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Lead zirconate titanate (PZT 40/60) thin films were fabricated on electroded silicon

wafers using chemical solution deposition. Two different chelating agents, acetic acid and
acetylacetone, were used in the synthesis of the precursor solutions. The microstructure of
the acetylacetone-derived film was characterized by nucleation at the platinum electrode
and a columnar growth morphology-(00—200 nm lateral grain size). In contrast,

the acetic acid-derived film was characterized by both columnar grains nucleated at

the electrode, and larger-( wm) grains nucleated at the surface of the film. Using

Fourier transform infrared (FTIR) diffuse reflectance spectroscopy, we also noted that

the pyrolysis behavior of the films was dependent on the chelating agent employed.

The acetylacetone-derived films, which displayed only one nucleation event, were also
characterized by a higher pyrolysis temperature than the acetic acid-derived films.
Previously, microstructural differences of this nature were attributed to variations in
“precursor structure.” In this paper, we discuss an alternative mechanism for the observed
microstructural variations in films prepared from different solution precursors. In the

model proposed, we discuss how changes in film pyrolysis temperature result in a change
in film crystallization temperature, and hence, a change in the effective driving force for
crystallization. We show how the change in crystallization driving force is expected to
impact the thin film microstructure due to the accompanying variations that occur in the
barrier heights for interface (lower electrode) and surface nucleation. A standard approach
to nucleation in glasses is used as the basis of the proposed model. Finally, we also
discuss how the model can be used to understand the observed effects of heating rate and
thickness on the microstructure of solution-derived thin films.

. INTRODUCTION chemical precursors and solution preparation conditions
Lead zirconate titanate (PZT) thin films have beenemployed®** Chen and co-worketsstudied the de-
widely investigated for use in a number of electronic ap-gree of orientation of PbTiQ(PT) films derived from
plications including decoupling capacitdrsionvolatile ~ 2-methoxyethanol solutions that were deposited onto
memories, and optical storage medfaln the prepa- (100) MgO substrates. Although the films were crys-
ration of these materials, chemical solution depositiortallized under identical heat-treatment conditions, they
(CSD) methodologies have been extensively employedound that films prepared from solutions with low hy-
Two of the most widely used approaches are sol-gel prodrolysis ratios £ = 2; where r = moles HO/mole
cessing, which for PZT film deposition usually involves metal alkoxides) demonstrated a greater degree of (100)
the solvent, 2-methoxyethant!, and hybrid methods, orientation than those prepared from solutions with high
which utilize chelating agents, typically acetic acid, tohydrolysis ratios £ = 6). The higher degree of orien-
reduce the hydrolysis rates of the B-site zirconium andation of ther = 2 films was attributed to the more
titanium alkoxide starting reagent§. weakly branched nature of the precursor species formed
It has frequently been observed that the microstrucunder these conditions, and the fact that species of this
ture and degree of orientation of the sol-gel derivedype should demonstrate easier rearrangement during
ferroelectric thin films are highly dependent on thecrystallization. These results are in agreement with those
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of Nashimoto and Nakamuta who determined that the films, namely, nucleation behavior. We believe that
highly (001) oriented PZT 528 thin films could be the observed effects of precursor structure on film orien-
prepared from nonhydrolyzed precursor solutions onation and microstructure (i.e., films with only columnar

MgO. It is also important to note that Cheetal® grains versus films with both columnar and surface-
also observed an effect of film thickness on orientationnucleated grains) are most likely related to one another.
as film thickness increased, the degree of orientatiofowever, to tie these observations together, an expla-

decreased. nation which goes beyond that of oligomer reorientation
In the preparation of sol-gel derived LiNB@ow-  during firing, or alignment during deposition, is required.
ders and thin films, Nashimoto and co-workéralso In this paper, we provide additional insight into

reported a similar impact of-value on crystallization defining the characteristics of solution precursors that
behavior. While Chenret al® observed a decrease in are important in control of film crystallization behavior.
film orientation with increasing-value, Nashimoto and Based on experimental observations and modeling of
co-workers® noted that films prepared without prehy- nucleation barriers, we suggest an alternative explana-
drolysis grew with a high degree of preferred orientationtion for the observed effects of precursor structure on
on sapphire substrates, while films prepared from prehyfilm crystallization behavior. The explanation that we
drolyzed precursors were polycrystalline in nature. Thusexamine is based on the changes in precursor organic
in both of these cases, the importance of the substrateature that result from variations in hydrolysis conditions
on film nucleation/crystallization behavior was reducedor additions of chelating agents. We show that these
for solutions prepared with higher hydrolysis ratios. It ischanges induce a change in film pyrolysis temperature,
also worthwhile to note that the crystallization behaviorand thereby, film crystallization onset temperature. The
of LiNbO; powders depended onvalue; higherr-  change in film crystallization temperature affects the
values resulted in powders with lower crystallizationrelative driving force for crystallization, and hence,
temperature$? the importance of different nucleation events which serve
Kushida and co-worket$ also investigated the ef- to define the thin film microstructure.
fects of precursor molecular nature on the orientation  The development of this type of model should result
of PT films derived from 2-methoxyethanol solutions. in an enhanced ability to control thin film orientation and
In their study, they found that films prepared from agedmicrostructure, permitting the fabrication of films with
solutions, which should possess larger, and perhaps momaicrostructures tailored for specific applications. For
highly condensed species, demonstrated a higher degregample, the use of PZT films in optical storage devices
of orientation than films prepared from fresh solutions.requires 99 domain switching, which requires large
While this result is in apparent contradiction with thosegrain size materials. By preparing precursor solutions
discussed above, again, the microstructure of the filmghat have lower nucleation rates, it should be more
was observed to change without a change in the firingtraightforward to obtain this type of microstructure.
conditions; some variation in precursor characteristics
was solely responsible for the change in film orientation.
_ Fin_aIIy, _in adglition to th(_e obgervgd variations in Il. EXPERIMENTAL
film orientation with hydrolysis ratio discussed above, ) _
other changes in microstructure as a function of solutiorf®: L€ad titanate powder preparation
preparation conditions have also been reported. Lakemaif'd characterization
and Payn¥ have shown that for PZT films typically Lead titanate gel-derived powders were prepared
comprised of small,~100 nm perovskite grains, the according to the procedure illustrated in Fig. 1. A
occurrence of large;~1 um rosette grains within the method developed by Buddt al® was employed for
uniform fine grain microstructure could be minimized by the preparation of a Pb, Ti-methoxyethoxide precursor
carefully controlling the solution preparation conditions. solution; all reactions were carried out under inert
It was hypothesized that the observed microstructurahitmosphere conditions using standard Schlenk line
differences were due to changes in the oligomeric structechniques. Lead acetate trihydrate (Aldrich Chemical
ture of the precursors obtained under different prepara€ompany, Inc., Milwaukee, WI) was dissolved in
tion conditions. HPLC grade 2-methoxyethanol (Aldrich Chemical
Summarizing the discussion above, the ability toCompany, Inc., Milwaukee, WI) in a 1:8 molar ratio.
obtain high degrees of orientation during film fabricationAn “anhydrous” lead acetate precursor was prepared
has been attributed to (i) the ease of reorientation ofrom this solution by three successive distillations.
weakly branched precursors during crystallizafioo;  One mole % excess lead was added to the solution to
(i) the alignment of precursor molecules during spin-compensate for lead loss during heat treatment. NMR
casting'? Precursor structural effects have also beerinvestigations by Ramamurthi and Payne of the structure
demonstrated to impact other microstructural aspects aff this precursor species indicate that dehydration is
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1 Mole Pb(OOCCHg),+3H,0 1 Mole TI(OCH(CHg)a)a to complex alkoxide, were varied from 2 to 4. The final
8 Moles CH3OCH,CH,0H 8 Moles CH3OCH,CH,OH concentration of the HN@catalyst (Fisher Scientific,
— — Pittsburgh, PA) was 0.1 M. Gelation times varied from
Distill off Solvent Distill off C3H7OH 12 s to 22 h depending on the hydrolysis ratio. After
Re-dilute, Repeat (3x) and half of solvent . :
gelation, gels were aged for 30 min at 25, and were
"Anhydrous" Ti(OCH,CH,OCHg), then d.ried at 140C for 72 h. The gels were then lightly
Pb(OOCCHgz), Solution pulverized using an agate mortar and pestle.

I The weight loss and pyrolysis behavior of the gel-
derived powders were studied by thermal gravimetric
analysis (Du Pont 1090 thermal analyzer with TGA

Mix and Reflux (130°C)
Concentrate solution and remove

by-products by vacuum distillation module), and surface areas of the gel-derived powders
Redilute and repeat (3x) were measured by nitrogen adsorption experiments (Mi-
cromeritics ASAP 2400). All samples were degassed
1 Molar CH3OCH,GH,0H overnight at 125C under vacuum prior to surface area
Stock Solution H20, HNO3 measurement.

r Mix equal volumes and age

Wet Gel

B. Lead zirconate titanate thin film
deposition and characterization

The precursor solutions for PZT thin film fabrication

* Dry (140°C, 72 hours)

Desiccated Gel were prepared by an Inverted Mixing Order (IMO)
: method which has been previously described?

+ Grind The 0.4 M solutions were synthesized by first adding
PbTiO3 Powder titanium isopropoxide to zirconium-butoxide-butanol

(Aldrich Chemical Company, Inc., Milwaukee, WI)
FIG. 1. Flow diagram for the preparation of lead titanate powders bywhile stirring. Purified acetic acid (Fisher Scientific,
sol-gel processing® Pittsburgh, PA),~4 molegmole alkoxide, was then
added, followed by the addition of methanol (Fisher
not complete and partial exchange of the acetate and Bcientific, Pittsburgh, PA) and lead/] acetate (Aldrich
methoxyethanol groups occurs, leading to the formatiorChemical Company, Inc., Milwaukee, WI). After heating
of a Pb(OOCCH) (OCH,CH,OCH) - 0.5H,0 species®  to ~85 °C for dissolution of the lead reagent, solution
In a separate reaction vessel, a titanium methoxypreparation was completed with further additions of
ethoxide precursor was prepared by the reaction ofmethanol, acetic acid, and water. Generally, 50 ml
titanium isopropoxide (Aldrich Chemical Company, Inc., batches were prepared, and 10 to 15 mole% excess
Milwaukee, WI) and 2-methoxyethanol (molar ratio 1: 8) lead reagent was added to compensate for PbO volatility
at 125°C. The by-product of the alcohol exchange during heat treatment. For selected samples, 3 moles
reaction was removed by distillation, and the solutionacetylacetone (acac; 2,4-pentanedione) (Fisher Scientific,
concentration was increased to approximately 2.0 MPittsburgh, PA) per mole PZT were added to the
The Pb and Ti precursor solutions were then combinedyrecursor solution approximately 15 min prior to film
refluxed at 13C°C for 60 min, and concentrated by three fabrication.
successive vacuum distillations at50 °C to prepare The organic content of the precursor species was
the PbTiQ precursor solution. After the final vacuum determined by converting the deposition solutions to
distillation, the solution was cooled to 2& and diluted powders by vacuum distillation of the solvent and by-
in a volumetric flask to yield a 1.0 M PT precursor products at 25C. Carbon and hydrogen levels of the
solution. Solution concentration and Ab ratio (ac- dried powders were then measured with a Perkin-Elmer
tual ~1.02/1.00) were confirmed by atomic absorption 2400 Series Il CHNS/O Elemental Analyzer. Organic
spectroscopy? Studies by Ramamurthi and Payhand  content of the (300C) pyrolyzed films was studied by
Coffman and De¥ have indicated that after combination diffuse reflectance FTIR spectroscopy (Nicolet Magna
of the lead and titanium solutions, the acetate groups d850 with DRIFTS attachment).
the lead precursor are almost completely removed, and Thin films were deposited by spin-casting onto
the solution species is essentially alkoxide in nature. PU/Ti/SiG,/Si substrates (Silicon Quest International,
Bulk lead titanate gels (0.5 M) were formed by Santa Clara, CA) at 3000 rpm for 30 s. After deposition,
combining equal volumes of the 1.0 M stock solutionthe films were heated on a hot plate at 3@for 5 min
and a 2-methoxyethanol solution containing water andor pyrolysis of organic species. Fired layer thickness
catalyst. Water additions, i.e., the molar ratio of water was between 900 and 10@0 per layer, depending
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upon acac addition. Thicker films were prepared by
a multilayering approach, with a crystallization heat
treatment after every fourth layer, unless otherwise
specified. Crystallization was achieved by heat treatmer
at 650°C for 30 min, using aramp rate of 2C/min. To  ___
further investigate transformation behavior, additional =
samples were prepared at intermediate heat-treatme
temperatures (500—60C) by heating at 20C/min
and quenching. X-ray diffraction analysis was accom-:
plished using a Siemens D500 diffractometer (GuK
identical instrumental conditions were employed for
all samples.

PZT (001)
MgO (200)

PZT (002)

sity (

Inten

lll. RESULTS AND DISCUSSION

A. Precursor rearrangement effects
on thin film orientation J

Before discussing the results of the present stud ! I j I
and why it may be worthwhile to consider alternative 20 30 40 50 60
explanations for the observed effect of solution precurso
variations on film crystallization behavior, it is impor- 2 Theta (O)
tant to consider the previously postulated explanations @)
for this relationship. Cheet al® proposed that weakly
branched precursors were required for the preparation of
oriented films, while Kushida and co-work&groposed
that chain-like species were required. Both research
groups cited changes in “precursor structure” as beinn
responsible for the decrease in film orientation that
occurred with water additioAor solution aging?

We feel that there is compelling evidence which
suggests that while this effect may play a role, it may
not necessarily be the key mechanism that causes tt—
change in the ability to prepare highly oriented films. If =
the precursor structure truly is critical, we should perhap:$
expect that it would only be possible to prepare highly 2
oriented films from the one solution preparation route ¥
that generates precursors with the required structure @
However, this is simply not the case; highly oriented PT £
and PZT thin films have been prepared using a variety o
solution deposition routes. Figure 2 presents the resuli
of Tuttle et al?! and Nashimoto and Nakamdfavhich
demonstrate that highly oriented films may be pre- )
pared using a variety of deposition routes. Tuéteal?*
used an acetate route to deposit their thin films, while ] | i
Nashimoto and Nakamuraused the 2-methoxyethanol
route. Research that has focused on the structure « 20 30 40 50 60
the precursor species formed in these different route 2 Theta (o)
suggests that the species are quite different. For exampl_,
studies of the precursors formed in the 2-methoxyethanol (b)
process indicate a relatively low ratio of acetate to
alkoxide specie$> !’ while studies of the species formed
in the acetate method indicate a high ratio of acetate t'glG » _ ) o .

. . . . . . 2. Comparison of oriented thin films prepared by two chemical
a!k0X|de spemeé‘? Since the spemes generated in thesesolution deposition methods: (a) Tutt al?* (a hybrid preparation
different processes possess such different structures, yghite based on the use of acetic acid), and (b) Nashimoto and
both may be used to successfully deposit highly orientediakamurd? (a sol-gel process utilizing 2-methoxyethanol).

~ PZT (100)
PZT (200)

MgO (200)

 PZT (002)

PZT (001)
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thin films, we question whether precursor structural
differences can be solely responsible for the observe
variations in film orientation with water addition or
solution aging.

We therefore feel that other, more general char,
acteristics of the precursors may be responsible fo
the observed variations. We propose that changes i
the pyrolysis behavior of the species that accompany
changes in solution hydrolysis ratio may be the cause o
changes in film orientation, and other observed variation
in film crystallization behaviof® Before considering the
change in the pyrolysis behavior of films derived from
2-methoxyethanol solutions prepared with different
values, and the role pyrolysis behavior may play on
the ability to prepare oriented thin films, we discuss the
importance of pyrolysis behavior on thin film microstruc-

deposition process.

B. Relationship between precursor pyrolysis
and thin film nucleation behavior

In addition to the observed orientation differences @)
discussed above, other effects of precursor nature on
thin film microstructure have also been notéd® A
typical example of these effects is shown in Fig. 3, for
films prepared from (a) an aged, IMO acetate precurso
solution, and (b) an aged, IMO acetate precurso
solution that has been modified by the addition of &
second, stronger chelating ligand, acetylacetone. Whil
both microstructures are essentially 100% perovskite
in nature, as determined by x-ray diffraction, the film
prepared from the “standard” acetate route [Fig. 3(a)
displays a microstructure consisting of columnar,
~100-200 nm perovskite grains nucleated at the$
lower electrode, and~1 um semispherical perovskite
grains nucleated at the thin film surface. We have alsq
observed that the density of the surface-nucleated grai
increases with solution aging; films prepared from fresh
solutions display very few surface-nucleated grains
while those prepared from aged solutions display —
high density of the larger surface grains. ) -

In contrast to the film prepared from the aged
solution, the film prepared from the acetylacetone modi
fied (aged) solution [Fig. 3(b)] displays a microstructure
resulting from only nucleation of columnar grains at the
lower electrode; the surface nucleation event has been (b)
completely eliminated. We have previously demonstrated
that this improvement in microstructure results in im-giG. 3. (a) Plan-view and cross-sectional SEM photomicrographs of
proved ferroelectric properties, and a dramatic decreaselayer PZT 40/60 thin films prepared from (a) an aged IMO so-
in optical scattering lossés. lution, and (b) the same aged IMO solutiop to which acgwlace-

To understand the improvement in thin film micro- tone (acac; 3 mol¢sole PZT) was added immediately prior to

. " film fabrication. For cross-sectional views: lower layer—Pt bot-
structure obtained through the addition of acetylacetong,, cjectrode: second layer—PZT thin film: upper layer—Pt top

we _have studied th_e C_)rganic content and pyrolysis beglectrode [(b) only]. (1) Surface-nucleated, larger perovskite grains;
havior of the two thin film precursors, and have coupled(2) Interface-nucleated, smaller columnar perovskite grains.
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this analysis with traditional nucleation theory for crys- components of the film prior to the crystallization anneal.
tallization from glasses. The organic content of theHowever, the modification of the IMO precursor species
standard acetate and acetylacetone modified precursdrg acetylacetone results in incomplete pyrolysis at this
was studied by elemental analysis, and the pyrolysisemperature, as indicated by the intense C—O stretching
behavior of the corresponding films was investigatecbands at-1400 cm ™! [Fig. 4(b)]. Thus, higher pyrolysis
using diffuse reflectance FTIR spectroscopy. Elementalemperatures are required for acetylacetone-derived films
analysis of the two precursors indicated that addition otompared to films prepared by the standard acetate
acetylacetone to the solution resulted in precursor specigsocess. This result is in agreement with studies of
with the expected higher organic contents. The specieairconia films prepared from acetate and acetylacetone-
formed in the standard acetate process had 16.23%C abdsed precursors; films prepared from the acetylacetone
2.27%H, while the species formed in the acetylaceton@recursor displayed higher pyrolysis temperatid?es.
modified process were characterized by 20.07%C and The importance of this result is that, frequently, in
2.53%H. sol-gel derived materials, it has been observed that the
Perhaps of greater importance than the changenset of crystallization occurs at temperatures slightly
in organic content, the pyrolysis behavior of thegreater than the pyrolysis temperature. For example,
films was also affected by the acetylacetone additionin sol-gel derived zirconia thin films, it was observed
Figure 4 shows FTIR spectra of the standard IMOthat films that displayed higher pyrolysis temperatures
and acac-modified IMO films following pyrolysis also displayed higher crystallization temperatiffen
(i.e., organic removal by heat treatment in an oxidiz-the lead titanate system, the effects of acetylacetone
ing environment) at 300C. Three main bands are additions on crystallization temperatures were studied
observable in the spectra as follows: metal-oxygerby Shih and L& They found that sol-gel derived
(M-0) bonding: 400—-80@m !; carbon-oxygen (C—0O) powders prepared without acetylacetone crystallized into
bonding: 1300-1700m~!; and entrapped CO at the perovskite phase at455 °C, whereas powders pre-
~2370 cm .22 The C—0O bonding region is indicative pared with 2 moles acetylacetone per mole of PT only
of organic content in the films, due either to the presencerystallized at a temperature ef475 °C. Based on this
of residual acetate or acac species. In the standamésult, the observed impact of acetylacetone additions on
IMO process [Fig. 4(a)], a heat-treatment temperaturghe crystallization temperature of our zirconia filis,
of 300 °C is sulfficient to remove the bulk of the organic and the change in the pyrolysis behavior of the PZT
films of the present study, we would predict that the
acetylacetone-modified IMO films of the present study

CO, C-0 would undergo crystallization at a higher temperature
- than the acetate derived (standard IMO) films.
| | M-O We have investigated this hypothesis by heat-treating

1 films prepared by the two methods to temperatures
between 500 and 60TC and conducting x-ray diffrac-
tion analysis. Results are presented in Fig. 5 for films
which have been heated to 5680 at 20°C/min and
guenched by removing from the furnace. Comparing the
intensity of the diffraction peaks for these films, it may
be seen that crystallization into the perovskite phase is
significantly more advanced in the standard IMO film
than in the acac-modified IMO film. The (100) and (111)
perovskite diffraction peaks of the standard IMO film
are approximately three to four times as intense as those
of the acac-derived film. Other evidence of the more
advanced crystallization of the standard IMO film is also
(a) evident in this figure; namely, the higher order diffraction
peaks [(200) and (201)] of the standard IMO film are
: : : : : significantly sharper than for the acac-derived film. Thus,
as observed for Zr@films and PbTiQ powders, in
4000 3100 2200 1300 400 the present study, the addition of acac to the precursor
Wave numbers (cm-1) solution delays the film crystallization process to higher

FIG. 4. Diffuse reflectance FTIR spectra of 4-layer PZT 40/60 thintemperatures_' . . .
films heat-treated at 308C for 5 min on a hot plate: (a) standard _By. studying the impact that this phange In crys-
IMO and (b) acac-modified IMO. tallization temperature has on the driving forces that

(b)
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Pt

Sol-gel derived
amorphous film

—_———

PE (111)

\\
Supercooled Sso

Liquid AGy1 S
q— - AG2 \\\

Crystal

Free Energy —»

Temperature Top

FIG. 6. Schematic diagram of the free energies of a sol-gel derived
amorphous film, the ideal supercooled liquid, and the crystalline
perovskite phas&:?8 AG,1: crystallization driving force for low py-
rolysis temperature precursorsG,2: driving force for high pyrolysis
temperature precursors.

process. Intermediate phases, i.e., pyrochlore or fluorite,
have been stabilized under certain heat-treatment condi-
tions, and solution-deposited films are typically believed
to transform via one of these intermediate ph&$és,
as shown in Fig. 5. However, thermal analysis of the
transformation of sol-gel derived powders by Differential
Scanning Calorimetry (DSC) or Differential Thermal
Analysis (DTA) has never displayed separate exothermic
events for the amorphous- fluorite and fluorite—
perovskite transformations; only a single exothermic
event for the amorphous> perovskite conversion has
M/ . \\ ever been observéd?* Therefore, although it may not
' | ‘MMWWW;MM be entirely correct to view this transformation as a single
20 30 40 50 step process, since intermediary fluorite—type phases have
Two Theta (o) been observed_, thermal analysg seems to lend some
credence to this approach. Treating the transformation
FIG. 5. X-ray diffraction spectra of (a) aged IMO and (b) acac- in this manner also simplifies the analysis.
modified IMO PZT 40/60 thi_n films heated to 56C at 20°C/min Through examination of Fig. 6, it may be seen that
l"ind quenched; PE perovskite peaks and P¥ pyrochlore peaks. e yransformation of the amorphous film that crystallizes
eaks for substrate components are also indicated. . .
at a lower temperature is driven by a larger free energy
difference between the film and the crystalline phase than

define crystallization, a second explanation may be prothe film that transforms at a higher temperature. Since
posed that accurately describes both the microstructuréis free energy difference defines the barrier heights for
variations resulting from acac addition, as well as theéheterogeneous nucleation at the interface and the surface,
observed effects of hydrolysis content on film orientationas well as the barrier height for homogeneous nucleation
presented previously by Chen and co-workeB8hown  within the bulk of the film, a change in the driving force

in Fig. 6 is a schematic diagram of the relative free enerfor crystallization will impact the relative barrier heights
gies of the crystalline perovskite phase, the supercooletr these different nucleation events.

liquid, and the amorphous, sol-gel derived thin fAn#® It is possible to understand how this effect may im-
The excess free energy of the amorphous, sol-gel derivgghct the relative importance of the different nucleation
film compared to the supercooled liquid is due to theevents by using standard nucleation theory. Consider

higher surface area, excess structural free volume, anathat happens to the energy barriers for homogeneous
higher hydroxyl content of the filrf® and heterogeneous nucleation when the driving force for

In our transformation model, the line drawn for nucleation is changed, as would occur for different trans-
the crystalline phase is for perovskite, and we treat théormation temperatures. Equations (1) and (2) describe
amorphous— perovskite transformation as a single stepthe free energy barriers for homogeneomfomo) and

Relative Intensity

PE (100)
PY

PE (110)
PY
PY

Si
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heterogeneousA(Gfetem) nucleation, respectively: 24%. Thus, for precursor systems which display higher
3 pyrolysis and crystallization temperatures, nucleation

AGE = % (1) events other than nucleation at the substrate interface

3(AG,) become less attractive during conversion to the crys-

talline ceramic. (Typically, nucleation at the substrate

% is the most energetically favorable nucleation event for
AGherero = 3(AG,) AR @ films deposited on substrates with a reasonable degree

of lattice matching.)

where y is the interfacial energyAG, is the driving The impact of this effect on crystal nucleation

force for crystallization, i.e., the free energy differencepehavior is illustrated schematically in Fig. 7, where

per unit volume for the amorphous film-crystalline film the parrier heights for heterogeneous and homogeneous

transformation, andf(#) is a function related to the crystallization are compared to a hypothetical thermal

1673

contact angleg according to Eg. (3), input used for crystallization. For precursor films that
2 — 3cosd + cos? B display higher pyrolysis temperatures [Fig. 7(b)], a
f(o) = . (3)  single heterogeneous nucleation event can dominate the

4 thin film microstructure because other nucleation events
As the driving force for crystallizatioMG, decreases, are energetically not favorable with the given thermal
the barriers for both homogeneous and heterogeneousput. However, for films that display lower pyrolysis
crystallization increase; however, due to (@) contact temperatures [Fig. 7(a)], the thermal input during heat
angle term, they do not increase by the same amountreatment may be adequate to surmount the energy
TEM studies of the early stages of nucleation in solutionbarriers for both heterogeneous and homogeneous
derived PZT 2080 thin films on MgO substrates by nucleation, leading to a microstructure defined by
Voigt and co-workers indicated contact angles-®0°2°  more than one nucleation event.

Due to similar lattice matching between PZT and Pt,  While Fig. 7 is perhaps the simplest way to illus-
our lower electrode material, we also assume a contrate the considerations that govern the transformation
tact angle of 90 Therefore,f(#) = 0.5. Making the process, it should be noted that this schematic probably
further assumptions thag is invariant with precursor depicts an exaggeration of the differences between the
chemistry, and the increase in crystallization temperaturectual energy barriers that dictate crystallization behav-
for the films which display higher temperature pyrolysisior. This occurs because in the present case, the final mi-
results in a 10% decrease in the driving force; thencrostructure [Fig. 3(a)] is not defined by heterogeneous
from Egs. (1) and (2), we find that the difference inand homogeneous nucleation, but is defined by two dif-
the barrier heights for homogeneous and heterogeneotisrent heterogeneous nucleation events: nucleation at the
crystallization, A(AGfﬁ,mo - Afoetm) is increased by electrode and at the film surface. Therefore, the larger,

Film 1, AGyq Film 2, AG>
A
A . , AG‘2*homo
AGy homo  Thermal
p Input
AGy AG hetero l AGy 4Gz hetero
re radius " radius

(a) (b)

FIG. 7. Hypothetical free energy barriers for homogeneous and heterogeneous nucleation in thin films prepared from (a) low pyrolysis

temperature precursors and (b) high pyrolysis temperature precur§om;1d ra represent the critical radii for nuclei growth.
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homogeneous nucleation energy barrier illustrated wouldnay be seen that for films heated at identical rates,
also be lowered by arf(#) term; i.e., a barrier should the times (or temperatures) at which the nucleation
be shown for a second, energetically less favorablegvents take place are defined by the energy barriers
heterogeneous nucleation event. governing the different nucleation events; lower energy
In addition to this change, one further modification barrier nucleation events occur at lower temperatures,
to this simple model is also required. Because nucleatioor at earlier times, during heating. While the heating
(and grain growth) in these films commences not duringate illustrated was chosen arbitrarily, analogous results
the crystallization hold, but during heating to the anneakre obtained for other heating rates. We can also see in
temperature, the anneal (or hold) temperature represertsis figure that the low energy barrier nucleated grains
a thermal input that is greater than the barrier heighthave an opportunity (a finite time window) for growth
illustrated in either scenario of Fig. 7. Therefore, theprior to subsequent nucleation events which may occur at
microstructures of the films are defined not only by thehigher temperatures, when the thermal input is sufficient
energy barriers which describe the different nucleatiorto surmount the energy barriers for these nucleation
events, but also by the kinetics which govern the grairevents (i.e., heterogeneous nucleation at the surface or
growth associated with these different nucleation eventhomogeneous nucleation within the bulk of the film).
A schematic that illustrates the interrelationshipsHowever, it is important to note that the time available
between kinetic effects, i.e., heating rate, and the therfor growth prior to subsequent nucleation events is
modynamic barriers for crystallization is presented independent on the energy barriers; films crystallizing with
Fig. 8. Here, the barrier heights are shown for twohigher driving forces have a smaller time for growth
heterogeneous nucleation events: interface nucleatigorior to the second nucleation event.
[ £(#) = 0.5] and surface nucleationf () = 0.75, as- We now return our attention to the observed changes
sumed]. We assume a largg¢fd) term for (external) in thin film microstructure shown in Fig. 3 caused by
surface nucleation, because nucleation at this surface the addition of acetylacetone to the solution. Recall
somewhat less favorable than nucleation at the “latticéhat the acac-modified films had higher pyrolysis and
matched” lower electrode, but should be more favorablerystallization temperatures, as illustrated in Figs. 4 and
than true homogeneous nucleation. Again, in derivings.?* Using the model of Fig. 8 to explain the observed
this figure, a 10% decrease in driving force was used fomicrostructural variations of the present study, the acac-
the higher crystallization temperature case [Fig. 8(b)]. modified film [Fig. 3(b)] may be considered to be rep-
In Fig. 8, we consider the relationship betweenresented by the situation illustrated on the right half of
heating rate and the energy barriers for nucleation. IFig. 8, i.e., Film 2. Nucleation occurs at the interface

Film 1, AG\H Film 2, AGVz
Tvst Tvst
¢ *
AGZ surf
*
AG%\_surf T
AG . AG AGy";
AG1 int 2 int
0 0
4 to
r radius r*  radius
(a) (b)

FIG. 8. Relationship between the heating rate used during the crystallization heat treatment and the free energy barriers for nucleation at
the electrode interface and the film surface; (a) low pyrolysis temperature and (b) high pyrolysis temperature precursors. Note that the time
between the interface and surface nucleation events for the higher pyrolysis temperature $egniarigreater than for the case of lower
temperature pyrolysigt). ri and represent the critical radii for nuclei growth.
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and columnar grains start to grow toward the externalocation. The microstructures of these films strongly
surface of the film. Although the temperature continuesesembled the one shown in Fig. 3(a).
to increase toward the point where surface nucleation In contrast, films prepared at the faster heating
might occur, the heating and grain growth rates argate had microstructures displaying both interface and
such that sufficient time is available for the interface-surface nucleation, and the films strongly resembled the
nucleated grains to completely consume the amorphoufim illustrated in Fig. 3(b). For these films, because of
phase, prior to the onset of surface nucleation. Thehe faster heating rate, the energy barrier for surface
outcome is a columnar microstructure dictated by anucleation is evidently surmounted prior to completion
single nucleation event, and is primarily due to theof the transformation via the initial nucleation event,
magnitude of the difference in the energy barriers forand the resultant microstructure is therefore defined
interface and surface nucleation that are present fdoy multiple nucleation events. We are continuing our
higher crystallization onset temperatures. evaluation of these films because changes in heating
In contrast, the film prepared from the aged IMOrate also cause a change in pyrolysis kinetics, which
solution [Fig. 3(a)] undergoes pyrolysis and crystalliza-complicates this analysis somewhat.
tion at lower temperatures. Thus, the amorphets Fortunately, it is more straightforward to evaluate
perovskite transformation of this film is governed bythe effect of film thickness on microstructure, and to
thermodynamic barriers for crystallization that are lesscompare these results with the predictions of Fig. 8.
different in magnitude than for the acac-derived film.Based on our model, film thickness effects on mi-
Therefore, even though interface nucleation initially oc-crostructure are expected due to the change in the time
curs in this film, there is less time for the growth of required for the growth of the interface-nucleated grains
these grains prior to the onset of surface nucleationto consume the amorphous film. The time required for
This may be seen in Fig. 8 whene is less thans,. the growth of the interface-nucleated grains to reach
In the present case, is apparently insufficient to allow the surface is less in thinner films than in thicker
for the grains nucleated at the interface to completelyfilms. Because of this effect, surface nucleation of per-
consume the amorphous phase prior to the onset afvskite grains should be less pronounced in thinner films.
surface nucleation. The result is a microstructure that disFigure 9 demonstrates this effect for 2- and 5-layer films
plays two nucleation events: columnar perovskite grainprepared by a standard IMO process. The 2-layer film
nucleated at the lower electrode and larger perovskiteisplays essentially no surface-nucleated grains, while
grains nucleated at the surface of the film. Thus, evethe 5-layer film displays a high density of the large
though the same anneal temperature was used for filurface-nucleated perovskite grains.
fabrication, changes in the thermodynamic barriers for
nucleation, due to differences in film pyrolysis and crys- ) ) )
tallization temperatures of the standard and acac-derived: Relationship between precursor pyrolysis
films, completely changed the nature of the resulting?€havior and thin film orientation
microstructure by changing the relative importance of We now return our attention to the effects of
the different nucleation events. hydrolysis conditions on the orientation of the 2-
Based on the model of Fig. 8, we would predict methoxyethanol derived PT thin films prepared by
that film thickness and heating rate would also haveChen et al® In addition to the changes in precursor
significant effects on film microstructure. Changes instructure which may occur with changes in hydrolysis
heating rate are predicted to affect microstructure beeonditions, consider what happens to the organic content
cause the time between the different nucleation events and the pyrolysis behavior of the precursor species. As
changed, as is the time for grain growth following thethe hydrolysis level is increased, precursors with greater
initial nucleation event. Our preliminary investigations extents of condensation, and thereby, lower organic
indicate that variations in thin film microstructure causedcontents are preparé3’ Figure 10 illustrates this
by changes in heating rate do indeed fit the proposedffect for sol-gel derived PT powders prepared by the
model of Fig. 8; slower heating rates yielded films with 2-methoxyethanol process using acidic catalysis condi-
columnar microstructures dictated by a single interfacdions. As the hydrolysis ratio is increased from 2.5 to 3.5,
nucleation event, whereas faster heating rates, whicthe organic content of the powders decreases fr@#%
allow less time for growth of the initially nucleated to ~8%. In addition, and perhaps more importantly, the
grains, display both interface and surface nucleation. pyrolysis temperature of the powders decreases from
For the films prepared at the slower rate, sufficient time~480 °C to ~300 °C. The lower pyrolysis temperatures
is apparently allowed for complete transformation of theof the more highly hydrolyzed precursors should allow
film (via nucleation at the electrode and growth) prior tofor crystallization to proceed at lower temperatures than
the thermal input equaling the energy barrier associateth systems prepared using lower hydrolysis ratios. Thus,
with surface nucleation, and initiating nucleation at thisin the study of Cheret al.? as demonstrated above,
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FIG. 10. TGA spectra of 2-methoxyethanol derived PiTpgowders
prepared under acidic hydrolysis conditions= moles H,O/mole
PbTiO,.16

nucleation events result in grains of other orientations,
which reduces the overall degree of (100) orientation of
22 73 the film.
(b) The model proposed in the present study may also
. . . be used to explain the results of Nashimoto and co-
FIG. 9. Optical plan-view photomicrographs of (a) 2-layer and . . . 13
(b) 5-layer PZT 4060 thin films. Note that the thicker film shows a Worke_rs for sol-gel derlved_ LiNb©thin films: . These
much higher density of surface-nucleated grains. investigators noted that films prepared without pre-
hydrolysis grew with preferred orientation on sapphire
substrates, while films prepared from prehydrolyzed
a difference in the thermodynamic driving force for precursors were polycrystalline in nature. While no
crystallization may again be responsible for the observedubstantial changes in crystallization temperature were
differences in crystallization behavior, rather than anoted for the films prepared on sapphire substrates,
change in the precursor structure. Using the model prosignificant changes in the crystallization temperatures
posed in Figs. 7 and 8, the lower degree of orientation ofor sol-gel derived powders~100 °C), as well as
the highr films prepared by Chen and co-workeérsay  films deposited on Si +50 °C), were observed to
simply be attributable to the fact that, as crystallizationresult from changes in the level of prehydrolysis.
temperature is decreased, the relative importance of thés expected, as the prehydrolysis level was increased,
nucleation event at the substrate is decreased and othime crystallization temperatures of these samples were
nucleation events become energetically more favorableobserved to decrease. Thus, since &G@rystallization
Chen and co-worke?salso noted that film orienta- temperature range (350—40Q) is quoted for the films
tion decreased with increasing film thickness. Again, it isprepared on sapphire, similar, but smaller, changes in
possible to explain this observation based on the moddlim crystallization temperature versus prehydrolysis
presented in Fig. 8. In thicker films, a longer time periodlevel may be responsible for a change in the driving
is required for the growth of the interface-nucleatedforce for crystallization. Because of this change, we
grains to consume the amorphous matrix during thevould expect the importance of interface nucleation
transformation. Because of this, a higher temperature i; defining film orientation and microstructure to be
reached prior to the completion of the transformationreduced, and it would be reasonable for the films to
process, which allows for the occurrence of other, morehange from highly oriented to polycrystalline in nature
energetically intensive, nucleation events. These otheas the level of prehydrolysis is increased.
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D. Other film physical properties which ing force for crystallization compared to the lower
may impact crystallization r-value films, and an energy barrier diagram resembling

Before concluding, it is worthwhile to note that Fig. 7(a), rather than Fig. 7(b) would result. The

other changes in the nature of thin films with hydrolysis€XPected outcome in this scenario would again be the
ratio may also impact their transformation behavior.Préparation of films with a lower degree of orientation,
As an example, we consider the changes in surfacdue to the probability of multiple nucleation events.

area that result from variations in hydrolysis conditions,  1hUS, alternative explanations for the effects of
and how such variations may potentially impact film hydrolysis conditions on film crystallization behavior

crystallization behavior. Shown in Fig. 11 are the effectsVNich adequately describe the observed results may also

of hydrolysis and catalysis conditions on the surface are€_ Nypothesized. At this time, however, little direct
of 2-methoxyethanol derived PT powders. It may be seeffvidence exists that documents the possible relationship
that as the hydrolysis ratio is increased, the surface ard2£tWeen properties such as film surface area and crystal-
of the powders increases. Ization behavior. In contrast, considering the results of
Variations in surface area are important becaus&€ Present study, as well as those of previous investiga-
the surface area, free volume, and residual hydroxylors: there appears to be compelling evidence which sug-
content of a material serve to define the excess fred€sts that a link exists between pyrolysis/crystallization

energy (i.e., the position of the free energy curve) of thdemperature and the crystallizatio.n behavi_or of thc_e films.
amorphous film compared to the equilibrium supercooled _Finally, we ShIOUI_d %Isﬁ m_entlonhthat r']n addition tﬁ
liquid.2® Materials with higher surface areas are expected@nations in pyrolysis behavior, other changes in the
to possess higher free energies. In an analogous fashigfoPerties of the films resulting from changes in solution
to changes in crystallization temperature, this variatiorP’éParation conditions may also contribute to observed
might thus also affect the driving force for crystalliza- differences in thin film microstructure. For example,
tion, and therefore, the relative importance of variousch@nges in solution chemistry that induce variations in
nucleation events lead retention, amorphous structure, fluorite ordering,
Based on the effects ofvalue on the surface areas 'MPUrity level, defect content, and nucleation site density
of PT powders shown in Fig. 11, we might predict W|th|r_1 the_bu!k of _the film may also_play a role in
that the films of Chenetal? prepared with higher defining thin film microstructure. As with surface area,

r-values would also have higher surface areas. Theddowever, the specific impact of such variations on film

films would therefore again possess an excess driyicrostructure has not been investigated.

o00l- | [ [ | IV. CONCLUSIONS
In previous reports on the effects of solution chem-

istry variations on thin film microstructure and orienta-
tion, differences in “precursor structure” were frequently
cited as being responsible for the observed variations.
In the present paper, we have proposed a model that
demonstrates that the observed microstructural and ori-
entational variations may be more closely related to
changes in film pyrolysis behavior induced by changes
in solution preparation conditions, i.e., hydrolysis ratio
or use of chelating agents. The model is based on the
fact that changes in film pyrolysis temperature can cause
changes in crystallization temperature, which in turn,
alter the driving force governing the transformation.
O Acid Using standard nucleation and growth theory, we have
demonstrated how the variation in driving force causes
O Base a change in the thermodynamic barriers that define
] o I | | ] the active nucleation mechanisms, and thereby, the mi-
crostructure or degree of orientation of sol-gel derived
2.0 3.0 . 4.0 PZT thin films. By employing this model, it should
Moles H,O/Mole PbTiOg be possible to determine the solution preparation and
FIG. 11. Surface areas of 2-methoxyethanol derived PHTIO thermal processing conditions that are most effective

desiccated gels prepared under different hydrolysis and catalysi@t generating highly oriented thin films with uniform
conditionst® microstructures.
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