescent
éentfe (Mn2+ in thi;\éase) is also very conveniently carried out by.
co-é&aporation, because both.Zan and its activator MnF2 have very
similar'vapour pressures;

The tee}nique of converting the highly insulating

oxide into a phosphor eliminates pinholes which are -filled with unreacted

oxide in this technique. Also the willemite film as 2 whole is

embedded in a surroﬁnding oxide so that edge.effeéts are reduced.
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| The adhesion of the film is excellenf. The surface oxides on
the éilicon,»that had seemed to be a problem with some of the

ZnS work, were now being used for converéién to the phosphor
itself, From a long term viewpoint, this type of deposition also
' offefed the capability for very small displays with the resolution
.limited mainly by the evaporation masks,

In view of tﬁese considerable advantages there was
no doubt that a continued study of these films was necessary.

The first requirement wés to find out more about their structure
(Chap 5). The thickness was governed mainly by the depth of

, reéction and this was determined both by bevelling and by preferential
etching. It was feund that up to 1000 % of oxide could take part

in thé reaction to give approximately this thickness of willemite
which was ideal for a low voitage, high field device.

As the films were so tnin coaventional X-ray analysis
using Laue back reflectién was not possible. X-rays were used,
however, with the powder technigue to‘identify a:-Zn28i04:Mn as the
reaction product of ZnFZ:Mn and 3102 powders when fired under similar
.conditions to the films (Sec 5.4). The identity and érystal
structure of the films themselves was determined by electron diffraction.
Dﬁe-to-the difficulty of-removing the films from the silicon, reflection
" diffraction was mainly used (Séc 5.3.3) although some films that had
‘>beén made from thin oxide films detached from the silicon prior to

conversion to willemite were examined with. transmission diffraction

(sec531).
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The structural studies showed that the films
consisted of microcrystallites with averare dimensions of about
1000 E.which vwere embedded in an amorphous material, probably
the unreacted silicon oxide, A similar type of structure is
found with other glassfoeramic structures where crystalline glass
phasés are formed within a glassy matrix, A scanning electron
micrdscope used to study the films4(Sec 5.5) gave electron images
and #athodoluminescent images that were very uniform but the
resolution of the instrﬁﬁent was unfortunately foo low to distinguish
between individual crystallifes of the films.

The results of the structure determinations were
a little disappointing because it ﬂad been hoped that the films would
 be amorphous to increase their breakdown strength. (In fact the first
transmission electron diffraction studies using Cle-detached films
did show an amorphous structure but thié wes latepbroved to be due
to the hot chlorine gas which oxidised the willemite to silica).
However, in spite of the.appa;ently inhomogeneous nature of the films!
later experiments indicated that they have a breakdown strength at
least as high as that’of the surrounding oxide.

Electrical ﬁeasurements were made on devices of the
conventional MIS fype~(Sec 4.3) using several top contact metals and
siliqon of both conductivity types. Capacitance-voltage (C—V) and
'current—voltage (I-v) héasufements formed the major part of this
work (Chap 6 and T) but some photocundﬁotioh expefiments were alsoi

carriéd out. (Sec 7.4.2). The most important result was the
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observat&on of green d.c; EL from the willemite films,
Unfqrtunately this was discovered towards the end of.the WOTK
S0 fhat only a brief study was possible,

A simple.model was eventually proposed to explain
all the rather confusing observations. The I-V experiments showed
that currents in the willeﬁite films were polarity dependant.
Relafiﬁely large currents accbmpanied by a faint green d.c.EL
flowed for positive bias on the top contact whereas only very émall
curients, comparable Qith those observed in the surrounding oxide,
flowed for negative bias. This asymmetry is usually associated
with different barrier heights at the contacts but in this case the
I-V curves seemed to.be independent of the contact materials that
were used.

The C-V experiments, however, showed that the
position of the flét band voltage was different for gold and indium
top contacts, Possible explanations of this, for example differences
in the ihjection mechanisms at the metal contacts or differences in

the metal work functions, could not explain the direction or the

‘amount of the shift.

In an attempt to investigate contacts further, some
photoemission expériments were attempted after the manner of Williams
(sec 7.4.2). The observéd photocurrents could not be attributed to
carfiers photoemitted from the siliéoh and intrinsic photoconduction
éeemed to be more reasonable. Thé approximate value of energy gap
obtained from the photocurrent cut-off was 5.5 eV and this was inl

excellent agreement with previous workers who:had used a single
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| crystal of willemite. Althoﬁgh this was encouraging a puzzling
featﬁre ﬁas the fact that the photocurrents seemed to be independent
of bias polarity unlike the dark current measurements.

The clue to these apparently conflicting results
" was provided by further C-V work. Shifts in the C-V curves after
bias—temperature'treatment and hysterisis effects showed that there
was a considerable amount of ion movemernt in the films even at room
4temperature. The analysis of these effects indicated that positive
igns were moving in a fixed negative space charge and, under the
influencé of a positive bias they were piling up at the silicon
interface. With the opposite polarity the ions drifted towards the
metal contact whefe‘they discharged. The nature of the charges could
nét be positively identified but it seems reasonable to assume that

the positive charge is that of zinc ions and the fixed negative

b
4

willemite (Sec 5.1) and some of the C-V resuits.

Qharge the Si0 radicéls, in view of the cryétal strucfure of

The reason for the ioﬁs discharging at the metal and
not at the silicon electrode is not completely understood; but a
'poséible explangtion could be the existence of very tﬁin layers of
oxide at the silicon-willemite interface. The effect of ions failing
%o discharge ﬁtlthg silicon interface is that field intensification
" due to the build-up of space charge occurrs only inAfront of the
silicon and onl& with positive bias. It is suggested that this enables
tunnel émission of electrons to occur from the silicon to the wiilemite,

increasing the high field current for this polarity. The luminescence
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then results from the excitation of Mn2+ centres in the willemite
by 'hot' electrons moving through the films. A échematic diagram
of the band diagram aﬁd charge distribution for this polarity is
shown in Fig 7-T. With. a negative bias, no field intensification
occurs and coqsequently only very small currents flow, dominated
maiﬂly by the ionic component. On increasing the applied voltage
further breakdown occurs similarly to the silicon oxide observations
| of Klein et al (Appendix A ). The lack of any large funnelling
currents for eithe; poléiity-when the films were illuﬁihated with
.ultra-violet light was attributed to the neutralisation of the ionic
' space'by carriers generated by the radiation.

The shifts in the C-V curves for different contact
metals were also explained in terms of ion drift. With iornic
movement the position of thé resultant spaoe.charge, and therefore the
shape of the C-V curve, is determined by the built-in electric field
caused by contact potential difference across the MIS structure.
Using published value; for the work functions and electron affinity
it was possible to show that the direction of the contact‘potential
’field was opposite fof gold and indium contacts with n-type silicon
and this égreed-with the C—V shifts that were obtained.

It was also possible to0 explain most of the other
fesults in terms of the motion of zinc ions in a fixed negative sgpace
charge as discussed inASec 6.5. The-shape of the C-V curves also
provided iﬁformation abéut the silicoﬂ~-willemiteAinterface showing

that the conversion of oxide into willemite introduced no further
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Yactive' states at the interface.
The C=V tedhnique proved to be a very powerful

tool for the study of conduction méchanisms in thin films particularly
as space chargés usually figure prominently in these. The over~
whelming a&vantage that this technique confers on silicon as a
-substrate was not reéiised early in the work. The interpretation
of C~V measurements on insulating films on silicon can be carried out
to a high degree of sophistication because of the extensive investig-
ation of silicon oxide. This means that as long as silicon can be
-tolerated as one of the electrodes it is the ideal substrate for the
investigation of conduction processes in thin films of all types.
ItIs use with other electroluminesence ﬁaterials could solve some of
the problems in the general understandipg of this phenomenon.

| The luminescent properties of the films are discussed
in Chap 8{ - The cathodoluminescent spectrum was broad and featureless
peaking at 5199 ﬁ, in agreement with previous workers! results on
powdefed willemite. Unfortgnately the BL was dim énd visible only
in a darkened room and‘it occurred typically with + 15 V 5ias and
loo)uamp current with a light emitting contact area of about 10'-3 cm2.
As a suitable photomultiplier was not available the spectral
diétribution of the EL was judged by eye using an interference filter
and found thbe very similar tﬁ that of the cathodoluminescence.
The ligh* output gradually.decreased ﬁith time although a typical device

usually lasted Several hours before its EL could not be seen by eye.
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Due to the lack of time there were only a few EL
experiments and no attempt was made fb increase the light output
or investigate the decay process. However, as far as can be
asoertained, this is the first time thet d.c. EL has been observed
~in willemite. It is also the first time that EL of any type has

been seen in willemite thin films.

| It has been shown in Chap 1 that in order to obtain
efficient injection from silicon into a wider gap phosphor, high
field mechanisms.are neéessary. In most phosphors that exhibit this
form of EL some selective field intensification occurs to enable
- tunnelling to téka place, For example in Zns powder phosphors it
is thought that copper sulphide inclusions produce the requisite
injectionAconditions. in some recent work (Ref 8-8 ) on ZnSe it
has been shown that Schottky barriers can nroduce the same effect.
Thin iﬁsulating layers have also bteen used %o give tunnel injection
and in willemite itself some early work used sharp-edged metal
particles to produce the high fields.l With the willemite films
considered here however it has been shown that field intensification
is produced by the selective build-up of ions in frontAof the silicon.
This gives rise to tunnelling injectioﬁ which is followed by
éxcitation of Mn centres.in the willemite to produce EL probably in
a similar way to the other manganese éctivated phosphors. Although
it is the ionic movement that enables the thin film willemite device
to give EL output it may at the same time‘present a fundamental
Alimitation to the,iife of a practicalAdiépley device hecause of some

type of solid state electrolysis. However, even the present ZnS
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d.cf EL phosphors, which do not rely on ionic movement for injection,
at the moment only have lifetimes of the order gf 1000 hours so
that willemite might eventually be competitive. Alternatively
it may be possibie t0o control the ion movement or to utilise some
other form of field intensification in willemite for the realisation
of a practical display;

| Nevertheless, it is considered that willemite films
oﬁ silicon merit further study pafticularly in view of their |
compatibility with silicon technqlogy and the ease and reproducibility
of the aeposition process. In addition it is thought that the
observation of d.c. EL from such films is a significant step in the

production of a completely monolithic display device based on silicon.

| 9.2 nggestions for further work.

| Any future work on willemite 2ilms on.silicon should
be directed towardé producing much brighter EL. A more detailed cnd
quantitative study of the postulated model is required and its
correlation with variations in physical structure of the films (e.g.
thickness, MWOS structures and manganese content) would also be
desirable. Light-oufput measurements, combined with further I-V
experiments, are probably the first requirement of any detailed stpdy.
Pulse measurements would be more informative than d.c. particularly
over a range of temperatures to obtain more details of the conduction
_mechanisms, also the ian motion could‘be studied in more detail by
extending the C-V. work to include full a.c. impedance measurements and

by incorporating a charge-integrating device in the bias circuit.
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The easiest confirmation of the proposed model
would ﬁrobably.be obtained by using some different contact
combinations in the I-V and EL experiments. Thin films structures
with both oontécts of the same material should not show any polarity
dependence. In particular, a silicon-willemite-silicon structure
should show high currents and EL for both bias polarities, and this

would probably be the easiest structure to make with the existing
techniques, whereas MM structures should show neither, provided the
nature of both contacts can be guaranteed to be similar. The use
of'p—type silicon for MWS structufes (Secé52) in the C-V work would
further establisﬁ the proposed theory of ion drift in the built-in

- field of the contact potential difference, An important aspect of
any future work as far as a practical display system is concerned
should also be the production of transparent top contacis possibly
.Eased on tin oxida.

The nature of the work described in this thesis has
been mainly exploratory and as a conséquence the various aspects
could not bg studied to as great a depth as would have been liked
in the time availabie. Nevertheless, many aspects of the work are
novel and it is hoped that some of it will form the basis for a more

déﬁailed éxamination of the processes involved and a more detailed

viability study of a practical display.system .
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-Appendix A

| Dielectric Breskdown of Thin Films

Dielectric breakdown processés are élassically
divided into two basic types. The first of these is termed
.intrinsic breakdown and is electronic in-pature depending on the
presZence of electrons in the conduction band of the dielectric.
Thesé are accelerated by the field and lose energy primarily by
ioniﬁing the atoms of thg solid to produce further electrons.

The secéﬁd type of dielectric breakdown.is called
'thermal' breakdown. In this, Joule heating occurs at some localised
ﬁéak spot in the dielectric. When the loss of heat to the surround-
ings is less than the heat produced thermal runaway occurs and this
results finally in breakdovm. The main differences between the two
t&pes is fhat intrinsic brezkdown occurs quickly (ir about 1(}-'8 sec)
and it is only slightly affected by the ambient temperature whoreas
thermal breakdown tends to be much slower and more temperature

dependent.

There are also other mechanisms for dielectric break-
‘down but these usuaily involve either elactrochemicalior chemical
deteriération of the dielectric with time as a reéult of which one
of the basic mechanisms leads to breakdown. Discharges within voids
in the dieieétric can also produce dielectric breskdown but this |
mechanism‘is-not.strictly a property of the dielectric.

Most of the early work on breaskdown of solids was .

concerned with comparitively'thick specimens so that large voltages
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" were required to produce the breakdown field strength ( 105V/cm).

However, with the onset of thin film technology not only were

the voltages required much less but it waé found that because

the films had fewer defects than their bulk ccunterpafts the

- effective breakdown strength was substantially increased (e.g.

107 V/cm for thermal silicon oxide Ref 8-7). Another aspect of
thin film breckdown that has helped considerably in their study
has been the ability of MIM structures to form self-healing break-
downs so allowing a singie film to be tested many hundreds of times
before becoming shortcircuited and before complete~destruction

’ finélly oqcurs.-

Some examples of dielectric breakdown work on thin
films will now be given.t Budenstein and Hayes (Ref A-1) have
studied evaporated thin film A1=5i0-A1 structures. They found
‘ that the breakdown was iﬁitiated at unadantified dark spots in the
silicon oxide about 0.l micron in diémeter. Moreover, the process
was a destructive one in which sma;l afeas of the MIM structure were
physically and chemically altered. By identifying the poljcrystalline
silicon globules at the post-brezkdown sites they conciuded that
breakdown is due to an electroqhémical reation in which the 8i-0-Si
bond. is ruptufed by the local high field and crystalline silicon and
: gaseoﬁs oxygen result.

A different breakdown mechanism has been proposed by
klein’et al who also investigated evapoiated silicon oxidelMIM

structures with bqth”d.c. voltages (Ref A-2) and voltage pulses
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(Ref A-3) using specimens with self healing properties. For
d.c. and pulses of long duratioh, thermal runaway occurred as a
result of an excessive increase in Joule heating and breakdown
was accompanied by the simultaneous evapo?ation of nearly the
whole capacitor. However, at voltages jusﬁ less than those
required for this process a second, very different, form of break-
down occurred that was termed electric breakdown. This had the
nature of a random event the probability.of which increased
- rapidly with voltage so that thermal breakdown had very little time
to develop at room temperature. Klein et al proposed that the
- electric breakdswn was due to a succession oif processes. Pirstly,
the breakdown oeccurred at the éeakest point in the dielectric where
it was triggered by a small random current pulse caused by electron
avalanches and initiated by a siﬁgle electron at the cathode. The
pulse produced local heating and thermal 1ns.,abllrty which resulted
in a hole being evaporated through the dielectric and the metal
’electrodes. After this the MIM capacitor discharges via an arc
between the metal electrodes and this causes the bulk of the destruction.
Another type of breakdown called 'propagating' break—
dewn was also observed by Klein et al vhen the resistance of the
external circuit was small (less than about 10 k ohm). A propagating
breakdown was started by a single electric breakdown which left behind
a fing of hot dielectric around the‘discharge point. Due to the
increased conductivi?y.in fhis region further resistance was small

-enough to allow a sufficient supply of energy before the dielectric




-199-

had time .to cool. Each successive breakdown then generated the

Aconditions necesaafy for the next and a propagating breakdown resulted.
~Thermal, electric and propagating breakdowns were

also observed in thermal oxides on silicon (Klein Ref A-Az).

Hdwever, although the general results were substantially similar to

those described for evaporated silicon oxide the silicon substrate

had a distinct effect on the extent and nature of the breakdown.

Klein summarised his results in the following way ;- The resistivity

of the silicon substrate énd itslpolarity greatly iuiluence the

breakdown events which takes place within nano- to microseconds.

Bfeakdown ig most rapid in degenerate samples and they increase in

duration in this order : medium resistivity samples with an accum-

ulation layer (i.e. positive bias for n-type silicon), high resistivity

samplies, and medium resistivity samples with an inversion layer.

The amount ot damage due to the breakdown decreases in the same order

and it increases with voltagé.

These results were explained using a model that invoked
a detéiled'analysis of the resistance of the discharge path and also
fhe thermal properties of the silicon as compared with the metal
électrode used ezrlier. A good correlation was obtained between
céiculatiéns of the discharge energy using this model and measuiements
‘based on both oscillographs_éf the breakdown events and also a physical
examination of the destruction around the disc@arge'points.

A brief description of the dielectric breakdown of

thin films has been included in this Appendix because so called
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electroluminescence occurg at the discharge. Klein measured the
spectrum of the emitted light and he found that it containéd the
atomic emission lines of thé metal top contact ( Al in his case ).

An estimate of the iemnerature of the metal ioﬁs was also made
“using the relative intensities of two of the spectral lines and
found to bq between 4000°K and 4500°K. The amount of light given
out depended on the amount of energy expended by the discharge and
this was controlled by the polerity and resistance of the silicon

as explained above. However, there are several distinct differences

between this sort of 1light output'and the true Type II EL obtained

from willemite ( Sec 8.3.1 )
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