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'ABSTEACT

. The potential of piezoelectric Fresnoite (BaTiSi0av

henceforth B827TS$2) in the form of a thin film has shown qgeat

promise theoreticallye. This has led +to the fabrication of
Ba-Ti-Si~0 thin filmss by re.f. triode sputter depositions in

an attempt to obtain a piezoelectric thin film for device

applications.

r
-

In order to obtain a piezoelectric thin filme the proper

composition and structure of the_ source material arTe
requireds. Target fabrication was scrutinized in an attempt
to fabricate a better quality sputtering tarqete Previous
procedures resulted in a non-equllibrated material being

formed after sinteringy with B2TS2 coexisting wWwith 8aTiOs.s

Ba2Si0e and BaSiOxe. These targets also contained large

pores and fractured when exposeq to the extreme heat of sin-

tering and sputteringe A modified procedures placing more

emphasis ©on the powder grain size and grain boundary diffu-
sion prior to sinterings resulted in a smoothers less por0q$
target which did not fracture like- previous attemptsSe This
target was also in a full equilibriume as B2TS2 was ﬁhe only

phase present after sinteringe



Analysis of the B2TS2 targets /gas performed to determine
their gensity' composition (enerdy dispersive spectroanaly-
si3)s and phase relations {(x-ray diffractometry) before.
gqrinq and after sinteringe. Raman spectroscoby was also
used to study the bonding states of the ceramicse.

' Tﬁe main objective of this sﬁudy was to faﬁricate prefer-
entially oriented thin films of 32TSZ2. PreviOus studies
suggested that crystalline thin films could be obtaineds 1in
the as—deposited states 1f the substrate was heated above
650°C. No such thin films had been fabricateds due to a
lack of a hlqh-temperatufe substrate héate: Wwith the ability
to perform in a highly oxidized atmosphere under high vac-

13
QUM . The development of a tantalum wire heater solved the

-

problem of high-temperature depositione.

A thin film deposited at 300°C portraved a polycrystal-
line morphology indicating that the crystalline traﬁsition
temperature had been surpassede._ Thusy _thin films ‘were
deposiéed for 6 to é hours at 25°C intervals between—53C and
300°c. analysis of the films showed the preferentially
{00n] oriented morphology to exist between 700 and 750°C.

Thin fi1lms were deposite&.for extended periods of time 1in
this range to obtain_thickef films suitable for the study of

thelr electronic properties. Howevers -analysis of these

thin films showed a polycrystalline structure existed.



Temperature decreases were then necessary to maintain the
preferred orientation of the thin filmse. Tests performe@ on
the thin films showed "that decreases by as much as 50°C.
after & hourses still allowed the poiycrystalline morphaloqy
t0 existe althouiﬁ—zhe larger the decreases the less intense
were the non-prefe:red peakse A further decrease 1s sug-
qested to obtain a preferentially oriented morphologye.

| Compositional analysis of the thin films showed the films
to have a higher Ti and Si content, .when compared to the
target materiales although the Si increase is probably due.to
the effect of the S5i substrate; Raman spectroscopy analysis

is inconclusive at this time.

- vii -
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Chapter I

INT2ODUCTION

The electronics industry has grown very rapidly 1in the
past few decades with the 1increasing demand of its applica-
tiéns on today's societyYe This 2increased demand heas pumped
new life into many electronics £ields for both its research
and development of new and old materials and in their appli-
cations to everyday livinge.

of particular.interest are devices fabricated in the thin
film field. The commercial use of thin fiims has been qrow-—
ing at an 1increasingly rapid rate for the past several

vearss particularly in the electronics industry. ?2irezoelec—

tric thin fi1lms have useful electrical and acoustical prop-

erties which have led to their applications 1in <=lectrome-

chanical transducerses 1including surface acoustic wave (SAW)
devices such as oscillatorss TV-I? filterss, optical image
scannerss and soO One

Since the first report of vapour deposited CdS thin films
for VHF and UHP acoustic wave transducers by N.F. Fosters in
1963 (11s a number of investigations on piezoelectric thin

films have been carried out using a variety of deposition



2.
techniquese. Research has expanded to include such binary
compounds as ZnQ {2-15]s ALIN [17,76-7131, and Taz0s [20) and
more complex compounds such as  LiNbOsx (214221 3aTiO«
[23-25]s PbTi05 [25~281, and lead-zirconate-—lead—titanate
(PZT) [23+¢301. More recentlys, prezoelectric pdlymec elec—
trets of semicrystalline poly vinvlidene fluoride (2VDF)
£1lms have been produced [371-34%]}. These crystalline and
highly oriented piezoelectric thin films have been fabricat-—
ed using a wide spectrum of technx&ues including chemical
vapour deposition (CVD)e 1io0n platings reactive sputteringes
planar ﬁaqnetron sputterings and soO One This i1ncreased
demand has rekindled interest in natural as well as artifi-
cially prepéred materials for thin £ilm fabricatione. .

One such material 15 a complex oxide called Fresnoite
(Ba:T1S120svhenceforth abbreviated 82TS52) which can be found
occuring naturally ([33)e OC can be synthetically made
({35-4501l. The crystallogqraphic structure of ©2TSZ was‘geter—
mined to be noncentrosymmetric tetragonaly Pu;ﬁ [351s which
15 1ndicative of a piezoelectric material [36.37) and this
Wwas confi:me& expet;mentally by M« Ximura et ale [d4T+83)y Je
Zckstein et al. [4Z]s and S. Haussuhl et ale. [Aul. The SAW
characteristics of 32TS2 were also investigated and it was
found that bulke sinqie-crystals showed little.s 1f anve

advantages over existing materials [345,461y while thin films

.
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deposited on fused quariz were calculated and predicted to
be very useful in device applications 1f they were c-axis
oriented (47]. The fabrication of c-axis ortrented 32TS2
chin f{lms. to this author's xnowledges have not vet been
achieved. . o

Previpus studies performed on Fresnoite have reported the
sucéessful fabrication of 82TS$2 thin Eilms: [&8;52]- How=
evers although the films were smooth and continuouse. they
had an amorphous structure. Me Ayakawa [43) studied the
crystallization ﬁrocess of aﬁqrphous 82T7S2 thin films
sputtered-deposited on fused guartz substrates. Howevers he
did not succeed 1in ;btaininq c—axls oriented ;hin filmse.
Various methods have been attempted to deposit thin films in
the [0b11 orientations from bost annealing of the amorphous
thin films [45-32] to heating the substrate during depositon
[30+37). Post annéallnq 0f the thin films above 727°C gave
crystallized films on a (100) silicon single crystal subs-
trate [51]:ahd above-78%0°C on a fused'quartz substrate [(52).
In—-situ heaﬁinq of the substraté during deposf:%S gave an

indication of crystallinity on (100)Si at a ~tamparature of

550°C (301.

The work performed here will consist of sputter deposit-
1ng 327TS2 thin films at temperaturess ia-situe. of 350°C and
above for the purpose of determining the range oOf maximum

c—axlis orientatione.



, Chapter II
LITZRATURE REVIEW
2.] Riezoelectricity

Pirezoelectric materials have the ability to become elec-
trically polarized in response to an avolied mechanical
Stress oOr vice versa [531. The appearance ¢of electric
oolar;zé:ion due to an applied s+<ress is Known as the direct
plezoelectric effect. Wwhen an electric field is applied to
a piezoelectric crystals it causes strain which produces
stress and is known ¢S the converse piezoelectric effect.
Thus mechanical energy can be converted to electrical enercqay
OrC the oOther <ay arounde.  These piezoelectric effects were
first discovered by Jacques and 2ierre Curie in 133J.

Some piezoelectric materials contain dipoless which are
positive and negative charges of the same magnitude which do
not-coincide with each other. Howevers to obtain piezoelec-
tricitys these dipoles must be oriented to a certain dearee.
The structure can be centrosymmetCic i1n most planes while
not symmetric in others (ie. 32T32). Thus a small electric
dipole is created along the non—symmetrical axi5 Giving the

materral 1%ts piezoelectric prooertye. The piezoelectric
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effect is limited only to those crystals which have a non-
Centrosymmetric structures

A linear relationship exists between the components oOf
stress or strain and the electric field. This first order
effects known as the electromechanical coupling factor (k<?,

is defined as follows [5&1] =

(2= resultant electrical energy T

input mechanical energy

The electric field produced by an applied stress can be
reversed by a direction or sign reversal in the stress. k2
does not represent the absolute efficiency of a devicer
which 1s the ratio of useful converted power tO input powers
The latter guantity may be lower than k% at low frequencies
but higher than k? at a resonancee. For most applications, a
high k2 is desirables that is the ability to convért enerqgy
readily from one form to ancother.

Piezoelectric materials can be classified into tWwo cat-—
egoriese. The first set of materials which show piezoelec—
tricity because of their original crystal structures
includes 32TS2 and zinc-blend crystals such as Zn0 and CdsS.

The other is for ferroelectric materials such as BaTiOae»

LiNbO3xes PbTiO7y and PZT which have piezoelectricity only



&

-
after applying a high electric field below the Curie temper-
ature. Of the 32 classifications of crystalse only 20 are
piezoelectrica. Ten of the piezoelectric groups are pycoe-
lectrices 1in Wwhich crystals are able to change their po{iri-
zation Jue tO an increase in temperatures A subseg
pyroelectric materials are ferroelectric materials whiche
along with what 1is mentioned aboves also exhibit an electric
dipole even in the absence of an electric field.;nd can
reverse oOr change the orientation £ their polarization
direction because of an electric field [53+35)e  Although a
subset ©of pyroelectricityes Crferroelectricity cannot be pre=-
dicted from crystal symmetcy 55; must be tested for experi-
mentallye.

Since the discovery of piezoelectric 3aTidy in 1332, pie-
zoelectric materials have been used for a wide range of
anplications including transducers and surface acoustic wave

(SAW) devices. Table 1 summarizes some of tha practical

applications of piezoelectric materialse.

222 -SAH_Characteristics _and Device Applications

One of the most promising areas for the application of
prezoelectric devices 1is in the field of surface acoustic
Wwaves (SRW'52 1254571 SAW's were first described by Lord
Rayleigh 1n a theoretical investiqation 1n 18235. Some of

the more important types Of 4CQUStic waves that can travel

ZPan]

/

[

J



5
through a solid are: longitudinal wavess transverses wWavess
and Rayleigh waves (Fiqure 1). Longitudinal waves are the
simplest type of elastic wave in which the material 1is
alternately compressed and expanded. The transverses or
shears wave allows acoustic energy to travel through a solid_
by oscillating the materials particles from side to side at
right angles to the acoustic siqnal. The third type of wave
is the Rayleigh (or 3AW) wave which exists only near the
free surface of a solide. The Rayleigh Wave i1ncorporates

both the longitudinal and transverse waves in phases which

are reguired to satisfy the boundary conditionss while a
Vand
force normal to the surface is zeroe. This «ave trfavels

along the surface of the s0lid much like ripples on the sur=-
face of a pond. The Rayleiqh wave is the wave type of most

interest to thin film applicationse.

A

Piezoelectric materials used for the purpose ©Of SAW

devizres have their Ravleiqh waves excited by the application

3

of electrical signalse. Zach SAW produced on: the mdteriél
contains a small amount of electric enerqy which provides é
physical mechanism for the c¢oupling of electromagnetic siq%
nals and propagating S/ #'Se The SAW's excited 1n this mani
ner can be used t? filter out siqnalss to amplify weak sig-—
nals or to store siqnal for later use. The Waves can be

easily excited anywhere on the niezoelectric materials sur-
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face and readily collected agyuhére on  the same surfacee.
Alsos  because the wave is so easily accessibles siqnals with
different delay times can be tapped ;ﬁ various peoints along
thelir pathe.

The first acoustic wave devices employed either tran-
sverse or.lonqitudinal waves passing through the interior of
the solid material. Alsos an efficient transducer for con:
verting électrical signals into mechanical srgnals was
unheard of. These volume—-wave devices produced Waves with
low frequencies. (10'-10* Hz). Howevers.s wWwith the discovery
of Rayleigh waves and the development of the interdigital
transducer (fDT). SAW techholoqv has expanded rapidly with
frequencies above 107 Hz. '

There are many parameters uhi;h are used to characterize
the suitability of a'piezoelectric material for SA~ applica-
t10ONS. Howevers the two most 1important factors d4re the
electromechanical coupling factor (k2?, as described previ-
ouslys and the temperature coefficient of delay (TCD)e k2
w“ill vary depending on the geometry under :investigation and
indicates the direct estaimation  of -electromechanical
coupling to IDT's. The TCD relateé the velocity of the SAdA
phase to the thermal expansion coefficient along the SawW
propagatiocn directione The TCD can be useful for materiél

characterization and it can be important in device functions

“where ambient temperature changes could cause unwanted

\
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changes in device performances Ideallys for SAW applica-
_tionss a high k* wvalue and a TCD of zero are required for

"~ No such materials exist yet [331,

" piezoelectric materialse.
s0 usually there 1is aﬁ unfavourable‘trade—off between the
TCD and k2 values in most materials [53].

The discovery of Rayleiqh wavess which concentrates the
SAd energy 05 the.surface of the materials made possible the
generations detecticn and control of waves on the surface of
the material instead of internallvye. This-made possible the
microminiaturization of SAW devices and their <fabrication
eéonomicallv feasible to the electronics industfy. Prezoe-
lectric materials are used for a wide range of SAW apolica-

-tions and can be divideﬁ up into three ca£eqo:ies= piezge-

lectric single crystalss piezoelectric ceramicse and

piezoelectric thin films. Each will be discussed below.

22221 Single_Cx:Es:als

One of the most studied sinqle crystals for its piezoe-

v . *- . . - -
lectric applications is quartze. Yuartz is a physically and

chemically stable materiale. with a hiqhbg and low TCD which
are ideal properties for oscillatécé' Cesonators and NACTrow-
‘band siqnal ProcCessOrsSes Howevers gquartz cannot be applied
.for filterss resonatorsy or transducers of a wide band width
hecause of its small k2 wvalue (ST-cut quartz ~0.0013).

Alsos as with all single crystalss Quartz must be cut in a

v
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certain crystal direction fog particular vibrational modes
to be enhancede. The importance of gqgartz and its larqge

demand has le&d to synthetlc quartz being mass—-produced by
. :

the hydrothermal process. Other piezoelectric compounds
include Hocﬁelle salt and ammonium dihydrogen —phosphate -
(ADP)+s which have very high k? values but are water solubles
and Znl. CdSe» and LiNbQO3s which are _used as high k2 crystals
for resonators and traﬁsduqers. However:s mOSt are not 1in

use anymore because of the development of piezoelectric

-

ceramics and thin filmse The Saw chiiiffgcrgijcs“of sinqgle

crystal 32TSZ2 were theoretically calculated (35.3%6) and

.

found to{be between LiNbOs and LiTaOs (Fygqure 2).

t

222122 RPiezpelectric Ceramics

w;th the discovery of ZaTilx in 1933‘\ while trying to
improve the permittivity in titanate ceramic\materiaISv pie~
zZoelectric ceramics have taken on a «ide range of applica-
t10NSa Ceramics are usually oxide powders which are com-
pressed and sintered at high temperatures to form a

4

polycrystalline masse This mass would be intrinsically iso-
_tropm:c because 1ts properties «ould he averaged gver all
crystal directionse. Howevers when heated and cooled in the
presépce of an electraic fields polaing occurs as in 2aTiOs

ceramics (ferroelectricity)e. Thuse ferroelectric ceramics

obtain their properties from the impregnating of a polar

e

.’
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3X1Se Most ferroelectric ceramic matecials have a perovsk-

ite structure including BaTiOs and 2bTil0s ‘
Priezoelectric ceramics have many advantaqes oOver single
crystals and piezoelectric thin films in that they could
have higher k% valuess are easier to prepares can be fabri-
s
cated into many shapes and sizess and the polarization a}ié
can be selected. 1Disadvantaqes nf piezoelécxgrc and fercoe-
lectric ceramics include a high dielectric const;nt; a
pOorous structures and a high TCDe. Agains howevers. the unfa-
jvourable trade off ?etueen‘ these factors occurs for most

materials (57).

BaTils ceramics were the first of a completely new type
of material and they ensgred the possibility of a wide range
of piezoelectric applications fof the futuree. Initially
BaTipg and PbTilx cerami;s “ere used in low frequencye
ultrasonic transducers (as fish finders and sonars) and are
still in use today (in piezoeiectric speakers and buzzerss

| etce)s although they have been improved and modif:ied. Due

-~

£o s weak temperature stability of pure 3aTili and 2bTids;
at high “Mirequenciese man; studies were perfo:m?d to find
high quality ceramicse. In 13963+ PbTi03 ceramics were dis-
covered to be a pracdtical piezoelectric material of excel-

lent qualitys but with slight additions of compounds (Ee.

Mny Cas Bivy Nbe etc<) [503}s and are now used mainly for high
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frequency £filters for televisions [(611. Lead-zirconate—
titanate (PZT) cé:amics were developed and solwed the temp-
erature. stability problem. With ﬁhe advantage of a large k<
values PZT ceramics were  inittally applied to mechanical
£i1lters for uses ranging from radio communications to tele-
pPhone channei-filters and later for piezoelectric iqni§9:s.
high frequency acoustic tFansducers and medical transducers
(521

Since only ferroelectric ,materials wWere able to reorient
their polar axis in ceramics under a high electricalfield
SO as tO 1mpart a lonq-ranqq . Temnant polar order for use in
prezoelectric applicationss . many attempts were made to
impart a ﬁolar axis_1in nonferroelectric materials which have
intecesting  sinGle crystal vproperties. = Hallival et al.

(63+65) developed @ glass—ceramic which provided a polacf

texture during the formation of the crystallitose Although
used extensively in the electronics industry for non=
prezoelectric applicationss studies performed by the afore-
mentiqned have shown that glass—-ceramics can be prepared for
inexvensives large-areas. oyroelectric detectors and niezoe-
lectric resonatorse. Glass—-ceramics is a gqrowing field to de

reckoned wWwith 1n the futurce.
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Recentlys considerable attention has been focussed on

22243 Piezoelectric Thin Films

piezoelectric thin films because of their mad; possible
applications to electronic devices and inteqratéd circuit
technologye Higqhly oriented piezoelectric thin films have
been fabricated using a variety of methods including chemi-
cal vapour deposition {CVD)s reactive sputterings planarc
mangetron sputterings and r.fe. sSputterings. The advantages
of piezoelectric thin films over single crystals and ceram-—-
ics include:

1. the size and shépe' which have led to the microminia-
turization of many piezoelectric devicese. .

2e the Eont:ol of effective material constants by‘choos-
ing suitable substrate and thin £ilm materials.

2a the control of the piezoelectric characterisﬁlcs of a
thin film by <controlling the layer thickness and the
microstructure (ie. grain size and orientations local
CoOmpOsSitions etcle

. .

L. reiatively easy and 1lnexpensive fabrication methods.

Je. the fabrication of high frequencys temperature stables
piezoelectric devices.

In ordér to obtain a opiezoelectric thin £ilm (of 4

»

materidl with a tetragonal structure) with properties simy-

lar to that of a single <c¢rystals, the piezoelectric (or c-)
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axlse which has the dipole moment along 1ite shodid be ori-
ented perpendicular to the substrate surface. The a and b
axes can be randomly oriented in the plane parallel to the
substrate surfaces. ThiS type of structure is called a
columnar structure (fiqure 3) and may be produced during the
depositon processe.

The first piezoelectric thin films were. obtained by a
vapour deposition technique in 1963, when N.F. TFoster oro-
duced a CdS tHin film {71 used for an ultrascnic tkansducer
in VHF and UHP bandse In 1365, Znd thin films were initial-
1y fabricated by reactive sputtering (2] and because these
thin films drew such wide attention for their most effective
piezoelectric properties (particularily in the Jeneration
and detection of SAW's)e most of the above fabrication tech-
niques nave been utilized to form highly oriented Znd thin
f£ilms for transducers [2-131. In the early 1570%se Sad
transducers studies were perfo;med on ZnQ thin films [(4=7]
and in 1974+ Zn0 thin films were fabricdated in the frequency
range from audio <frequency to 100 MHz. This coupled with
1ts large electromechanical coupling factor and low dielec-
tric constant allowed ZnQ to be applied ;;}g\bulk acoustic
wave and SAW devices [11-13). ALN thin £ilms are another
highly inveg;iqated piezoelectric material since their

fabrication by reactive sputtering an 1362 {(1§67. With a
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rystal structure similar to that of Znd thin filmases and an
acoustic velocity and gierhdl stability higher than both Znd
and CdS [16]e ALlN thin films are well suited for uléra—hzqh
frequency transducers (>1.0 GHz). Initial exne:iment;tiOn
had AlN reactively sputter deposited on sapphire at rela-
tively high temperatures {16,171 making it economically
unfeasible. Sut uith a change in deposition methodse. oOri-
ented thin films are now being deposited at temperatures as
low as 309 with similar SAW characteristics [13,73])-
Although the most h-ith-’f inves+tigqated and widely used pie-
zoelectric materials for thin films are the binary compounds
Zn0 and AlN. many other mateéials have been studied. These
include other binary compounds such as Taz0s (201 and more
complex compounds such as Li¥bOs (21,221,  3aTiOy [23-231,"
PbT103 (25-231s and (PZT} (29,201 The more complex com-
pounds were studied because their ferroelectric properties
brought forth many possible applications to electronics ple-
ioelectriéo and pyroelectric devices. More recently even
moce multi-complex compounds have been studieds along with

polymers such as P2VDF [31-38]. and these piezoelectric

materials are found more and more 1in industrial applica-

r

L10NSe

Piezoelectric thin films can be used for transducerses

oscillatorsse conﬁolveESv optical image sScanners and SAW

P
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deviceé- In ofder to use SAW devices for high frequency.
eltrasonic applicationss a lafqe k% value is required along
41th a low TCD (ie. in the order of 0~30 oppm/X [461).

Determined to be a most promising temperature-compensated
materral for SAW device applica;ions .[651, He Yamauchi ot

ale [47) theoretically investigated the piezoelectric PrOpP—

erties of B2TS2 thin films depositet on a fused guartz subs-

th

tratee. They found that for a Z-L3°%y 22TS2 thin filme a lOwW
TCD and 2 high k? value resulted which was comparable to Inl
and also more thermally stablee These promising and possi-—

ble piezoelectric results have led us to attempt to fabri-

cate c-axis oriented 82TS2 thin films.

2:.3 Prespoite

‘Untll 1963+ when Ja.Te Alfors et al. [33] discovered crys—
tals of Fresnoite (227S2)s as one of seven new barium sili-
catess during a geological study of the sanborni+te depos:its
of eastern Fresno countys Californias this naturally occur-—
ring mineral was unheard ofe. 32TS2s whose chemical formula
1s BazTiS5iz20s+ was not even investigated éurinq a study of
the 3aTid3-Sid> system by D«Z. Rase et ale. 2n 1555 (65]. In
facts vparct of their find;nq; has been widely disputed and

will be discussed later ian Appendix a.
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In 1967, R« Masse et al. [36] investiqatéd the structure

of syntheﬁic 32TS2 crystals while P.. B Moore et al. [37)
determined the étructure from a natural cfystal- ©  Both
groups agreed that ﬁﬁe crystal structure of 32TS2Z was aon-

centrosymmetric tetraqonal and in the space grcoup Pidbm as

previously determined [331}e The latticde constants of B2TS2

are a=b=0.53%2nm and c=0-521ﬁm (35). The crystal sfructure,
interatomic distancess and bond angles were determined. and
used to construct the B2TSZ unit cell projected onto the X-Y
and X-Z planess as shown in Fiqures 4 and 5 respectivelye.
Thé unit cell of 32TS2 consists of four silicon centred oOxy-—
gyen tetréhedra {(one oxygen from each is shared with an inde-
pendent pyrosilicate group) which are Jjoined to a titanium
centred oxygen square pyramide. The barzum.atOms are sur-

- =) -
rounded by ten oxygen atomse six ©Of which are nearest

neighbours and fours - more cemotes. Figure 4 shows that the

B;FSZ unit cell is centrosymmetric in the X=-Y plane while
sOON Ot ’

U/Fiqure 5 shows no such symmetry in the X-Z plane- In the

X~Z planes the positively charged ions {(3a?*+Ti**s and S1**)
are centrfed midway through the cell while the negatively
charged ions (027) are centred sliqhtly below the midway
point. This nonSﬁ?metric alignment creates a net electrical
polarization along the Z-axisSe. Thus B82TSZ 1s accentric and

should possess polar properties 1like piezoelectric (but not
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ferroélecttic)' electrbptic; pyroelectrics and nonlinear
effects. The structural results were later confirmed exper-
imentally by G. 8lasse [35] and C. R. Z2obbins [40]} an syn-—
thetically grown single crystals and alonqg with the struc-—
tural analogies of B2TS2 and 3a>TiGe,0ae whose synthetic
single crystals have a large electromechanical coupliag fac-—
tor (671 B82TS2 was expected to be a better plrezoelectric
material than quUartze. This led to the synthesis of larges
single crystals of B82TS2» using the Czochralski method, by
Ms Kimura et al. {%1) and J. Zckstein et ale. [42)es which in
turn helped M. Ximura [332] and 3. Haussuhl et al. (4&]y in
1377+ to experimeétally measure the piezoelectric effect of
32T7SZ along with the elastic, dielectrics opticals, electrop-
ticy and thermal properties relevant for technical applica-
Li1ONSe.

In the early 132C0*sy Ad. Jdallival et al. 1(63+64) analyzed
the dielectricy piezoelectric and pyroelectric properties of
32752 glass=-ceramicse. The glasses and glass—-ceramic showed
pyroelectric responses of up to 505 of single crvs;als [831.
Zlectromechanical and hydrostatic plezoelectric measurements
oé the grain-orienteds glass—ceramic were comparable to oth-
er piezoelectric device oriented materials and seem o be an
attractive material for piezoelectric devices [5%]. In

1385+ Se A. Markgraf et ale [35Z] and A. Halliyal et al. [(33]
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again studied tﬂe dielectrics piezoelectrics and pyroelec-—
tric properties of B2TS2 single crystals and glass—ceramics
along With the -x—ray StrTucCture. The crystal structure
éarameters were refined from single c¢rystal x—-ray intenstity
data collected from 827TS2 at 28°C and 300°C (531l These

values were in good agreement with the results obtained ear-

lier by R. Masse et al. [335) and P. 3. Moore et ale (371,

although more precise. The dielectric properties of 32TS2
were measured between -—130°C and Z00°C and showed maximums
for the dielectric constante pyroelectric aand planar

coupling coefficients occurring at 153°C for single crystals
and 120°C tor glass ceramicss A minimum resonance freqdenCY
was observed at the same temperatures. hnalysis of the sin-
gle crystal x-ray data taken at 24°C and 3C00°C showed no
change in crystal symmetry or space qroup of the crystale.
Thuse an explanation of the shatp change 11n parameters at
150°C is unclears althouqh it was attributed to either a
subtle structural changees which must be polar to polars oOrC a
large oxygen displacement change of a few elastic consténtSv
enough to cause a reversale.

In 1373, 82752 was listed among potential temperature-
compensated materials for surface acoustic wWave (Sad)
devices [53]. Three years laters with the aid of matecial

constants previously published by 4. Kimura [33)e Je Meln-
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gailis et ;l. [U5] determined the theoretical SAW chqbac:ec-
istics of bulk B2TSZ sinqle crystals and also measured the
values along several orientations cut from single crystalse.
These values were comparea and found to be in qood aqree-
mente He Yamauchi [L8] also calculated the SAW characteris—
tics of 32TS2 single crystalss taking 1nto account the temp-
2rature coefficrents of the piezoelectric constantse. 3o0th
studies found the SAW characteristics of single crystal
3STSZ to be rather intermediates between LiNb0O3 and LiTady
Howevers 1n 1980 Y. 1Ito et al. [70) partially substituted
Sr for Ba in single crystals grown by the Czochralsk: method
and tQiE/}esulted in greatly lowered temperature coefficient
of delay (TCD) times with no change in the electromechaenical
coupling factor when compared to 32TS2. In 13579y 4. Yamau-
chi et al. [57] calculated the 35AW characteristics for
c—axls oriented 32TSz thin films deposited on fused gquartz
and found a TCD equal to zero along with other useful SAW
characteristicse A low TCD and a hiqh k? arce required prop-
erties for SAW devicess although a trade-o0ff between the two
oroperties 1s generally observed in most SAW materials [(3533).

e Yamauchi's theoratical fesults [37] have led to an
extensive investigation into the fabrication techniques of
c-a¥is oriented 32TS2Z thin films here at the University of

Wwindsor. ™. 3iyukawa [32) employed both rf diode magnetron

e
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and rf triode <sputter deposition technigues to fabricate
B2TS2 thin films on a variety of substrate materials. 32TS2
thin films deposited at low temperatures resulted in amorp-~
hous structures on all substrates. Ayukawa determined the
amorphous—to-crystalline transition temperature of 32TSZ to
be in the range of 700°C to S500°C. Ayukawas along with Te.
Ce Murray [39]) measured the deqree of crystallinity in parc=—
tially c¢rystallized <thin films using the x—-ray diffraction
data of annealed 3I2TS. thin filmse. 100% crystallinicy
occured above_900°c- ReJe White [50] performed a composi-
tional analysis on the BITS. thin films and target and found
the thin films to have a Ba deficiency and a Ti excessy when
compared to the target materiale. The sintered target was
alsc found to be off-stoichiometrice. A Ba-enriched target
was fabricated but this also resulted in an of £~
stoichiometric thin €filme. Analysis of the gintered 22Ts2
target found three distinct phases presente mainly BZTS2»
BaTiSi0s+ and BaSi20s (These findings will be discussed lat-
er in this study)e White also performed dielectric measulk-
ments on the 32752 ceramicss which he found comparable to
82TS2 single crystal values.  Agaians  all the <thin films
deposited with a substrate temperature below §30°C were

amorphous- except for the 32752 thin film deposited on (103

S1 at 650°C which gave a slight indication of c¢=axis Orien-
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tapion. Two resulting studies ;E:e used to confirm the
structure of 32TS2 thin filmsSe ReJe White et ale (313 con-
firmed the amorphous=to-crystalline transition te&pe:ature
again to be above 700°C and the crystalline thin film to.be
comprised of four phases: 32732+ BaTiSi0se+ 3aTiSiz07¢ and
8aT151309+« He Yamauchi et al. [352] confirmed this morpholo-
gy using TEM patterns of BZTS2Z thin films deposited on NaCl.
As=deposited thin films showed near-amorphous structures
with a void network morphologye while a thin film annealed
at 750°Cs for ten hourss had an appreciable amount of ampho-
Lous materral remaining along with a morphology of the
aforementi&ned phasese. Afrer annealing. a cons{§;§zsre-~{/
amount of fla;inq was seen on the thin €ilm surface making
pPOst sputtering annealing unfeasible. This was attributed
to the difference in _thermal expansion rates between the
substrate -and the thin film materiale. Agqains as stated pre-
viouslyy -no c-axis oriented 327TS2Z thin films have bgen
fabricated yet to this author*s knowledge.

The physical and chemical proverties of 32TS2 are listed

<

in Table 2:

b=
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2.4  Sputter_Deposition of Thip Pilms
Sputtering 1S a vacuum ceating method wherein a coating
material is "vaporized®™ by ion bombardment of a sources CoOn-
sisting of the material in questions and the Tecombination
of the coating atoms on a substrate sufface forming a solid
{71)l. This coating has the same_chemical compOsition as the
target+ though 1t may or may not haven;he same physical
DCOpertiese. Sputtering as a source of material deposition
ingg thin films was first reported in literature in 13532
{721+ but only recently has a sufficient understaniding of
the complex processes occuring duringe and simultaneously
“4iths 1on Dbombardment of solid sﬁrfaces allowed for the
fabrication of high qualitys single crystals ‘semiconductinq
thin filmse Parallel development of ultra high vacuum tech-—
nologys and high quality microanalysis technigues for-iden-
tifying the microstructure and composition df the films has
al;oued the science of 1i1on=-surface 1interactions to 3row
(731
Sputtering is essential to modern sewxconducto: technolo-
qy for selective etching of patterns for device fabrications
substrate cleanings and deposition of insulating and passi=
vating layers as well as metal contactse. Sputter deposition

is also used for the growth of active layers in commercial

piezoelectric devices. Since sputtering i3 a physical phe-
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aomenone not related to the melting points Or vapour pres—
sures of elementql'species. 1t is well suited for compound
and 4116y qrowthe The advantages of sputtering deposition
compared to other deppsition technigues are:
4
Te strong adhesion between film and substraté
; .

2. versatility to'be able to deposit thia films of almost

any element or compoundes conduc ive Or non-conductive
3. _ability t0o simultaneously sputter identical or differ-

ent materials or use a gas troduce one oOrC more r

coati mater: 2 h hamb =] T
N oating materials\yaffito the ¢ er (reactf?m\_\%iisfj

iS 7 sequentially sputter dl ferent d/rqets t0O Create 4
layered thin *film . \
3. -abllity to deposit %iqh melting 1&1nt materials (ie.
ALN) \ ‘ . e

5e fabrication of thick homogeneous f:Ems over large pla-
nar areas .
7. a high degree of reporoducibility | )

Minor disadvantages include: [

Te slow deposition rates (less than 200 am/mihute)

le tarqget material must He available 1n  smoo
form :
3a the cathode frlament {(in triode sputtering) 1s vulner-

able’ to reactive gases, espacially oxygen
L -
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.Sputterinq‘involves placing the target material and subs-
trate into a chambery -ag shown schematically in- éiqure 5
{731, which 1is evacuated‘doan to a oressuré range around
10—-7 Torr. The chamber is then backfilled with an inert gas
(usuallY argon) tOo a pressure above 10-3 Torr. Through
suitable electrodes (po£ shown in Figure 53, an electric

{glow) discharqe is created near the target causing the

inert gas to ionize (plasma gas) adjacent tOo the tacrgets

‘The plasma gas is confined to the target area by surtrounding

magnets and a qrounded shield. “A power supply is utilized

tO maintain a negative potential to the targets relative to

the plasma:qas. This negative potential draws argon ions
from the plasma which are accelerated towards the targets
whereupon they strike the tafqet wigh sufficient éne:qy
(qreater than" the pindinq enerqy of the. material) to dis-
lodge the a?;m;\frOm the surface and cause them to be eject-

ed in all directionse. The substrate is suitably placed to

intercept these atoms and thus form a continuouss solid thin
filme.

Incident 1ons {from/the plasma gas) bombarding the tatqei
surface can cfeat both eiastic and inelastic collision
effects as 1 :céted schematically in fiqure 7 [74]. Th=
predominan effects depend primarily upon the engrqy and
mass 6f the incident ionse the-anqle of incidence the masses

;

of the }gttice atoms involved. and Ehe texture and orienta-

-
).

.
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tion of the target. Under tYPiC§1 sputter deposition condi-
tionss most of the ejected target material is in the neutral
AtOM1IC State.

In recent yearss various sputtering techniques have been
developed and improved so that almost any material can be
sputter depositede. Therefores spstter deposited films have
been successfully fabricated for PrLezoelectric deVices-such
as SAW devices. = Howevers to obtain a piezoelectric thin
f£ilm for SAH device appiiéations, the thin film mﬁst be

c-axis oriented perpendicular to the substrate surface (Fig=

ure 3).  Pilezoelectric 32TSZ is an electrically iasulating

material and thus sputtering must be performed in the rij;/-

sputtering mode.



\ Chapter III

EQUIRMENT REVIZW

321  RaPe Triode Sputtexing .

R2e.Pe (radio frequency) triode sputtering 13 one of the
most common methods used to sputter deposit iasulating
materials such as oxidese. Conyentional sputtering methods
cannot be used due to a charge build—-up which occurs on the
surface Of these materials. " In CLefe. -sputterings a high C.f.
voltage is applied between the target and the substrate when
the target is negatively chargeds <causing the positive io0ons
in the plasma gas tO strike the target surface. Once a
charge build-up occurse the phase shifts by 30° Paki“q the
target positively chargede. Thus the poOsitive 1Lons are
repeLled out of the target allowing the tarcget shrface to
remain electrically neutrale.

Triode sputtering is obtained using a magnetron supported
triode refe. sputtering gun! installed in the sputtering
depositlon system at the University of Windsore A schematic
diagram of the type 0f triode sputtering source 1s shown if

Figure 8« « In triode-sputterinqv the filament 1s heated by

1 Tri-Mag model 3121 assembled by LeMe Simards Inces f3anta

Barbaras California .

{
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an a-Ccs current sufficientlysahigh enough to allow for ther=-
mionic electrons to be emitted from its surface. These
electrons are attracted to aﬂ anode biased positively Qy a
high voltage dece power supplye. ArCgon gas atoms'let into
the target area collide with the accelerated electrons where
they become ionized (due to collision) and create a self-
sustdaining arc-type plasma. Sufficient filament-anode volt-—
ages argon gas atOms-and electrons are required to maintain
the plasma. Contrzol of the plasma current 1s maintained
“with a constant—current deCe supply while the plasma voltage
supply is wmaintained by adjustment of both the argon gas
flow and the filament electron emissSione idvantages of
triodg sputtering include plasma being Obtained at low pres-
sures and independently from the power applied to tﬁe tar—
Jet. A schematic illustration and overall view Of the Cefe.
triode sputtering devposition system can be seen ' in Pigqures

B(a) and 3(b) respectively.

. \x_/"ﬁ
3.2  Substrate Heater

In order to obtain a c-axis orientéd thin film perpendic-
ular to the substrate, 1t was necessary to heat the subs-
trate "in-situ”™ while sputteringe This was made possible

Wwith the design and fabrication of a Tantalum wire heaters

shown 1n Figqure 10J. digh pucity Ta wire?, D.:.5mm in diame-

2 AESARs Johnson “Matthey IncCes 39.35%, cate nO. 1035435.

~
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ters was thredﬁe& thgouah a stainless steel frame and placed
inside a stainless steel boxe. Ceramic sleeves® were placed
between the Ta wire and the stainless steel frame to elec-
trically insulate the wire from the rest of the heatere.
This heater box was placed 1inside another stainless steel
box which contained the substrate and holdere. A staiﬂless
steel heat deflector was placed on top to deflect the heat

downwards and thus maximize the effect of the heatere.

3.3 Rifferential Thermal Analvzex

The differential thermal analyzer (DTA) unit®s shown in
Pigure 11+ measures the temperature difference between the
sample material and a standard material whlch 1s naon-
reactive (in our case Al>0ay The materials are heated at a
constant rate from room temperature to a tamperature abpve
the melting point Of the sample material. Thetmoé;:;tg;/2:n-
nected to both samples record any temperaturé differences by
detecting endothermic or exothermic reactions due to thermo-—
dynamical phase changes in the sample materiale. The temper-—
ature difference 1is plotted on a DTA qraph versus the temp-—
erature of the standard. A non-reacting material has a

gently sloping curve and any deviation 1in this curve 1s the

3 Omega Zngineering InCes cate 00« SH-T1-234

* Harrop lLaboratoriess Differential Thermal Analyser DT-715
and Control Consgle Ta-739
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result of a chemical reactione.

328 X=Ray Diffraction

In order to determine the existing phases and the crystal
structure of the ceramic targets and thin filmss x-ray dif-
fraction (XRD) was used. Analyses are gqualitative and semi-
juantitative. Each compound produces a unigque x—-ray pattern
or "finqer print* and the intensit& of thils pattern indi-
cates the quantity of this compound present in the sSpecimen.

Monochromatic CukKa (A=0.T5418 nm) radiation from a Cu x=-ray

tubes operating at 80 kV and 20 mAs was g%ed. Drffracted

Xx-rays are detected by a counter connected to a chart
recorder with a scanning rate of 2°/minute. The diffraction
peaks were identified using the JCPDS diffraction file cards
shown in Table 3« A schematic diagram and photoqraph of the
x-ray diffractometer® used are shown in Pigures 12 and 13,

respectivelye.

3s4:1 Inverse Pole Figures

The 1inverse pole figure shows the distribution of a
selected direction ip the specimen relative to the crystal
axes [73]. The projection plane for an inverse pole figure
1s thus a standard proﬁection-of the crystales o©f which only

4 unit stereographic triangle neeé be showns _ It should be

3 XBD:Philips model Pw1011/60.
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noted that an 1inverse p533~ figqure shows immediately the
crystallographic "direétion" of any scattere.

The inverse pole figure comes £from the analysis oOf the
x=ray diffraction data. For randomly oriented crystalse the
relative intensity of x-ray reflectionsy I,.s depends on faive
factors [771: 1) the structure factors Fpyxy1+ 2) the mul-
tiplicity factors Prgy * 3) the Lorentz Polarization Factors
(1 + cos 2¢)/(sin £ cos T« 4) the temperature factore

exp{(-2m)s and 3) the absorption factors A(S). Thuse I. can

be expressed as:

Ir = Fhxl * Phkl  *exp(—2m)*A(P *{1+cos 28)/(sin ¥ cos ¥) (1)

Hences the probability of a crystal axis taking any direc-
tion 1s impartiale. Howevery 1if most of the crystal axes
take up a certain directione the crystals® orientation <an
be considered ahd 1s represented 1in terms of the volume
fractione p(aeB)e of material with repsect to a.cerfain
crystal direction (ie. plane) [76+77]. The variables g and
8« defining the crystal orientatione depend only on the
indicess hkle of the reflecting plane no:mél to the crystal
directione Harris {77] introduced the inverse pole figure

method and described the pole density 1in terms of the ratio

Ihkl /Iohkl as:

Ik /Iohkl = {(C/Co) pla,8) (2)



where I%,;, and I, ; are the diffraction intensities of ran-
domly oriented and preferentially oriented samples. respec=-
tivelys C and Co are parameters which depend on the crystal
imperfections surface preparation (ege. oxide layer thick-
ness)s the absorption coefficient in the specimens ef?ective
line breadths and instrumental factors. Since p 1s normal-
1zed in_such a way that upon inteqration (1/n) pla,®) = 1,

p&,8 ) can be calculated following:

PCEBY = (g /1% Y/UC1/n)<(Tq /1%, )1 (3)
Thus if p(a,8) =1y the crystals are randomly oriented: if
pl a,3)<T the crystals are short of orientation: if

p(a,B)>1s the crystals are preferrentially orientede
Since Harris®' method depends on the measurement of dif-—
fracted intensities by a large number of planes in order to
achrevg_g thorough coverage of orientation, mosSt results arte
y N
usually discontinuous and spotty.

The following procedure was used to obtain an inverse

pole figure:

T1e a stereo—-projection figure of a B2TS2 crystal was
drawna Figure 14 schematically shows the designation
of a stereo-projection figure. All the tWo—-

dimensional coordinates of every crystal plane with
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the c—-axis of a tetraqonal unit cell perpendicular to
the equatorial plane and the a and b axes (where a=b)
parallel to the plane were calculated.
the x—-ray ‘diffraction pa:tefn of a randomly oriented
B2T52 «crystal wWwas obtainede. A B2TS2 thin film
obtained when deposited at 480°C and annealed at 725°C
for 10 hours }51] possessed a non=-preferred or:ienta-
tion and thus was used for these calculationse.
the pole densitys pl(@,B) was calculated. Since Har-

ris* derivation of the inverse pole figqures many meth-—

¢0ds with quite accurate results have come 1nto usee

‘One such method studied by Hotta [73] took the mul-

tiplicity of the crystal planesy Ppxre+ into account:

p(CL:B )z(Phkl)*(Ihkl/I%kl )/[Phkl‘(IhkllIomtl)I (&)

-

Both Harris®* and Horta's method were utilized in
this study and their difierences were determinede
drawing the inverse pole figure. The ﬁta,s)' values

/
were given in the (001) steréo-proﬁection figqure by

means of contour lines (where p=constant)
N

Finallys it should be noted that an invefse‘pole figure

1s 4 two- dimensional plot that fixess at a points oOnly a

direction in spaces be it crystal space Or sSpecimen space.

b
Only a”thrge-dimensional plot afforded by the crystal orien-

-
L]
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tation distribution can completely describe the orientation

presente.

325 Qptical Microscopy

Optical microgqraphs were taken of the thin films at vari-
ous temperatures in order to observe the mnmicrostructural
changes. A Bausch and lomb Stereo Zoom microstgpe along
#ith.a halogen lamp for 1lightinge ayailable in thé Deparct-
ment of EZngineering Materialss were used to photograph the
thin fi1lms on Xodakx ektapan filme All micrographs were tak=

en at approximately %430 times magnificatione

~

AN

L ]

326 Thip_Pilm_Thickpess NMeasurements

A multiple beam interferometer® was used to measure the
thickness of the films (Fiqure 13). This 1instrument pro-
vides an absolute measu;ement of vertical surface variations
between 3 and 2+000 nm = 1 nm. The interferometer employs a
sodium vapour lamp with an 2ffective wavelength of 533.2 nme.
The light 1s optically directed to a specially coated FPizeau
plates as indicated in Pigure 16+« ;;ich makes contact with
the specimen at a slight argle and forms an air wedge. Fig-
ure 17 shows how an interference fringe pattern is produced

1n the air wedge when a series of reflected light beams all

converge at one opoint {point 2A). As the light beams con-

® Varians model noe. 350-30004
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-verqe-‘ phase interference produces a fringe line which 1is
transmitted throuqh the Pizeau plate to a filar eyepiece for
viewing as shown in Figure 13. The spacing and shape ?f the
fringe lines can be intecrpreted _tO determine an extremely
accurate contour of the specimen surface. Any two adijacent
frinqe lines are separated by half the wavelength of the
monochromatic beams A/2e 8y adjusting the relative posi-
tions of the flats to form a wedge-shape air gapes the fring-
es can be made to run in straiqh£ lines perpendicular to the
steps on the opague filme. The fringes show a displacement
as they pass over the film step‘ edge and give the film
thickhess. The £ilm thickness can be calculated using the

following equation:

) _ Fringe Qffset
Film Thickness (10~ !nm)= -

- - x298%.5 nm (S)
Fringe Spacing

The fringe offset and fringe  spacing are measured with
the filar eyepi?ce as shown in Fiqure 18.

Tigure 17 also shows why a highly reflective specimen and
Pizeau plate are ze#Qired. Since the light beam is reflect-
ed many times before converging at point Ay low reflectivity
would reduc= the total number of beams forming a fringe and

would result i1n broader fringe lines and less accurate meas-

urementse.



3.7 Epexgy Dispersive Spectometry Analysis

A gquantitative analysis of tﬁe sintered ceramic target
and thin f£ilms was peffocmed using an energy dispersive
Xx—ray spectrometry (EZDS) anal}zer (Pigure 19)7 attached to a
scanning electron microscope (SBEM) {(Figure 20)® available in
the Department of EZngineering Materialss. University of wind-
SOC. The analysis took place using an operating voltage of
15 keV and @ counting tkme of 30 seconds at a magqnification
of 2,000 times. The Szﬁ was used to observe the gqrain size
of the powdered ceramicse the effectiveness of the sinterc—
1ngs+ and mict&structural features o¢of the ceramicse. The
specimens were coated with carbon to prevent an electrical
charge build—-up on the specimense.

328 Raman_Spectroscopy

Raman spectroscopy depends on the frequency of the light
scattered by molecules as they underqo rotations and vibra-
tiONse. when a monochromatic liqht of frequency vo is
qlrected at a cell containing a duSt-free-ttanSDarent sébs—
tances most Of the light passes through it unaffected. * How-

ever, some of the light (approximately 0.1 percent) is scat-—

tered by the sample molacules in all directionss as shown in

Figure 21. The scattered radiation contains photons which
7 ZDS: KXevexs model noe. 5107 XR ES
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have the same frequencys vOs as the 1nc1deqt light (elasticq

)

scattering which is often called the Ravleigh linel)s but, in;

i
additions the emergent radiation contains other frequencies

vdue to inelastic scattering) such as (vo - v;) and (vol+

\
vi)e This was observed by Raman [79¢80) in 1923 (the aamakx\ '

\

L1

shifts)e. .Sincev in thermal equilibriume the‘populatipn of
higher energy modes is less than that of lower enerqv modes
and falls off exponentlially with the energys Raman shifts
#ith a positive Av (anti-Stokes lines) are less intense than
those with a neqative Av (Stokes lines)s .and the intensity
.of the anti—Stokés lines falls off rapidly as[iv 1ncreasas.
The phenomeﬁa of fluorescence and Raman scattering must
be distinquishgé. In fluorescences the incident photon 1is
completely absorbed and the molecule concerned 1s thereby
raised to an excited ‘glectronic-fével- Aﬁter a certain
lifetime in this upper states the molecule underqgoes a down-—
\\\\Tard transition and thereby re—radiates light of a freguency
lower than that which it had absorbed [31]a This mechanism

is radically different from that of the Raman effecty in

which the bhoEon as a whole 1is never absorbeds but rather
perturbs the molecule and induces it to underqo a vibration-
al or rotaticnal transition {(see Figure 22) fSZ]. Zach
scattering species gives its own'cha:acteristic vibrational

Raman spectrums which can be used f{or 1ts gqualitative iden-=
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in Fiqure 23)
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The experimental set up is schematically shown
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.1 Pabrication of the Ceramic Sputtering Tacget

Chapter IV -

EXPERIMENTAL PROCEDURE

7y

The ceramic sputtering targets were fabricated using high
purity BaCO3®s Si02%°, and T102!! powders. - The formation of

B2TS2 is shown by the following reaction:

28acC0s + Tilz + 25102-_._.3a2TiS1i204 + CO% (5}

Barium carbonate (BaCOj, was used in place of BaQ in this
3

research to improve the mixing propercties by avoiding the

formation of Ba(0H)> aqgglomeratess when water is added to

-

the axigde powder mixturee

The fabrication procedure used for .this work was adopted

from previous work performed on B2TS2 {50}« This procedure
N ‘

was a modification of the previous results which, after

careful analysiss were changed in areas of  major emphasis

due to &ifficulties encountered with the final producte.

® Fisher Scientifiic Co.s cate noe. 8-30.

) \
10 pPisher Scientific COes cate no. T-%JE.
11 Figher Sciantific COes Cate NOs. S—602.

- 35 -

.
-

&



ila

[
-
[N
L]

1Ve

40
3I=22_131: The 3aCQsz+ TiOzs and 510, powders
were each dried separately at 400°C for ¢
hours 1in an oven tO remove any moisture-
ST=2R_2: Af:e£ heatinge the powders were
immediately weighed to determine their
stoichiometric weight. This procedure was
repeated until the desirédfstoichiOmetC1c
proportion of each oOxide powier «as
obtained. The ratios of each powder can
be seen 10 Table 4. e

T22_3: The oowders were Rixed together.

If more than 100 g o0f the uxides were

being mLxeé\ the powders were placed in a

\
ball mlll‘zv’, along W#ith distilled water-

and mixed for Z4% hourse. If less than 1372

3 was 1involveds a mortar and pestlel!? aas

18Y)

used to mix for 5 hourse Tigura Z¢ shows

the ball mi1ll and mortar and pestle.;

53T=2_3: The mixture was dried on a hot

-

plate for 17 hours at 200°C to remove an¥y

2XC2SS WJalerl.

12

13

Nozton Scirentific Co.r Canlab cat. noe C3705=1, C3750-4,

C3773-14

-

COOCSe Cate NOe 60325 and 6G2256



Ve STER_8: The mixture was crushed for 2
hours by hand with a mortar and pestle.

. Via ST=P_5: The powder was divided into 2.3 g

- amounts and pressed at approximatelv 33

.- MPa into round discse. These discs were

calcinated at 1000°C for 10 hourss <in a

. high tempe:;ture furnace (Figure Z3)*, o

remove any C02 from the mixture. This

N ' process 1is necessary in order to avoid the

| formatéon of porese due to the Clz gas,

during sintering. The purpose of pressing

the discs was to enhance diffusion between

the different oxides in the mixture» due
to 1ts denser pa;kinq.

viie STIZP._JZ: The calcinated discs were crushed

by hand for & hours with a mortar and pes-
tlee. A grain size as fine as possible Wwas
desired because coarse grains reduqe per—-
mittivity by as much as 30% [(33]). AlsOy
grain sizes smaller than 1 pm decrease thé
dielectric constdnt rapidlye. . Thersfores

the best grain size is less than 1 pme.

14 Lindbecg furnaces model no. 51314-5231t, and controllere.
model npe. 33285-32877%

-_
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viiie STEZR_A: 5 wte®% Of a high purity parafin

a%3

binder was disolved in chloroethene-VG!S ,
a cﬂlorine-based solvent. This liguid was
added to the powder and miQed in with a
mortar and pestle for 1/2 hour. The mix-—
ture was then heated at 100°C for 2 hours
to evaporate the chloroethene-V¥Gs leaving
the pargfin binder mixed 1in with the pow-
.
dere.

iXe 3I=2 5: The powdar was separated into 3.0
g quantities and pressed for 1"minute at
approximately 3.5 MPa into discCSe Each
disc measured' 25.4 mm 1n diameter and
approximately 2.0 mm in thickness.

Xe STE2_12: The discs were placed on an alu-
mina plate and sintered 1in the high temp-~-
erature furnacee. The following sintering
pfocedure was used:

1 heat the discs at 4%00°C for 10 hours
to allow the parefin binder and any
moisture to evaporate out.

2) increase the temégrature to 700°C

P
for 1 houre.

135 Dow Chemical Canadas cate noO. DC231-D775
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3 increase the temperature to 10072°C
for 1-houre.

L) increase the temperature 3=0°C/hour
until the desired sinterinqg tempera-

tura was attained (1273°C for

5) " hold for approximately 3 hourse.
8) cool the discs at a rate of
30°9¢c/hour until 1000°C is reached

and hold for 1 houre

»
) decrease temperature to 700°C and
hold for 1 houre '
3K decrease = temperature to <00°C and

hold for 1 houre.
3) decrease temperature to 0°C.
The optimum sinteﬁinq temperature was determine by a dif-

ferential thermal analysis (DTA) of the ceramic materiale.

- L4

b.2 sputtering _Target Preparation

Once the sputtering tangets were fabricateds they were
q :

checked for flaws such as crackss large poress rCOUGhNessy
and warpingo. Targets which contained any of these flaws
hJ

were undesircable. The desirable targets were then soldered

<ith an electrically and thermally conductive silver epoxy!®

16 DYNALOY 336 A resin and 335 3 harden=r
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to a copper target holder £or maximum thermal and electrical
conduction and any excess epoxy was removed to minimize -the
contamination of the thin £ilm during sputteringe The tar-
get and hnlder were placed in a furnace for 1 hour at 125°C
tO cure the glue. The target and holder were then cooled
and placed in the sputtering chamber for thin film fabrica-

tion. A rounds, aluminum confinement ring is placed over top

of the target and is adjusted to optimize the target-

electrode spacinge. The 1inner ring hole diameter should be
less than 1.0 mﬁ larger in diameter than the target diame-
terl. Clearance between the target and the insert ring
éhould be maintained around 0.5 mm and should not be touch—
ing underneath. A larger clearance gap will allow the nlas-
ma gas to. sputter the target holder and contaminate the
deposited film. Contact between the ring and target holder
will result in sputterwng of the cover which will contami-
nate the film. A schematic illusézdéion of the target area

and a top view of the tarqet area_can be seen in fiqures 3

and 26 respectively.

423 Substrate_Preparation @
Prior to sputteringe the substrates ware cleaned and pre-

pared to allow for maximum adhesipn and homogeneity between

the thin £ilm and substratee. Hidhlv solished (120) silicon
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wafers approximately Je5 mm in thicknesss were cut into 12.5
mm X 125 mm or 25.4 mm x 25.4% mm sectionse depending on the
substrate holders with a diamond tipped cutter. The subs-

!
trates wetefgpeg cleaned in an ultrasonic cleanrer!? with a
3% HF ;olufion for 30 minutd®s to remove Si0, This process
was then repeated ;ith_acetone for 30 minutes. The subs-
trates were then washed off with dist;lled wter and ethanol
and bléwn drye. The substrates were placed 1in the desired
S
substrate holder and immediately placed 1in the vacuum cQam-

ber as illustrated in PFigure 3a
4,8 ~ Operatipg_Procedure of Sputter Depositiopn_System

A detailed description of the operation procedure of the
sputtering system is givene. T
Te START-U2 RPRQOCEDURE .

ae Zrom_gomplete Shutdown

ie Turn on the water supply to the diffusion

pump by fully opening the water valvea.

1l Close the 'Control Power® breakers
Cilie Close the high vacuum valve.
L .
ive Select ‘'Backing® on the combined

h

Sacking/Roughing 3RV} valve.

Ve Switch on the backing pumpe

M

<
17 granson Cleaning £quipment CoOe.s Bransonic 220s <Cate nos
452E."
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Vlie when the backing pressure reaches 100

mTOrTr or lesss turn on the diffusion pump.

viie The diffﬁsion pum§ musSt warm up toO oper-
ating temperature. ' .

RRE2AZATION QR SU2TTERING

3. doisr Qperation

T raise the chamber lide first make‘sure

\ )
that the high ftacuum valve 1s closedes the 3?h§\'/ 4“' -
/
at the °*2acking’ positions and the chamber vent. N
valve 15 Opéene. Press the appropriate pushbus-

tone The lid may be swung away from the chamber
by pulling the release ring at the back of the
hoist hea%ﬂpnd pushing the li1de.

To close the lid. rotate the 1lid back to
engage the release ring and press the aporopri-
ate pushbuttone As the lid nears the chamber.,
carefully gquide it into the locating Jowels in
the top of the chamber.

be substrate Loading
ie Always make sure the circuit breaker 1is
off when working inside the chamber.

1le Adjust the height of the substoate holder

*

to the deg}red sosition



1ii. Install the desired target into the source
which will be powerede.

ive Close the lid as detailed above.

Ce Chambe:;zxacuaxxon

ie Flose the chamber wvent valve and fully
open the throttle value (variable orif-
1Ce)a Make sure th;t. the *pump rceady’
light i1s One

Lle Select ‘*Roughing*® on the B3RV valve to
rogqh down the ch;mber.

iii. When a system presure of 2C0 mTorr or het-
ter i1s reachedes select *'3acking’ on the
3RV valve.

1Ve Open the high vacuum valve slowly to avoid

. stalling the diffusion pump.

Ve Tvacuate the chamber to 107% Torr or lesse.
3. SRUTTE2ING _B2QOCEZdURD
de Thrortle_valye Operation

Repeatable diffustion pump throttiinq can be
achieved with the micrometer stODe The wvalve
can be fully opened or closed to the present
condition by pressing the appropriate pﬁshbut—

tONe



Chamder CoQling

If desireds open appropriate water valve for
chamber coolinge. *
Sputrening Rroceduras

i«  STABRT-UD:

1) Position substrate above covered
N T targete.
N~
2) Fully oOpen the water valve for tar-

]
get sSOurcese.
3] Select the appropriate acgon valve

and turn 1t counter—clockwise to

open 1t.

R, fleat substrate to desired tempera-
ture.

’5)‘ Set Electron ZImitter currents Plasma

current’lnob to zero.
5) Turn on the 203V circuit breaxerse
7) Turn on  the PD/2) poaér supply ‘by
pressing the rocrxer switch upwardse..
g) After 1@—15 secondse start turning
;the Electron Emitter Current ’knob
until the plasma ignitess as indi-

cated by a plasma reading of about 2

amperese.

/’/\
g



«f

43

3) Adjust the Electron Emitter Current
knob clockwise until the plasma
voltage drops f:oq an open circuit
voltéqe of about 3235 volts to a read-
1ng OI approximately ;i volts on the
metere.
10) Slowly increase the Plasma Current

while also adjusting. the Zlectron

.Emitter Current to maintain the’

'

plasma voltage at about 42 voltse
1) If desireds Open the oxyaqen Valve;
12) Switch on the ®8F generator power

supply circuit Dbreaker ' and 'wai;

until the blue RF i1ndicator 15 One

13) Press the RF ON pushbutton.

- .
14) Set the MULTIMET:ZIR function switch

’“h-;—{o the V2 IG position.

153)  Turn the POWER control knob clock-
wise until the desired position 1is
indicated on the Incident 20wer
metere.

19) Ahen ready for sputteringe o©open the
shutter %o allow the target atoms to

‘
reach the substratee.

u
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17) “hen finished sputterings. re-cover

the source with the shutter.

18) Reduce the substrate temperature.
ii.  SHUTDOWN:

1) Rotate the ReFe Power control knob
félly cou;ter—clockuise and switch
off the generator cirtcuit breakere.

) Turn off the Zlactron Zmitter Cur-
rent and press the power rocker
switch douﬁuards- |

3) + Switch off the main 203V circuit

j breake:; .
- 4) Turn o©ff the water valve for the
tarcget sources.

) Close the high vacuum valve .and
check that the 3RV valve is in the
*Backing' mode.

- . . .
5) Open éhe arr admittance valve.-
de Complete Shutrddan 2racadure
If the §§stem is not to be used for an

extended Jperiod of times then the system can be

coapl

ély shut downs
1)\ Close the high vacuum valve and vent

the c;;%ber as abovee.
~
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Shut off the diffusion pump aes
allow it to cools about 30 minutes.
Switch the 3RV galﬁe {to the central
position and quickly turn off the.
mechanical pumpe.  The backinq-line
will automatically vent.
gas valves

Close off . all water and

and shut off the control power at

the panel.

i
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Sal Cexamic_Ia:qex_zabzgsfz%oh
Ceramic .targets of BazTigiéoa (82TS2) were fabricated by
- b
1) following the procedure set out by a previ-
ous i}udy {50] and shé:n 1n “Appendix 3 and 2) followiﬁq the

-

two methods:

r A .
modified procedure set out in Sectidn 4aT. . e

Sintered targets prepared by the first method (Fiqure 27)
: L
. PO

“ere canary vellow in colour with greenish-blue aqqloﬁera—

F]

ticns appearing internally throughout the target. Attempts
- Vg .
to analyze these agglomerates proved fruitless because:
. ~
h .
Te the hardness of the ceramic tfarget made fracture

»*

through one of the agglomerates near—impossible

2. the area was loste unless Véfy carefully marxeds when

the sample was coated with carbons
dost likelye the ayglomerates are pores caused by a IOCali-
zation of voids. ;brbuqht an by the heats “1th a possible
COlOu€ enhancement duyue t¢c contaminatione The tgrqets wera

~

porous and cracked easily déging ~the sintering and sputter-

»

ing processes. This was probablv'due‘%% a nonuniformity in

the pressing procedure which in turn leads to nonuniform
t ° . . b -
‘ P % »

N
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thermal expansion during sintering and Sputter;ﬁq. Uneven
?istrfb;tion of the ceramic powder 1in the mold pr;or to
ére#sinq created _higher densities in__Areas with more powder
than areas with less powder. Thus fracture would occur due

) T ) :
to localized stre€s between areas with different thermal

expansion ratese. -

“~ The sintered tarqgets prepared by the second method (Fig-
ure 27).were tinted green in colour with no signs ©of agglom-—
erations (or larse pores) and appeared to be more smoOthe
léss poOCouUsSy and more compacte.

-
Analysis of the ceramic targets <as done to detérmine the
-7 oprimum sintering temperature (DTA)} and to measure the den-
R sitiess composition (EDS) anﬁ phase relations {(X&d) before
and during sinteringe Raman spectroscopy was also used to

study the bonding states of the ceramics.

22321 Differeptial Thermal Analysis

The optimum sintering -temperature was determined from a
Differential Thermal Analysis (DTA) obtained from a greviOus
study [50] and 1is illﬁstrated in Figure 232. This was the
case because the departmental darrop DTA was dut of commis-
sion and attempts toi;obtain an analysis of  this modified
ceramic materials proved fruitless. The first reaction,

occuring between 300-350°C is the calcination reaction of

3aC0y (to remove the CO3z, ‘durinq the reaction with the T10;
., L]

2

.- -

(‘



St
;nd the 5102+ hetween 350;1000°. to form a variety of phases
including 32Ts2 {previously called\ 55TE) . | Between
1000-1240°Cy the completion of the 82TSZ .phase Sccurs due to
the reaction of éll the miper phases previously presente.
Tinally. above 1300°Cs the softening or partial . melting of

the” ceramic beginse. The Optimum sintering temperature was

determined to be 1275°C. -

22122 Ceramic Target Density
DensIty measurements were performed on both sets of discs

and at@\ tabulated in Table 5. rom preliminary opserva—

Y

tionsys the second set of targets appeared to be densers howe

everes when a the targets were measured. the discs Eadri-
cated using the previous study®s method were found to be
more dense. This could be attributed to the fact that this

set of targets was pressed at a location eoxternall? to the

University and an improper load (as much as 10 times higher

than 3.5 MPa) may have been applied during pressinge This
could also be the cause of the fracturing of the targets
during the sintetinq and sputtering process,  due to an
enlarged nonuniform thermal expansion. Tge second set of
targets were pressed in the Civil 2ngineering Department and
the load (approximately 3.3 MPa) was carefully monitored so

1S N0t to be too high Dr lowe No problems occured with

'8 GTEZ Valenite, Windsors Ontarios Canada

~ k_.'
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these targets.due to fracture during sintering ©Or sputtering
because the thermal expansion rate was relatively equal
throughout the disce

The thickness and diametgr of the ceramic targets wWere
measured over several areas and averaged out. The first set
of discs had an average density of approximately 2.2 g/cm .
or 94% of the theoretical densitys as compared to the second
modified set whose averaqge density was approximately 3.3
g/cm.y -Oor 75% of the theoretical densitye. The theoretical
density of B2TSZ is 4.45 g/cm {35]. Howeversy the ficst set
of targets had a volume decrease of approximately 33% afte;
sintering as compared to the second set wWwith approximately

28%= ° Thus small homogeneous voids prevent microcracks from

growing and leading to Sracthre. It appears that the opt;;:
im sputterinq_tarqet should have small grains and be moder -
ately less dense (~23%) than the theoretical density of
32TS2.

S321.3 Scanninsz_élecimn_Uic::oscznge_a.nd_zne:gx_giﬁnexsixe
P Spectra_Analysis
Scanning electron microscopy (SEM) microgqraphs of the two
sets of sintered ceramic targets» provided in Pigures 23 and
30+ show guite a difference in structure. Targyets fabri-

cated using the previous method (Figure 2%) show many smalle

rectanqular—-shaped gqrains on the disc surface and lesser
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defined grains on the fracture surface. The second set of

targets (Fiqure 33) have many smalls rectanqular—-shaped

grains on the fracture surface which are wel. sintered and

well defined. The previous set of targets may have been

4

pressure. Evidence of meltinqg is apparent indicating that
the sintering temperature Tgy be too highe. There are also
many pores throughout the éafqet (which deccease the dens:i-
tyle )

Energy dJdispersive spectra (EDS) analkysis of both sets of

i17ures

-
-

targets .«provided nearly 1identical patternse.
é?(a)-(f) shéu the actual spectra for both 32TS2 ceramic
torgetss using 3aT104y qnd 51lica-qel as Lstandards' along
Wwith the- spectra of 3aC0z and TiOze A supercposition of
SlLKa) and Sl(Ka) peaxs account £or the peak positioned at
157 keVe. The large peak occuring at 4435 keV could be a

~

combination Of both 3a (447 keV) .and Ti (3.50 xevd)e The
next peacx o&curinq-approximately at 4.335 keV again could be
A combination of 22 (L.83 keV) and:Ti (.33 keV). .The last
peaX ‘occuring around S.75 keV is a product of 32a. Due to
the severity of the Ba and TLi enerqy spectra overlap in the
sécond énd third peaks (shown in Figures 31(d)=(£))s it is
not stsiblé to positively i1dentify the ceramic material as

32TS2s although all indications point to thisSe Thuss 1% 1S

assumed to be BIATSZ.

affected by the previously mentioned }ncrease in locading

.
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With the results obtained from the EDS analysiss a method
was established to determine the werght and atomic percent-
ages of each element in the ceramic targete Wwindows {(or
ranges) were set up f£or each of the peaks and their respec-
tive background interference (Table 6) and the integral val-
ues were calculatede. These values were placed into a com-—
puter program which calculated the compositionse The
results of two modified 82TS2 ceramic targets and the powder
can be seen in Table 7. Againy due to the severity oOf the
Ba and T:i enerqy spectra overlap and, the estimation of the

integrated areas of the peaks: an accariij qpantztative

o

analysis is very difficult to obtaine '

2=1.%  X=Ray Diffraction
X~-ray diffraction (XRD) patterns were obtained for both

sets of ceramic targets and can be seen in Piqures 32 and

33» ®espectively.

Analysis and identification of each peak
e ’

~
was pefformed and taﬁﬁlaggg,idfrable 8+ Identification was
ca;ried cut using the JCPDS file cards listed in Table 3.
ﬁgkh sets of discs are nearly identical to the diffraction
pattern of BZTS2. AHowever. the ceramic targets fabricated
using thewprevious procedure showed some addiﬁiOnal Weak
peaks. Extra weak peaks at 25=31.4° and 38.7° were attrcib-
utéd to 3aTilse at 28=23.8% 30.2°, and 65.2° to 3aSi0s»
and at 26=25.3° and 65.2° to B8aSiOsz. This is an indication

that full equilibrium of ‘the material was not established.
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The second set of targets showed no peaks other than for
82TS2 meaning a full egquilibrium was obtainede.

Thuse 1t was concluded that the modified procedure for

B2TS2 ceramic target fabrication (Section 4.1) was the bet-

ter method to use to obtain a crystalline B2TS2 target for

sputteringe.

521:2 Rbase_Analysis_During_Sintering
The phase relations of the BZTS2 compound occuring during
the sintering process were studied. 100 grams of a ceramic
powder with ratios aa:ri=Si\égual to 2:1:2 was procduced fol-
lowing steps 1—5.in Section 4.7« The powder was then heated
for a minimum of 43 hours at temperatures varying from rcoom
temperature to 1300°c. After each heating period. " he p&%—
der was removed from the furnaces mixed and crushed for 1/2
hours a small amount (~10 grams) removed, the remaining pow-—
der placed back ié the furnaces and heated up to the next
temperature level. Each tempered powder was then subijected
to XED using Cu(Ka) radiatione The diffraction patterns
“ere analyzed using the JCPDS data cards for all the possi—.
hle phases presente. The JCPDS cards used in the anaf@s;s
are listed in Table 3.
) Pigure 34 shows the XRD patterns of the ceramic powder
mixture heated at the indicated temperaturese. The as-mixed

Y
powder shows peaks only from BaCOsx and TiOz but not from
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The -second set of targets showed no péaks other <than for
832TS2 meaning a fﬁll equilibrium was obtained.

Thuss 1t was concluded that the m;dified procedure for

B2TS2 ceramic target fabrication (Section 4.1} was the bet-

ter method to use to obtain a crystalline B2TS2 targqet for

sputteringe.

S321:5 Rhase Analysis Duxing_Sintering

7 The phase relations of the BZTS2 compound occuring during
the sintering process were studied. 100 grams of a ceramic
powder with ratios Ba:Ti:S5Si equal to 2:1:% was produced fol-
lowing steps 1-5 1in Section 4.7. The powder was then heated

for a minimum of 43 hours at temperatures varying from room

temperature to 1300°C.‘ After each heating periods the pow-
: \

der was removed from the furnaces. mixed and crushed for 1/2

hours a small amount (~10 grams) removeds, the remaining pow-

| —

der placed back in the furnaces and heated up @9 the next
~

temperature level. Each tempered powder was then subijected

to XRD wusing Cu(Ka) radiatione The diffraction patterns
were analyzed using the JCPDS data cards for all the possi-
ble phases present. The JC2DS cards used in the analysis

~

’ -

v
—_—

are listed 1n Table 3. 4//,/
Figure 34 shows the XRD patterns of the ceramic powder
mixture heated at the indicated temperatures. The as-mixed

powder shows peaks only from BacCOs éhd\‘rioz hut not from

-
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S10z2+ as the S51id> was in the form of amophous silica gel.

At 850°Cs the calcination of 3aC0s appears to have been com-—
pleted (conficming the DTA resuits) and the chemical reac-
tions have begun with the formation of 3aTi0s (henceforth
BT3)s BaSilsy (3S3)y Ba»5i0a (354)s and possibly even a small
amount of 3SaSi0s (355). In order to satisfy the . law of
mass conservations SiC2 must also coexiste. The compound
BZTSZ2 also begins to apoear and may be the result of reac-
tions of 3T3 with 353, BSY Oor 5i0z. .ot 1)00°C, all the pre-
Jious phéses still exist (with the possible exception of
355)s howevery BI2TS2 begins to appear as the predominant
phase. At 1250°C and 1300°C» 32752 is the only phase which
existses with the possible exception of amorphous $10»s indi-
cating that the ceramic material 1s in eguilibrium at these
tempera;ures.

The coOmposition df this material determined by EDS analy-
Siss using BT3 and silica gel as standardss is given in

Table 5. This composition was near stoichiometric 3:ITSZ.

Howevers .previous studies had found that 32TS2 cespmic tarc-

gets fabricated in the same manner had less than ﬁhe Stol1-

chiometric amount of Sis while the 3a:Ti ratio was unal-
’ -

tered. when analyzed by wavelength dispersive x-ray

analysise. Zxperimental error of *#Z.0 at.% made it impossi-

ble to verify if a decrease in the S:oichiometric amount of
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Si0. had occured in the ceramic powder. Errorg in the SLO;
content may be duéA_to the absorptive character of silica
gqels creating ; problem during the 1initial heating and
welghing of the powders in spite of thé_;pecial precautions

taken in this proceduf%- i

~ ‘ Thuse an oxide powder mixture with the 2a:Ti:51i ratios of

2:1:2 formed 32TS52 in an eguilibrium state above 1259°C and

‘an EDS analysis of the material indicated near—

stoichiometrye. _

2212% Raman_Spectroscopy .

The atomic bonding states of various stdnggtd materials
along with a BZ2TSZ2 just-mixed powders a sintered powders. and |
a siMferad sputtering target were analyzed by 2aman spec~-
Ltroscopy in the Department of Chemistrys. University ©f wWind-
S0 A laser beam producing a wavéi:nqth of 3514%«5 nm was
used as the 1incident beam. The standard bulk powders of
BaCCzs Ti0 (anatasels and silica gel were the same powders
used to fabricate the ceramic sSputtering targetse. An x—fav
analysis of all the stand;rds was used to confirm their
structures prior to Raman analysise. Fiqqu; 38(ay-{(x) show
_the Raman spectroscopy results of the standard and 32TS2

nd

//’ ceramic materiailse plotting the scattering intensity (I)

-

/

[N

/// 2gainst the wave number (Nw)e “Fach specimen POSsesses gpe-

cific peaks. ////
R ~

-
[y
- .

T~
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The lower wave numbered peaks which occur for BaCOs (Pig-—
AN

ure 35(a)) ~jare due to lattice modes external to the materi-

~ L3

ale AaAny tarboqate peaks will occur above Nw=800.cm ‘1[§u1.
The only powder which produced any significant peaks was

Ti0z (anatase) in Figqure 35(b). These peaks are in good

agreement with a previous study performed on TiO» [35].
Piqure 35(d) shows a powder -just mixed in the Ba:Ti:Si

ratios of 2:71:2. The only peaks which appear belong to the

Ti0z spectrum which hag very stronq phonon transitions. An

* .
x=ray analysis of the mixture (Figure 34(a)) diq confirm the
. “ 4

presence of BaC0O3 but not Silz+ sSince it was amorphouse
™~

After heating the powﬁer mixture St\1300°c for 114 hourss
. =~

a different vibrifIBﬁal transition pagtern appeared (FPiqure
~ 1
i{since x=ray analysis

35(£))+ which must correspond to B2TS

—

) —~——
of the material (Piqure 34(e)) confirmed it to be SB2TS2.

4 :
Raman a;;¥T§T§( of/ a B2TSZ sputrering target (Figure

33{g)) provide identical spectrum to that of the heated

3,

powders These peaks were more distincts although they were

10t as 1intense. This{’is believed to be the first Raman
spectrum analysis of B2TS2 and thus no comparisons can be

madea.

e
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Sa2 Pabrication of B2TS2 Thin Pilms

The foremost objective of this stﬁdy 4as to obtain c-axis
oriented thin films of BZTS2. Previous studies [50+51) have
observed slight indications of c¢-axis orientation for BTS2

thin films heateds in—-situs at 650°C although no c=-axis ori-

T .
ented thin films were oObtainede. is previously stated,
c—axis or (00n) oriented 32TS2 thin.films are reguired to
obtain a piezoelectric thin filme ttempts to fabricate

thin films above 650°C were hindered due %0 the limitations
©f the ceramic substrate heater used. {Howevers this problem
was solved with the design of the Tantalum wire heater (Se;:
tion 3.2). Therefores using 32TS2 ceramic targets fabricgzz'
ed following the procedure outlined in-SectiOn 1+ thin
films were deposited at tempeﬁatqres, in=-situs above 550°C
in an re.fe triode sputter ;ngSLtion unit located 1in fhe
Department of Epgineering Hgterialgf\ University of Windsor.
The Operatiag/conditiOns tor the sputter depositing of the
thin films are listed in Table 10. (
In order to enhance the possibility of obtaining c—-axis
oriented thin filmse (100)S1 wafers were used as the subs-—
trate material for the following rceasons:
Te {120)S1 has a thigh melting pointsy compared to other
substrate materials (i.e. glass, Ndél)v which 1s need-

ed to withstand “Tie higqh substrate temperatures

e
reguired %o -derosit c-axis oriented thin films

£
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2. %s the lattice parameters of $i and B2TS2 in the (001)
| pl;;e are 0«345 nm and 0.852 nm respectively. Thuse
three units cells of Sis side by sides are almost the
same leanp (av96%)\'¢s two unit cells of B2TS2. side
by side (Pﬁqfre 36). This near lattice matching makes
possible tag,/ggeation of an epitaxial-=likxe effect
qééueen the (100)§i substrate and the (001) B2TSZ thin
films. . -
e the thermal expansion-rate of Si is smaller than that
of B2TS2 and the th%n film would be under tension when
> cocled and would remaih continuéus'rather_than cracked
—and exfoliated lik€ thin films depo®ited on NaCls
which has a higher thermal expansion rate [483¢50e52 ]
Thin films were deposited at 656°t to’ verify the results
from previous studies and to s&€t a lower limit for the ranqge
of testing. An upper limit for the te;tinq range was chosen

.at 300°C, due mainly to the fact that this was the maximum

temperature attainable w#h the tantalum—wire heaters X=-ray

diffraction patterns and optical micrographs were used to
analyze each thin filme ‘
. . TN
The amorphous structure of S82TS2 thin r11%% deposited at
530°C on (100)Si was verified from the x-ray diffraction
f-\/ -

™, . -
rn-1n figure 37. TwO weak broad peaks occuring between

,_.-T / 7
v

o
+V)
ot
W

-~ \ - - . ) :
4§¥\39ﬁénd 30° indicate an amorphous structures which also
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- corresponds to the f£indings 0of a previous study performed on
B2TS2 thin films using electron diffraction [52]. The  pre—

vious study also found small amounts of crystalline 32TS2

~

present' in 'the thin £filmss howevers» no such indications were
found in the thin films fabricated in this studye. The two

peaks occuring at approximately_ 24 = 69.0° and 33.0° are

~

attributed to the (100)Si éubstrate- The lower angled peak

can be eliminated by reducing the power level of the monoch4
- X

.

L4

-r

romatic x—ray but this will also decrease the intensities of
all the other peaks involved in the analysise. Besidess the

I

lower angled peak can Qg-used as a reference' peaks when try-—

ing to determine the relative degqree of orientation at vari-

Qus temperaturess since the Si substrate peak should remain
constant in rezative intensitye. The thin film (Fiqure 33)
appears to be a smooths ‘continuous layer (dark area) with
small crystallite formaticns {ligqht c¢oloured islands) dis-
persed throughout the film. These fo:matious.would seem to
confirm the previous study's results of crystalline 32TS2
found in electron diffraction pattern of the thin filmse.
The dark area was determined toO b& the amorphous reqgion
since 1t occupired most 0f the area of this near=-amorphous

{ﬁ5ﬁ\\:)structure and because it is very similar in colour and tex-

ture to an ambrphous £ilm deppsited at a temperature below

s
200°C for 24 hours (Fiqure 39).

L
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At 200°Cy the ®eray.diffraction pattern of the B2TS2 thin
fi1lm (Figure 40) portrays a polycrystalline structure. all

the peaks which occur in,this pattern correspond to the most

"\ N N
intense peaks of crystalline B2TS2. with the exception of

- . .
the (400)Si peaks discussed previously. - These peaks most

lixely occur due to the thinness of the filmse. The monoch-

“omatic x-rays beams penetrates through the film and into

<

the 5i substrate before reflecting back. Another possibili-
ty 1s reflection from the area surro:ndinq the thin‘films
which is not coatede. Fiqure‘u1 shows a random_mosaic pat-
tern of minute qrains‘fer the thin fil;. which 1s indicative
0f a polycrystalline materiale. The differengly shaded
grains are due to light reflecting off the surface of the
randqmly oriented grainse

Since the oriented §Eructure occurs betéeen the aho;phous
and poiyc:ystalline morphologiess c-axis dfiented B2TS2 thin
films are produéeda for in—;itu heatinge. SOmewhe;e between
§50°C and 800°c. To furthér NacCow do;n this regions 32TS2
thin films were sputter deposited at 25°C intervals Beqiﬁ-
ning at 575°C, for anywhere between & and 3 hourse -The
structure of each thin film was determined by ;nalyzinq
thelir x-ra?k-diffraction patterns and optical miccographs.
The composition of the B2TS2 thin fllms “were measured using
ZDS. Raman gpectroscrOpy wd5 used. to identify- phases

included in the thin films.”’

T

ll.
)

~

ha
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Film thickness measurements were also performed on each
of these thin filmse. Table 171 lists the thermal conditions

0f each thin film analyzed in this studye.

‘22221 \X=Ray DRiffraction

‘Ehe XRD patterns of the thin films fabricated at subs—
trate temperaturess in-—-situs between 573° and 775° are shown
in.Pigures 42(al= (&). With the help of Mre. Li Yis the
inJSbse pole figqures of wvarious samples were détermined
(Fiqufes 43(a)-L€)) using Harris' mefhod [78]« Pigure #43(a)
shows the stereo-projection fiqure of the diffracted crystal
planes listed in the JCPDS file for B27S2 (card no. 22-513).
A randomly— oriented XRD spectrum of a 32TS2 thin filme.used
for a reference standard, was Obtained from a thain £1lm
sputter deposited at 430°C and annealed at 723°C for 10
hours by Re Je White et al,[51]
. Sample Z, deposited at 675°C for §_Hourse still possesses
an amorphous structure (Figure 42{(a)) but with-a lower
degree of intensity than sample 1 (630°C). Only the lower
angled halo 1located between 29 = 20.0° and 23.0° can'vbe
seen.' The peaks belonging to (400) Si still appeare. B

Sample 3, deposited at 700°C for 6 hourse shous-peaks (in
Figqure 42(b)) at approximately 17.1%. 34.3° and faihtly at

5247° which correspond to the (00n) planess where n=T1+24+3,

respectivelye. These are the peaks required for c—axis ori-

<

VAR
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entaticne fhe amorphous halo at around 22.0° stiil'existSv
along with the peaks related to (400) Si. These Esaks are
not as intenses indicating the- predominating efféét of the
oriented thin filme. The inverse pole figure for the B2TS2
thin f1lm is shown in Figure 43(b). From the diagrams the
pole density at (001) was determined to be T.60 with a
slight concentration of thé contour linese. There are no
Other peaks appearing which implies that the optimum temper—
ature fdr sputtering preferentially oriented thin films is

-
cldse at hand.

Figure 42(c). which represents samﬁle b deposited at
725°C for 7 hourss has the oriented peaks growing in inten-
Sitye com?ared to the Othegﬂgeaks. and shows the likelihood
that this thin f£ilm was fabrica¥ed using close to the ideal
parameters for c-axis orientatione. Howevers the amorphous
halo still exists which means the film is niinfully crystal-
line. The peak occuring at 36.2° is most likely due to con—
taminatione The 1inverse pole figure of this thin film.
iliustrated in Figure 43(c)s shows that the (301) pole den-
sity has grown to 13.35 and the contour lines have become

even more concentrated. Agains no other non—-{(00n) oriented

planes appear and upon comparison w«with the previous results

from 7060°C, this temperature appears to be more favourable.

for preferentially-oriented thin films.

4

\F 4



[

68

At 750°C. the (400)S: peak occuring at 33.0° is filtered

out while the (00n) peaks still predominate and gro¥ in size

" {Fiqure ti\ )). Howevers a polycrystalline'mopholﬁév ﬁéqins

-

to tran ‘Eh with identifiable peaks occuriqgj%t 21.69%,
V27,00, 23?2?; 41.3°, 48.5°, and 58.4%°, which correspond to
the mosﬁ/iﬁ;ense peaks of 32TS2. This increased temperatﬁre
has louéred the pole density of (001) to 9.56 and has intro-
duced the pole densities of several non-(00n) oriented peaks
{Figure 43(d)). This suggests a shift away from a preferen-
tially'oriented thin filme. ) Again this temperature has con=-

- cqgtrated the contour lines even more towards (007).
The' in film deposited at 775°C for 8 hours. 'shown in
Fi AQ"JKZ(e) as the non~{(00n) Beaks growing rapidly in
intensitys comp red to the (00n) peaks» Jﬁgile the "(403)51
substrate peak /<t 69.0° is still decreasing in intensitye.
More pedks argq beginning to appear which indicates a trans-—
formation tqggfﬂs a pobyérystalline morphology from a c=—axis
oriented cne appears imminente The inverse po}e figqures

shown 1in Figure 43(els h a decrease in the p e density of
has %

the (001)- peak to 3.9Z2 while the pole density increases for

Figure 43(f) showss at 300°C, the pole density of the

Ve
(001) direction decreasing further to 0.30s white ny other
) o . { : :
planes have an increase in densitye. Thu is mperature

< | .

the non-{001) peaks surrounding the (001) point. —7
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e
is too high for the fabrication of c~axis oriented BITS2
thin films and\gs‘p:oven>by the polycrystalline structure of
the 32TS2 thin film deposited at 300°C as previously men-—

tioneda.

22222 Optigal Microscopy

Zach of the thin films listed in Table 11 were observed
under an optical microscope at approximately 400 times mag—
nificatione. As previously mentioneds the thin film deposit-
ed aE 550°é w3s mostly amorphous (dark area) with islands of
crystdllites beqiﬁninq to form (Figure :ba

?he thin film deposited at €75°C shows (in. Piqure 4&)
that the cr;stallite islands have Grown in size but the
amorphous structure still predominates. £t 1s gbssible that
these 1slands are amorphous (the dérker‘ones) and are in the

process of transforming to a crystalline morphologye.

At 700°C,y the thin film struc

re appedars to have com-—

pletely transformed into a crystalline structure with the

-

large - grains coalescing (Pigure Y43)e The formation  of

smaller gyrains appears to be taking p:;

The ihin film at 722°C shows a ve ty almost cic-
culqr;' small grain pattern {(fiqure 33). This 1s orobably
“hat 1s necessary to Obtain a <¢-axis orieated tﬁin film and

correlates with the (09n) oriented findings of the x-ray

dr1ffraction pattern of this filme The large white pits or

-
—

——

—
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volcanoes (cannot be distinguished on the optical micro-
scope} which appear could be either due to fracturing of the
film during cooling or contaminants deposited on the filme.

Large 4grains reappear at 750°C (FTigqure &47) «with the

smaller grains diépe:Sed between the grain boundariese.

A

These larger qfains-are polycrystallina®and are responsible
for the non-(30n) peaks appeariggﬂyfh the x-ray diffraction
pPattern. These grains also enhancé Ehe {00n) vpeaks because

“these plane§ are pért of the polycrystalline morpholoygye
At 775°C. Pigqure %5 shows the large grains transforming

into a smaller randomly oriented grain patt .; This 1s 1n

#

step Wwith the x~ray diffraction  pattern/showing the poly-

crystalline morphology taking over.
\

At 300°C, as previously mentioneds the thin film is a
| N

continuous layer of small randomly oriented crystalline

e

grains (fiqure 41).
a ~ . v

Lo

Sa2a3 Pabrication_of_c=axis_Oriented. B2TS2._Thin_2ilms

From the ayove resultse it 1s obvious that thin films

~
‘e

deposited 1n the range of 730%0 723°C, approximatelys gives
the best results £for the fabrication of c¢—-axis oriented

832TS2 thin films. Hences» thin Zilms were figafézked at
- )
700°C and 723°C for extended periods of time with the inten-—

tion of obtaining thicker more highly (JCn) oriented fe+lms

while remcving the effects of the amorohous and (403)S1

StIucturee.

a

e,
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A BZTS2 thin film was devosited at 700°C for 2 hourse
The x—-ray diffraction pattern (Figure &93) showed signs of a
polycrystalline structure beqinning to forme The surface of
the thin £ilm (Fiqu:e.SO) showed many largey light-coloured
grains forming and reqions-fdarf areas) of smaller grains

either coalescing to -form large Qrains oOor vice versa. The

x-ray diffraction pattern would indicate a transformation to

the large polycrystalline grains due to the appearance of

the non—-{(00n) peakse. =

The same re§ults ‘uere obtained. but .with mor® peaks’
invoivedy. for a 32752 thin film deposited at 735°C for 13
hotit  (Tiqure 51). -Fiqure 32 of the thin film sugface
appears to have larger grains beginning to gorm at the
expense of the oriented grainse. \;he:e 1s also the possibii—
i1ty that the larger qrains ace forming on top of @he'orient—
ed laver and slowly filtecing it Qute. The thlickness of the
};lm was determined to be between 400.0 nm and 503.0 nme

Cue to the greater ihtensity of the (J0n) peaks at 723°C

f‘
compared to 700°C, <the 1ideal fabrication temperatwce for

c-axis oriented BTS2 thin films is closer to 725°C. Thusy

7Z3°C was chosen for the fabrication of thin filmsw Jow-

éver, thin film fabrication at a e0nstant temperature 1s not
=

suitaﬁle for obtaining a highly orienteﬂffilm, as indicated

above.w. Private communications with. Hr Yamauchl suggested,

-
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decreasing the ?emperature after a set time toO preserve the

\\prlentatloni\u/rhereforev the next step was to dete:mlne the

}enqthfof sputtering time at 725°C and the amount of the
temperature decrease.

A B?.Ir__s_é'thin £ilm deposited at 725°C for 2 hours indicat-
ed a very slight peak at 26= 34.3°((002)) in Fiqure 53+ but
due to the shortness of thé deposition times the orignted
film was not thick enough to assert its epitaxial effec:i A
£ilm deposited at 725°C for 3.5 héurs gave a very strong
display of epitaxial-like orientation (Piqure 54} and obser-

L ] -

vations of the surface (Figqure 355) show the initial stages
0f c—axis oriented qréins- The larqér grainse which
appeared at the lower temperature are almost c0mpietelv
transformed into smaller (an) oriented grains «hich are
beqinning to fuse into the 's;iqhtly lgrqer oriented grainse.
At 5.5 hourss the thin films deposited at 725°C begqins the
coalescinqtﬁf its smaller oriented grains into the larger
grains which <form between the crystalline and.polvcrvstal;
N
line mdrphOIqu of this material {(Figure 36). The XBD pat-
tern of this thin films illustrated in Fiqure 57, confirms
that the transitien w0 a 5olvérystalline_ structure has
bequno, uith the (211) peak and other less intense peaks

*

‘!j“. ’
appearinge.
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By process of eliminatidn the time at which a temperature
variation should be applied is within a range around 35
éoufs. Since the XRD pattern-for the thin film sputteréé? .
for 3.5 hours still had signs of the amorphous halo at
22.0%y ir was decided to sputter for a longer period of time
1n the hope of removing this morphology prior to the temper-—
atuﬁe\ﬂsriation- Iﬂus. the 32Ts2 thin f;lhs were sputter
deé%sitéd at 723°C for 4 hours before the temperature was
decreased slightly to increases the likelihood of oﬁtaininq a
highly oriented film.

Initiallx; ‘ﬁﬁe Substrate temperature was decreased by
25°9C to 700°C after 4 hours where it remained for another 6
hourse XRD data in&icaced {in Figure 58) that this tempera-
ture drop was not enoughe as a polyc;ystalline morphology
still existede. Su:féce observations vproduced a vatiéty of
structuréé consisting mainly of Athe smalldr oriented grains
-along with the larger polycrystalline grains (Fiqures 55(a)
agg (b)) Next the substrate was - subﬁectgd to a 30°
decrease in temperature after % hours aﬁd this again reSul;-

. S
ed 1in a_polycrystaL%ine thin film (Figqure 60).‘/ﬁowever, the
intensaty of ﬁhe.non-(OOn)”peaks was far less EBr this temp=~

-

erature decrease than reported for the previous decrease.

. =N ¢ N
Surface observations (Figure 61) portrayed g very complex\:5\\\
~— ) \'\.ﬂ—/d ;
deposition patterns although the feaéfre which 1s of most
s e
a— '\. \‘:’_'.' N R
N
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interest is the "speckles™ of the oriented small grains. A

further decrease in temperature will be requirede. although

not as drastic (~10°C)y to obtain a highly oriented B2TSZ

thin filme - -

. . T — \
- 22228 Eilm_Thickness Measurements

The B2ZTS2 thin films sputter deposited on (100)Si at the

i w m 1C} . The thin
various temperatures 3§Eexﬂga$gfed for thickness =3 th

: L e . ” -7
films produced w“ere smooth and continuous$ which is gqood for
- r

-

measuringes howevers there were some fluctuations 1in the

thickness. This is due to the varying distances between the

L

‘target and different points oOn the substrate surface. \*Usu—

ally, the centre of the film is the thickests because it has

////,-;he shortest target—to-substrate Aistances and the thickness

decreases as the edge of the fidm 1s approachede. Thuses the

thin film thickness was measured at various points around

the film edges and an average range was takele Alsoe

because of the low teflectivity of 3:TS2 thin ffﬂmSv %Se

films had to be coated with aluminum prior tO MEASUCinGe
A
The results of various thin films are listed in Tadle 11.

The ‘average thickness is between 100 nam and 203 am
;.-"5 4
(0e1-0.2 pgm)» for thin films sputter deposited between 5 and

. & .
S hourss which 1is far less than the desired 10«9 pm Tequirad

for the proper study . of the electronic properties of the

thin filmse. - ™Much thicker films were *obtained for 42732
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spu£tered at 725°Cc for 13 hours (0.35-0.55 pm} and  a thzn
film sputtered at less than 220°C. for 24 hours (0.70~0.35
pm) . Due to the 'short lifetime of the‘tantalum—uire heéte:
and sputtering source filament along with the fragility of
the BZTSZ sputtering tarqet; tge - fabrication of thicker
fi1lms will not pe attainabie until a sohution to these prob-

lems 1s founde.

2:2:3  Epergy Dispersiye_Spectrometry

AN enerqy dispersive spectra (EBS) analysis of the B2TS2
thin fiims revealed a pattern almost identical to the ceram-—
ic.material although not as intense (Figure 62).' Agalin the
spectra dé%ermined using 8aTildy and silica gel as the Stan?
dardse. Sx(ﬁa) and Sl(KB) account fsr the peaks ‘appearing at
1.67 keVy, while the peaks occuring at 4.435 keV and %.33 eV
are a combination Of both Ba and Ty peakss much like before.
The last peaks which occured at 3.15 keV (Ba) in the 32TS2
ceramices 1s almost negligible here and is lost in the back-
ground :interference’

The . weiqht and atomic percentages were determined for
BiTSZ thia £ilms deposited at 229°C for 2% hours and is
listed in Tabié 7.+ Due to severe enerqy spectra overlap of
3a and Ti peaks and also interference from thg;é& substrates
an accurate qualitative analysis 1is very difficult to

obtaine. Even sos the off=~stoichiometric thin £ilm still
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consisted primarily of BZTS2, along with another unknown
phase (in a minor amount) to satisfy the law of mass conser-

vatione.

L Y
52228 B Raman_Speciroscopy

The atomic bonding states of the (100)Si substrate and
several B2TS2 thin films. fabricated at Qarious tempera=-
turess were studied by Raman specf?oscropy in the Department
of Chemistrys University of Windsore In all casess a laser
beam produciﬁq a wavelength of 578435 nm was ﬁsed as the
incident beam. The bulk ;amples of BaCOix» Ti0z and S5i0:
analyzed previously for the ceramic target standards were
used again alang with the results of the B2TS2 ceramic tarc-
gets. The thin films were initially analyzed by i-éay dif-
fractometry to confirm that samples with an amorphouss crys-
talline (preferentially oriented) and pol;cry$€aillne
morphology were each analyzed. The results 6f this analysis
are shown in Figures 53(a)=-(d) and plot the scattering
intensity (I) versus the uave/ﬁumber (Nw)a

The Raman analysis of theu (100)S1 substrate (Figure

53(a)) produced a very distinct peak at Nw=520 em=-l, which

15 a characteristic beak of crystalline Si [361].

The results of the Raman spectroscopy analysis for all

the B2TSZ thin £films (Figure .583(b)-(4d)) gave no indication
of any phase existences through bond frequenciese. The only

L
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peak which  was obtained was the sams/peak produced for:the
{

(100)S2 substrate spectrae. The possible reasons why no

peaks appeared include:

T« ~ the phase(s) present in the B2TS2 thin film may not\ be

. T
Raman activee. e /
2. the dynamic range of the Photon detector is limited

. \
which leads to problems when measuring weak pPeaxs on

‘intense background (ie. Si)e.
3. . the B82TS2 ceramiCs being ragdomly oriented, produces a
spectra no matter what angle the incideﬁt laser beam
hits the sémple ate However., QBe thin films have a
layered structure. when Qeposited. and do not allow
the incident beam to penetrate. Thus the bonds cannot
be reached to be excited. °
L. although the thin films show signs of crystallinitys
~’Qhen analyzed by x-ray diffractions some portion of
the film temainsr amorphous and thus the atomic posi-
. tions of the totally disordered region filters out the
bond vlbratloné of the crystalline regicne.
If'si{uation (1) ~or (2) are the -problemsA the samples
“should be analyzed by infrared (IR) spectrosc PYs sSince 1t
1s analoqoﬁs tos but not identical with Raman SPecCtLOSCOPYa
Situation (2) can possibly be solved by angling the thin

f1lms (~60°) which may allow the incident laser beam to pen-

etrate and determine the bdnd frequency spectrae.
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Chapter VI

: SUMMARY
“ . !i
! 4 . , -
%21  B2TS2_Ceramic Targets
1. Ceramic targets were fabricated by two different meth-

ods for the r.fe. sputter deposition of B2TS2 thin
kL<M filmse. The second'meéhod (Section GL.1) produced a
Bettéf'quality (smaller grainede ‘modereraéely.pdrous)-
target which did not fracture dﬁtiﬁq the sintering or

sputtering process. This is probably due to a more

-~

uniform pressing procedures. . S
2; The optimun sigterinq r tempefature 1}5 previously
determined to be 1275°C. Howévers iﬁdiqstions of
melting are apparent %n the target suqqeséiﬁ? that
this teméerature is to ighe  1250%C nmay be good
- enoughe. A
3. ANl X—ray diffractién analysis of 82T§2 tarqets.pro—

duced by thé first " method (Appendix "B) - showed the
B2TSZ2 phase coexistinq. with BaTiOae BazS;O., an¥
Bas51i0se. This non-egquilibrium could be due to an off-
stoighiomatric mixture ofﬁBaC03' T102 and silica gel
oF to thé mixture not being properly mixed long
enoughe An x-ray diffraétion analysis of. thé targets

- 75 -
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produced by themodified procedure showed a full equi-
librium of BzTS;)uas obtained.'

A phase analysis during sintering was performed on the
}"\ e
B2TS2 ceramice At 350°Cs the calcination of B8aC0Q°

1 -

A
appeared to be completed and a variety of phases coex- -

isted in this non-equilibrated state. At 100C°cC.

BZTS2 beqins to appear and coexists'aith all the phas—-

es present at 330°C. Above 1250°C,-the B2TS2 material

is in equilibrium, with the existence of only the sin-

qlé.phése.' EDS analysis of this - material indicated

LN

near—~stolchiometrye.

ZDS anaylsis of athe modif%ed ceramiic pbuder' and tarc=-

gets provided a spectrum which 1s assuymed to be BZT32,

due to a severe overlap of %9 and Ti ‘enerqgy peakses
from this spectrums a correction factor was derived
and applied to determine the relative amounds of 3Jae

Tis+ Sie and 0 in the composition oOf the targetse.

-

The atomic bonding states of B2TS2 were analyzed by

Faman SpectroscCOpPYe %\

B2TS2_Thin Pilms ' . -

Thin films of B2TS2 were fabricated by means of refe

triode sputtering on (100)S1 substrates-

* -
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The substéate temperature WJas varied between 8£50° and
800°Cy at 25°C intervals, to determine the Ooptimum
tempeéature range for (00n) oriented thin films. The
/amorphous-to—orieifed transition 'temperature occurred
betweeen 575°C and -700° whi the oriented-to-
randomly Oriented transition temperature begins in the
range of 750°C to 203J°C. x= diffraction analysis
and inverse poie fiqures 1indicatad a more Dreferred
rorientation in the range of 700 to 7SO%§ for thin film
depositions although the'ﬂiqhest pole &ensity for the
(001), peak was obtained around 723°c.
Longer sputteciﬁq times in the crystalline (preferred
og?entation) range produced polycrystalline thin
films. Thuss a temperatuf§ drop must occur during
sputtering to maintain a prefg?;eﬁtially;oriented thiﬁ
!
filme Analysis of various sputtering times at 723°C
suqgested a temperature drop at approximately ¢ hours
after sputtérinq COMMeNncesSe.
Temﬁeratuce drops of 23°C and 50°C after 4 thours of
sputtering still produced a polycrystalline thih Eilme
although the preferred orientation ((00n)) was more
predominant after the latter experimehtal drope Thus .
a2 further decrease 1s requireds ° but not as muchs to

produce a preferrentially oriented thin filme

-
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21
Thin films of between J.1° and 0.2 pm thickness were
produced after sputtering for between 6 and g hourse

This is far less than the necessary 10.0 pm needed for
) . - ¢

the study . of the_eleCttOniC properiiéé- Sputtering

times of greater than 204 hours will be required to

produce films thick enough for proper measuringe

With-the fragil:ity of the B82TS2 targets no longer a

problems the short lifetime of the Ta wire heater and

sputtering source filipent} at higih temperaturess will

ore thicker filmz will be attai-

ACN

have to be solved be

1

nablee.

T .

EDS analysis of. the B2TSZ thin €films provided a spec—

tra identical to that of the ceramic materials

Slthduqh not as intense. This éould be due ‘tb the
secondary effects of the x-rays not being a factors as
they are in the ceramics. because of-the thin laveré
being &naly;ed. Althouqh the thin £ilm was off-
stoichiometriq. 32TS2 was still produced along with a
very min}mal amohnt of another phases uhichl has no
effect on the oriented th{n filme.

Raman ‘Spectroscopv anal%sis of the B2TSZ thian £film
gave no indications of any.bond s;ates beiny producea:
This 1s most Eikelf due to the phases present ia the

thin film not being Raman activee.



Chapter VII

CONCLUSIONS

A’ single phase B2TSZ ceramic tar}ét ‘was sucéessfully
fabricated £0r TrCef. ;putter deposition. A smaller
grained., moderately less porous tarqet is better suit—
ed and more durable for the thermal condi£ions charac-—
teristic to sputteringe

A phase analysis during sinterinq indicated that the.
B2TS2 tarqet was in a fully equillibrated state above
1250°c. _ )

The atomic bogﬁinq states of B2TS2 were analysed by
Raman Spectroscopy for what is believed to be the
first time. )

Smooths continuous thin £ilms of Ba=Si-Ti—=0, in a
preferentially oriented ((00n)) state were produced;by
ref. triode sputtering. in the range of 7T00-730°

although the best results, as determined by x-ray dif-

fraction and inverse pole figqures were obtained at

‘approximately 725°C.

Variations in the sputtering time at 725°C ’suggest

that a temperature drop of slightly larger than 50°C
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initiated to maintain a preferred orientatione.

- L4 " 8 3
must occur approximately & hours after sputtering is

A sputtering ﬁime of greater than 24 hours is tequiréd
to obtain a film thick enough for electronic studies.

EDS analysis of the thin -films produced a spectra
almost identical toO the ceramic target. Compositional
analysis showed an of%—gtoichiometric thin film con-
sisting of B2TSZ along uifh a,6 minimal amount of an

unknown phase which had no effect on the orientation

~

effect of the filme

Raman Sbecfro#copy analysis of the films showed no
enerqgy spectra for the atomic bonding st;fas of the
phase(s) present and should be looked at in more

detail.

hn



Chapter VIII

axcnunxnnuimus_xgﬁ_zumxh_stmsgﬂ

1. Further research is required. to fabricate a B82TS2 thin

films with a preferential orientation. for longer

periods of time (>Z4 hours) in order to get the khick-
er films required for electronic g;udies.

2. Modifications to the Ta-Wire heater are required to
prolong the deposition fxme- ‘Kanthal wire as a possi-
ble replacement of Ta should be studied because of its
‘hiqhgr wear resistance in oxide atmospherese.

3. Modifications to the Ta sputtering source fil&ment are
tPely charqed ions must be prohibited from sputtering
the filam?nt. This can be attained by reducing the
applied voltage between the filament and the anode
“whille inqréasinq the filament current so as not toO
reduce the ﬁlasma generating efficiencye.

4o - The souttering of metallic targets should be looked at

more closely because of their larger sputtering rates

compared to ceramic targetsSe

. : - 34 =

required to prolong the deposition time.  Thuss, posi— '



e

35

.TEZM analysis of B2TS2 thin films deposited on (001)Si

and fused «gyuartz is recommended 'to study the struc-
-

tures.

The. a£0miérbondinq states of . the B2TS2 thin films

should be studied further by Raman Spectroscopy to
L]

determine their characteristic vibrational spectrum.
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Appendix A’

-

ARRPENDIX A

The phase relations at the composition of "B3aTiSiOs™
-_(hencefoF;h BTS5) in the B3a0 - Ti0,; - S10; ternary system
Wwere studiede. A- recent study [(51) found that the'ﬁQﬁgpsi—
tions ¢of thin films'sputter-depOSited frOm‘a B2TS2 ceramic
target were significantly shifted to compositions close to
that of "8TS5", D.E. Rase et a1.1€61, in their study of the
8aTi0s - §1Qg binary system included the compound phase BTSS
(figure Sﬁv) and its powder diffraction data was listed 1in
‘the JCPDSinle (card no. 11-150). In order to analyse the
structure of thin films sputter—deposited from B2TS2 tarc-~-

(-4

lqetS\ an understanding of the phase relations in the vicini-
ty of the éomposition BTSS in the BaO - Ti0z = S$i0z ternary
system 1s necessarye. The phase relations of B2TS2 were also
studied and discussed in Section SeleSe

C.R: Robbins [40] successfully synthesized B2TSZ but was
unseccessful in synthesizing the compound 3TS5, and there=-

fore cdncluded that the x—-ray powder diffraction data previ-

ously reported for the compdund BTSS was that of the B2TS2
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and that the BaTiOi3 - Si0z system was not binarye. Although
the JCPDS data of B2TS2 and BTSS are very similars as demon-—
strated in Figures 65(a) and 65(b), they are not exactly the
samea Robbins .did not provide an explanation for the non- .-

common diffraction peaks. occuring in the two sets of datae

In this works Robbins®' conclusions are critically examined

by:

1. calculating the d;EfEaCtlon pattern o©Of B2TS2 using
detailed data for the structure of this compj;ﬂgffgslv
and

le carefull analysis of the x=-ray diffraction patterns

. obtained from mixtures of finé powders of BaCO3» f;oz,

.and S102 Qith cation ratios (Ba:Ti:s;) of 12727 heated

. tO various temperatures.
Analysis of the JCPDS data for B2TSZ and BTSS5s as illus-
«~ trated in fiqureslés(a) and 65(b)s show essentially identi-
cal patterns as stated by Robbins. Howevers _ the peaks at
diffraction angles 22 = 14.7° and '23.7° for BZT§2 and those
at & = u7.3°._47.7° and 57.3° for BTSS do not appear in the
diffraction patfern of the other material (Note that the 332
peak of B2TS2 at 2& = 57.99° and the 511 peak of 3T1S5 at &
= 57.97° are assumed tO be superimposed). Previously [S;].
the peaks at Zé = 14.7°% and 29.7° together with all the com-

mon peaks were used to identify the B2TS2 phase and those at
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20 = 47.4° and 47.7° were emploved to confirm the compound
BTS5. Unless the JCPDS data for both materials were highly
reliables this procedure would be completely misleadinge. The
following information leads us to suspect this reliability:
1. in both ca;es' all the included peaﬁs have relative

. intensities of greater than 10% (and interplanar dis-

tances 1arqer than J.158 nm)s and g

2a among the five noncémmon peakses only the peak at 28 =
47.3° for BTS5 has an intensity larger than 10%. Thuss
the establishment of reliable diffraction patterns for
these materials is urgently desired.

Calculation of the diffraction pattern for B2TSZ was per-—
formed using the coordinates of each ion in the unit cell
determined by R. Masse et al.[36). These coordinates along
the atomic scattefinq_ factors listed by BeDe Cullity 73]
were used to calculate the structure factors Fpep e for all
combinations of integers he ke lo tﬁat satigfv the relation:’
_ (hZ + k2)/a2 + 12/c® < (2/\)2
X is the wavelenqth of the CuK, radiation since the atomic
scattering factors for Ba®* are not given in Cullity®'s liste
it was assumed that fpal’ =fyea £for (s_in 3/ M) 001 nm~% and

s

£pa2* =fyy - for (sin S/ A )>0.01 nm—1t. The intensitys Ip.. s

was defined by a product of thkllzv the multiplicity factor )

for the set of ind:ices hkl and the Lorentz-polarization fac-
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tor for the diffracrion angle 26, - In this calculations
no absorption factors were taken into account. The calculat-
ed x-ray diffraction pattern for B82TS2 is shown in Fiqure
65(c). Diffraction peaks with mutual diffraction—-angle dif-
ferences less than 0.07° are represented by a single peake.
among multiple sets of indices for a single peaks the fore-
going sét of indices corresponds” to the diffraction peak of
the higher intensity. Note that the peaks at 26 = 47.3° angd
S56.9° are now singly indexed while they are a multiple index
in Piqure 65(b) and that the peak at 28 = 58.0° 1is now a
multiple index. On observations the calculated pattern (Pig-
ure 65(c)) 1s nothing but a superimposition of the JCPDS
patterns given in Figures 653(a) and 65(b) with the addition
of. some weak peaks with relative intensities less than 5%.

Experimentallys a sample with Ba:Ti:Si ratios ‘éf 1:1:1
were prepared following the procedure outlined Jin section
8.7 (steps 1 to 3). Small-amounts of the mixed ﬁoader “ere
then heated seperately at temperafures varying from room
temperature to Jd1230° for at least 48 hourse The mixture was
then crushed and x-ray diffraction patterns of each sample
were taken . using CuKy radiation; The diffraction patterns
were analyzed using JCPDS data for all the possible phases
(listed in Table 3). The x-ray difractign patteé&iu9é the

material at varying temperatures are shown in Figqure 66.” The
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diffraction pattern of the as-mixed sample includes only the
peaks from BaCO3y and TiO. but not from SiO,s as the 510 was
in the form of amorphous silica gele. At 850°C, the only
peaks which appears belong to BaTiOs indicating that the
calcination of the BaCO3 was complete and Si0; was still in
the form of the amorphous gel (for the sake of mass conser-
vation)e. This identifies the tie-line as the BaTiO3 - Si0;
line in ‘the 8a0 - TiQz =- 510, Gibbs triangle (Figure 67).
Thus the assumption of D. Rase et al.that the BaTiOix — S10:
system 1s a binary or quasi-binary system is valid at 350°C.
At 10063C9 the BZ2ST2 phase has formed as a result of.the
reaction of BaTiO3 with Si0Oz2. Excess Ba cations formed in
this reaction seemed to produce.aari.oq and small amounts of
BaSiz20s. Note that this séaqe is in nonequilibrium since
there are five phases coexisting» 1including Si0z At 1200°C.
the same situation exists but with the B2TSZ peaks becoming
more intensee. At 1250°C, the phase relations have signifi-
cantly changed with peaks only from B2TS2 and 3aTiaOs
appearinge All the peaks from the calculated B2TS2 diffrac-
tion pattern (with the exception of 2 = 42.4°) are among
theme Thuse at 12350°C, this material contains B2TS2 and
BaT1409+ Just as quins found (40)e Two small unknown peaks
remain which may be attributed to BaSi0s. Iiithls mat;;ial

was near equilibrium after heating at 1250°C, it should have
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consisted of at least three phases: B2TS2, SaTi.éq. and
either BaSiz0s or Si0; as shown on the Gibbs triangle in
Figure 67. Eﬁerqy dispersive x—ray analysis determined the
actual composition to be very close to stoichimetri& 8TSS5 as
shown in Table 3. Thuss it is concluded that B3TSS is not a
single phase but either:
"BTS5" = 54.3 mol % B2TS2 + 27.3 mol% 3aTigz09 + 17.5 mol%
BaSiz0s5 or
"BTSS™ = 70.7 molX B2TS2 + 23.9_mol% 3aTigy Og + 5.4 mol% 5103
{amorph)

according to the lever rule applied to Fiqure 67. Case (2)
seems more probable than (1) when the relative intensit:ies
of the diffraction peaks are compared (see Fiqure 63(e)).
Therefores at 1250°C, the BaTiOy - _Sioz'line in the 3a0 -
Ti02 = S102 Gibbs triangle does not réptesent the'tie line
through the composition of "3TSS", and thus the BaTiQOy -
S10; system 1s not guasi=-binary at 1250°C (above 1232°C the
ceramic material melted). In the temperature range of room
temperature to 1250°C, no experimental evidence was tfound

for the existence of a single phase compound of 3TS3.

-

-



Appendix B

EXEBRIHENILL.ERQCBDﬁBB_QI_ERBKIQHS_SIHDI_LSQJ

C+1 Ceramic Sputtering Target Pabrication’

The ceramic sputtérinq targets nused throughout this work
were fabricated by mixing high purity (>§9.95% pure} BaCOjye
5102 and TiO> oxide powders according to the formula,

2BaCO, + 25107 + Tilp ===> Ba2SizTiOs + 2CO0:
The fabrication procedure is outlined belowe It was

adopted from a procedure developed by the Hitachi Central

desearch Laboratorye.

Te BaCO3!?y $1022%, and Ti0:2! oxide powders were dried
' © on ¥ hot plate az 150°C . for two hourse This removed

.g any molsture absorbed by the powderse.

26 Immediately after they were bakeds, the powders were
} weighed to the desi?ed PLOPOCtionse.
\

19 Pisher Scientific COes Cates NOs 3-30.

2% Pisher Scientific CoOe.e+ Cate NOe. S=662.

21

FPisher Scientific COe+ Cate NOe T-315.

22 Norton Scientific Co.s Canlab cat. no. CS700-1, C3750-4,
C877S-1A.
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The powders were placed in a ball mill22 and gistilled
water was addede. Tﬂey were thHen mixed for 24 hourse
The powder was dried on a ﬁot plate until all the
water had evaporated. This took apprOximatelv 10
hourse.
The powder was crushed by a mortar and pestle?? for
about 2 hourse. *
The powder was plaééd in an alumina <¢rucible and heat-
ed for 10 ~hours at 1000°C in a high temperaturé-fur-
naceé'. At this temperatures the barium carbonate 1is
calcinated to remove any COze
The powder was crushed and mixed b+ the mortar and
pestlea
S wt% of high purity ﬁarqffin was dissolved in a
chlorine-based solventZ3. The liquid was mixed into
the powder with the mortaf and pestle. The powder: was
put on a hot plate and baked at 100°C forw about 2
hourse. This evaporated the chloroethene VG and left

the waxs which acted as a binders behinde

23

F4-]

Cocrss Canlab cate noe. M9001-5, MS002-S.

Linberqg 513174-32314 (furnace) and 59246-828074 {(control-
ler)

Dow Chemical Coe.s+ Chloroethene vVGe.

)

L
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The powder was pressed into discs 2.3 cm in diameter
(1«7 in) and between 0+.15 and 0.20 c¢m thicke Each
disc.ueiqhed about 3.0 gramse The pressinq.pressute
was about 3.5 MPa.
The discs were sintered on 1A1203 plates in the high
temperature furnacee They were held at 400°C for 10
hours to allow the binder and any absorbed moistﬁre to
evaporate. The furnace temperature was then increased
at a rate of 50°C/hour until the sintering temperature
(1285-1275°C depending on the composition)  was
reachede. The discs were sintered for 5 hours. The
temperature was decreased at a rate of 50°C/hour down
to 700°c, and then they were allowed to cool more

quicklye.
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TABLE 1

Applications of Piezoelectric Materials[55,62]

(narrow band)

Mechanical
(low frequency)

Ceramic

High Voltage Generation
(gas lighters, piezoelectric
transformers.

Gramophone Pick-ups

Measurement Devices

(pressure and vibrational measurement
devices) .

Resonators -
(fqr frequency control) N

SAW Devices

(high frequency filters, delay lines,-
amplifiers, oscillators)

Transducers:
Air
(ear phones, hearing aids, microphones)

Audio

{undarwater sonar, piezoelectric
buzzers and speakers)

Ultrasonic .
(ultrasonic cleaners, processing
machines and medical diagnosis
machines, fish finders, alarm systems)

. BaTi0

APPLICATION MATERIAL
Accelerométers PZT ceramics
) BaTi03
Filters: Quartz Quartﬁ ‘ _

PZT ceramic (Cr-doped)

piezoelectric ceramics

3
PIT ceramics

Rochelle salt
BaTiO
PZT caramics

BaTl 03 w
PZT ceramics

Quartz‘

Zn0.
AlN

Quartz
LiNbO3 ’
LiTaQ

PIT cgramics

Rochelle salt

BaTiO
PIT cgramics

BaTio

PZT cgramics
AIN

Zng
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TABLE 2

Physical and Chemical Properties of Fresnoite

References
Chemical Formula BaZTiSiZO8 35
Unit Cell Content 2 [BaZTiSiZOBJ 35
- Crystal Structure Noncentrosymmetric Tetragonal 35
2
- Space Group ' P4bm 35
Lattice Constants a=b= 0.852 = 0.001 nm
c= 0.521 £ 0.0005 nm , 35
Density 4.45 g/cn’ ' 36
. Melting Point 1445 = 5°C 42
i 7
Solvents . hot: 1:1 H Cl
‘ cold: glacial acetic acid 35
Linear Thermal ) %
Expansion Coefficient (0°C) d% = 8.7 X 10 °/°C 44
» . = 9.3 X 107/ | 44
Electromechanical . (x-cut y-prop.)X = 0.25 ' 69
Coupling Coefficient (Z-cut x-prop.)K = 0.10 43
Temperature Coefficient (x-cut y-prop.) 38 ppm/°C 43
of delay ) (z-cut x-prop.) 51 ppm/°C 45
?ielectric Conﬁtant | €y, = 12.5 44
10 MHz ; 20°C -
| €33 =8.55 .
Piezoelectric Constant (x-cut y-prop.) |d]| = 18 X 10'1?2(C/N) 43
: (z-cut x-prop.) |d| = 2.7 X 10 (C/N) 43
»
AN}
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TABLE 3 '

Symbols and JCPDS File ‘Numbers of Compounds

Appearing in Diffraction Patterns

SYMBOL CHEMICAL FORMULA JCPDS File No. °
3 BaCo; - 5-0378

C (BT3) BaTiO, 5-0626

D (BS4) £ Ba,$i0, 26-1403

E (BS3) Basio, 6-0247

F (BTS8) 352T151208 22-513

G ((BSS) BaSi,0c 26-176

H (BT9) BaTi,0 g 38-70

T TiO2 (anatase) 21-1272

? Unidentified |  —oem-

- 109 -
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TABLE 4

Molecular Weights and Stoichiometric Amounts

For Fabricating 100 gms of Fresnoite

MATERIAL MOLECULAR WEIGHT ‘f:smrcmonmlc
AMOUNTS (q)

2Baco, 394.70 66.36

Tio, 79.90 13.44

2510, 120.172 20.20

Ba,TiSi,04 ' 506.752 100.00

- 110 -
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TABLE 6

-

Operating Parameters and Window Settings for EDS Analysis

Accelerating Voltage ‘ 15 KV

Emission Current ) 100 pA

Counting Time 30 seconds
Magnification . 2,000 X

Standards Used BaTiO3 ; silica gel

Windows: (KEV)

I Si 1.52 - 1.82
I1 BKg: _ 2.00 - 2.30
-II1 BKg _ - 3.50 - 3.80
IV Ti + Ba 4.30 - 4.60
) Ba : 5.00 - 5.30

VI BKg 5.50 - 5.80
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TABLE 7

Calculated wt% and at¥% of B2TS2 Samples

Using Results of EDS Analysis

Si

SAMPLE Ba Ti

wt% at% wt? ats wt% at% | wt% ats
Ceramic Powder|40.83 9.50| 18.42 12.29| 3.73 4.26) 37.01 73.94
Target 1 42 .11 8.97| 10.43 6.37] 2.74  2.85] 44.72 81.80
Target 2 36.63 7.01| 8.25 4.53| 2.91 2.72] 52.21 B85.75

o

Thin Film 38.51 ° 8.61| 13.57 8.70| 11.23 12.27] 36.69 70.42
Ideal 15.38 7.69 13.38 61.54
Composition -)
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TABLE 8

X-Rays Diffraction Peaks of B27S2 Ceramic Targets Fabricated b
(a) %vious Method IFigure 32), (b) Ri?ié Method (Figure 35)

an C tanda 1TTraction (ca nNo. -
PREVIOUS @ VTARGET MooiFIEn(b)TAReET JéPDS (C)STANDARD
26 d 1/1o0 286 ¢ I/1Io 2¢ d I/1o
14.5 6.1 5 14.5 6.07 -5 14.68 6.03 5
16.8 5.28 10 16.8 5.25  -30 16.97 5.22 14
20.6 4.31 5 20.7 4.29  -10 20.79 4.27 8
22.2  4.00 10 22.4 3.97 -20 22.49 3.95 12 -
23.1  3.85% 30 23.2 3.8  -30 23.27 3.82 20
25.8 3.45 1 BS4,BS3
26.7 3.3 60 26.9 3.31 -70 27.00 3.30 45
28.8  3.10 100 28.8 3.10 -100 28.97 3.08 100
29.4  3.04 20 29.5 3.03  -20 29.55 3.02 10
30.2  2.96 3 BS4
31.4  2.85 3 BT3
33.2  2.70 40 33.2 2.71  -50 33.19 2.697 25
34.1  2.63 30 - 34.2 2.62  -40 34.37 2.607 20
37.3  2.41 10 37.4 2.40  -20 37.52 2.395 8
37.8 2.38 3 38.0 2.37 ' -5 38.03 2.364 2
38.7 2.33 1 BT3
30.2° 2.24 7 40.3 2.24  -10 40.55 2.223 6
41.6  2.17 30 41.8 2.16  -40 41.97 2.151 20
422 2.14 1 42.3 2.13 -5 42.34 2.133 4
43.5 '2.08 25 43.7 2.08  -30 43.71 2.069 16
4.9 2.02 20 45.0 2.01  -20 45.09 2.009 10
45.7  1.99 7 45.8 1.981 -15 46.01 1.971 6
47.0  1.93 25 47.1 1.929 -30 47.25 1.922 15
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TABLE 8 (continued).

(a) (b) (¢)

PREVIOUS TARGET MODIFIED  TARGET |  JCPDS STANDARD
20 d /1o 26 d I/lo| 28 d /1o |
47.4  1.92 7 | 47.6 1.310 -10 47.65 1.907 6
48.2  1.89 35 48.4 1.88  -50 48.54 1.874 20
51.9  1.79 3 52.1 1.76 = 7 52.16 1.752 2
52.1 1.76 5 52.4 1.75 5 52.62 1.738 3
55.2  1.66- 3 54.8 1.68 -4 55.01 1.668 1
55.8  1.65 1 55.5 1.656 -3 55.66 1.650 2
56.3 1.63 10 '56.6 1.62 20 56.78 1.620 -9
57.21 1.609 5
57.7 1.60 20 57.8 1.60 30 57.90 1.5913 11
58.0 1.59 30 58.34 1.5804 11
59.6 1.55 3 60.0 +1.54 5 60.08 1.5387 2
60.7 1.53 7 61.1 1.52 10 61.10 1.5154
61.46 1.5074 5
63.1 1.47 5 63.6 1.47 5 63.57 1.4624 3
65.2 1.43 5 BS4,BS3
65.4 1.43 5 65.6 1.43 5 65.61 1.4218 3
66.0 1.42 5 66.3 1.41 5 66.33 1.4081 3
66.5 1.41 _ 66.66 1.4019 2
68.0 1.38 3 68.3 1.37 3 68.32 1.3718 2
68.9 1.36 3 69.3 1.36 3 69.37 1.3546 2
70.2  1.34 7 70.6 1.33 10 70.75 1.3305 5
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TABLE 9

Composition of Fabricated Materials used for Phase Analysis

From Energy Dispersive X-Ray Analyses

SAMPLE Ba:Ti:Si, ' Composition
Ratios (at .3)
Ba Ti Si
Experimental 372 262 38+2
A 2:1:2 - : -
Theoretical 40.0 - 20.0 40.0
Experimental 341 34+ 321
B 1:1:1 .
— Theoretical 33.33 33.33 33.33
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TABLE 10

Operating Conditions Applied for R_F. Triode Sputtering

- Deposition of B2TS2 Thin Films

R.F. Power Incident
Reflected
Plasma Current

Plasma Voltage

Electron Emitter Current
Sputtering Gas
Sputtering Gas Pressure
Target - Substrate Distance
Target Diameter
Sybstrate Temperature
Sputtering Time

Substate Materiaf

50 W
~1.0W
~2.0 A
~42.0 ¥

22 28 A

Argon
~r 240 mTorr

< ~ 72 mm
~ 22.5m

650° - 800°C

6 - 24 hrs.

(100) si
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o (c)

Figure 1: Types of acoustic waves which travel through s»lide
include: a) Longitudinal waves, b) Transverse waves,
and c) Rayleigh waves [56,57].
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Figure 2: Electromechanical coupling factor, 2Avlv, vs., temperature

coefficient of delay, TCD, for sets of SAW propagation
planes and directions in piezoelectric single crystals [47].
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Columnar

Figpure 3: Schematic illustration of a c-axis columnar
oriented thin film structure.
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Flipure 4;: Crxstalline structure of Ba

on the X-Y plane [36].
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Figure 5t Crystalline structure of Ba2T181208 projected
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Figure 6: Schematic diagram of sputtering system.



Incident
-Ton 17
Inelastic Effects
. . y o
Elastic Effects 4 Optical
Backscattered  Sputtered Photons X -rays
Incident lons Atoms hv hv
- Q - - [»] -
Il M*M"M Secondary -
Electrons
-

Figure 7: Schematic diagram of ion-surface interactions.
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_ Figure 9 b): Overall view of the r.f. triode
sputter deposition unit.



Fhure 10: Tantalum wire heater used to heat substrate.
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Figure 11t Differential Thermal Analyzer.
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Figl.{re 12: Schematic diagram of x-ray diff]:action process.



Figure 13:

X-ray diffractometer.

S5

~/



oA

\-\\ ) Figure 14: Schematic designation of a stereo
\ pf‘ojecr.i.on figure..



Figure 15t Multiple beam interferometer used to
measure thin film thickness.
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Figure 20:

Scanning electron microscope.




Fipure 21:

a substance.

b . .
\ ;(
\
\ s
! 4
v /
1. /
‘\ P - P
vo .:\ 4 e
———>—{--> Sample - Vo
L}
’/' 1y
1 0N
L eTEN T
e N
- i N
P '
T \
[ Y
] X
!
4
Voo (V=0 ). (Vo + 1)
P

Effect of light passing throurh

¥



L) ‘ ve 3
. T2
FiRST v=1
E!.E:TROMC -0
XTED ( TRt —"
STarE -
" STOKE —STOKES
mmr? Aml{nmu
| | FLUCRISZEw =S
r\ r : r\ r : SPECTAUM
_ M ' l
] Ve Ay m D
MVAAAAAL A A, - -
ExgrTaron AL o by
JWUUWNM A WA
va-rm-pa.n Fooa ™
- oo e HANARAAA - e
PRES
3
) vl
4 : 4 rm2
req
(== i —L—v=0
ELECTRONIC GROUND STaTE VBRATIONAL
CUANTUM NUMBER

Figure 22: Energy level diagram showing resonant
absorption, nonresonant absorption and

fluorescence processes.

-



1 aLfe
av

.

PO~
LT W

AUTONATE Wavivuwi(® Divl

S




-~
= &
. 1 ’
i
. / )
' S
r ¢
Pigureizrx Ball mill and mortar and -pestle used <

for mixing and crushipg.



G

\Figure 251
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High temperature furnace used to calcinate
and sinter ceramic. '
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. Figure 263

Top view of target area with tarpet in position.
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Figure 271 Sintered B2TS2 targets prepared by previous method( ]
—  (left) antt modified method (right).
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(a)

R

(b

Figure 29: Scanni;g electron micrographs of B2T$2 ceramics-
target a) disc surface (550X) and b) fracture
surface (3000X) fabricated from previous method.



180 um

(a)

(b)

Figure 30: SEM of modified ceramic target a) disc surface (550X)
and b) fracture surface (3000X) fabricated from the
previous method.

-
*



Eigure 31:

(a) -

H%= (RAED wE

EDS analysis of a) B2TS2 ceramic tarfet fabricated
by previous method [S50] b) B2IS2 ceramic tarpet
fabricated by modified method ¢) Si0, standard

d) BaT103 standard e) Tioz standard gnd £) Baco3
standard.
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Figure 36: Unit cell match-up of $i (x) and B2TS2 (o)

in the «{001) plane.
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Figure 38:

k]
Optical microgrng;\:f BZTSZothin film

deposited on (100)Si at 650 C (400X),
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Figure ﬁ Opfical microsrapg of B2TS2 thin fi.1m deposited
on (100)Si at 200 C for 24 hours_(400X). "
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PO < %,
* . q ! 3 - -
Figure 41: Optical microgbapg of B2T52 thin film deposited
__) on (100)si at 800 C for 5 hours (400X).
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Invefse pole figures of:
a) B2TS2 JCPDS standard (card no.

P

(a)

22-?53) and

B2TS2 thin films deposited on (100)Si at:

b) 700°C for & hours
c) 725°C for 7 hours~
d) 759°C for 7 hours
e) 775°C for 8 hours
£) B800C for S hours
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Firure 44: Optical micrograph of B2TS2 thin film deposited

on (100)Si at 675°C for 6 hours (400X).
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Figure 45: Optical micrograplg of B2TS2 thin film deposited
on (100)Si at 700 C for 6 hours (400X).
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Fipure 46: Optical micrograpg of B2TS2 thin film deposited
on (100)Si at 725°C for 7 hours (400X).
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~ Figure 471

Optical micrograpg of B2TS2 thin film deposited
on (100)Si at 750 C for 7 hours (400X).



Figure 48: Optical micrograpg of B2TS2 thin film deposited
on (100)Si ar 775°C for 8 hours (400X).



*sanol} g 10) I 004 I® .
16(001) o porysodap wry) uiyl ZsLza jo uraifed qux gy JInNTL

Y




d

o

Figure 50: Optical micrograpg of B2TS2 thin film deposited
on (100)Si a2t 700°C for 8 hours (400X).

[

LY



. ssanoy g1 10
15(001) uo paitsodop wrt) uiud Z5LId jo u

\

mwﬂ:.:w& Y S RIS

3,62 1®

4

3=

1



Figure 52: Optical micrograplg of B2TS2 thin film deposited
on (100)Si at 725°C for ‘13 hours (400X).
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Figure 55: Optical microgra'pg of B2TS2 thin film dgposited
on (100)Si at 725°C for 3.5 hours (400X).
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Figure 56: Optical micrograpg of B2TS2 thin film deposited
- on (100)Si at 725°C for 5.5 hours (400X).
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Figure 59: Optical micrograpgs of B2TS2 thin film depgsited
on (100)Si a) 725 C for &4 hours and b) 700 °C for
6 hours (400X).
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Figure 6l: Optical micrograpg of B2TS2 thin film degosited
on (100)Si at 725 C for 4 hours plus 675 C for
6 hours (400X).
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Figure 62t EDS analysis of B2TS2 thin films.
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Figure 64: Phase equilibrium diagram for the BaT103 - Si02 system [66]
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Figure 65: X-ray diffraction® patterns, when CuKx radiation is used, of
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Figure 66: X-ray diffraction patterns, when CuKg radiation was used, of
the mixture of fine powders of BaCO,, TiO., and S5i0, with

Ba:Ti:Si ratios of 1l:1l:1 which were heatea at the ifdicated
temperatures.
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Figure 67 Gibbs triangle for the Ba0 - Ti0, - Si0, system with major compound
phases. Triangles indicate poss?ble phgse relations of composition
"BaTi_SiOs" at 1250°C
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