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The design ang construction of 2 sputtering systenm

deposition of bar titanate th
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The growth and structure of barium

variety of substrates, including amorphous carbon

bromide single crystals, and polycrystaliine gold films has been

studied. Films deposited on all substrates at room temperature were

amorbhous, Polycrystalline titanate films were formed on polycrystal-
tine and amorphous substrates at temperatures above 450°C while films

with a pronounced texture could be epitaxially deposit
l

d on sinzgie.

crystal potassium bromxdc abovo a temperature of only 200°C,

Results of dielectric nmeasurements made on,the films are reporte

Amorphous films were highly insulating (re=15t1v1tles ~}O ohm.cm with

electric constants of between 10 and 20, Polycrystalixue fllms hacd 2

lower resistivity (~10°) but yieLdQL’dieiectrlc OfuqvéfTS@
Films deposited on polycrystalline golé in the tai,re’range”22Q§ 
450°C gave dielectric constants between 11041 50 sugg esting tho ex'stenc
of a metastable short range order iﬁ the films, -These films p§d;l S
typically of 0,04 and temperature coefficients

-1 . S
© 0.1%°C and suggest the possibility of an app fh?ﬁ

film capacitors,

A peak in the temperature
alline barium titanate films was

but no evidence of ferroelectric behaviour could be found,

The conductivity and optical constants of £ilms deposited on
crystalline gold substrates were also studied, Films deposited at room

temperature gave a time dppmn cn* leakage

and characteristics of films ¢

All ez cage characteristi ¢S were
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CHAPTER ONE

BARIUM TITANATE: PROPERTIES AND APPLICATIONS N MICROELECTRONICS.

1,1 Thin Film Microelectronics,

The use of thin filwms in microelectonics is now well known and

extensive, Work is well established on thin film active devices (1-7).

H

and switching elements and memory cells for computer applications

(8-10). VPiezoelectric thin films are used as transducers and digital

delay lines (11-13), Passive circuit elements are so advanced that

thin film R-C networks with attached semiconductor active devices are
produced commercially by a number oflmanufac"curersn Thin film capacitors
generally utilise silicon oxide, tantalum oxide ér alumina but for a

high value capacitor a large surface aréa is reqﬁired. In order to
reduce this a thinner layer of dielectric can be used but this decreases

the breakdown strength of the device so that a limit is imposed on the

improvement. The only other possibility of increasing the capacity per

unit area is to use a high permitivity material (14), Barium titanate
falls into this categary having a permitivity ranging from two hgndred
to many thousand, This material also has other properties which offer
device possibilities worth pursuing. These propetties,some of which -

“ are mentioned below, are discussed in more detail in the next section,

In certain crystalline forms it exhibits a permanent electric

polorisation which is reversible and shows a hysteriéis, a property

which because of the similarity to the magnetic hysterisis in ferro-
magnetic materials is known as ferroelectricity. It follows from this
behaviour that barium titanate will also be piezoelectric and pyroélectrica
The polorisation switching capability provides a possible computer
application as a matrix store. This was suggested by Anderson (15) in

1952 and considerable work has been carried out on bulk crystals with

that object (16-18). DBarium titanate is used in ceramic form as a good

piezoelectric material for transducers. This is because the high




dielectric‘constant of the ferfoele;%f;ggpé;ééffhe eleétrdfmeéhaniéal
couplihg coefficient can be-as high as O,?;(151Much,work hés.been

aimed at controlllng the anomalles in the permitivity and piezoelectric
properties of ceramic barium titanate (McQuarrle 20- ) both for trans-’
ducers of all kinds and for bulk capacitors; The pyroelectricity and
variation of permitivity with temperature suggest a possible application
as a bolometer for infra red detectors»(zl). Other device applications
arise from the non-linear, anomalous properties of the material, The
variation of permitivity with bias voltage means that the value of a
barium titanate capacitor can be changed electrically. This and other
non-linearities lead to applications in varactor diodes (22) harmonic
generators (23) and dielectric power amplifiers (24), Optical non-
linearities lead to possible applications in the use of lasers as

light beam switches and beam demodulators (25,26). Although most of

the references to applications mentioned above concern bulk Barium
titanate mény of the devices would be of even more interest if they
could be produced in thin film form, This is because at reducéd thickness
polorizing voltages would be smaller and heat dissipation improved thus
reducing unwanted thermal hysterisis, Few attempts at producing barium
titanate films have been reported in the literature. But they do suggest
that it might be possible to improve the quality and properties of
the films with a view to using them in device applications. This

project was therefore aimed at producing such films,

1,2, The Properties of Barium Titanate,

"1,2,1 Crystal Structure, -

Barium Titanate is a member of a group of compounds called
perovskites which all have the same or almost the same structure, Many
but not all of the members of this group are ferroelectric or anti-

ferroelectric. The perovskite structure illustrated in diagram 1.1, is

cubic with the space group Pm3m, In barium titanate each titanium atom




is surrounded by six oxygen*aioﬁs7hfr%ﬁée 't hé cornerS'Of,a“rEgular
octahedron., The Ti O octahedrons afé”éiféééed in a cubic St:ucfure
with the barium atom at the body céntgring pdsition, Above”lzo;c
barium titanate ﬁas this perfec@ perovskite structure with a unit cell
of 4Ko Below 120°C the structure undergoes a transition to a tetagonal
unit cell which can be derivéd from the cubic form by being stretched
parallel to one of the cube edges. The tetragonal axial ratio is only
1.01 so the discrepancy between the two structures is only slight,

The space group is P4mm and the tetrad axis is unique, This is the
Structure barium titanate normally has at room temperature. Further
transitions cccur at about O°C to orthorhombic Bmm2 with a unique

diad axis and ét n@O”C to rhombohedral R3m with a unique triad axis,
Barium titanate can also take a hexagonal form produced by quenching
the pure material from high temperatures (1500°C). It is ferroelectric
below 120°C in all forms except the hexagonal structure., Since the
discovery of ferroelectric bebaviour in barium titanate some thirty
years ago extensive studies of the various properties of the material
bave been made and form the subject of many papers and reviews, see

in particular the recent review by Smolenskii and Krainik (27), * Most
of the other properties are also a function or conéequence of the
various crystal structires of barium titanate in that in all three forms
below 120°C it has a unique axis and is non centrosymmetrical, It
follows from Newmar’s principle (28) which states that any property of a

:

pminimum symmetry which includes the symmetry of the

crvetal must bave a
i

point group of the crystal, that for a material to be pyroelectric or ..

piezoelectric it cannot be centrosymmetrical and must include a polar axis.
A polar axis is one of which the two ends are not related by any symmetry

element of the point group; a unique axis is a polar axis. It also follows
that a wmaterial which is ferroelectric will automatically be pyro and

piezoclectric while all pyro and piezoelectrics will not be ferroelectric,




A list of the more interestingfpropg’t‘” b rium titanafe is givén
below and each is discussed iﬁ gbre‘detéig{rn/the folloWing'séc%iéns;~~ 

(1) Ferroelectric at R.T. with 3 Curie Point of 120°C

.(2) Pyroeléctric.

(3) Piezoelectric,

(4) Temperature and Field sensitive dielectric constant of up

to 10,000 near 120°C,

(5) High refractive index 2.46 at 120°C,

(6)Birefringent,

(7) Large electro-optical effect.

1.2.2 Ferroelectric,

Ferroelectrics are materials which possess a spontaneous electric
polarisation Ps which can be reversed by applying a suitable electric
field. This process is accompanied by a hysterisis similar to the
hysterisis between the magnetic induction B and magnetic field H in
ferromagnetics and the name is taken from analogy with these materials,
Diagram 1.2.a shows a typical hysterisis loop of polarisation against
applied field, showing the coercive field E. necessary to switch the
polarisation, The polarisation is a function of crystal orientation
and the change in polarisation on switching is greatest parallel to the
unique axis of the crystal, The hysterisis loop ean be observed using
a Sawyer Tower circuit (29) as shown in diagram 1,2.c. The capacitor
C has a small impedance compared to the specimen so that the x signal
on the oscilloscope is proportional to the applied field E. The y signal
will indicate any change in polarisation of the specimen due to the
displacement current flowing through the capaci%or C and for a sinusoidal
input a loop is produced., If in the same circuit the capacitor is
replaced by a small resistor R, the voltage across R will be proportional
to the switching current transient ig and this can also be displayed on

the oscilloscope. i is a function of applied field E so a Square wave

input is used giving repetetive switching and a transient as shown in
»
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diagram 1.,2.b. All ferroelectrics ha&é:aféréééition temperature above 
which the property disappears and, analagoﬁs to ferromagnetics, thiéxis
called the Curie Temperature. In barium titanate this temperature is
120°C corresponding to the transition from tetragonal to cubic crystal
structure. Anomolous effects also occur at the other two structural
transitions mentioned in section 1,2,1 but the ferroelectricity is
maintained. Diagram 1.3 shows the variation of the sponfaneous
polarisation over the whole temperature range,
1.2.3. Pyroelectric

Pyroelectricity is the name given to the effect of a material
developing an electric polarisation when its temperature is uniformly
changed. If there is a uniform small change.’ in temperature AT the
change in polarisation AP is given by the tensor equation 1.1 wher

- -

PC are pyroelectric coefficients, Barium titanate is pyroelectric

AP = p &T 14
below the Curie tewmperature due to the variation of spontaneous
polarisation with temperature as already shown in diag. 1.3,Chynoweth
(30> and Burfoot and Latham (31) have measured transient currents in
barium titanate due to this effect produced in the former by illuminating
the crystal with pulses of heat energy in the form of a flashing light,
This property gives rise to the possibility of using barium titanate
as an infra red detector,
1.2.4. Piezoelectric,

A material which developes an electric polarisation when a stress
is applied to it is said to be piezo electric, The polarisation Pi is
again given by a tensor equation (1,2) where og is the applied stress

P,: = ::LJ}ZO’J& 1.2
and dijk are piezoelectric moduli. The converse effect also exists,
that is the development of a strain in the material due to an applied

field, Barium titanate is piezoelectric below 120°C and has moduli under

certain conditions some hundred times greater than quartz (32), Th%s
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and the good electro mechanical»couplingidueétééthe'high‘dielectric~

constant makes the material ideal for transducers which do not require

/
exact frequency stabilisation, A ceramic form of barium titanate ‘is

usually used and can be fixed in a variety of shapes to be used in

ultrasonic generators, loud speakers, delay lines, strains gauges etc.

1.2.5 Permitivity,
Permitivity is also a tensor property given by equétion 1.3 where
by == &J'EJ ©1.3
D is the electric displacement and E the electric field and the
permitivity EH and dielectric constant tensor K%j are connected by
equation 1.4 whereé, is the permitivity of free space. The values

E,;J‘ = 80 KLJ 1.4

of the fq components are such that only those with i = j are non
zero and ¢, =:é;;&g3 where £, is the permitivity parallel to the unique
tetrad axis in the tetragonal structure and £, and EE 2re parallel
to the other main axis., The variation of £, measured at a low voltage

5

with temperature is shown ‘in diagram 1.4 after Merz (33). Above 120°C

the permitivity falls rapidly but not discontinuously following the
Curie Wiess lew given by equation 1.5., where C is a constant of the

order of 10° deg, and T, thc Curie Temperature. The permitivity is

also a function of the applied field both below and above Curie temp-

erature (34),

e

T-7
c 1.5

1.2.6 Refractive Index and Birefringence,

At visible and ultra-violet frequencies it is normal to consider
the optical constants instegd of the dielectric cbnstants but from
Maxwells equation;the two are related at any given frequency by equations
1,6 and 1,7./u is the refractive index,.k the extinction coefficient
M- £ = K 1.6

2//22 = K 1.7



'K and K" . - . . ~
and an the real and imaginary parts of the dielectric constant
. A . . - 7 ‘ :
respectively., K is proportions1 to the Tosses in the material and if

these are small compared tof the approximation given in equation 1.8

A= [k 1.8

holds, Barium Titanate has a high refractive index with a peak value

of 2,46.at the Curie temperature (Busch et al 1948) (35). In the non
cubic forms below this temperature barium titanate exhibits double
refraction. From equation 1.4 the permitivity fensor components are
not all equal and the indicatrix, that is the geometric shape whose
radius in a given direction is proportional to the refractive index in

that direction, becomes an ellipsoid. In the orthorhombic form all three

semi~axes of the ellipsoid are unequal and there are two special sections

which are circular, Perpendicular to these sections Fhe birefringence is
zero and the two directions are called the primary optic axes of the
crystal. In this form barium titanate is then biaxial., In the trigonal
and tetragonal forms the indicatrix ellipsoid is formed by rotation of an
ellipse, having only one circular section, so barium titanate is uniaxial.,
Birefringence measurements determine the differences between the principle
refractive indices and are very sensitive. 1In barium titanate the

birefrinzence is a function of temperature (36) and shows discontinuous

changes coinciding with the structural $ransitions as shown in diagram
1.5 after Kay and Yousden (37), Above the Curie temperature barium
f titanate is cubic and optically isotropic,
1.2.7 Electro Optical Effect,

The indicatrix described in the last section is represented.by
equation 1,9 where Bij is the relative dielect;ic impermeability

Byj . xj == 1 1.9

tensor the principle components of which are reciprical of the

principle dielectric constant components and are related to the

refractive index by equation 1,10, In general it is found that the
1 1 :
B puraog - F 1310




indicatrix is a function of the appliedrfigig ﬁelectr0~opticalyeffect)

and the applied stress (photoelastic effq;t) and. the changes are

described by equation 1,11, where Z2ijk and ﬁng are the electro optical
ABQJ = zZghby o+ Mjkow 1.11

third ranking tensor components and the photoelastic fourth ranking tensor

components, Ekis the applied field and §,; the applied stress. The

two properties are difficult ;o distinguish being inter-related and the’
size of the effect depends on the mechanical- condition of the crystal,
in practice the effects are usually measured using birefringence
tegchniques vhen changes ijlékiy%;ﬂsﬂmith épplied field are determined,
The high electro-optical effect in barium titanate makes it attractive
for an interesting application suggested by Wohlers and Leib (1964) (25)
concerning the control of laser beams and called a "beam switch", The

-

device uses the Fabrey-Perot principle to cut off light of a wavelength

which is determined by the voltage controlled refractive index of the crysta
The same device could lead to a method of extracting information from

a modulated laser beam,

1.3 Preperation of Thin Film Barium Titanate,

¢ e - A i b e B AT e S e i e et e e e S e e B

Considering the vast amount of literature written on bulk barium

titanate surprisingly little work has been done on producing it in

thin film form and most peapers on the subject are very recent. A table
comparing most of the previous preperations and the important properties
of the films produced is given by Slack (38), The methods of preparation
used can be divided into vacuum deposition and other methods, Most of
these other methods are of little interest in this project, but for
completeness they are briefly discussed below,
1.3.1 Non Vacuum Preparations,

Thin sections of barium titaﬁate have been produced by Bursian
et al (39), by grinding and etching single crystals down to thicknesses

of a few microns, (~6). They found the hysterisis loop and permitivity

&




to be a function of thickness, fhé i;t{Z;E;;r;iﬁg befweenVSOO’aﬁd

1500 over the thickness range, Bariuﬁ‘fiiéhafe has been chemically
precipitated (Section 2.1) from sclution onto platinum by Luré (40)

and crystallised on sheet platinum by the evaporation of potussium’
fluoride from a solution of KF/BaTiO, by Devries (41), Luré post baked
his films of thickness 2-3.5 microns and observed a hysterisis loop and
measured permitivity of 10,000, Titanate films have been produced by
Hultquist and Sibert (42) using anodisation (Section’'2.1) and films have
been prepared on platinum by a slip casting technique at a temperature
of 1600-1700°C in an oxygen atmospﬁere by Bursian and Smirnova (43),
They produced films with thickness ranging from 5-50 microns and found
permitivities between 4000 and 6000 and a hysterisis loop the shape of
which depended on the Elip thickness,

1.3.2, The Vacuum Deposition of Rarjum Titanate,

Of the papers previously published on the -vacuum formztion of
barium titanate films, all but one author used an evaporation technique
as the deposition process, The use of two main types of substrate is
reported:- (1) metal surfaces., (2) non metal single crystals, The
rnietal substrates were used in order to mnke electrical measurementsS on
the films and the sincle crystals in attempts to epitaxially deposit the
material, Consequently the growth and properties of the films are best
considered in terms of this substrate classification,

1, 3.2.1. Metal Substrates,

?

All authors used either platinum or a platinum series metal, either

[44]

in shcet rorm or deposited as a thin film on quartz or some other glassy

{$js]

material, The first vacuum deposition of barium titanate by Feldman (44)
used unheatcd platinum sheet as the substrate and evaporated from a
resistively heated huncsten filament source (Section 2 2,1), A variation
of composition occured through the thickness of thesefilms due to diss-

ociation of the titznate and considerable tungsten contamination was

present in them. The films of 1-2 microns thickness were reacted by post




an

baking in air to 1200°C before any electrical measurements were made.,

A dielectric constant of 230 is ref:orted which seems very low considering
the ferroelectric nature of the films, indicated by the observation of a
hysterisis loop and a peak in permitivity at around 120°C, Sekine and
Toyoda (45) have also eQapDrated barium titanate from a tungsten source
while Masson and Minn (46) and Muller et al (47) used flash evaporation
from iridium sources, (Section 2 2.4), Sekine and Toyoda reported the
appearance of crystalline growth in films deposited on platinum when
ecither the substrate temperature or post baking temperature exceeded
5.0°C. EBlectrical measurcments were made on films 2~%y thick which

bad been post baked above 1000°C, Films baked at 1000°C had a dielectric
constant (K) of only 20 while tﬁose baked at 1200°had K's up to 1500,
One film baked at 1200°C coﬁtaining 5% strontiun showed a hysterisis

loop and permitivity anomalies at the bulk transition temperatures of
120°C, 0°C and -80°C,  Mason and Minn found crystal growth present

in filns deposited at ambient temperatures and then post baked in air

at a tewmperature of 500-600°C or in situa at a substrate temperature

of 600-700°C and in a partial pressure of oxygen, These films were
again not ferroelectric unless baked to 1200°C after which a peak in-

rermitivity at 120°C also occured, The dielectric constant of the films
[ b )

‘which were L.5u thick, was only 100-300, Miller ct al reported dielectric

@

constants K of 400~700 depending on thickness for films deposited above 350°C
while filws deposited below 35G°C had K's of 20 but lower dc leakage currents,
Feu€rsanger et al (48) deposited barium titanate onto platinum held at

a tewmperature in excess of 800°C and in an oxygen partial ptessure by
sinultaneously electron beam evaporation from two sources, one charged

with barium oxide and the other with titanium dioxide. After subsequent

heat trcatment to above 1000°C dielectric constants of about 1000 were
measured but no ferroelectric behaviour was observed, The first reference

<

to the deposition of barium titanate by sputtering #s found in a short:

note by Vu Huy Pat and Baunherger (49), They R.F, sputtered barium




titanate onto room temperature platinum substrates and ‘reported both

a dielectric constant of 1600 and the observation of a hysterisis loopk
only after post baking to an unstipulated temperature, * Two other
papers reporting the sputtering of barium titanate have been published
during the later stages of the present work by Shintani and Tada (50)
and Pratt and Firestone (51) while Toombs (52) reported on sputtering
barium lanthanum titanate, Shintani et al and Toombs bdth used diode
DC sputtering (Section 2 3.4) from reduced targets while Pratt et al
used RF triode sputtering (Section 2 3.5) all depositing on heated
platinum substrates, Shintani fepbrted dielectric constants as high
as 1700 for films deposited at 1000°C while Pratt found a variation

of K from 16-300 for films deposited frbm room temperature to 900°C
and K up to 1900 if the films deposited at 500°C were post baked to
1400°C. Toombs reported K below 100 up to a deposition temperature

of 500°C and up to 200-250 at temperatures of 700°C for Ba(La)TiQ, ,

No definite ferroelectric behaviour was observed in any of these
experiments and both Pratt and Toombs also reported severe cracking of
the films at high deposition temperatures,

1 3.2.2 Single Crystal Substrates.

The crystalline growth of barium titanate thin films has been
observed at lower temperatures on some single crystal substrates,
Fpitaxial growth of single crystal or textured polycrystal films has
been reported by Brown (53) Miller et al (54) and Slack (38) all ¥sing
a flash evaporation deposition technique. Brown deposited on alumina
and sjlicon and observed distorted hysterisis loops and epitaxial
growth only for films deposited on silicon at 900°C and post baked
to 1000°C, Miiller and Slack both deposited on sodium and lithium
fluorides single crystals and reported epitaxial temperatures of
550-600°C on both crystals, Miller et al deposited on a number of

other crystals Ge, Si, NaCl, CaF, , PbS, MgO and mica but found the

films to be only polycrystalline, They also reported epitaxy at 630°C




on gold films epitaxed in the (100) plane on:lithium fluoride, Dbut
found the structure mechanically unstable if the Au or BaTiQ; were
thicker than about 200 Eb No electrical measurements could be made
on these films because of the substrate matefial,’ Slack overcame

this difficulty and mad2 measurements on films deposited on sodium

fluoride, NaF, by sepayafing'the films from the crystal., This was
achieved by floating the films off NaF in water, picking them up and
silver pasting them down onto a metal sheet, Metal was then evaporatéd
through a mask onto the films to form top electrode areas., The
dielectric constant, K, was found to be a function of film thickness
varying from 65-~400 in the thickness range 0,1 ~ 0,8 wmicrons using

pure BaTiO; and between 40 and 130 using 98%.pure BaTiO,as the

starting material., The films were ferroelectric, hysterisis loops

and switching transients being observed, but showed no peak in
- . . &
permitivity at 120°C,

1.3.3 Summary of the Properties of Thin Film Barium Titanate,

Measur¢ments made on thinned down bulk crystals and cast barium tit-
anate slips indicate that the ferroelectricity permitivity and other
properties cf the material become a function of thickness as it is
reduced to I-10 microns (43, 55), It has even been suggested by

- Ivanchik (56) that there should be a thickness limit below which the

small crystallites in the film would cease to be switchable. Films
of thickness less than a few microns can only be produced by vacuum

etailed in-

[N

deposition. There is some gencral agreement but much d
consistency in the properties reported for such films of barium
titanate. Yn slicases deposition at ambient or below a given temgw-
erature is reposted to lead to an amorphous film structure, Above

1

this temperature, which is a function of substrate material, the film

growth can be polycrystalline, textured polycrystalline or even single

crystal in nature, depending on the substrate, There is general

agreement that crystel growth on platinum is polycrystalline but the




film crystallization temperatuxze reported varies from 400°C (47)

to 700°C (46), The dielectric constant of amorphous barium titanate -
is€ 20 but the value reported for polycrystalline films on Elatinum show
very large vnriétfnnsa Sekine and Toyoda (45) reported the vaiue of 20
unzltered even after baking to 1000°C, Only after haking to 1200°C

is the dielectric constant inéreased to 1500, while other authors
report much higher values without baking 400-700 (47), 300 (51),

1000 (48), 1700 (50), Ferroelectric behaviour was not observed in

any films.deposited on platinum that were not baked to 1200°C, Vu

Huy Pat et al reported ferroelectric beﬁ;§iour in sputtered barium
titanate but other authors failed to verify this even after baking to
1400°C, Most.fiims showed some perwmitivity anomaly around the Curie
temperature of barium titanate whether or not they showed ferroeclectric
behaviour, Barium titanate can be epitaxially deposited on silicon

and on sodium oy lithium fluoride, with crystallization temperatures of
900°C and 500-600°C respectively., Films deposited on silicon are
ferroelectric only after baking and had a dielectric constant of

100, The titanate films deposited on sodium fluoride were the only
films reported to be ferroelectric without post baking and had
dielectric constants a function of film thickness, Little work has
bcen done on the conductivity of any titanate films but geﬁerally
amorphous films ére reported to have a much higher resiséivity than

crystalline films,




CHAPTER TRO
THIN FILM TECHNOLOGY

2.1 Thin Film Processes,

The term thin film is usually taken to mean layers with thickness
ranging from less than a monolayer to several microns (10¢m), which
are deposited on a substrate some 10° times or more thicker, and there
are numerous processes available for producing such films, The very
first filwms in this range of thickness were produced by chewmical or
clectrochemical methods and these and processes of a similar type are
still commonly used. Such processes are (1) Electroplating (2) Chemical
reduction, (3) Electroless Plating, (4) Vapour Plating., All of these
methods are not compatible with other microelectronic and integrated‘
circuit processes due to the high tempcratures involved or the necessary
emmersion in solution and have been rejected as deposition methods in
this investigation. Another method of doubtful compatibility because
of the solutions used but of interest as an oxide forming process is
anodization. This process is similar to electroplating and the
apparatus used is generally the same., It is found for some metals,
used as anodes, instead of their ions dissolving they react with oxygen
ions from the solution forming an adherent ﬁxide coating on the aﬁode,
The layer thickness is limited and is dependant upon the apblied voltage,
Arodization is used for forming protective coatings and for producing:
diclectric layers for some thin film capacitors.

2.2 Vacuum Evaporation,

Vacuum cvaporation requires much more sophisticated equipment
than most of the methods mentioned before, but it is equipment that is
becoming increasingly commonplace in research and development laboratories,
The first requirement is to reduce the pressure in a deposition chamber
some 10° times or more using vacuum pumps and traps, and vacuum evaporation
did not become popular until advances in vacuum technology in the early

twentieth century made this possible. The necessary vacuum techniques




wiii be discussed later. The charge of material to be deposited is
held in a suitable container and heated by some means until the charge
melts, and then evaporates, A substrate is pléced in the chamber Such
that a film condenses on it, Any deposit pattern can be prepared by’
the use of a mask placed close to the substrate surface, There are
various means of heating the charge and these and their suitability

to the preperation of barium titanate thin films is discussed in the
following sections.

2.2.1, Resistive Heating,

In this case a high current is passed throﬁgh a filament or boat
made of a refractory metal in which the evaporant charge is situated and
the Joule heating effect is used to evaporate it, Numerous types of
bogts and filament are commercially available for this purpose,
Alternatively the charge sits in a ceramic crucible and is heated by
radiation or conduction from a filament. Barium titanate and many of
the materialé used in microelectronics are such that they canﬁot be
eVaporated from these normal sources because of their high melting
point, approaching that of the refractory metals, or because they alloy
or chemically react with both metal and ceramic sources causing source
destruction. One method of heating the charge designed to overcome this
difficulty is the clectron beam evaporation source.

2.2.2, Electron Beam Evaporation,

Electron Beam Evaporation is a deposition technique in which the

charge is directly heated by a highienergy beam of clectrons, Warious
(57,58,59)

experimental arrangements have been described. This method has the

advantage for high wmelting point materials that the charge is not heated

via a boat or filament and is hotest at the point evaporating. Indeed

in some arrangements the hearth holding the charge is water cooled, The

electron beam can be bent by a permanent magnet and focused on the charge

so that the hot filament is out of direct line with the source or sub-

Strate thereby removing the possibility of tungsten contamination,(S&é@




202.3¢ Lvaporation Df Dielectrics.

Most dielectrics have high melting points appreoaching those of
the refractory metals and this limits the source materi;is that are
useable, Dielectrics are also compounds and it is found when a compound
is evaporated it fractionally distills depending on the individual
vapour pressures of its components, The vapourisation rate Ra of an
individual component "a' is given by equation 2.1 (61) where C is a
constant,ﬂ,is the partial pressure of the component, M, its molecular

weight and T the temperature, In the case of metal oxides loss of
Ro = Cp M
a — o123 2010
fa T
oxygen may occur either due to dissociation or to reduction by the

scurce material and the film will be deposited as a mixture of the

¢
oxide, a lower oxide, the parent metal and oxides of the source material,

The rate of reaction wifh the source depends upon the f ree energy of
oxidation of the metal used and decreases for the refractory metals in
the order tantalum, niobium, molybdenum, tungsten, rhenium, and iridium,
Electron beam evaporation removes any problem of high scurce temperatures
due to the melting point of the dielectric. However, under electron
bombardment, because there is no path for the electron current to drain
away a dielectric would charge up preventing any further bombardment,
This problem has in fact been overcome by a number of means but compounds
still suffer dissociation, in fact the situation is worse because of

the presence of a beam of ionizing electrons, An evaporation process
developed specifically to overcome fractional distillation is flash
evaporation,

2.,2.4, Flash Evaporation,

Flash evaporation is the term used to describe a method of thin
filnm formation which is actually a series bf discrete evaporations each
ofva small mass of'a.compound. A metal boat is held at a temperature
in excess of that required to evaporate the compound, and small érains

vor pellets of the compound are dropped at a given rate on to the boat,




L/
Thé evaporation of each pellet is instantaneous,or at least all of
one pellet has evaporated before the arrival of the next. This means
despite any dissociation of a given pellet the correct proportion of the
compound constituepts will be arriving at the substrate over any normal
time period, Alternatively the grain delivery rate and boat temperature
can be controlled so that a liquid pool of the compound is allowed to
form but is maintained at a constant size. In time the composition of
the pool reaches an equilibrium such that the vapDQr leaving it has an
overall compositiony the same as the arriving graiﬁs (47), Either .
system requires a mechanical method of deliveriég the grains or pellets
at a constant and controlled rate opperating within the vacuum chamber,
The evaporation rate will generally bé lower than for any ordinary
process,
2.2,5. The Lvaporation of Barium Titanate,

Barium titanate has a melting point of 1623°C and under vacuum
requires a vapourising temperature of approximately 2200°C which is
approaching the wmelting point of most of the refractory source materials
in common use, They will conscquently have a high vapour pressure at
the vapourising tempcrature, for example molybdenum 5.104 torr,
tantalum l.lds torr and iridium 3.10v4torr, and this will lead to
metallic film contamination. As described in section 2.2.3 at this
temperature barium titanate will also be chemically reduced by all
these materials, It is found for instance that molybdenum, tantalum and
niobium are quite gquickly completeiy destroyed by the reaction., The
Titanate is a mixed oxide comprising of the two simple oxides titanium
dioxide, Ti O, and barium oxide, Ba O, Barium oxide melts at 1923°C
but sublimes at 1539°C with a vapour pressure of 10-ztorr, while
titanium dioxide does not reach a comparable vapour pressure below

1729°C, Consequently dissociation is inevitable using conventional

thermal evaporation and, as reported by Feldman (44) films are




graded in composition, The only method that would Seem feasible

i; flash evaporation with careful choice of materials beczuse even
higher metal temperatures.are required than the conventional source,

in order to ensure instantancous evaporation of each pellet, Molybdenum,
tantalum and niébium are unsuitable as described and tungsten results
in highly contaminated films, 10-20% tungsten oxide impurity (47).
Iridium and rhenium have been used in flash evaporation sources but
contamination is still reported, The former leads to iridium levels
approaching 2% while rhenium sources give films with up to 1% con- '
tamination,

2.3, Sputtering

Sputtering is the ejection of atoms or molecules from a target
when bombarded by energetic particles, The phcnominuﬁ wasdiscovered
many yearé ago by Grove (62) and was first used for depositing thin
filwms as early as 1877 (63) when the degree of vacuum attainable was
such that thermal evaporation was not possible, However,when improved
pumping systems produced lower pressures,thermal evaporation became
the major technique for thin film production, Indeed, sputtering fell
out of use for this application and was considered "dirty", due to the
higher pressure neceséary and high sensitivity to contamination in the
usu#lly used glow discharge sputtering arrangement. But since about
1950 improved technology and the increased interest in refractory metals
for electronic application, which are impossible to evaporate by the
normal method, have led to a revival of low and high pressure sputtering
as techniques for thin film deposition.

2.31, Theories of Sputtering,

Originally, it was thought that the bombarding ions caused local
hot spots called thermal spikes on the target surface and sputtering
was due to the thermal evaporation of target material from these areas

(64, 65), This would mean the ejected atoms should show a cosine

angular distribution and have a Maxwellian velocity distribution. Also




there would be a variation of Sputtering rate with the heat of
suflimation of the target material, Study of the velocity distrib-
ution of sputtcred atoms was not possible at the time because the
ejected atoms are electrically ncutral, but before such experiments were
performed sputtéring phenomenae were obscrved which were inconsistant
with thermal evaporation. Webner (1955) (66) and others studied the
sputtering of single crystal targets and found that the atoms were
ejected preferentially in certain crystalographic directions, usually
associated with the planes of closest packing in the crystal, Indeed
even for a polycrystalline target Webner (67) found the ejected atoms
had a non cosine distribution. A theory was first proposed by Stark
(68) in 1909 involving the direct transfer of momentum from the bon-
barding ion to the atoms of the target. Silsbee (69)‘in 1957 had
pointed out that the transference of momentum in a crystalline solid
might be strongly influenced by the well ordered lattice of the crystal
and had introduced the idea of the momentum being focussed into certain
crystalographic directions, consisting of close packed rows of atoms,
This theory was further supported by other experimental facts; namely
that the energies of sputtered atoms, typically 10eV are much greater
than from corresponding thermal evaporation 0,2eV; that there is a
threshold energy of bombarding ions below which sputtering does not
occur; that there is then a region where sputtering ratg is proportional
to ion energy and that at higher ion energies the rate saturates and then
decreases presumcably due to deep ion penetration and consequentlyimore
energy loss within the target. While the details of the theory of
Sputtering is still a matter for debate it 1is now more or less accepted
that the ejection of the sputtered atoms or molecules is due to a
monentum transfer process consisting of a number of collisions in the

target which can be to some extent focussed by the regular atomic

arrangement of the target.




°2818vUdSTQ MOTH B JO SOTASTIDIDEBIBYD

c1°g 2andtg

jusxany *3ay e
| 1 [ { | ] ! i ! ; | ! i 1
\
\
\
: \
A m
; \
i \
_ . \
\
\ WM,,.@@MOD
! N M
| o |
! N
W |
|
| |
{
|
_ !
| |
| / | |
i { i w
| | | |
98zeyoST( |UOTITSUEZ * o . - | ! )
m ra | T1TS HH_ MOTH TewIcugy M0TD TRWION | uorirsueay sS1egost,,
o , DISSUMOT

e




2¢362. The Glow Discharge,

A simply produced source of ions for sputtering purposes is
a glow distharge, There are many phenonenae which can occur in gas
discharges depending on the pressure, the applied voltage and electrode
configuration and numerous review papers (70) have been written on the
subject, Only those phenomenae relevant o the use of glow discharges
for sputtering will be mentioned here, When a potential is applied
between two parallel plates in a gas at a low pressure the resulting
voltage-current pressure characteristics can be split into a number
of regions as shOWn'in figure 2,1. The discharge consists of several
light and dark areas called glows and dark spaces, as can be seen in
figure 2.2(a). Figures 2,2(b) and (c) show the variation of potential
and light }ntensity along the length of a discharge, Most of the
pﬁtential is dropped across the Crookes dark space and it is here ions are
accelerated téwards the cathode, Sputtering is performed in the ab-
normal glow region of the characteristics when all the cathode is covered
by the cathode glow, Increase.in current can only be obtained by an

increase in voltage given by equation 2.2, where V is the voltage,

BJJ
P

VvV = AHA+ 2.2

j the current density, p the pressure and A and B constants, The

length of the Crookes dark space (d) is determined by the mean free path
of electrons leaving the cathode. The mean free path is inversley
proportipnal to pressure, so as the pressure in a discharge is decreased
this dark space grows until the plane of the anode enters it, when the
discharge is extinguished.. In the normal glow the product pd is a
constant, for argon~ 0,3 torr., cms., However in the abnormal glow region

the product pd is also a function of voltage and is given by equation 2.3,

pd = L+ P 2

where C and D are also constants. For sputtering it is usually arranged

that the anode is positioned in the cathode glbw a;Aa distance approx-

imately 2d from the cathode as this -position tends to give the best
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uniformity of deposition, The_fact thafrat/dist§gces leés than d

the discharge is extinguished is used to effect by plabing any.earth
shielding at the back of the target and around the high tension lead
through conductors at a distance less than d so that no discharge will
occur, It should Ee noted that the bombarding ions will suffer
collisions with the gas atoms of the discharge gas and the number of
collisions will increase with pressure, This is also true of the
sputtered atoms aﬁd puts an upper limit on the preésure because even-
tually they will begin to be prevented from reaching the anode,

Since ions and electrons have vastly different hasses recombination

in the discharge is unconmon and the discharge will spread to the sides
of the chamber or other obstructions where recombination is casier,
This is undesirable as it reduces the number of ions and hence the
sputtering rate, so objects intruding into the discharge should be
avoided,

To maintain a discharge at pressures below the normal range
10-100 millitorr a number of methods can be used. The number of
electrons can be increased by use of a thermal source of eiectrons,
the ionisation probability can be increased by the use of a magnetic
field or the diécharge can be run at R,F, frequencies. All three
techniques allow the discharge to be run at lower pressures 0,5-10
mitlitorr and will be more fullydiscussed later,

2.3.3. Diode Sputtering.

This is the simplest form of sputtering apparatus and consists of
the two plane parallel plates of a plow discharge with a seperation of
The cathode acts as the target and is made of the

approximately 2d.

material to be sputtered. The cathode receives a high negative potential

while the substrates are placed on an earthed anode plate, The operatiun

of such a system is to pump the chamber dowvn to as low a pressure as

possible and then bleed gas, usually argon,into the chamber to the

required pressure normally 20-100 millitorr. Apart from the problem




of collisions due to the high pressure, if/aisoogiVes a high prob~-

ability of gas inclusion in the resulting film, As a result, more

sophisticated systems such as triode sputtering were developed to

reduce the pressure necded,

2.,3.4, Triode Sputtering,
In ordgr to increase the mean free path of the ions and sputtered
atoms znd decrease the probability of gas étom inclusion, the pressure
nceds to be dewn to a few IOQtorr. To produce a discharge at this
pressure the number of electrons or their ionising'efficicncy has to
be incressed. ITn triode sputtering this is doné by striking the dis-
charge between a thermionically emitting hot cathode at earth potential
and an anode at a bositive potential, introducing the target as a third
elcctrode which can draw ions out of the existing discharge. The dis-
charge can be confined by a longitudinal magnetic field (0-200 3aan>

which will also increase the path length of randomly moving electrons

and hence iwmprove their ionising efficiency, With this arrangement

first used by Ivanov et al (71) the anode potential need only be
0-100 V and the sputtering rate can be changed by altering the target
voltage with no direct cffect on the discharge. The substrate is
placed opposite and parallel to the target and the sputtering pressure
is such that it can be placed at a distance within the mean free path
of the cjected atoms (~5 cms at 107torr) . However the increased com-
plexity is a disadvantage as the electron source, usually a tungsten
filament has to be water cooled, and so does the anode and possibly the
target.

A number of geometrical electrode arrangements have been suggested
(72) and mzny papers have been published on the use and properties of

@ | triode sputtering systems (73,74,75).

2.3.5., Tetrode Sputtering.

Tt has been reported by Muly and Aronson (76) and others that the

B . . B e N 1 A 3 - ;
introduction of a fourth electrode as a erid or auxillary anode situated
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just above the anode in the triode arrangement further improves system

properties. Operation is then possible down to 2.1(5~4 torr with improved
stability and with target voltage having even less effect on discharge
characteristics,

2.3.6, Bias Sputtering,

1f, i@ any of the systems mentioned, the substrate is biassed
negatively with respect to the anode the film being produced will be
continually ion bowbarded during deposition. The effect of the bom-
bardment will not only be to some extent sputter the growing film but

4

also to remove contaminants from the film surface, in a similar way to

discharge cleaningref (77). This idea was first suggested by Freichs

o

(78) and has been shown to improve film properties (79) and, in the

s

case of gold deposition on sodium chleride, to improve epitaxy (80J.

2.3.7, Getter Sputtering,
The efficient gettering action of freshly prepared films for
reactive gases was used to advantage by Theurer and Houser (81) to

reduce the partial pressure of exygen and other gases to as low as

-10 ) -4
10 torr ncar the substrate compared to the chamber pressure of 10 " torr.

The technique employs a metal enclosure within the vacuum chamber and an
auxillary target which, when sputtering, getters the reactive gases
entering the inner enclosure, in which the main target is situated and
film deposition takes places

2.3.%, Reactive Sputtering.

A1l metals and most semiconductors can be deposited as thin films
by the methods so far mentioned, but dielectric films present a new

) . . ) tuct aw
problem, A dielectric target could not conduct away current, and

positive ions bombarding it would build up a surface charge ncutralising

the acceleratine potential until after » very short time the ion bom-

bardment would cease. Some dielectric fitms, however, can be produced

by sputtering using a technique fairly recently reviewed by Kay (82) and

Schwartz (83) called reactive sputtering. The target is still wmetallic
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but a reactive gas is mixed with the inert gas of the discharge and

reacts with the net ator &3 ]
¢ € netal atoms being Sputtered., The reaction can occur

at the target, at the Substrate, or in flight, The technique has been

used sucessfully to deposit oxides, (84,85,86) sulphides, (87) nitrides

88) and ot m 1 T e . 3
(88) ther compounds, Foyr more complicated compounds such as

perovskites however, the Production of films with the correct stochio=

metric ratio becomes very difficult, But the sputtering of almost

any material became feasable with the development of Radio Frequency
Sputtering,
2+3¢9. Radio Frequency Sputtering,

The build up of positive charge on a dielectric target can be
overcome by the use of a high frequency accelerating potential, This
was first ;uggested by Webner (89) and then demonstrated by Anderson
et al (90). However Davidse and Maissel (91) were the first to
describe the épplication of the technique to the deposition of
dielectric thin films, Radio Frequency fields can be applied to any
of the sputtering systems discﬁssed.

2¢3.9.1, Theory of R.F,Sputtering,

Any insulator or insulated conductor placed in a gas discharge

wust, in ecuilibrium, float at a potential, with respect to the

plasma, which ensures it receives equal numbers of positive ahd neg-
ative charges, The insulator thus becomes slightly negative, because
oOtherwise the electrons, with a higher mobility than the ions would
have a higher probability of striking the insulator surface. As a
result insulated componenfs_in a glow discharge are under slight ion
bombardment, a fact made use of in ion bombardment cleaning (77)., The

bombardment energy is enoﬁgh to remove weakly bound contaminants but

e

is insufficient to produce any sputtering. R,F, Sputtering relies on

increasing this self biassing to values sufficient to cause sputtering
=3

of 2 dielectric target. The method used is to place the target over

2 rondirtine nlate +0 which the hich.frequency potential is applied,

e -
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10 reach equilibrium, the target surface will bias negatively until

1t receives no net charge from the Plasma,forming a positive ion

sheath around the dielectric, The process was explained by Butler

and Kino (92) with the aid ofadiagram, @&gure 2,3) which shows the
biasing nccessary for equilibrium, They also developed a theory to
quantitatively explain the éffect. Anderson et al (90) indicated the
frequency required for effective Sputtering by considering the ion
transit time,and the variation of sheath thickness with time, and
argued 2s follows: The ion sheath will extend into the plasma a
distance d varying with time roughly as indicated in figure 2.4,

A positive ion will be accelerated towards the target only when the
asheath extends beyond its position and will in general take several
icycles befére it reaches the target, Consequently the ion energy on
reéching the target will be less than that equivalent to d max and
there will be ; large spread in ion bombarding energies, If we assume
that the ion current is constant with time the target potential in the

negative half cycle region will decrease due to positive charge build

ip at a rate given by equation 2.4, whee I is positive ion current

&L,
dt"‘ C e Tao

and C target capacity. Using typical values for I and C of 20mA cm’
and 20pF cm?® we find the rate of fall of potential is quV.sec4 .
Taking the condition that we do not wish the fall to be more than 100 V,
before the polarity reverses, then the frequency required is of the’
order of 10 M.Hz.
2.3.9.2, Electroce Arrangéments for R.F.Sputtering,

The method used by Anderson (90) in the original suggestion of

R,F.Sputtering was to introduce a dielectric target into a supported

low pressure discharge as in triocde sputtering, But Davidse and Maissel

-2
(93) noted that at sufficiently high pressures (~110 torr) a self
sustained glow discharge could be initiated andumaigtained using an

R,F, target as the cathode of a diode sputtering arrangement, Further-

bor
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Variation of target potential (V) and

positive ion sheath thickness (d) with time,

Figure 2.4,
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more the Operating pressure could be reduced, to the order of 1 idstorr
. . )

by the application of a Mmagnetic field (up to 200 gauss) normzl to
the target., The magnetic field also had the effect of confining the

glow, increasing its Stability and allowing easier tuning of the R.F,

They also found that unlike D.C, sputtering, where for a given depos—

ition rate, the power required is a function of area only, the shape
of the target had a considerable effect on rate, circular targets being
much preferred. The R.F, electrode needs to be water cooled because

of the high dissipation of energy occuring at its surface during ion

bombardment and this means some complication in electrode and feed
through design, To prevent Sputtering from or breakdown to the back

of the metal R,F, electrode it has to be shielded and to prevent

| excessive’temperature rises during deposition the shielding usually also
has to be water cooled,

263.9.3, Grouﬁded or Non Grounded Electrodes,

The R,F, potential, in both triode and diode systems so far
mentioned, is connected betweeﬁ the target electrode and earth, The
self capacity of the dielectric target causes the negative D,.C. bias
which leads to plasma ion sheath formation and hence sputtering, How-
‘ever in this symetrical arrangement all earthed parts of the vacuum system

could also feed R,F, power into the plasmé forming sheaths which could

result in undésirable sputtering, In view of this Holland, Putner
and Jackson (94) suggested an arrangement in which the R,F, potential
is fed to two non grounded eléctrodes forming two halves of the target
electrode, The electrodeé'can be two semicircular "D'"s or an inner

disc and outer anulus, both of which arrangements can have a circular

target placed in front of them, They found the disc and anulus pref-

errable because the high fields at the corners of the "D"s made that

. : 1 .
arrangement susceptible to electrical breaxdown. Another arrangement of

non grounded electrodes is as the two halves of a F?Of' but in this case

+wo tarcete are reantsred one for each electrode. The advantace of non orounded



electrodes is dubiou; as the ail‘“z’;ement will probably behave as two

ceberate 12 L.
seperate R.F. sputtering systems coupled to earth, as though the

centre of the feeding R,F, tank coil was connected to earth, This

has been pointed out by Toombs (95) who also showed that sputtering

of earthed parts of a grounded System is unlikely as even with equal

areas of target and earthedlcomponents, the highest bias expected

under typical conditions is 20¢eV, which is below fhe threshold

sputtering energy for anything other than atomically cle%n surfaces,

However his argument bzsed on maintaining charge neutrality in the

plasma a2t all times and neglecting transit times is oversimplified
and itself somewhat doubtful, But in any practical situation the

area of the earthed components is much larger than the area of the

target an& both must receive the same total current, Consequently .
the sheath voltage around the earthed parts will be much smaller than

on the target. Indeed no contaminants from earthed components have

been found in films deposited with a diode grounded system (95) and f

a film builds up on substrate supports and other earthed parts of the t
system during deposition,

The various arrangements for sputtering are shown in figure 2.5,

A nunber of systems are comnercially available, a triode system is

marketed by C.V.C, called '"Plasmavac', a normal diode system by M.R.C.-'
Polaron while balanced non grounded systems are produced in disc and
anulus form by Edwards High Vacuum and in roof top form by Varian,
called "Plasma Peak",
2.3.10, The AdvantageS’of‘Sputtering.

Sputtering has numerous advantages over evaporation as a thin
film deposition techniquenfor use in device or thin film circuit prod-
uction both as a process and because of the improved properties of the

films produced. A major production advantage is the absence of very hot

sources and associated assemblies and the corresponding lack of wear

and distortion caused by them, Other advantages are listed over,




(1) Versatillity,

Sputtering can be performed in Many modes chosen to suit partic=

utar applications and bractically any material can be deposited by one

or more of the varjous arrangements already described., It can be used
s 4 - - o .o s s .
to deposit refractory materials that could not be simply evaporated,

o) 41 - o - 1 5 R :
Furthermore this deposition can be accomplished with the material at

room temperature or less, This includes high melting point dielectrics
which can be deposited by reactive or R,F, sputteriﬁga
(2) Controlability,

Sputtering is a comparatively slow process.and the deposition
rate is a strict function of target voltage at a given pressure,
Consequently rates and film thicknesses can be much more easily con-

trolled than for evaporation, Rates as low as less than 104 per sec-

ond can be .accurately controlled an

[

1 yeproduced,

; or Compound Deposition,

~
[N
~
ok
3
—
(94

~t

In the evaporation of alloys or compounds it is extgemely difficult
to maintain the correct composition or stoichiometry, (section 2.3.4)
but sputtering does not suffer from this disadvantage. This is because
Sputtering is a "cold" process and dissociation temperatures are not
reached and the sputtering of components is a function of their indiv-
idual sputtering yields which are similar (96), certainly of the same
order of magnitude. It follows that alloys and compounds can be much
more easily deposited in controlled and known compositions using
Sputtering and many examples are avéilable (97,98,99) .

(4) Adhesion,

One of the basic requirements in thin film work is a good adhesion
between film and substrate., Adhesion is difficult to measure quantit-
atively but it is generally acknowledged that sputtered films adhere
better than do evaporated films, This is probably é function of much

higher depositing atom energies (up to 10eV cf 0,05 eV) but could also

be associated with charge effects. Chapnan (100) has also shown that




sputtered films have a higher resistance “to scratching, o
, . |

(5) Epitaxy,
Epitaxial filus are those whose crystal structure is influenced

by the structure of the substrate, Due to the island nature of film

prowth (101) films are normally polycrystalline because the islands

&S Iy 3 Sy 4e .
are randomly orientated, However under the influence of certain

substrate structures the islands form in an aligned or orientated

Aty B R T T R . '
ranner producing Lexlu1cd 0r Single crystal films, The uses of such

films are numcrous (102) and their production has received much
attention (103), Factors influencing epitaxy afe the nature of the
substrate, substrate temperatures and deposition rate (104), Tt has
been found that for a given deposition rate Sputtered films epitax:at

nuch lower substrate temperatures (105, 106, 107), The effect is

thought to.be again due to the higher atomic cnergies involved and due :

to the substrate cleaning action of the discharge, As an example silver

. e . . . . e i
deposited at 0.2 A per second on sodium chloride epitaxes at 150°C Bl

wlien evaporated but is epitaxial at room temperature when sputtered,

2.4. Summary of Processes Suitable for the Deposition of Barium Titanate,

Due to the high melting point and compound nature of barium titanate

normal evaporation processes cannot hope to deposit pure or stoichio-

wmetric films of the material, The only really feasible evaporation
Process for compound materials is flash evaporation but this process
Still produces contaminated films., Using evaporation processes,
crystalline films of barium titanate have been deposited on single
crystal’ alkali halides at tcmperaturcs in excess of 550°C and on

Platinum or platinum films only with post deposition baking to above

000° ¢ Sputtering is a deposition process better suited to producing

- P : : ~ 1 ~ o s 3 s
Stoichiometric films of compound materials 2nd should glso produce

e . ‘
cpitaxy at lower substrate temperatures. Sputtering is also a more

controlable process particularly if low deposition rates are required

ST © the s ‘tering processes
in order to improve film crystallinitye. Of the sputtering |




only reactive or R,F,

— . - L ,
Puttering can deposit insulators, Barium

titanate is a complicated double oxide which would brobablg prove

difficult to deposit using

feactive sputtering but should be easily

deposited using R,F, Sputtering. R.F, Sputtered insulators are

reported by Pliskin et al (107) and others (108,109) to have better

bhysical and e tri e e .
physica lectrical propertics than evaporated films of the same

materials and the process is thought to automatically have the ad-
vantage of better film properties caused by bias sputtering as the
ions weakly bombasrd thc $ubsfrate each half cycle of the R,.F,
Conseqguently it was decided to use R.F. sputtering as the deposition
process and at the onset of the project no previous repert of the R.E,

gputtering of bazrium titanate could be found,

2.5, Choice of R.F,Sputtering System,

The laboratory in which this work was. to be done was part of the
Solid State Group concerned with various properties of thin films
produced by a number of methods. However no sputtering facilities
were available and this was an ommission which needed rectifying, in
view of the increasing application of the technique in thin film work,
Financial considerations prohibited the purchase of any commercial
Apparatus so it was decided to design-and develop a sputtering system
with various uses, The object was to design on one pumping station a
syétem capablé of sputtering with triode, grounded diode and balanced
diode arrangements,by an interAchange of top plate and components in
the chamber, Of the balanced arrangemeﬁts,the disc and annulus system
was preferred due to the use of only one dielectric target compared fo
the "Peak'" system, To make électrical measurements on dielectric layers
a metal - insulator - metal (M.I.M.) structure is required. It would
be desirable,iﬁ order to reduce contamination and prevent the formation
of metal oxide layers, to produce some of the;e M.XI.M, devices in one pt

a signed incorporate this facility.
. - -us was designed to 1
down, Accordingly the apparat
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2.6, The Vacuuw Rczqniromentse
v—_—“—“m“

i

To obtain an iabils . :
y reliability ang tOnsistency in the production and

properties of thin films the first requir

ément is a vacuum chamber

having a v low leakawe d i
having very low leakage and outgassing rate with a pumping system

capable of reducing the pressure in it to 2 very low level. The trad
- 3 - J 4 ) > 1, & Crad-

itional pumping system for vacuum work is the mercury or oil vapour
[ . - M . .

tiffusion pump with 2 uecha 2 acki 1 ’ i

diff pump wit mechanical backing pump, Lately in research

i P T - = d ey or - Sy -8 X

applications using ultra high vacuum (P<10 torr), the ion pump or
Ttanium sublimatiorn ¥ - gi R o PR ' |

titanium sublivation pump backed with sorption pumps have become

popular while in production applications the thermo molecular and

Rootes blower puwps are comron and have appealing characteristics U

<
e

In the present project the ultimate pressure required (élowtorr)

fglls only into the high vacuum range and the pumps used were chosen
due to their availability and adequacy., The laboratory had in stock

a selection of oil diffusion pumps with the corresponding traps and
0il scaled rotary pumps,., No objection could be seen to their use in
this application and the pumping system was designed around them,
Altheugh sputtering is performed at a relatively high pressure, the
ultimate pressurc of the system should be just as good as for evapor=
ation because of the ionising capability of discharges. In a pumping
System using oil the backstreaming rate must be very low because any
long chain carbon compounds will be cracked by the discharge producing
carbon and light hydrocarbon products. Similarly water vapour present
will be ionised pfoducing active oxygen and hydrogen

in the discharge

necar to the {ilwm substrate,




CHAPTER THREE
THE DESIGN AND CONSTRUCTION OF THg DEPOSITION AP%ARATUS :

3.A, The Vacuum System

3.A.1 Vacuum Requirements,
S A " R . o
With the object of designing a deposition Station, capable of

4 H : - . . . . . )
sputtering in one of either triode, grounded diode or non grounded

diode configurations by making a simple internal chamber conversion,
and noting the points wade in sections 2,6 and 2.7, the following
system requirements were recognised,

1. A minimum chamber size of 12¢ high by 12" diameter (the height
is necessary for {riocde configuration and M.I.M, structure deposition),

2. An ultimate pressure uf<§10¢ torr.,

3. Negligible backstﬂéaming rates from both vapour and wechanizal
puhpso

4. A relatively quick (2-3 hours) pump down apd change round time,

5. Good pressure monitoring gauges particularly over the pressgre

U U—

DR S S

range 5 idﬁ - 5 16#'used for sputteriﬁgg

6. Argon and oxygen gas bleeds with close control of their partial
pressures,
The conductwnces of all the components used and calculations of antic-

‘ipatéd pumping'épeeds etc. used during the design of the vacuum system are

given in Appendix 1.

3.A,2 The Vacuum Chamber and Vacuum materials,

The vacuum system including the chamber is shown in figure3.1, The
Chamber comprised of a 12" diameter v thick borosilicate glass cylinder
1gn long with flat ground ends., These were sealed by L gaskets to the
top and base plates which both had leadthough ports let in them to allow

the intréduction of electrical and other supplies into the chamber, The

* thi in-plate bolted to the cast
base plate was supported on a 3" thick duralgmln pla

i
@

iron square section frame work of the welded trolly which was also .

designed to house all the electrical supplies, All rubber seals on the

e
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high vacuum side were made with "v3: s = _
1 4 1t e
th Vlton//rubber,because of its’ vastly

i '*'-O ~ & . .
superiodr properties compared to fiebprene and other elastometer materials

(110), The chamber fur

ither from sfa; o
e 0 inless steel or gz hard aluminium alloy. EN B {type 321 Amf%

a non magnetic Stainless steel,was used and is one of the steels usually

3 e -3 . .
recomnended for vacuum applications (111), Duralumin was also used

particularly for sputtering system components because aluminium has
a much lower sputtering rate than wmost metals, having a sputtering
yield of 0.1l compared to copper 0.48 for 100aV argon ions (112) and it
has been-recomnended lately to be nearly as good as Stainless steel for
vacuum systen construction (113}, Grease was not generally used on
vacuum joints but where its use was unavoidable, as in rotory seals,
Apiezon N grease was used thch has a vapour pressure as low as 1()*'6

-9
- 10 (114), Special precautions were taken with the machining of
chamber furniture to avoid the introduction of virtual leaks, for
example a groove was milled in the ends of the wmain support studding
where it screwed into the base plate so that the blind tapped<holes
could pump out more easily, Ceramic parts in the chamber were made out
of "Ceramtek', a commercially available machinable ceramic, The material
can be easily turned and hand worked: before being fired with a claimed
maximnum diﬁénéional change of only 0:5% (115), Polytetra fluoroethylene
(P.ToF;Ee)_was used fé; making insulating spacers in parts of the

target assemblies, P.T.F.E. has a maximum working temperature of 300 C

-7 -1 -3
and an outgassing rate after 1 hours pumping of 3.10 torr.lt. sec .cm (116)

and is the only plastic that is advised as useable in high vacuum app-

lications (117),
3.A.3 The High Vacuum System.
3.A,3,1, The Pumping Column.

Noting the required ultimate pressure, the proposed chamber volume,

and conductance of the trap

s considered that a 6" diffusion pump

outgassing and leakage rates it wa

niture and Sputtering components were constructed -~ .

ping system,and estimating very roughly likely |



would be large enough to give a reasonable pump down time, Of the pumps

available in the laboratory an Edwards F 603 thfee‘Stagerfrgctionating

pump appearcd to be exactly what was required and was used 'Thé pump’

had an unbaffled speed of 600~650 1t.secd’ and required a fluid charge

£~y ~ <. P . ) .
of 200ccs, Silicone DC 705 0il was used because of its lower back-

S e o soml =2
streaming rate 10 Shgm,mln ccm ) for DC 704 o0il under the same cone

ditions (118) and lower vapour pressure compared to other easily

e

availabie oils (119}, The diffusion pump heater loading was 1300 watts
and the power for it and the thermo-eclectric baffle was fed through

a four pole 10 amp “Donovan"contactor, The purnp and baffle cooling
water was taken from mains 4o drain and the flow was continually mon-

itored by aun "Edwards' FSMI flowtrol unit., The winimum recommended

- i E
flow at 15 C water tewperature was 1.9 It min and +he flowtrol conitained

a pressuce differential switch which operated below this rate to dis-
connect the power to the coil of the contactor. Any damage due to over=
heating of the pump or baflie was thereby avoided. A guard ring, a
copper cap in therwal contact with the cooled walls of the pump, was
positioned at the mouth of the diffusion pump to shroud the top jet’
deflector and provide a cooled barrier, The guard ring reduces oil

. . ’ R T _
backstreaming ten times from 0,2 mgm.cm min 1o 0,02 under {the same

conditions (120) but also decreases the conduc:ance to the chamber,

The NTM6A liquid nitrogen trap was positioned above the QSB6 quarter
swing butterfly valve as a better ultimate pr ssure is attainable with

that arrangement (121), The trap had a liquil coolant capacity of 5 1%

and was capable of remaining cold for 24 hours on one filling., As the

cold trap was above the butterfly valve, initial high vacuum pumping

had to be done with the trap empty so another trap was required directly
above the diffusion pump. A DCB6 thermoelectric baffle available in the
laboratory was installed using the same wa?er flow as the pump, The
baffle works on the large Peltier effect of bismuth telluride, The

semiconductor is made into elements connected in series so that at a

; - v .
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D.Ce current of 20 amn

pe maintained between the was « :
P : tween the vanes of a Chevron type baffle and the water

Y TR 9. < 3 ca f 4

o "Edwards'™ g¢ SPacers were required on each side of
L P o £ v 5 (3 S

“he butterfly valve 4o allow for the full swi

y % 43 TS0 §T 0 1 b o AR .
ALL the cowponents of the Bigh vacuum pumning colunn were sealed with

DA ey “ v e sl N o . .
VATO TUT rings and held togethér and supported from the base plate of

P Ty e Nen e 3 & my - ~ .
the chamber by stainless steel Studding,

28:.3.2, The top cold trap, “

Surine f£4 c r RO Fher T2 s
During film deposition another liquid gas cooled trap couid be

used, This was supported fyom the chamber top plate by its own liquid
PRI S «~ : . .
ledCLi}lj_U!jghb ¢ TLAC j!" dfﬂ?‘od‘; were pc(/l 11\/ des igﬂcd with a Ic ng

acuum insulated conduction path between the liquid coolant and the

viton sealing gasket and one is shown in figure 3.2, The trap consisted

of a circular stainless steel plate with the>centra1 section milled
out teo allow the target leadthroughs to pass ‘through it. The coolant
pipes led from the leadthroughs and were brazed directly to the plate,
When operated liquid nitrogen was continuously pumped through the pipes
by a "Speedivac™ liquid gas circulating pump. The position of the trap
between the argon inlet and the discharge region meant that any traces
; of watey vapour or other potentially ionisable vapours could be removed
from the vicinity of the target.

384, The Fore Pumping System, .

3.A.4,1, The Rotary Pump,

A Speedivac E,S 250 ratary pump was available in the laboratory and
was considered adequate to produce a backing pressure lower than that
required (0,35 torr) having a pumping speed of 290 lt.sec, approximately

the rate recommended by the diffusion puwp manufacturers, Speedivac

Nos 18 oil waé used and the pump had a manually operated ballasting valve

which was used to assist in the pumping of condensable vapours., The

fore pumping lines illustrated schematically in figuf¢ 3.1. consisted of

" Edwards' 1" coupling components using nitrile "O" ring demountable

-



A gt tan . R .
o 4 Stuinless steel flexible coupling

ng

ated in the fore line ne :
re ‘¢ near the rotary pump to reduce the

‘;A.Mav—lhyvslx) ] f"'} V£ \'v' s e g s y
R ton el vibration to the chamber cnd for the same reason the

pump was only indirectly fiwed +o 4+ s .
PHm Y ectly fixed to the trojley via anti vibration

CiueS. A macnetic 3 .
L5 e ! Faoneyvic 1is Iat*[ﬂ,; valve was situated dire abhove

hh

}...1
\(’(
£

the rotary pump and a vacuum switch (Bdwards VSK 1B) was coupled into
the fosre line, The vacuum Switeh was connected in series with the
e > 2 W H Uiz
tue contactor (Section 2,A,3.1) so that in the 35
leak or failure of the vacuum system the pumping system and sputferin
WL supplies would be switched off, A side arm was available in the fore
line to which could be coupled a leak detector head if necessary and
an oil mist filter (Vokes OMF 200) was included in the exhust of the
rotary pumbde Py
3.A.,4.2, Fore Line Trabg A 'y
While backstrezuing from diffusion pumps has received considerable

attention and great care is taken to reduce it with vapour traps,until

recently no such attention had been given to rotary pump backstreaming.

The rotary pump can cause backstreaming contamination during the

roughing cycle and along the backing line causing contamination of

the vapour pump oil resulting in an increase of the ultimate pressuwre

of the system, Since 1967 work bas been done on this problem, by
determining the rate of backstreaming (123,124), the backstreaning oil
composition (125,126) and the best method of trapping these oil products,

. .\ . ) . P Yl R PR P PV X
It is reported that the rotary pump 0il decomposes into light fractions

(127) and that this degradation occurs on exposing oil to rubbing metal f

surfaces (128). Baker and Stanisforth (129) bhave described a foreline

trap suitable for quick cycling systems by using a quartz microbalance

. e PR s . -
to measure the backstreaming rate. Of many inorganic sorbants they tested

emperature and at lquld nitrogen temperature they con=-

both at room t

cluded that activated dust free alumina pellets were the most suitable. P

is purpose was confirmed by Fulker (130

The effectiveness of alumina for th
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Consequently an activated alumina
1y recharged was designed into the fore line,
the copper mesh cage sitting snugly
gas has to pass through the alumina,

B .
1@ A LuningG Uese as 5/16% fivadtad o e .
Lhe aiumina 1 G was 5/16 activated non dugtlng pe}letg Suppl1ed by

conceilv rhavvans . o . - . . .
casily changed by renoving the 2" top "O0" ring coubling

rawing the cage. The alumina could be regemerated by baking

,w
)
o
-+
©
fard

in a vacuum temperature of 350-400°C, ‘

3 M e5e Pressure Measurement,

The fore pressure and the chamber vacuum durine the rou

cycle weye measured with Pirani gaupes which covered the nressure range

=] o

760-0,001 torr. The ultimate vacuum was measured using an I0GL2 hot

- . . o P sie yv .
filament ionisation gauge, pressure range 10 “to 10 torr, he ion gauge
meter reading became unstable when the discharge was operated and the

gauge therefore could not be used for measuring the pressure when

p)

sputtering. Consequently a cold cathbode magnetically assisted Penning
discharge gauge was used to monitor the pressure during film deposition,
The Penning gauge operated between pressufes of 16 and IONStorr and

had a sensitive range around the region of gas pressure used for
sputtering (5 16°- 5 10 torr).

3.A.6, Gas Bleeds,

Both Argon and Oxygen gas bleeds were required in the chamber,

These were let in through bored 7B blank leadthroughs sealed into the

top plate. The gases used were cownercially pure supplied from gas

cylinders at a pressure of abrut 2500 1bs per square inch via a reducing

o+ 5 S
valve. These valves were permanently set at a pressure of 5 1b per

square inch and the admission and partial pressure of the gases was

. . . !
cor .rolled by fine control needle valves (Speedivac LB2). 3" bore

flexible stainless tubing was used to connect the gas cylinders to the

needle valves and the needle valves to the leadthroughs. The demoutable

ton gaskets and the permanenf seals were

joints were sealed with vi

A

oA S T T R




~ O

azed with easy flow nuwber 2 P L
bra Y ber 2 hard solder, The argen needle valve

was mounted on the main front panel while the oxygen valve was “in line"
"y

located near the oxygen cylinder,

3.A.7. Operation of the Vacuum System,

Before assembling the vacuum system and chamber funiture all
components were theroughly cleaned and degreased, particularly those
that had been in contact with soldering fluxes and machining oils,
using acids and ultrasonic agitation in organic solvents where possible,
All handling in the chamber was done wearing nylon gloves to reduce the
contaminatibn due to finger grea$e° Deposition fimes ewployed during
the.invegLigation varied from less than one hour to as long as ten hours,

hut weve generally no longer than four hours, Normally, startiag in the

morn’ng a substrate could be loaded, the chamber pumped down, the !

substrate heated to the desired temperature and the deposition completed

in the same day. The substrate could then be unloaded the following
mprning and another one loaded. When not in use, the chamber was kept
under vacuum with the pumps on but not pumping the chamber; the rotary
bump being left backing the diffusion pump. To guard against the danger

of impolsion of the glass cylinder the chamber was surrounded by a safety

box. This was made out of 3" perspex sheet bnlted onto aluminium angle

and was supported on the duralumin plate, To remove it, the front perspex

panel could be quickly unscrewed and the rest slid off backwards. The
chamber could be let up to atmospheric pressure by opening the air ad- %
mittance valve on the main front panel, The procedure employed for 2 EE

film deposition was as follows; The substrate was loaded so as to have :
-

the top plate off the chamber for as short a time as possible and just

before replacing the plate the substrate was blown with a rubber squeeze to

remove any. dust from its surface, The thermocouples and heater were then

checked for electrical continuity and the safety box put in position before

shutting the backing valve and opening the roughipg valve, Noting the pressure

{
. -4 ‘,;
with the Pirani gauge, the chamber was then roughed out to less than 1.10 torr, !




when the roughing valve was closed and
- - L}

e o .
the backing valve and main

butterfly swing valve opened o Dt
) ’ o The Penning rauge was then used and when

=4
the pressure read 1,10 ¢ o i X
E ) ad 1.10  the heater was switcled on, the liquid nitrocen
w2

s e i1 ied PRI
trap filled and the ion gauge Oberated. If the top trap was used nitrocen

Yt circulated unti . e b 1
€d until the substrate had reached temperature and th

~TE
10 " torr, Every pump down was

o131 Be it eblu yimdd mad bt
could be quickly noticed and rectified, lhen a percentase of oxygen was

e KPR 1. . 2 : a2
51y oot Ty oy [ Y e A Fiea s o . :
FOQUITEC 4n vae sputtering gas this wag bled in throuzh the needle valve

pas,argon,  The systew vwes then ready for the discharge to be struck and

the de

sosition to proceed, After comp
wzs warmed by blowing compressed air through it and the liquid nitrogen
trap emptied using z pressure discharge tube. This was sealed into the i
nitrogen filler tube with a rubber bung and reached down to the bottonm
1t up a pressure

=

zing nitrogen in the trap then bui

[

of the trap. Vapour

P

and in quite a short time the trap was emptied through the discharge tube,

e

3.B. The Deposition Systen,

3.B.1 Requirements,

From the conclusions of Sections 2°4°10; 2,5 and 2,6 it was evident
that the apparatus had to satisfy the following requirements:

1, The target system wanted to be easily convertable between a triode
Sputtering arrangement, a grounded diode arrangement and a balanced non-

grounded system,

2. A substrate heater was needed capable of raising the substrate

to a temperature of 500°C,

3, Resistive heated evaporation sources needed to be included with a

mechanically operated mask changing and substrate positioning system for

¢ the production of M.I.M, sandwich structures in one pump down,

4. A shutter would be required to allow a pre sputter period before




deposition of the film Brober

Necessary electrical
’ Cifical: water and mechanical ieadth10u~q5

ool el Tave ot ) Ny € P . N o
would hinve to be positioned in the base plate or top piate
e (" 1},_,(, e
‘ i C oS BT ¢ "
It was decided to use two top plates one for the triode arrangement
v oyt e e~ eeoe
and the vther 10 be cony rertable between the two diode systen The
A wY ns i er

» system will be only briefly

Ve

lescribed as thev were aot uced +n N .
described as they were not used to aeposit barium titanat

i [SaP
2.5:.2. The Triode Sputtering System,
&
e ST TP s -y P e - : 2 : g
ihe arrangement is shown in the schematic diagran (figure 3.4.) and
igu o4

S s e w s i v Tades T o m . . .
pictured in plate 111 and is basical L1y thac described in Section 2. 4.5.

‘e filament was - - -
The filawment was 2 three strand tungsten wire spiral supported from two

n

150 & water cooled type 9A "Edwards™ leadthroughs and could be changed by

removing the top side plate, The discharge could be assisted by the B

plentiful supply of electrens provided by passing 60-90 A fhrough the Rl
o

filament, The plasma channel was rectangulﬁvly shaped to spread the dis-
charge evenly over the face of the target. The anode was a water cooled

stainless steel plate and for the same reazson was alsc rectangular in

shape, The false base plate stopped the spread of any plasma to the

electrical leadthroughs below it, The two magnetic ceils were supportied

outside the chamber wall in a Helmholtz arrangement to create up to .
|

=2 -2 . R . &
140,10 Wb,w parallel to the discharge, This =nd the thermionic electrons 4
. i

i

enabled a 10A discharge to be waintained between the earthed filanent and

, S
- L £ 3 hi
the anode by a potential of about 70V at a pressure as low as a few 10 torr,

The R.F, or H.T, supply was fed through the baseplate and connected to

the target by a coaxial line consisting of 4BA studding surrounded by

1" stainless steel tube, This coaxial line turned through a rightangle

behind the target,which was supported from the tube. The target consisted

of a thin sheet of molybdenum comnnected to the studding with the target

mic behind it to prevent any

.

material in front of it and a plate of cera

i

back sputtering of molybdenums The substrates were supported opposite
g ]

the target at a distance of about 5 cme
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3,3,3 The non grounded diode system,

0

Al ,‘,c; .‘_ﬂ’ se . o .
This system used the same top plate and chamber furniture as the

. vriel e SVS M an 4 o< g " - . .
grounded system and these will be described in detail later (Sections

B IS ford e .
3.8.4, 3.8.5.) The electrode arrangement is shown in figure 3,5, and plate
1 3 s “

4- e e ate T 32
1v. It consisted of a hollow disc and annulus, both machined in two parts

" o PP RN 1 1 \ar . Y o
out of stainless steel and welded together, The water cooling and electrical

connections were made by 1" stainless steel tubes welded into the back of

the electrodes and passed through the top plate using specially designed

-

leadthroughs, Th

G

electrodes were held at the correct spacing by P.T.F.E.

. : 5

spacers which were bolted to the earth shield, The leadthrough tubes were
also earth shielded to prevent them being sputtered by 13" diameter tubing
bolted to the top plate and reaching down to the target shield. The target

itself over lapped the target electrodes and wos supported round its pers:

1

imeter by a flat ring hung from the earth shieid by adjustable bolts, The
magnetic coils were again used and the systew operated up to 3 KV RF at a
pressﬁre of 1-2 107'torr. The system has been used for depositing quartz films
used jin two undergraduate final year projects at this university,

3.B.4 The Grounded Diode System,

3.B.4.1, The Top Plate,

The top plate served both to form a seal at the top of the chamber

and acted as the support for the target electrodes and the top cold trap.

A workshop drawing of the design is given in figure 3.6. It was machined

out of a 14" diameter ENS8B stainless steel flame cut blank and given

good machining finishes on both sides to accept elastometer seals, The

two 1" diameter holes with 45° chamfers, and surrounding equi spaced

tapped holes were f0¥ the target leadthroughs, which will be described later,

Other than these holes, four holes of a size recommended for "Leybold

ME A\ "
Herreaus" 1" leadthroughs and two holes recommended for dwards" type

7 leadthroughs were bored in the plate as shown, Of the 1" holes two

were used to support the top cold trap, one had the iOp gauge sealed




D40
Pelede

. e L .
2re both made in two o
given in fipure 3,7,

the discharge and the tarcet backing

A e g b e %8 i oy sade o e e e ]
ed o taem, L0e water codoiling compartwents were sealed from the vacuun

by aluminium wire seals which were tightened by the holts spaced around

ance just less than the first dark space of an

a dist

argon discharge at 10 {orr, by 2 P,T.F.E. collar situated around the target

electrode water tube and extending 1" up its length. This centre tube also
acted as the R,F, lead and was shielded by a 1%"stainless tube bolited to
the top plate and reaching down to overlap the P,T.F.E. collar. The barium
titapate target was gluéd to the target backing plate with "Araldite™, a

resin suitable for use at high vacuum (131) having a vapour pressure quoted

-7 . - PR
by the manufacturers of 10 torr and an out gassing rate after 24 hours baking

.

- - -3
at 85-100°C as low as a few 10 torr.lt.secd cm (132). The target was supporte

< iy 1 e oa+4 : 3
from the top plate by the water/R,F, lead 1" tube, while the earth shield

was supported on the one side by the 1" tube and on the other by a stainless

steel bracket bolted to both the top plate and the rear of the shield. A

number of target backing plates were made so that the target could be

changed by substituting that one components,

B.4.3, R.F. watey cooled leadthrough.

Ve

. ' o fe were r th wo diode systens
The same leadthroughs and top plate were used for the tu y .

consequentiy in the grounded system the water cooling tube to the earth shield

. 3 ¢h it i : necessary because in
eeme A v s 4aiod leadthrough when it is pot nece b

Sl
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Figure 3,

Top Plate 13" dia, 3" thick, stainless steel,

Figure3.7

[

Diode electrical assembly
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fieure 3.8 and

the whole ¢ ded diod 7
e grounded diode top plate complete

rictured in plate V
pia ° It can be seen that the P.T.F.E, colliar

the top plate by gas

¢t A and tightened by 6 equispaced 2PA

T d The s¢2 ’_ setween thig Spu I , P , .
bolts. The seal Detween this collar and the water/electrical lead tube is

mde by gasket D whi y .
¢hen wade by gasket B owhich is tightened by bolting down the P.T.F.E. washer
N Rl < & VOO 2D L,
. . PR T A P RS N -
with the otkey O equispaced 2BA bLolts, The joints were desi ened so that

area is 5% preater than the elastometer

1e tube is prevented {rom being sucked
&

S 1 PV Tareca T Ty P
s by the brass collar, Water connections are made to the

it
e ome oy mira e T axy 2 Qo N }
andd earth shield by g B.S.T unions, o the
T . O T A < ' ;
1 otube 2ad the otber brazed ontoe fhe § tube
STy Fol o
Jgttad e Auiac ij_‘(,c

[
s

‘e enouch would have required cowplicated moulding

too small and those lar

appavatus and could have delivered only a small force per unit area, Cone=
cequently it was decided to try to wake the target without pressing the

- . m . e Lo e Ma i mercial grade barium
titanate powder, The first attempts were mede using commercial grade Dariu

. . . 5 tle = n through a 100
titanate which was ground with a motor and pestle and shaken throug

. - > powder with
mesh sieve before being used, The method was then to mix the pow

distilled water to form a slurxy which was poured into a mould, made out of

then put over the mould and the

perspex and ebonite, A glass cover was

-

- diant heat of an
slurry allowed to slowly dry in air or under the gentle radi :

electric licht., When completely @rlcd out the powder was found to form a
- o b
Jhi delicate if
cake which had shrunk away from the walls of the mould and while e

| o of latinum £0il.
handied carefully could be slid off the perspex onto a piece of platinum foi

. sced i renn and fired
The platinum with the powder cake om it was then plzced in an oven e

as e \Y oLy o] i i . i m titanate
’ AT1num w U.SGd rath r than anl f rm

. :  fireclays or
at its melting point will disolve or react with practically all fireclay

" « o9
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Figure 3,8,

R,F, Leadthrough

4 TYPE 6 HOLES ON 4;.85'911»_

2 TYPE 7 HOLES
3 TYPE 7 HOLES oN 3% RAD.

7~
oN 43 RAD.

2,705t

BLIND HOLES , % BSFE BLIND

TAPPED HOLES ON
.L"
oN w4 p.C.D.

30'
suuzsieiF
BLIND TAPPED BN
9" p.C.D.

Figure 3.9.

Baseplate 16" Dia. 3 Thick, Stainless Steel
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e model of the fin ’ . .
scal , final target size, 1In this way the best water powder

mixture, method of cooling and fir; . . . .
& and faring cycle were decided upon and the

irirkage on firing ired denss 4 .
shrirkag ring and fired density determined, This enabled the mass of

der g - MOU 14 1 . .
powder and the mould dimensions for the finai target to be calculated, As

o N t = 01 i »:Z;” 3 3 S 4 . 2 .
~a result a mould 43" in diameter §' deep with a perspex base and a 5°chamfer
« the HOT1S v T s, .
on the ebonite walls was used, The first target was made using 260 gms of
the coumercial grade barium titanate mixed with 100 cc's of distilled water.

It was air dried for two days and fired on a 0,005" thick platinum sheet,

]

Smray e a1 tee L2 . . y D .
The temperature was raised very slowly up to 150°C and then raised at full oven

&
§

wattage to 1250°C and after two days cocled down over a period of 24 hours,
The target produced is shown glued to it duralumin target backing plate in
plate V1 and was used in the first depositions and for some of the films
used for determining film structure, A second target was made by the same
method using 99% pure "Optron" barium titanate (B.D.H,), Unlike the first,
however, this did not fire completely remaining slightly powdery but was
still acceptable and was the target used in the preperation of the majority
of the films including those on which electrical measurements were made,
3eB6. Chamber Furniture,

2.B.6.1, Baseplate,

The baseplate served as a support both for the pumping stack and for
the chamber furnitureoi It also carried the majority of electrical and mech-
anical leadthroughs. The final baseplate.design is shown in figure 3,9, and
it was made out of an E.N.58B flame cut stainless steel blank 16" in diameter

and 1" thick. The upper surface was given a good machine finish to allow the

L gasket to seal satisfactorily, The six 3" B.S.F. blind tapped holes let

into the upper face were to bold the studding from which all the chamber

interior structure was supported. Four leadthrough pozts were bored into the

baseplate for Edwards type 6 leadthroughs, five for type 7 leadthroughs and

two for 14 Leybold leadthroughs. The two blind ﬁzpped holes in the underside

were used to bolt thé baseplate firmly to the duralumin support plate, and the




- { — f“‘“*————~‘
A ——— |
3
e T =0
- [ 4 77 3
- :m:"_’::t“—: _ _—.E‘.: o
= = o5 - —h
a.Metal . b.Insulator c Metal 2

Eigure 3,10

Operation of the M.I.M.deposition systen

I I n
L s £ @—[U Y = =
e O ,

) CI’[ A0

-

Meehanism

inc Mer




3,Bc0:26 ML M, deptsition syeren
é

Cilg

2. RB.6.2.1 Substrate chan: )
Ceferenene e changeover and deposition arrangements
S =ARpRUCHLS o

The dicde sputtering eile 5
°b ‘£ €lecirodes alrea ady described only extended some

Ge7 into the 187 hioh ihe oy s
v : Sk chamber leaving considerable volume available for the
SRR # § . &1

metal evaporation apparatus, The N
© e eration of the whole mechanism desioned

produce b T

-
<

The substsx

metal eva

2 yyde ey o ~ A py wo e o~ -
INTO Toe outer case so that when the édos was

te
—
J
=
4
L
3
¢

Gad not turn with the nut fixed to the Bottonm of

T 4 A e ke oy o AT em P SO T P R i PR - st
from a rotating lesdthrough vhich translaied the motion fronm outside the

Vacutim
o 4 [T B t . LI PR3 . - 3 4 i
substrate holder and located into the mask Bolder fitted on the sputtering

Cn S o PR L s ) e
false baseplate, limiting the upward travei of the substrate. The case or

body of the 1ifting wmechanism was beited to a second false baseplate for the

3

evaporation region which prevented metal being evaporated over the electrical

j

cadthroughs, The shutter could be operated in the sputtering region to

allow pre sputtering by rotating the extended %ﬁ stainless steel rod of a

rotatable leadthrough, The metal evaporations were done from two tungsten

wire resistively heated scurceS. These were clamped at both ends between

small stinless steel plates and insulated from each other and earth at the

live end by "Ceramtek' spacers. The evaporation assembly, as shown in plate

Vii,was housed in a stainless steel sheet cover to prevent evaporation upwards

and supported from a 3" rotatable leadthrough sealed in the baseplate., This

enabled the assembly to be swung clear when the substrate was being raised or

lowered but allowed the filaments to sit directly over the substrate when

being used, Electrical connections to the evaporation Sources was made

¢ 3 . : RN} 1t e
using 2" diameter flexible copper plated wire covered with Douroglas™ sleeving
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was attached to another ¥ rotasan ‘
i rotatabie leadthrouen and ‘designed
gn esigned to allow + the
first or second metal deposi+i sk
[ 0N mask to be rotateq into place and located
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This could alse be rotated clear of

the 1ifting section when n¢ sary. T
fhe 14 o €N necessary, The masks could be easily changed

=

the mask holder and

production and dessipn i
I uction and design is descr ibed in the next

L S A 5 T eI~ [ S
3.8.0.2.2¢ Deposition Masks,

&

430 S T e o - P S AN, - 3
Fhe masks used for the MoI M

S produced ftvelve 2mm v Stem . 3

PAPULRCEG vwelve Jmmoxw Zimm o paciter areas and the second
AY 41reas wWith 3 reuinm Fre 15 2o : 1
ar areas with a region for slipsometric or other non destructive

analytical measur

{7 i g e - 2 . - .
vonnecyvion o the 6 or 12 capacitors was made from

the ends of the two appropriate capacitor crossover strips and required

- P < . T oon ey o3 v oy “y . e - My ‘“?

enly 5 or 7 leads respectively, The wasks were made from 2-3 x 10 0 © aine
Sk e sheet b ~ A et T S e o i Ty 4 .3 3

less steel sheet using a protolithegraphic etching process (Microponent

Development Ltd,) to wmaster O“avng provided, The masks were etched frem
one side only so that the undercut produced an angle on the deposit shaping
mask edges,

3eB.6.3, Substrate Heater,

The substrate heater was wound on a cut out mica former out of 1/16"
wide 36 gauge nichrome strip with a resistance of 3927£1ﬁdt Copper and stain-
less steel plates were bolted either side of the heater element and insulated
from the nichrome strips by thin sheets of mica. The heater assembly was

Supported by four 6BA stainless steel bolts %” above a thin stainless steel

heat shield as shown in figure 3,14, A substrate holder made of copper was

fitted or bolted on to the copper side of the heater and could be interchanged

depending on the substrate used, The holder shown in the figure 3.14. is for

I' square glass substrates while the holders for thin flat substrates carbon

grids and the KBr single crystals used are shown in plate Y11ll.The substrate

= b . » - 1 - m
temperature was measured using either a copper constatan or chromel-alumel

fhermocouple which were held by a stainless steel spring onto the actual




STEEL

STAINLESS

HICR SHEET

Tenr

i

SUBSTRATE TABLE

caysTaL

P

14

Heater

3

igure

E

hug
.
g
o
R
, e
' 5.
=
(=8
E.
a
o
p=gt
o

Substrate

HEATER

i




‘e cace ol | PR : PR .
©oCase of electron Aicroscope grids when a

2T, In sowme cases callit

proeduced aosu of 500° ¢ ol a 3 1a
; = BioAY L Fipure 3,15 shows a

ions 4ded, and 4.5) 0 A field of 100-200 OHUSS LS

is the coil diameter, because as illustrated

magnetic field is hisher and roughly constant over the

distance between the coils, The coils were designed with the aid of equations
£

3.1e and 3,2, EBauation 3.1 «ives the fiux density due to the two coils, Dboth
3 [ &3 2

of ni ampere turns and radius R m, Thellfactor is a result of the coil config-

uration, Iquation 3,2, gives the temperature rise of a coil in degrees centigrade

where ¢ is a constant of about 150,W is the total wattage in the coil in watts,
and A is the surface areca of the coil exposed to free air,plus half the area enc-
losed by metal plates, expressed in square inches, The coil forwers were made

using sheet duralumin and perspex at an inside diameter of 13" to allow for PasSS=

age over the chamber, Thecoils were wound from 17 S.W,G, enamelled copper wire

on a low bed lathe, 620 turns were wound on each coil giving a resistance of
&

approximately 8flper coil and at a current of 3.5A should produce an axial field

R e

i g
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- 1 T
of 1,1.10 ":‘:DQ\",{ wWith a3 predic+tod 4 amn
ol , tha predicted tewmperature rise of 70°C, The actual performn=

ance of the coils is shown in fio
A YWHINn rioure 3 ¥ S 1 5 s . ‘.
gure 3,17 where the centre point axial field,

measured using a H o F ot maomed
sing a Hall effect magnetometer, is plotted against coil current.,

3.Ce Electrical Circuits and Supplies

3.C.le Thexmoelectric Baffle Supply
'
A power supply was required for the thermoelectric baffle to provide a
e S e T ana T oy . .
maximum of 304 at a DC voltage of 4.8 V with a maximum ripple of 10%, The

circuit designed aud used is stown in figure 3,18 and consisted of a full

e input filter de

0
O
<

wave bridge with

o7}
C .
[we]

cned to criterian given by Dayal
1 (A4 ARSI It L 2 . e v e s . -
in a "Mullard" publication (135), The silicon power diocdes were mounted on

heatsinks to the manufacturers specification and +he whole circuit was cooled

by a fan (Airflow Developments type 26 BI). The circuit was assembled and
mounted directly behind the mein frout panel using "Lehtrokit packaging
components, This meant that the on/off switch was alongside the other

vacuun swithces and the adjacent ammeter provided a convenient check on the

operation of the baffle.

3.C042,¢ Triode Main Discharge Supply,

T Te——

The triode discharge required a power supply rated zt 15A and 300V
DC with a ripple of less than 5% and incorporating a variable current limit-

“ing resistor, Due to the high power rating and low ripple required of this

e T e

supply it was decided to use a three phase circuit. Again using Dayal criteria,

the full wave bridge rectified circuit shown in figure 3.19 was developed,

A A,

S

The silicon power rectifiers were wounted on heat sinks insulated frowm each
other and mounted in the case by a "Tufnal"™ rod. The voltage was regulated

by the three ganged variacs . and one of the transformer windings was connected

S B e TS it

in delta to suppress harmonics, A choke imput filter was used and a 5 ohm

500 watt rheostat mounted on the side of the case was used as the current

limiting resistor, The circuit was built into a sepcrate "dexion" trolley

which could be wheef;d about when required and is shown in platel,

3eC.3. The filament Supply

A low voltage high current supply was required for both the thermionic

v

— o B B




Figure 3,18

Thermoelectriﬁ Baffle Supply.
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Figure 3.19

Triode Discharge Supply




fils of the triode Systam and the ¢
P4 : S5 5T2m and $the + rod o N . .

+ e tungsten metal evaporation filaments,
The fequired, (0DA 1y

4 A
Ly, B2 ATy YOS A S « < 3 . . s »
»EeVy Was provideéed by the simple circuit

a high current transformer supplied

fFrowm an 84 variabid by e £ . .
prow snooh variadle transformer and the current was measured o1 a one amp

FoS.D woter using a 100 +0 & ;e et . 3 .
Fee Sterusing 2 100 to ¢ pick up coil, 4" diameter, rubber covered,

Copper wolding cabnle was siced Foe ar. o s . .
PRET welding cable was used for the Nigh current leads with

the cls,

T -y A N S (" ~ -
e supply controls were mounted on the

M~ R deea o Y5 e Fnt Tas
or the deposition troiley, .

e Mo one i1 ad 4 ese e ,
bhe magnetic coils bad a vesistance of 8«0 ohms each and a current up

A LA wena (BN C oy ™y o g o, 1o, e 2 - o PR : . .
Lo AL WAS necessary, so series operation resulted in a power requirewment of

S5A4 100V DCwitb a ripple of less the 5%, Using the same criteria as already

2

deterwine the values of the capacitor and resistor in the filter,
the final circuit used was as in figure 3.21. The output from the 100V SA
transformer is fed to a full wave bridge of silicon diodes and thence %o the
resistive filter, The resistors in series with the smoothing capacitor

ensured equal sharing of the voltage, The circuit was mounted with "Lektroe

t" components onto a froat plate which was house on the main deposition

The ReF. generator was built in two parts, the R,F, oscillator, and
AN s e . fastl v . M 3 ay 5ot

the DC high voltage supplys, The DC supply was built using "Lektrokit
compenents controls on a front plate bolted with the other electrical supplies

on the deposition trolley, but with the HT transformer and choke mounted on

the base of the trolley., The oscillator was built into an aluminium sheet

and expanded altminium case situdted on top of the deposition trolley, so

that only short R,F, leads were required to reach the target electrode

conneciions on the chamber.
CeS5.1, R, B, Oscillator, .

The oscillator circuit is shown in figure 3,22 with the alternative

final staves for erounded and balanced outputs, The circuit was similar to
3 g grour
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Figur

Filament Supply

LA
@ VY

B N

PNy N

(N SR S

—— 1:.|.li.t..l..|th.;!
(&} [

Db 4524

ooV
5R

. Figure 3,21

Magnetic Coil Supply




one known to be already in use for R,p, Spt

Sels Sputtering (136) and was operated
vith Class C push pull outpu+ Cr .
¥ : g g put. The plate coils ‘for both the balanced and

fubing while the pick up coil

for the grounded system was wound out of 3/1¢7

tubing, The dimensions of

decg g s S ORISR £ Ty £ gan
turns, a the radius of the former aud SO the c¢oil. which cives
e C N 31 C e
RS e LT T P, + .
BLothe 1nductance of air coreg¢ coils, of the tining

CONE T ER T Ta T A e 00 By Yha T e Lo
Capatribl was adeteruined by the LO resonint {y and had z

A o oy eeet T o . . §
¢ Arlopap oo The circuit was
(.i{)