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ABSTRACT

Recent thin film growth technology enables one to make
novel thin film materials such as diamonds and/or high-Tc
superconductors. Man-made superlattice such as ferroelec-
tric and/or magnetic materials have been provided by a
conventional sputtering system. The thin film processing
will save manufacturing energy and materials consumption.
At present the thin film technology is considered as a key
technology for an environment benign industrial technol-

ogy.
1. INTRODUCTION

Thin films are fabricaed by the deposition of individual
atoms on a subgtrate. Their thicknesses are typicdly less
than several microns. Historicdly Bunsen and Grove first
obtained thin metal filmsin avaauum system in 1852.

Thin films are now widely used for making electronic de-
vices, opticd coatings, and decorative parts. Thin films are
also necessry for the development of novel electronic
/photonic devices for current information systems, as well
as such aress as hard coatings and wea resistant films. By
variations in the deposition process, as well as modifica-
tions of the film properties during deposition, a range of
exotic properties can be obtained which are not possible
with bulk materials.

Thin film materials and devices are dso available for mini-
mization of toxic materials since the quantity of the toxic
materials used islimited only to the surface and/or thin film
layer. It isalso noted that the thin film processing saves the
energy consumption in production. The thin film process-
ing is now considered as environment benign materials
technology for next century [1].

Thin film materials and deposition processes have been
reviewed in several publicaions [2]. Among the ealier
publications, the “Handbook of Thin Film Technology”,
edited by Maissd and Glang, is notable although 30 years
have passed since the book was published and many new
and exciting devel opments have occurred in the intervening
years.

This paper will describe afeaure of the thin film materials
and review a current reseach on the thin films of ferroelec-
tric perovskite ceramics.

2. THIN FILM MATERIALS AND DEVICES
2.1 Thin film materids

Thin film materials will exhibit the following special fea-
tures:

1. Unique material properties resulting from the aomic
growth process.

2. Size effects, including quantum size effects charaderized
by the thickness, crysaline orientation, and multilayer

aspects.

Bulk materials are usually sintered from powders of source
materials. The particle size of these powders is of the order
1um in diameter. Thin films are synthesized from atoms or
a dusgter of atoms. These ultrafine particles are quenched on
substrates during film growth, and this non-eguilibrium
aspect can lead to the formation of exotic materials. A vari-
ety of abnormal crystal phases have been reported in thin
films. A typical example is the tetragonal Ta reported by
Read [3]. An amorphous phase @an also be observed in thin
films, which is not charaderistic of the bulk material. Other
structures found in the growth of thin films are an island
structure of ultra-thin layers or afiber structure.

Recent progress in thin film growth technology enables one
to make nove thin film materials including damonds.
Natural diamonds grow from carbon in the mantle under
the land at depths of 200-300 km, where the growth condi-
tions of diamonds, i.e. high pressure (50kbar) and high
temperature (2000°C), are satisfied. Several attempts have
been made to synthesize diamonds under high pressure and
high temperature mndition. Deposition of energetic carbon
atoms shows the possihility of growth of diamonds at room
temperature. Aisenberg and Chabot tried to deposited thin
films of diamonds at room temperature by deposition of
energetic cabon ions using ion beam deposition [4]. This
kind of thin film iscdled damond-like carbon (DLC).
Diamond crygallites of cubic structure were deposited at
room temperature by ion beam sputtering [5]. The ion beam
sputter system is shown in Fig.1(a). The graphite disk tar-
get (purity 5N, 100mm in diameter) was bonded to the
water-coded holder. The Ar ion beam will sputter the car-
bon target. The Ar ion beam with hydrogen ions smultane-
oudy bombarded the surface of the sputtered thin films ©
as to enhance the growth of diamond phase and reduce the
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graphite phase. It was found that several diamond crystal-
lites grew on the DLC films as shown in Fig.1.(b). The
crygallites exhibited the well-defined morphology of cubic
diamond and their lattice @mnstant coincides with that of
natural diamonds. It is also interested that the incident
angle of the hydrogen ions changes the aystal structure of
diamonds. Decrease of the incident angle has enhanced the
hexagonal diamond as $own in Fig.(c). The high energetic
sputtered carbon atoms will provide the high temperature
and high pressure on the growing surface of the carbon thin
films. The hydrogen ions will remove the graphite phase
during the film growth and stahilize the diamond phase
similar to the growth mechanism of diamond for the CVD
[e].

The ion beam sputtering system is also useful to deposit
SizNg4 thin films at room temperature. For the deposition of
the SizN,4 thin films S target was sputtered urder the irra
diation of nitrogen ions [7]. The physical properties of the
ion beam sputtered SizN, thin films are smilar to those of
the high temperature CVD [§]

The rapid progress has been seen in the deposition technol-
ogy of high-Tc superconductors of layered perovskite dis-
covered by Bednorz and Mdller [9]. Thin films of high
temperature superconductors are indispensable not only for
making thin film superconducting devices but also for
studying fundamenta aspects of these new superconductors
[10]. The current progress in the thin film research is much
indebted to the atomic observation technology including the
scanning tunneing microscope (STM) developed by Binnig
and Rohrer [11].

One must also consider that due to abnormal structure ac-
companied by size dfect [12] and/or tunnding effect [13],
thin films may show different featuresin terms of mechani-
cd drength, carrier transportation, superconductivity,
ferroelectricity, magnetic properties, and opticd properties.
For instance, thin films may be daracterized by a strong
internal stress of 10°-10"dynes/cm? and a number of lattice
defects. The density of the lattice defects can be more than
10" disocaions'cm?®. These lattice defects have the effect
of increasing the elagtic strength. The strengths obtained in
thin films can be up to 200 times as large as those found in
corresponding buk material. The stress arises from the
mismatch in the lattice parameter and the thermal expan-
sion coefficient between the thin films and the substrates.
The @mmpressve stress eevates the Curie temperature of
ferroglectric thin films of perovskite structure [14,15]. The
super lattice of the ferroelectric thin films dows a giant
permittivity [16] and a pseudo-pyroelectric effects[17]. The
stress changes the aiticd temperature of superconducting
films. The tensle stress increases the aiticd temperature
for metal superconducting films [18]. The @mpressive
stress increases the aiticd temperature for the high-Tc

superconductors [19]. Table 1 shows the summary of the
interesting phenomena expected in the thin films.
2.2 Thin film devices

Since the latter part of the 1950's thin films have been
extensvely studied in relation to their applicaions for mak-
ing electronic devices. In the erly 1960's Weimer proposed
thin film transistors (TFT) composed of CdS semiconduct-
ing films. He succeeded in making a 256-stage thin-film
transistor decoder, driven by two 16-stage shift resistors, for
tdevison scanning, and associated photoconductors, ca
pacitors, and resistors [20]. Although these thin film de-
vices were mnsidered as the best devdopment of both the
science and technology of thin films for an integrated mi-
croeectronic drcuit, the poor stability observed in TFT's
was an impediment to practical use. In the 1960’s thin film
devices for practical use were limited to passive devices
such as thin film resistors and capacitors. However, several
novel thin film devices were proposed, including man-made
superlattices [21], thin film surface acmustic wave (SAW)
devices [22], and thin fil m integrated optics [23].

In the 1970’'s a wide variety of thin film devices were de-
veloped. Of these, one of the most interesting areas is a thin
film amorphous silicon (a-Si) technology propacsed by Spea
[24]. This technology achieved low temperature dogng of
impurities into &S devices and suggested the possibility of
making a-Si adive devices such as a-S TFT and a-S solar
cells[25-26]. In the 1980’ s rapid progress was made in a-Si
technol ogy.

Amorphous Si solar cells have been produced for an eec-
tronic calculator although the energy conversion efficiency
is5to 7% andislower than that of crystalline S solar cdls.
In the middle of the 1980’s high quality aSi technology has
led to the production of aliquid crystal television with aSi
TFT.

Due to the improvement of a-Si thin film, the energy con-
version efficiency of the aS solar cels has been improved
[27] and the dficiency is as high as 12 % [28]. The a-Si/
poy-Si stacked cell shows the efficiency of 21 to 23 % [29],
which is the same order in magnitude to the dficiency of
single aystal S solar cells. The processng temperature is
as low as 300°C for the &S thin film solar cells. The thin
film technology for the high efficiency a-S solar cels with
small processing energy will be a key technology for the
prodiction of the clean energy, since the single aystal bulk
S solar cells consume much energy for the production of
the solar cells.

Other interesting thin film devices recently produced are
ZnO thin film SAW filters for a color television [30]. The
SAW devices act as a solid state band pess filter, which
cannot be replaced hy a Si-integrated circuit, and are @om-
posed o alayered structure of ZnO thin piezoelectric film
on aglass sibstrate.
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Table 1- Interesting phenomena expeded in thin film materials (F = film, B = bulk)

SIZE EFFECT [12]

(y=tl <<1

t:film thickness

I:mean free path of electrons)

Increase of resitivity, p, in metal,
pe/ps O(4/3) (yIn(1/ ) ™
Reduced TCR, a, in metal,
ag/ag O(In(Yy) ™
Reduced mohility, W, in metal,
He/ps O(IN(V/ )
Anomalous skin effect at high frequenciesin metal,
Reduced thermal conductivity, K, in metal,
Ke/Kg O(3/4)(In(L v))
Enhanced thermoelectric power, S, in metal,
SH/S O1+(2/3)[(Iny - 1.42)/(Iny - 0.42)]))
Reduced mobility in semiconductor,
He/ps O(1+1/y) ™
Quantum size dfects in semiconductors and semimetal, at t < 1, de Broglie
wavelength: thickness-dependent oscill atory variation of resitivity, Hall coeffi-
cient, Hall mobility and magnetoresistance.
Galvanomagnetic surface dfects on Hall effect and magnetoresistance due to
surface scatering.

FIELD EFFECTS

Conductance dange in semiconductor surface by means of dectric field, Insu-
lated-gate thin transistor (TFT).

SPACE CHARGE

LIMITED CURRENT
(SCLC)

SCLC through insulator, J.
F108 pEVAE (Alem?)
(one-carier trap-free SCLS)
Mg, drift mobility of charge carriers, E, didectric constant, V, applied voltage

TUNNELING
EFFECTS

Tunne current through thin insulating films, voltage-controll ed
Negative resistancein tunnd diode.
Tunnd emission from metal, hot eectron triode of metal-base transistor
Electroluminescence, photoemission of electrons.
Tunne spedroscopy,
Spin-dependent tunneling magnetoresistance (TMR) effects, [13]
TMR = 2P,P,/(1-P;P,), P;, P>: spin polarization
- - -Tunnd current between idand structure in ultra thin films

FERROELECTRICITY

Increase of Curietemperature T, by film stress.[10] [11]
AT = 250C(Q11 + 2Q12)0 (cubic-tetragonal)
C : Curie Congtant
Q : cubic dectrostrictive mnstants
o: hydrogtatic stress
Thickness dependence of didectric constant.
Crystalline size dfects.
Giant permittivity. [16]
Charge pumping, pseudopyroe ectric effects. [17]

SUPERCONDUCTIVITY

Superconductivity-enhancement:
Increase of critical temperature, T,
In metal with decreasing thickness, t, AT, = A/t-B/t?
and/or crystallite size.
Stress effects:
tensile stressincreases T,
compressive stress decreases T.in metal. [18]

3
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compressive stress along ¢ axis decreases T,
compressive stressin a-b planeincreases T.in high- T cuprates.[19]
Proximity effectsin superimposed films:
decrease of T, in metal caused by contact of normal metal.
SUPERCONDUCTIVITY Reduced transition temperature, T
(continued) (TJTo)? = 1-1/(0.2+0.84), o B
ts ratio o thickness of superconducting films and a critical
thickness
bel ow which no superconductivity is observed for a constant
thickness of normal metal films.
Increase of critical magnetic fields, Hc,
at paralle fidd,
HCF/HCB~ 24 )\/t,
A, penetration depth, dueto G-L theory,
a transversefield,
Hee/Hes = 2K,
K, Ginzburg-Landau parameter.
Reduced criticd current, J,,
Jer/deg tanh(t/2 A ).
Supercurrent tunneli ng through thin barrier.
Josephson junction, and tunnd spectroscopy.
Intrinsic. Josephson junctionsin high-T, cuprates.
(Jes, critica current of bulk; Joe , criticd current of thin films)

Increase in magnetic anisotropy. The anisotropies originate in a shape anisot-
ropy, magnetocrystalline anisotropy, strain-magnetostriction anisotropy, uniax-
ial shape-anisotropy. Magnetic free energy (E) is expressed as
E=Ku sin®> ¢- MH
KW : magnetic anisotropy constant
M : magnetization
H : magnetic field
@. angle between M and easy axis.
Increase in magnetization and permedbility in amorphous dructrure, and/or
layered structure.
Giant magnetoresistance (GMR) effectsin multilayers. [34,35]
MR = (par - Pr)/ Pe
Par: antiparall € resistivity
pr: pardld resstivity
GMR multilayer on V-groove substrate. [36]
Ocap = Ocp COSs2 0 + O-Cpps- n20
Ocap. conductivity for current at an angle to plane
Ocip. conductivity for current in plane
Ocpe. conductivity for current perpendicular to plane
0 : angle of V-groove
Exchange oupling at the interface between ferromagnetic (FM) and antiferro-
magnetic (AF) layers.
. increase of coercivefidd (Hc)
. shift of M-H curve (exchange hias)

MAGNETICS
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Table 2 — Ferroelectric materials

Function Devices, Materias Miscell aneous
Ferrodectricity FEDRAN*: PZT, PLZT Nonvolatile
FESRAM*: BPZT, SBT high Ps, Pr
FEMFET*: BMF PZT > 20u C/om?
high permitivity Capacitor for: SBT, ST, PZT, high permitivity
High count DRAM PLT PZT: 500 — 200

pyroelectricity IR detector: PL, PLT sensitive/low noise
PLT:p = 5.5x10" C/m?K
piezod ectricity BAW/SAW: ZnO, ALN high coupling for SAW
filter: PZT, PLT ZnO/sapphire: k* = 5%

resonator high temp. Stability
oscill ator ZnOl/glass TCD =0
delay line

eectrostriction acduator: PLT, PZT high sensitive

MEMS: ZnO

aousto-optics

integrated ogtics: ZnO, LN
channel switch: PLT
moduator: PLZT

low working voltage
high speed operation

electro-optics

integrated ogtics: LT, LN
coupler: BTO
channel switch: PLT
moduator: PLZT
opticd shutter
EQO disk memory

Pockd s effect (linear EO)
LN, LT, BTO, PLZT
Kerr effect (quadratic EO)
PLT, PLZT,

R = 1x10m?n? (t328A)

BPZT: BaTiO,-PbZrO,, SBT: SrBi,1a,0, BST:(Ba,SNTIO, BTO, Bi,T,O,, LN:LINbO,, LT:LiTaO,, BMF:BaMgF,

Table 3 - Deposition processes for ferroeledric materials.

Clasdfication Depasition system Source materias Film structure
Vapor phase depasition
PVD Thermal evaporation individual metals uniaxial crystal by
EB individual oxides epitaxia growth
crucible multi-source (pdy/single)
MBE tailoring FE by
Laser ablation FE compounds layer-by-layer dep.
individual oxides in gtu pdling
multi-target
Sputtering FE compounds
individual metals
individual oxides
multi-target
CVvD Low pressure CVD individual halide uniaxial crystal by

MOCVD metal organic gas epitaxia growth
Plasma assisted (pdy/single)
MOCVD in stu pding
Chemicd solvent depasition
MOD individual multiaxial
metal organic gés (pdycrystal)

Sol-gel deposition

ex stu pding (porous)
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Table4 - Materia s technology for better global

enviroment (* nea term, ** medium/long term)

Materia s technology

|App|icaion

[monitoring/contral]

* sensor/acuator
(integrated smart sensor)

environment pallution monitoring

satdlite ozone layer observing pollution control (in-
dustry, cities, automabile)

[saving

energy]

*high temperature ceramics

high temperature gas turbine ceramic engine

** guperconductors

energy storage, power cable, generator, motor
information/communicaion device and system

* intelligent structura ceramics
(functional glass hed insulator selective @ating)

ecological housing
super insulated housing

* intelligent structura ceramics
(thin film, nanometer composite)

information/communicaion device and system
sensor/acduator/robot

* advanced materials processing (microwave sinter-
ing, sol-gel processing, atomic level deposition, bio-
chemicd processing)

reduction of manufacturing energy

[new energy]

** photovoltaic cells
(thin-film, nanometer composite)

dry and wet solar battery

** oolid electrolyte
(thin film, thick film)

high temperature fuel cells

** photo catalyst
(thin film, powder)

hydrogen production from water

** hydrogen storage

hydrogen energy source

[environment]

(waste management/recycli ng)

* photo caalyst

Decompasition/purification of pdluted water

* glass ceramics

Ratio active waste storage

** DOrous ceramics

forestation of desert man-made wral reef (increasing
CO?sink)

** ceramics membrane

gas Eparation purification of poll uted water

** environmental catalyst, high
temperature atalyst, photo
caayst, honeycomb substrate

Reduction of environmental pollution NOy, SOy ,
cabon diesd trap, gas turbine, catalytic combustion,
membrane reactor, reuse/recycle of CO,

** compaosite structural ceramics

Recydling structure/building
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Figure 1 - Room temperature growth of diamond by ion beam sputtering:
(a) lon beam sputtering system; (b), () TEM and EDA patterns, (b) cubic diamonds,

(b) hexagonal diamonds.
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The high quality growth techniques available for ZnO thin
films have made possible the large scale production of these
devices. This type of thin film device is used in a higher
frequency region of GHz band for CATV, satellite TV, and
personal telephone.

Silicon Carbide (SIC) thin film high temperature sensors
[31] are ancther attradive thin film device produced in the
1980's. They suggest the possibility of high accuracy, low
temperature synthesis of high mdting point materials by
thin film growth processes. The SiC thin film devices are
now developed as a high power semiconducting integrated
circuit and/or radiation resistance semiconducting devices.
The nano-meter multi-layered structure provided by -

doping process realized the high mobility SIC MOS devices.

The SIC MOS devices have a high potential of the saving
energy at the mnsumer electronics system [32].

Magnetic heads having a narrow magnetic gap for video
tape recording systems and for computer disk applicaions
are produced by thin film processing. In the production of
the magnetic gap, a non-magnetic spacer has been formed
from glass material. Prior to the use of thin film technol ogy,
the spacer manufacturing process was quite omplex.

For instance, magnetic head core materia is first immersed
in a mixed solution of finely crushed gass, then taken out
and subjected to centrifugation so that a homogeneous glass
layer is deposited on the opposing gap surfaces of the wre
members.

After forming a glass film on the core surfaces by firing the
depaosited gass layer, the two oposing gap faces are butted
againg ead other with the glasslayer sandwiched in be-
tween and then fused together by a heat treament to form
the desired operative gap. Since the width of the magnetic
gap is around Q3um, these methods are difficult to use in
production because of the difficulty in controlling the film
thickness of the fired gass.

Thin film deposition technology overcomes these problems
and realizes the production of the magnetic head with the
narrow gap length of 0.3um [33]. The narrow gap forming
technology is based on the thin film deposition process
atomic scde.

The thin film technology with the precise deposition devel -
ops the layered new materials including giant magneto-
resistance (GMR) magnetic materials [34-35]. The spin-
dependent tunneling magnetoresistance (TMR) effeds will
provide a high density memory disk of up to 200 Ghit/inch?
[23].

At present various kinds of thin film materials are used for
the production of the dectronic devices including hHgh
precision resstors, SAW filters, opticd disks, magnetic
tapes, magnetic disks, sensors, and active matrix for liquid
crystal TV. Thin films of the high-Tc super conductors are
used for the fabrication of superconducting danar filters
with Giga band [37].

The integrated acousto-optic and magneto-optic devices
have been further developed for optical information proc-
essing by Tsai [38]. Recent progress of these thin film de-
vices is owed to the developments of Si-Large Scde Inte-
gration (LSI) technology including thin film growth process,
micro-fabrication, and analysis technology of both the sur-
face and interfaces of the thin films. It is noted that the
ferrod ectric dynamic random aess memory (FEDRAM) is
developed and now used in pradice.

The ferrodectric thin films were studied in past for the high
cgpacitive dielectrics and/or pyrodectric sensors [39]. The
development of FEDRAM has owed to the integration of
the LSl technology and the ferroelectric thin film technol-
ogy. The TMR ffect is also now studied for the production
of anovel magnetic random access memory (MDRAM).
The FEDRAM and the MDRAM technology will be a key
LSl technology for the next generation [40].

PbZro, ’ MOLE % PbZr0,
100 "90 80 70 60 50 40 36 20 10

T T 13

ATOM % La

20 20

30 30

Figure 2 - Phase diagram of PLZT (G.H. Haetling and C.
E. Land, 1971).

3. FERROELECTRIC THIN FILMS

The perovskite thin films comprise mmplex chemical com-
paositions. The ferroelectric property will be danged by the
chemicd compasition and/or the microstructure of the thin
films. Structural control of the ferrodectric thin films is
important not only for the fabrication of layered perovskite
eectronic and/or photonic devices but aso for the under-
standing of their physical and/or chemicd property.
Sputtered ferroelectric thin films of the perovskite structure
are pointed out as an example of the mmpound thin films.
Influence sputtering parameters on the structure and the
ferroelectric properties are discussed in detail .

3.1 Ferrodectric materials
Historically ferroelectric materials were discovered in a

form of buk sngle aystals of Rochell salt in 1920. Since
then, numbers of ferrodectric materials including
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NH4H,PO, (ADP), KH,PO, (KDP), LiNbO; (LN), LiTaO;
(LT), BaTiOs (BT), PbTiO; (PT), Po(Zr,Ti)Os (PZT), and
(Pb, La)(Zr,Ti)Os (PLZT) were deveoped in a form of bulk
single aystal and/or bulk polycrystalline ceramics. Among
these ferrodectric materials, the perovskite (ABO3) with
oxygen octahedral structures is widely used for the produc-
tion of eectronics components and/or microtransducers.
Figure 2 shows a typicd phase diagram of buk PLZT [41].
The PLZT ceramics were originally developed as transpar-
ent ceramics for the opticd use. It is interesting that the
varieties of physicd properties are obtained for the change
of the chemicd composition.

Ferrodectric thin films of perovskite structures are first
depaosited by the therma evaporation of BT in the 1950's
after the discovery of the BT single aysta [42]. In the
1960’s the sputtering processis applied for the deposition
of the perovskite materials. The PT thin films were depos-
ited by the sputtering [43]. However, their structure and
ferroglectric property were not wel charaderized. The
detailed studies of the ferroelectric thin films have started
in the 1980's.

The ferrodectric materials and the depaosition processes are
shown in Tab. 2 and Tab.3, respectively [44]. The single
cryga thin films of perovskite compound will be obtained
by the hetero-epitaxial growth on asingle crystal substrate.
Most of the experiments were done for the film thicknessof
100 nm to several em. The film thickness of lessthan 100
nm is essential not only for the understanding of ferroelec-
tricity but also for the applicaion of the ferroelectric thin
films such as Gb FEDRAM. The structure and the ferro-
dectricity change with the film thickness. The perovskite
thin films mostly exhibited the poor crystallinity and/or the
decrease of the didectric constant when the film thickness
was less than 100 nm. Experiment results showed that the
epitaxial thin films often include dislocations or other crys-
tal defects. It is experimentaly confirmed that the thin
films of perovskite materials such as PLZT include micro-
structures, even if the thin films $ow 3-dimensional epi-
taxy [45].
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Figure 2 - Lattice deformation of heteroepitaxial thin films,

It is known that the microstructure of the perovskite thin
filmsis governed by theinitial stage of the film growth [46].

The woling condition after the depasition are also impor-
tant for the deposition of the ferrodectric thin films with
controlled crystal structure [47]. Recent technological pro-
gress in the deposition of the perovskite materials has real-
ized the depasition with controlled crystal structure [48].
The man-made ferroelectric thin films including the super
lattice of layered perovskite are also provided by the sput-
tering [49]. The man-made ferroelectric materials will be
essential for the novel materials design.

3.2 Microstructure of heteroepitaxia thin films

A typicd structure of the hetero-epitaxial thin film repre-
sented by the schematic cross section is shown in Fig.3. The
hetero-epitaxial thin film is either unstrained or strained.
The ungtrained structure includes misfit dislocation at the
interface between the substrates and the thin films. The
strained system is called pseudomor phic and/or commensu-
rate. Due to the angtraint on the in-plane lattice constant,
the unit cdl will distort as all owed by Poisson’ s ratio for an
epitaxial layer. If the lattice mngtant of the thin films is
longer than that of the substrate, the films are tetragonally
distorted due to the mmpressive stress in the plane. If the
lattice mnstant of the films is smaller than that of the sub-
strate, the films are stretched in the plane and the height
will decrease.

The film growth processis considered as follows[50]:

(1) The initia layers in the growing film will be
strained dagticdly so that its lattice @mnstant equals
that of the substrates;
(2) After acritical thickness (h;) has been exceeded,
it is energeticdly favorable for part of the strain to be
relaxed by introducing misfit didocations,
(3) For thickness much greater than h., al of the
strain isreaxed via mifit dislocations.
4
If we @nsider the thickness of the epitaxial PLZT thin
filmsis sveral hunded nanometers, the epitaxial films will
include the misfit didocations, since h.<< 100nm.
The aitical thickness h, for a pseudomorphic eitaxy is
derived by considering the fil m thickness dependence of the
strain energy and the didocation energy, by minimizing the
total energy [10Q]. If the dislocaion spadng is greater than
the film thickness h, the extent of r of the strain fidd is
nealy egual to h,
the total energy E is expressed by

Ew =*°Bh + ¢ b(f - #)[In(hVb) + 1]/ 27T (1 - V),

where p ; isthe shea modulus of the filmef is the lattice
midfit, and e is Poisson’s ratios for the film material, and
B=2u¢ (1+ v )/(1- v) . By setting dE:/ d®;; = 0, the
criticd straine; becomes
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* = blin(h/b)+1] / [8+(1+*) h ],
where af and as denote the lattice mnstant of the thin films
and the substrates, respectively and b is Burgers vector of
the substrates. The largest possible value ofe|}*  is the mis-
fit f (=(af —as)/ as).
Takinge|[F =f, weobtain the critical thicknesshc

he= b{In(hc /b)+1] / [8e(1+9) f ].

<if20>

(1y1)pLzy

f sapphire

|

Crystal orientation of the epitaxial (111) PLZT film on (0001) sapphire.

Figure 3 - Figure 4. RHEED patterns of the sputtered
PLZT(20/0/100) thin films of 400nm thick Epitaxialy
grown on (0001)sapphire at 600aC.

We mnsider that the epitaxia films will include the elge-
type mifit dislocation perpendicularly to the film plane and
the Burgers vector b is paralld to the interface.

When the Burgers vector b is not paralld to the interface
and the angle between the direction of the dip dslocation
and the interface and/or the film plane ise, the aiticd
thicknessis expressed by

he= b{In(hc /b)+1] / [8%(1+9) f cose ] .

For the perovskite materials Burgers vector <010> and
<110>/2 are often observed. In the a@se of
(00PT/(100)ST, f =(3.91-3.905)/3.905=0.0012 and v
=0.2: Taking *=0, b=a for <010> direction, hc becomes
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65 nm; for <110>/2 drection,*=0, b=a/21/2, hc becomes
45 nm. Inthe @se of (111)PT/(0001)sapphire, f = (2.84-
2.75)/2.75=0.03 and®=0.16; Taking *=0, b=a/21/2 for
<110>/2 drection, hc becomes 0.5 nm; for <010> direction
o= 350. Taking *= 350, b=a, hc becomes 1nm.

This estimation describes that the large misfit will give the
small criticd thickness hc. The PT thin films epitaxialy
grown on (0001)sapphire substrates usually include didoca
tions.

Typical microstructure of the hetero-epitaxia thin films is
as follows. The sample is the PLZT (20/0/100) hetero-
epitaxia thin films on (0001) sapphire. The film thickness
is 400nm. In the gpitaxia conditions the PLZT (20/0/100)
thin films are deposited from the PLT(28/0/100)) target.
Figure 4 shows the RHEED patterns of the sputtered PLZT
thin films. The RHEED patterns suggest the epitaxial
growth of (111)PLZT thin films on (0001) sapphire as
expected. However, the film shows a grain structure with a
high angle grain-boundary, although the sdected area dif-
fraction (SAD) pattern shows the 3-dimensional epitaxy.
The ech grain shows the same aysta orientation both in
c-axisand in a-b plane.
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Figure 4 - TEM image of the plan-view with SAD pattern
of sputtered PLZT(20/0/100) thin films of 400nm thick
epitaxially grown on (0001)sapphire.
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Figure 5 shows the TEM images of the plan-view. The
micro-crystalites of about 10nm to 100 nm in diameter are
observed. The aystal orientation of each micro-crystaliteis
the same. The micro-crystallites and/or grains develop with
the increase of the film thickness in order to decrease the
strain energy according to the mismatch in the lattice @mn-
stant and the thermal expansion coefficient between the
films and the substrates.

It is also noted that the ferrodectric thin films often show
the multi-domain sructure such as 900 domains. The
growth of 900 domains also reduces the strain in the films.
A theoreticd modd of the domain-pattern formation has
been considered by using linea-elagticity theory and a Lan-
dau-Ginzburg-Demonshire-type phenomenologicd theory
[51].

In the hetero-epitaxial films, the interface layer sometimes
comprises different chemical compasition and/or different
crystal phases. The formation of the interface layer is also
caused by the inter-diffusion between the thin fil ms and the
substrates.

Island structure

{a) Volmer—-Weber mode

contlnuous flim

{bh) Frank—van der Merwe mode

1sland structure
contlnuious film

(c) Stranski-Krastanov mode

Figure5 - Threetypes of crystal growth.
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3.3. Control of structure

The initial stage of the film growth will comprise three
modes as own in Fig.6 : The idand structure and/or the
columnar structure will be grown from the growth modes of
the Vomer-Weber type and/or the Stranski-Krastanov type.
The ntinuous thin films will be grown from the growth
mode of the Frank-van der Merwe type. The areful sdec-
tion of the growth conditi on will provide the perovskite thin
films with controlled microstructure.

3.3.1 buffer layers and graded interface

It is known that the adatoms of compounds will non-
uniformly diffuse on the substrate surface at the initia stage
of film growth. When PZT and/or PLZT thin films are
epitaxially grown on (001) MgO and/or (0001) sapphire
substrates, ZrO, layer will cover the substrate surface. The
ZrO, layer suppresses the epitaxial growth of the perovskite
structure. The deposition of the PT and/or PLT layer as a
buffer layer before the deposition of PZT and/or PLZT da
bili zes the growth of perovskite structure[52].

The other method of the control of the interface is an intro-
duction of graded interface. The graded interfacewill re-
duce the generation of dislocation at the interface and im-
prove the crystal structure of the heteroepitaxial thin films.

(a)

Figure 6 - Surface SEM images of PLZT(9/65/35) thin
films on (0001)sapphire deposited at 600°C by a multi-
target sputtering system: film thickness, 400nm; (a) with-
out buffer layer, (b) with PLT buffer layer of 20nm.

Figure 7(a) shows a typical surface SEM image of PLZT
(9/65/35) thin films epitaxially grown on (0001) sapphire.
The PLZT thin films were directly deposited on the
(0001)sapphire at the epitaxia temperature of 600°C. The
x-ray diffraction analysis suggests that the aystal orienta
tion of the PLZT thin films did not simply obey the ided
epitaxial reation (111)PLZT//(0001)sapphire. The PLZT
thin films dhowed a mixed orientation of (100), (111), and
(001).

Atomic resolution lattice image suggested that the interface
layer will disturb the uniform growth of the (111) PLZT on

12

(0001) sapphire. The interfadal region is composed o
different microstructure; the region comprising ordered
clusters of (111) PLZT crydalites and the region compris-
ing dsordered clusters of (101) and/or (110) PLZT crystal-
lites.

Figure 7 (b) shows the surface SEM images of the PLZT
thin films on (0001) sapphire with the PLT graded buffer
layer. The buffer layer was prepared by a multi-target sput-
tering system. The buffer enhances the aysta growth of the
PLZT thin films. The buffer layer was prepared by the fol-
lowing procedures. At the first stage, PLT thin films of
about 20nm thick were epitaxialy grown on the sapphire.
Then input power levels of four targets, Pb, La, Zr, Ti, were
varied gadudly to introdwce Zr and a graded composition
layer of about 80nm in thickness was fabricaed. Finally,
quaternary oxide of PLZT (9/65/35) of 400nm in thickness
was deposited.

The XRD analysis shows that the PLZT thin films with the
graded buffer layer exhibit a single (111) orientation. The
PLZT thin films exhibit uniform epitaxial growth on the
(0001) sapphire arresponding to the ided epitaxial rela
tionship. The interfaceis coherent [53].
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Figure 7 - XRD patterns of sputtered PT thin films on
(100)MgO substrates depaosited at 6000C by a single target
sputtering system: film thickness, 120nm; (a) rapid cooling,
1000C/1 min, (b) dow coaling, 1000C/20min.

It is noted that the lattice parameters of the sputtered films
without the buffer layer are dose to those of buk materials
as shown in Fig.7. This films without buffer layer include
the dislocated interfacial region and show the strain-relaxed
structure. The buffer layer improves the @herency of the
interface. The individual crystal grains are well oriented in
both the ¢- and the &, b-direction and they are mnnected in
the plane. The graded buffer layer is useful for the reduc-
tion of the interfadal region with dislocaion at the het-
eroepitaxial system. The wmplex microstructure of the
heteroepitaxial growth of the perovskite materials is aso
observed at the high-Tc superconducting thin films [54]. A
suitable design of the graded buffer layer at the heteroepi-
taxial system will redizethe @ntinuouws sngle aystal thin
films of the perovskite materials.

3.3.2 cooling rate

The substrate materials and/or the @oaling rate also govern
the structural properties after the deposition. Kwak and
Erbi [55], Spec and Pompe [56] studied the domain forma-
tion of the epitaxial PT. The eitaxia temperature of the PT
thin films is 600°C, which is higher than the Curie tem-
perature of bulk PT (= 490°C). They sugges that if the c-
lattice parameter of PT is larger than that of substrates, i.e.,
(001) SITiOz c-domain is predominant during the film
growth. The mixed damain structure of ¢/a —domain will be
developed during the moling stage. If the c-lattice is
small er than substrate lattice, i.e. (001) MgO, the a-domain
will be predominant during the film growth. The mixed
domain structure of a/c-domain will be developed during
the @oling stage.

It isnoted that the woling rate affects the domain structure.
Figure 8 shows the XRD patterns of the eitaxial PT thin
films on (001) MgO substrates for different cooling rate
depasited by the sputtering. The high cooling rate increases
the population of c-domain, while the dow cooling rate
increases the population of adomain. The cdomain growth
will be caused by a preferential orientation.

The ® stan of XRD analyss suggested that the rapid cool-
ing provides sngle cdomain (001) PT thin films with in-
plane eitaxy. The aystal lattice arrangement is schemati-
cdly shown in Fig.9. The film surface is snooth. The a
domain growth will be caised by the epitaxial growth. For
the epitaxial (100)PT thin films on (001)MgO, the caxis of
the PT thin filmsis highly expanded due to the large lattice
spacing of the MgO substrates [57].

3.3.3 vicina substrates
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It is known that when the growth of the epitaxial filmsis
governed by the idand gowth, the resultant thin films
show the grain structure. The growth of the epitaxia thin
films on well-oriented and/or nominal single aystal sub-
strates is usualy governed by the idand growth, since the
density of the step on the crystal substrates is too small for
the step-mediated growth and/or the lateral growth.

The vicinal substrates are useful to adieve the lateral
growth of the aystalites. Figure 10(a) shows a typicd
surface of the vicina (001) SrTiO; (ST) substrate. The
surface of the vicinal substrates comprises the @omic step
lines and terrace[58]. Theided step height isa crystal unit
of the substrates. The step height for the ST substrates is
0.39 nm.

MgOo

fo10]
[t10]
[FoT0s_odomain

[100]
fo10]

[100] (1101

PbTiO; a-domain
] [
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Figure 8 - Schematic lattice image of sputtered (001)PT on
(100)MgO deposited at 600°C by a single target sputtering
with arapid cooling; film thickness, 120 nm.

The terrace length d =h/tan® ,where h denotes the step
height, edenctes the miscut angle. On the vicina substrates,
the aysta steps ad as the nucleation center. The lateral
growth is observed on the vicina substrates, if the alatoms
have sufficient surface mobility and dffuse acoss the ter-
rae. The latera growth is cdled a step-flow growth. Fig-
ure 10(b) shows atypical surface AFM image and a cross
sectional TEM image with SAD pattern for PT thin films
on avicinal (001) ST substrate grown through the lateral
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growth. The surface shows the step lines and terrace. The
film shows continuous structure without grain boundaries
[59]. The surface is atomicdly flat. Figure 10(c) shows a
typicd XRD pattern. The interfering signals in the XRD
pattern suggest that the films dow an extremely uniform
structure. The interface of the thin films and the substrates
is coherent without theinterfadal layer.

The surface mohility of adatoms increases with the increase
of the substrate temperature during the film growth. There
is a criticd temperature for the lateral growth for a given
vicinal substrate. Under a given substrate temperature, a
criticd miscut angle is present. Below the critical tempera
ture and/or the aiticd miscut angle, the isand gowth
model governs the film growth [60]. Typicd growth condi-
tions for the lateral growth are shown in Fig.11. The aiti-
cal miscut angleis about 1 degree for PT thin films epitaxi-
aly grown on SrTiO; at 600°C.
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Figure 9 - Structure of the sputtered PT thin films on vici-
nal (001)ST substrates with miscut angle 1.7 degree: (@)
surface model of vicinal (001)ST substrates, (b) cross sec-
tional TEM images, 120 nm thick, (¢) XRD diffraction
patterns, 40 nm thick.

The lateral growth is governed by the diffusion of adatoms
on the terrace; the growth condition is affected by the diffu-
sion-rdated deposition parameters. The oxygen partial
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pressure during the deposition also affect the lateral growth
process, since the increase of the oxygen partial pressure
will decrease the surface mobility of adatoms. It is ex-
perimentaly found that there is a criticd oxygen partial
pressure61].

At the low substrate temperature the films show amorphous
structure. Thereis little surface diffusivity and the adatoms
get trapped into a conglomerate of noncrystal sites. At the
high substrate temperature the adatoms have sufficient
surface mobility to arrange themselves epitaxially on the
crysta substrates. Epitaxia idands are formed. At higher
substrate temperature the crystal growth occurs by the lat-
eral growth of steps. The step-mediated growth is governed
by the nucleaion at the steps and the diffusion of the ada-
toms on the terrace of the substrates. If we mnsider the
surface diffusion coefficient Ds, Ds is expressed by D¢
%lo, where e, isainterstep distance (terrace width) and e
is a charageristic time for the diffuson which is a time
interval for the growth of monolayer and/or the average
time for the nucledion.

. _,—"‘ cut angle
2D-nucleation - \
(island)

growth rate

step—flow
(layer)

growth temp.
Figure 10 - Thin film growth modes on avicinal substrate.

If the growing atoms can reach the step before the average
time for nucledione,, they cannot form a nucleus and the
growth should be in the step flow mode. If they cannot
reach the step beforee,,. , they will form nuclei resulting in
the 2D nucleation. The long length of the terrace will pro-
hibit the step-mediated growth under a given growth tem-
perature. The commercial well-oriented substrates $xow the
largee, , i.e. the miscut angle of + 0.3 degree with ¢, >90
nm. The vicinal substrates reduce thes, which redizes the
step flow growth under a given growth temperature [46].
The epitaxial growth on the vicinal substrates is useful for
the deposition of continuous single crystal films of
perovskite materials. The films show strained deformation
due to the latticeand thermal expanson mismatch.

The PT thin films were grown on the ST substrate at 600°C.
Sincethe growth temperature is higher than Curie tempera
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ture Tc of the PT (Tc=490°C for bulk PT), the PT thin
filmswill show a cubic structure at the growth temperature,
if we consider that the structure of the PT thin films is the
sameto the bulk PT.

At the growth temperature, the lattice parameter of bulk
PT, a, =0.397 nm. The PT thin films will be deformed into
a tetragonal form due to the small lattice of ST substrate
(asr =0.393 nm). The tetragonality of the PT thin films at
the growth temperature c/a; will be c/as =1.03 under the
assumption; a;=asr and c/a=ay’, where ¢; and a denote the
lattice parameter of PT thin films. The tetragonal form will
be quenched during the @oling stage after the depaosition.
During the codling stage, the PT thin films will be further
deformed due to the phase transition from cubic to tetrago-
nal below the Curie temperature of 490°C resulting in the
large tetragonality c/a=1.06 to 1.1 at a room temperature
[62].

Figure 11 - Figue 12. Cross-sectiona TEM image of PT
thin films on vicinal (001)ST substrate: PT, 130 nm in film
thickness; ST, miscut angle 10 degrees.

Figure 12 shows the aoss sctional TEM image of sput-
tered PT thin films on vicinal (001) ST substrate at the
miscut angle of 10 degrees. It is seen the steps at the inter-
face and/or the surface of the ST. The caxis of the PT thin
films is dightly tilted toward the direction of the substrate
terrace normal. This indicates the presence of the twins at
the step region [63]. The tilt angle ®is expressed by the rda
tion:

e=tan”{ (asc) / a] tan® (uphill) (1)

where a; and ¢; dencte the lattice parameter of vicinal ST
substrate and epitaxia PT thin films, respectively [64].

The terrace width and the step height are larger than the
initial surface of the vicina ST. This dows that the step
bunching will be observed [65]. Continuous sngle aystal
thin films of PLZT and PZT are also grown on the vicina
substrates

3.3.4 super lattice
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The layered structures and /or the super lattice will provide
the thin films with controlled microstructures. The layered
structures of PT/PLT were goitaxially grown on (001) MgO
and (001) Pt/ (001) MgO substrate by the multi-target sput-
tering system [66].

A=d,
dy=n(d,+d,)

Superlattice b

constantdy, | [ d,: Lattice constant PT
M dy: Lattice PLT

n: Number of unit ce!

Intensity (arbitrary units)

20 (degrees)

(a) (b)

Figure 12 - Schematic illustration of PT/PLT superlattice
with XRD patterns and cross-sectiond TEM image: total
film thickness, 240nm; XRD patterns (@) A=60nm, (b)
A=40nm, (c) A=8nm; TEM image, A=8nm.

The typical XRD patterns are shown in Fig.13 (a). The
satdlite pesks dows the formation of the super lattice.
Typical TEM image with SAD pattern is down in
Fig.13(b). The wavelength was ranged from 16 nm to 600
nm. The SAD pattern shows that the super lattice is epi-
taxially grown on the (001) MgO substrates. The layered
structures are now considered as new approach for the crea
tion of new materias. Severa layer structures have been
proposed for the understanding of ferroelectric materials. It
is understood that the man-made new materias including
super latticewill be simply provided by the sputtering depo-
sition.

3.4. Didlectric properties
3.4.1 Multi-domain/ Single domain thin films

It is known that the dieectric properties of the ferroelectric
thin films are affected by their microstructures and /or in-
terface structure.

The ferrodectric thin films deposited by the sol-gel process
show multi-domains and/or grained sructure, which is
similar to those of the bulk ceramics. Their ferroelectric
properties are similar to those of buk ceramics [67]. The
strain in the sol-gel thin filmsis relaxed due to the presence
of the grain and/or domain boundary. The sputtered ferro-
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electric thin films also show the similar behavior, if the
filmsinclude the domain and/or grain-structures.
If the thin films include the strain, the strain will modify
the ferroelectric properties. A typical exampleisthe shift of
Curietemperature. The two-dimensional compressive strain
induced by the mismatch in the lattice parameter and/or
thermal expansion coefficient between the films and the
substrates will elevate the Curie temperature [68-70].
The ontinuows sngle aysa thin films dow a diffused
temperature anomaly in the didectric properties as gown
in Fig.14. The diffused temperature anomaly is passvely
observed at the thin epitaxial ferroeectric films[71] and/or
the epitaxial films on thevicinal substrates[72].
Thin ferroelectrics films and/or the eitaxial films on the
vicinal substrates are @mherent and tightly bonded to the
substrate surface. This results in the diffused temperature
anomaly [73]. The diffused temperature anomaly is aso
observed in the | attice parameter.
350
300
250
200
150
100
50

[~ o0z

. —— 10kHz
Rz

Dielectric constant &

0 100 200 300 400 500 600
Temperature (°C)

Figure 13 - Typical temperature variations of the digectric
constant for the single c-domain/single aystal PT thin films
on avicina (001)ST substrate: PT, 125 nm in film thickness,
ST, miscut angle 1.7degree.

The @ntinuous single domain PT thin films on the vicina
substrates do not show the temperature anomaly. These
results show the dfects of the microstructure and/or the
interfadal structure on the temperature anomaly of the
ferrodectric thin filmg[74].
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constant for the clustered (001)PT thin films on (001)MgO
substrate: PT, 120 nm in film thickness.

The sharp temperature anomaly will be obtained in the
single aystal thin films with the dustered structure. Typi-
cd example is diown in Fig.15 [66]. The dustered thin
films are provided by the sputtering of PT on (001)MgO
with the rapid cooling after the deposition. The lattice
distortion will i nclude in the heteroepitaxid thin films. The
clugtered structure wil | reduce the lattice distortion.

3.4.2 super lattice

The super lattice of the ferrodectric perovskite will exhibit
novel dielectric properties [75]. The didectric properties of
the ferroelectric super lattice are not well understood. Ta-
bata and Kawai deposited the super lattice of BT/ST on the
ST substrates by PLD and found the increase of the dielec-
tric constant due to the strain [76]. Erbil made the super
lattice of PLT/PT on the ST substrates by MOCVD and
found the giant dielectric constant due to the motion of the
domain walls[77].
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Figure 15 - Diélectric properties of a 240nm PT/PLT super-
lattice on (001)Pt/(001)MgO with modul ated wave ength:
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(b) P/IE hysteresis
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The dielectric properties of the super lattice at large wave-
length are considered as the series cgpadtance of the PT
thin films, 1 , and PLT thin films,®s 1. Thetotal didectric
constanter is expressed by

Yer =172 (Uepr + 1opy) )

Taklng .pT=79 and o7 =413 , T becomes 132.

These considerations are anfirmed for the wavelength A >
50 nm as gown in Fig.16 measured at 100kHz.

Figure 16(a) shows the variation of the dieectric properties
with the wavelength e. It is sen that the dielectric constant
increases with the decrease of the wavelength. The dielec-
tric constant for a PT/PLT solid solution of the same overall
compasition is 200 at A< 15 nm, the didectric constant of
the super lattice exceeds the that of the solid solution of the
same overall composition. The diffused temperature anom-
aly was observed for a 240 nm PT/PLT super lattice at A =8
nm .

Figure 16(b) shows the P-E hysteresis curves of the super
lattice. The remnant polarization Pr increases with the
decrease of the wavelength.

4, Future of thin fil m technology

Environmental benign materials and/or processing are
important to find solution s to the current environmental
issues. Saving o processing energy and materials con-
sumption, waste minimization, and reduction of toxic ma-
terials $ould be mnsidered in future industry. Thin film
materials and devices are essentialy available for minimi-
zation of toxic materials snce the quantity of the toxic
materials used is limited only to the surface and/or thin
film layer. Plasma related materials processing will reduce
the synthesis energy of materials which result in the saving
energy. It is also noted that the thin film processand de-
vices will be available for the environment technology as
shown in Tab.4.

The thin film materials technology will be a key technol-
ogy not only for the eectronics but aso for the environ-
mental protection technology [78].
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