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Highly oriented lead lanthanum titanate (PLT) thin films on MgO (100) and c-plane sapphire
single-crystal substrates have been prepared using the sol-gel process. The orientation and
the mechanism of the highly preferred oriented PLT films derived sol-gel process have
been investigated. The sol-gel PLT films fabricated on MgO (100) and c-plane sapphire
substrates grow preferentially with (100) and (111) crystallographic orientations
respectively, regardless of the film thickness and La content. In addition, it is confirmed that
the tetragonality of the PLT perovskite structure decreases with an increase of La content.
The a-axis orientation of the sol-gel PLT film on MgO (100) substrate is controlled only by
formation of the intrinsic tensile stress during the crystallization of the film. © 7999 Kluwer
Academic Publishers

1. Introduction not only within the bulk but also at the interface be-
Ferroelectric thin films of the lanthanum-modified leadtween the film and the substrate for the sol-gel process.
zirconate titanate (PLZT) system have attracted greathe heterogeneous nucleation at the interface between
interest for various applications such as high dielecthe film and the lattice-matched substrate would lead
tric, pyroelectric, piezoelectric, and electro-optic de-to the formation of highly preferred orientation or epi-
vices [1-6]. Among these applications, it is very im- taxial thin films. The sol-gel process is very difficult to
portant for electro-optic devices applications to preparecontrol the nucleation rate and the location of the nuclei
high-quality epitaxial thin films to take advantage of theduring the crystallization of amorphous film. Thus, the
anisotropic properties of these ferroelectric materials.detailed growth mechanism of the sol-gel process has
Early work on fabrication of PLZT thin films were not been investigated sufficiently.
based mainly on vacuum deposition technigues such as In this paper, we have prepared highly oriented PLT
sputtering and evaporation [2, 3, 5]. Many researcherthin films on MgO (100) ana-plane sapphire single-
have succeeded in growing of PLZT thin films epitax- crystal substrates using the sol-gel process. Growth has
ially on SrTiO;, MgO, and sapphire substrates usingbeen studied as a function of La concentration and the
the rf magnetron sputtering and the pulsed laser depdilm thickness. The growth mechanism of the sol-gel
sition [1-7]. Although vacuum deposition techniquesprocess derived PLT thin films was investigated using
are good methods for the epitaxial growth of the PLZTthe X-ray diffraction (XRD) analyses. Instead of the
thin films, they have a serious problem that occurs du€’LZT system, the reason for the selection of compo-
to the processing complexity of multicomponent sys-sition without zirconium content, PLT system, is that
tems. Recently, sol-gel processing of PLZT thin filmsthis system has been known to be better for the future
has been reported due to such advantages as preciggtical applications due to its finer grain size and higher
composition control and homogeneity, low tempera-transparency than the PLZT system [3, 11].
ture synthesis, large-area deposition, low cost, and a
short fabrication process [8—10]. However, the epitaxial
growth mechanism of the sol-gel film is more difficult 2. Experimental
than that of such vacuum deposited films as rf sputPLT films were prepared with the general chemical for-
tered and chemical vapor deposited films. The latter arenula Pl _ xLay Ti1 — x/40003 (it is called PLTX), where
grownin situwith the following mechanisms: conden- x =5, 10, 15, 20, 28 mol%. A precise procedure for
sation of vaper atoms and ions on the substrate surfacpreparing the precursor solution is shownin Fig. 1. Lead
nucleation, and growth. The nucleation initiated on theacetate (Pb(CkCOO), -3H,O, 99.999%, Aldrich
surface of the substrate having a lattice match with th&€hemical Co.), lanthanum nitrate (La(Nf@6H,0,
film leads to the epitaxial growth. However, in the case99.99%, Aldrich Chemical Co.), and titanium iso-
of the sol-gel process, the epitaxial growth is relatedpropoxide (Ti[(CH)2CHO]4, 99.999%, Aldrich Chem-
to the crystallization of the solid amorphous film pre-ical Co.) were used as precursors. The sol-gel PLT thin
pared by coating and drying. The general nuclei formfilms containing large La contents have rarely been
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TABLE | Characteristics of PLT films and substrates

Properties PLT5- PLT28 Mg Sapphiré
Crystal system Tetragonal Cubic Hexagonal
Crystal structure Perovskite NaCl Corundum
a=0.397~0.402 a=0.476
Lattice parameter (nm) 0.420
c=0.416~0.412 c=1.299
Thermal expansion par. c: 8.3x 1078
coefficient (PC) ~1x 1076b 13.63x 1076 perp. c: 75 x 1076
Refractive index
(at 633 nm) ~2.5° 1.74 177

aThese products and the data are provided form Target Materials, Inc., U.3%Based on the reference [10].

Pb acetate 10 h. The precursor mixture solution was t_hen cooledto
room temperature. The lanthanum solution was made
| by a similar process.
| 2-Methoxyethanol | 2-Methoxyethanol The selection of the substrate is very important for

[ [ the highly preferred oriented thin film because the de-
gree of matching between the film and the substrate at
the lattice parameter and the crystal structure strongly
| | affects. The temperature dependence of lattice parame-
Refluxing Refluxing ters, i.e., thermal expansion coefficients, is also an im-
| | portant parameter since ferroelectric materials usually
have structural phase transitions during cooling from
deposition temperature. In addition, the refractive in-
dex of the substrate must be lower than that of the
film for optical waveguide application. From the view-

point of the crystallographic properties, MgO (100)
USB/1 min. . . .
and c-plane sapphire single crystals are used as suit-
able substrates in this study. Various properties such

0.4M precursor solution as the crystal structure, the thermal expansion coeffi-
I cient, the refractive index of PLFaPLT28 films, MgO,

Distillation | Ti isopropoxide |—| Distillation |

Cool down to Cool down to
room temperature room temperature

and sapphire substrates are summarized in Table I. It
Spin coating on MgO or is known that the oxygen ion configuration of (100)
sapphire substrates/1500RPM plane of MgO substrate with (100) plane of cubic per-
for 30sec. ovskite phase exhibits good lattice matching. The
| Iteration p!ane of sapphire substrate and_thfe (111)_ plane of cu-
bic perovskite phase also have similar lattice matching
Drying at 400°C [13, 14]. Prior to coating, the substrates (25 mn25

mm x 0.5 mm) were thoroughly cleaned. A standard
| semiconductor cleaning procedure was used to clean
Heat Treatment all substrates. Inorganic contaminants were removed in
a solution of HO:NH4,OH:H,0O, and HO:HCI:H,0,
in the volume ratio of @:1:1, respectively. Organic
contaminants were removed in boiling trichloroethy-
lene for 5 min. The substrates were then rinsed in
acetone, ethanol, and distilled water, and dried with
fabricated due to the low solubility of La precursors nitrogen.
in alcohol. However, the sol-gel PLT28LT28 thin Solutions were spin-coated on these substrates using
films were fabricated successfully using lanthanum ni-a spin coater (EC101-R485, Headway Research Inc.)
trate as La precursor recently [12]. Also, 5 mol % ex-at 1500 rpm for 30 s. The green films were then dried
cess Pb was incorporated since it was found that excesg 400°C on a hot plate for 10 min to evaporate ni-
PbO aids significantly in compensating PbO loss wherrates as well as the residual organic solvent. A coat-
the normal stoichiometric compositions were useding yields about 50 nm thickness. This procedure was
Methoxyethanol (CHOCH,CH,OH, 99.9%, Aldrich repeated until the desired thickness was obtained. The
Chemical Co.) was used as a solvent to facilitate thdilms were heat-treated with"&/minto 700°C holding
dehydration by heating because it boils at 1€5Lead  for 30 min to be crystallized. When the heating temper-
acetate was dissolved in methoxyethanol on heating ature is high, the heterogeneous nucleation and growth
120°C for 6 h to decrease residual water and titaniumof perovskite grain at the interface between the film and
isopropoxide was then added. The solution was agaithe substrate occur easily because of high thermal en-
heated for 6 h to be re-distilled and refluxed at8Gor  ergy. Heterogeneous nucleation at the interface between

Figure 1 Flow chart for preparation of PLT solution and thin films.
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the film and the lattice-matched substrate would leadation site, they provide heterogeneous nucleation sites
to the formation of highly preferred oriented and/or of the other planes such as (110) and (111) planes as
epitaxial thin films. However, when the temperaturewell as the nucleation of the main peak of (100) plane
is too high &800°C), microcracks are found in the in the film. Heterogeneous nucleation at the interface
film due to thermal shock and dramatic evaporation obetween the layers would cause the formation of ran-
Pb species. Therefore, the processing temperature usddmly oriented grains in the film. Thus, the orientation
in this study was 150C higher than the crystalliza- of (100) plane is not maintained over the critical film
tion temperature£550°C) obtained from the differen- thickness. This would be confirmed in the SEM mi-
tial thermal analysis (DTA) and the thermogravimetry crographs of PLT5 thin films on MgO substrates with
analysis (TGA) [15]. And all the films were cooled at various film thickness as shown in Fig. 3. The thicker
2°C/mininthe atmosphere to prevent cracks caused bfilm in Fig. 3a has many spherical grains in the whole
thermal shock during cooling. cross section of the film, while the film in Fig. 3b ex-
The crystalline phase and orientation of the PLT film hibits a dence and clean cross-section. The grains at the
fabricated on MgO and sapphire substrates were exnterface between the film and the surface is grown to
amined using X-ray diffraction (D/MAX-RC, Rigaku (100) plane fom-axis orientation, but the grains in the
Co.). Rocking curves were obtained to estimate the defilm is grown to the other planes such as (111) and (110)
gree of film orientation. The microstructure and thick- planes. This result suggests that the interface between
ness of the films were observed using a scanning eledhe film and the surface is not the main heterogeneous

tron microscope (Philips 535M, Philips Inc.). nucleation sites for the film thicker than the critical
value.
XRD patterns of the PLT films fabricated on c-plane
3. Results and discussion sapphire single crystal substrates are shown in Fig. 2b.
3.1. Effect of film thickness The PLT films are highly (111) oriented with small

XRD patterns of the PLT5 composition films fabricated peaks in the XRD patterns. The variation in the XRD
on MgO (100) single crystal substrates over a ranggattern as a function of film thickness is similar to that
of film thickness are shown in Fig. 2a. All the films ofthe PLT films on the MgO substrates. For the low film
show single perovskite phase without any other noticethickness, the intensity of the main (111) peak increases
able phase such as pyrochlore phase, and have malyith increasing the film thickness, but the (100), (200)
(100) and (200) peaks with small peaks of (110) andand (110) peaks also increase gradually when the film
(111) planes. The PLT thin film is highlg-axis ori-  thickness becomes over the critical value.

ented, and the intensity of the main peaks increase with

increasing film thickness. Also, the (110) and (111)

peaks increase gradually with film thickness according3.2. Effect of PLT composition

to the data in Fig. 2a. The orientation of (100) planeXRD patterns of the PLT films~350 nm thickness)

is enhanced until the film thickness becomes the critihaving different La content fabricated on MgO (100)
cal value &500 nm). Since the films thicker than the substrates are shown in Fig. 4. For the films on MgO
critical film thickness are too bulky to control the nucle- substrates, main (100) and (001) peaks are observed
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Figure 2 XRD patterns of PLT5 films on (a) MgO and (b) sapphire substrates as a function of the film thickness.
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Figure 3 SEM micrographs of PLT5 thin films on MgO substrates with (a) 700 nm, and (b) 250 nm thicknesses.

for the low La content, but only (100) peak is detectedand 0.15-0.3 for the films on MgO and sapphire sub-
when the La content is more than 20 mol %, as showrstrates, respectively. The narrower rocking curves of
in Fig. 4a. As the La content in the film increases,the films on sapphire substrates compared with those
the tetragonality of PLT perovskite structure decreasesf the films on the MgO substrates indicate that the
which means the tetragonal structure of the PLT filmsPLT film on a sapphire substrate has better crystallo-
changes to the cubic structure in the film [16]. Thus, thegraphic alignment. This is due to better lattice match
main (100) and (001) peaks are merged with increasingpr the PLT films on sapphire substrates compared with
La content in the film. that for the PLT films on the MgO substrates. This can
The (111) peak is dominant regardless of the La conbe found when the oxygen-to-oxygen distances of the
tent for the films on sapphire substrates as shown ifPLT28 film, the sapphire and MgO substrates are cal-
Fig. 4b. The main (111) peak shifts to highet, 2p-  culated, respectively. The calculated lattice mismatch,
proaching the (0001) peak of the sapphire substrate witm (m = |(a; — as)/as|, whereas andag are the oxygen-
increasing La content. It is also found that the inten-to-oxygen distances of a film and a substrate, respec-
sity of main (111) peaks increase comparing with othettively) for the PLT28 film on MgO substrate, is 5.95%.
peaks of (100) and (110) planes. This is due to bette©n the other hand, then value for the PLT28 film
lattice match between the (111)-oriented PLT film andon sapphire substrate is 4.87%. Also, the much wider
the c-plane sapphire substrate with increasing La conFWHM value of the rocking curves for the films on
tent in the film by changing the tetragonal structure toMgO substrates suggests that these films consist of a
the cubic structure in the PLT films. completez-axis orientation and low angle grain bound-
The rocking curves as a function of La content for thearies in thex-y plane [17]. Thus, the relative large mis-
PLT films on MgO and sapphire substrates are showmatch and the uncompleted orientation configuration
in Fig. 5. The full-widths-at-half-maximums (FWHM) of PLT film on MgO substrate caused the much wider
values of the XRD rocking curves are about 4.2—4.5FWHM values comparing with sapphire substrate.
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Figure 4 XRD patterns of PLT films on (a) MgO and (b) sapphire substrates as a function of the La content.

5078



3.3. Epitaxial growth mechanism

Generally, the total stress which occurs in the depositec
film is divided into four stresses while fabricating the
film:

Otot = Oty + Oth + Oep + Oin

whereoy, is the transformation stress by transforma-
tion from the cubic structure to the tetragonal structure’z
at the Curie temperaturey, is the thermal stress by
the difference of the thermal expansion coefficients be-
tween a film and a substratg,, is the misfit stress by
difference of the lattice parameters between a film anc
a substrate, andl, is the intrinsic stress by the deposi-
tion condition [18—24]. Among these stressgg,may

be ignored since the compressivg at the tempera-
ture range from the heating temperature to the Curie
temperature is compensated with the tensile And

ot at the temperature range from the Curie tempera:
ture to room temperature, which is too small to affect
the film orientation [19]oy is also released during the
cooling step by producing the domain-wall structure
with 90° twins of a-axis andc-axis orientations [24].
Thus, it is thought that the orientation of the epitaxial
ferroelectric films is mainly determined by the intrinsic
stress in the film [21-23]. While the films deposited via
sputtering create compressive stress in the films due t
atomic peening in which high energy particles are re-
flected at the target and bombard the growing films [22].
Thus, the PLZT films by sputtering grow witttaxis
orientation to remove the compressive residual stres:
On the other hand, in the sol-gel process, a disordere
solid amorphous film is made after coating and drying. 2
The crystallization of the films, which changes from 2
the disordered state to a more ordered state, is then a®
companied by a decrease in volume and the formatiol=
of tensile stress in the films [22]. Therefore, the films
are considered to grow with-axis orientation to re-
move the tensile residual stress. The high temperatur
XRD patterns of the amorphous PLT5 filnrs350 nm
thickness) on MgO (100) substrates are investigate:
with changing in the temperature of the samples. The
rate of heating and cooling was 5 an8@2min respec-
tively which were same with the heating schedule of
the fabrication of PLT film. The PLT5 composition is
chosen because the (100) and (001) planes can be dis-
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Figure 5 Rocking curves of PLT films for (a) (100) plane on MgO sub-
strates and (b) (111) plane on sapphire substrates.

Heating

Cooling

tinguished as shown in Fig. 5a due to the tetragonalrigure 6 High temperature XRD patterns of PLT5 thin films on
ity of PLT5 film is higher than the other compositions MgO(100) substrates during the heating and cooling step.

of the PLT films as illustrated in previous report [16].
The high temperature XRD patterns of the films as a

function of the temperature are shown in Fig. 6. Ac-above the Curie temperature of the film (about 46}

cording to the thermal analysis, which was previouslycan cause compressive strasg,n the film as a result
reported, the crystallization temperature of the PLT filmof the difference of the thermal expansion coefficients
is considered to be about 550 [15]. When the PLT5 between the film and a substrate. However,akexis

film deposited by sol-gel process is heated to 800

orientation of the film is not changed during the heat-

which is above the crystallization temperature, the filming and cooling step of the film as shown in Fig.6lo
is crystallized witha-axis orientation to remove the due to the previous relation betweeg andoep. Also,
tensile stress in the film created by the crystallizationthe orientation of the film is invariable even though the
When the film is heated to 70C to enhance the grain further cooling the film to 300C, which can create
growth, a tensile stress is produced by the differencéhe transformation stress in the film. Thus, the thermal
of the thermal expansion coefficients of the PLT film stress induced by thermal history except the intrinsic

and a substrate. Cooling the film to 68D which is

stressoin, does not affect the orientation of this film.
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However, the (100) plane peak shows the shoulder inReferences

cluding the (001) plane peak as shown in the Fig. 6d. 1.
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