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ABSTRACT

A model for the prediction of microstructural evolution of solution derived thin films has been
developed. The model is based on standard nucleation and growth rate expressions that have been
used previously to explain transformation behavior in amorphous materials. A Basic program was
written incorporating these standard analytical expressions and known material properties, such as
lattice constants, moduli, and melting point, as well as calculated thermodynamic parameters, such as
the volume free energy. The output of the model gives a visualization of the thin film microstructure
for different boundary conditions, including substrate type, lattice matching with the film, processing
temperature, and time. The utility of the model is demonstrated through comparison with
experimentally obtained results for yttria-stabilized zirconia and lead zirconate titanate thin films.

INTRODUCTION

Chemical solution deposition (CSD) methods have been widely investigated for thin film formation for
nearly twenty years [1] and much of this activity has been aimed at ferroelectric thin films for
electronic applications [2,3]. These materials are integrated with silicon technology for ferroelectric
memory applications [4], where a <111> texture is desired, as well as for pyroelectric and
microelectromechanical systems applications. However, ferroelectrics are by no means the only thin
film materials under development for electrical applications. Significant research has also been
devoted to superconductor fabrication, especially 2" generation coated conductors [5]. These products
are based on highly oriented yttrium barium copper oxide films deposited onto buffered biaxially
textured nickel substrates. Here, the fabrication of tape products with high critical current densities
requires the preparation films with low angle grain boundaries [6]. Thus, there is a general need to
understand how control of thin film orientation and microstructure may be exerted.

A common feature of thin film solution deposition processes is that the as-deposited film is
transformed into the desired crystalline state through an amorphous intermediate [7]. It has been
reported that microstructural variations that may be induced through changes in chemical precursor,
processing route, or heat treatment schedule. For example, Hoffman and coworkers [8] have shown
that by controlling the thickness of the deposited layer, it is possible to change the microstructure of
strontium titanate films from an equiaxed configuration to a columnar structure. Another example is
the work of Schwartz and colleagues [9], who have shown that surface nucleation in solution derived
PZT thin films may be eliminated by adding 2,4-pentanedionate to the precursor solution. A review of
the literature will reveal many such reports of processing effects on microstructure, however, few of
these reports have attempted to provide a theoretical basis for the observed variations in microstructure
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[10,11]. Therefore, much remains to be done in this area, and the ability to predict, or control, thin
film microstructure would be of great benefit in many applications. In this paper, we report on the
development of a visualization model for the prediction of microstructure in solution derived thin
films. The model is based on standard thermodynamic aspects of nucleation in amorphous materials
and kinetic growth rate effects that also play a role in the transformation of the film. We compare the
results of the predictions with published results to demonstrate that such simulations appear feasible.

EXPERIMENTAL

Nucleation Model

The model for the nucleation and growth behavior of amorphous films was derived from the standard
theory of crystallization in glasses. For the homogenous nucleation of a spherical crystallite in an
amorphous film, the Gibbs free energy change is given by:

AG o = V-(AG, +AG, )+ A -y, (1)

Homo
where V, A, AG,, AG,, and y are, respectively, the nuclei volume, the interfacial area between the
nuclei and the parent amorphous phase, the difference in volume free energy, the elastic strain energy,
and the interfacial energy of the newly formed interface. From differentiation of Eqn. 1, the energy
barrier for a stable homogenous nucleation event can be derived as:

167y’

AG*homo = 5 -
3(AG, +AG,)

2)

Inhomogeneities, such as internal or external surfaces or other defects, can significantly reduce the
energy barrier to nucleation. A nucleus formed in the shape of a spherical cap results in less of an
increase in surface energy than homogeneous nucleation of a sphere of equivalent volume. The shape
of the cap, and thus, the energy barrier to nucleation depends upon the associated surface tension
forces. The relationship among these forces is given by:

’Ysa = ’Yca COS(®) + ysc b (3)

where the subscript s stands for substrate, ¢ indicates the crystalline nucleus, and a represents the
amorphous matrix. The initial surface energy of the heterogeneous nucleation site is y,,, and y., and 7y,.
are the newly created surface energies between the nucleus and the matrix and the nucleus and the
substrate, respectively. The contact angle between y., and y,. is ®. The energy barrier to nucleation is
reduced in proportion to ®, and the nucleation is said to be heterogeneous. Strain energy effects can
alter interfacial energies, but because these alternations cannot be verified by experiment, they are
neglected in this model. The heterogeneous nucleation barrier can be described, for ® # 0, by:

\ \ 167y’
AG hetero = AG homo * f(@) = > * f(@) ) (4)
3(AG, +AG,)
where f(®) is defined as:
_ 2
£(O) = (2+cosO)(1—-cos®) ‘ 5)

4
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From Eqn. 5, it can be seen that the term f(®), and therefore, the nucleation barrier would disappear as
the contact angle ® approaches zero. However, crystallization under these conditions for standard
solution processing routes is not observed due to the “kinetic barrier” to crystallization.

Rather than using a simple linear approach to describe the temperature dependence of the volume free
energy on undercooling [12], this model employs an experimentally modified approach for sol-gel
derived thin films, in which AG, is related to the degree of undercooling (below the melting point)
according to:

0.66
T-T
AG, =s- 2 [ 1_ac (Tm—T)—l — |, (6)
P T, | T,-T,

which incorporates the glass transition temperature T,, and an empirically derived structure factor s,
which is dependent upon the precursor used. AH represents the enthalpy of fusion, Vi, is the molar
volume of the crystalline phase, AC, is the heat capacity difference between the crystalline and
amorphous phases, T, is the melting temperature, and T is the processing temperature. For amorphous
materials that do not exhibit observable glass transitions, T, is estimated as the onset temperature of
crystallization in a DSC or DTA experiment.

The difference in volume during crystallization, as well as the lattice mismatch with the substrate,
creates elastic strain inside the film, and the corresponding strain energy term can be expressed as:

AG, =AM ¢, (7)

AM is the difference in the biaxial modulus of the crystalline phase and substrate or the crystalline and
amorphous phases, and ¢ is the lattice mismatch strain, which includes also the difference in thermal
expansion. In contrast to the amorphous phase, where the modulus is assumed to be isotropic, for the
crystalline phase, as well as for the substrate, the biaxial modulus also depends on crystal orientation.

The above thermodynamic expression are utilized to define a nucleation rate according to:

—AG’
J=p -f-ex , 8
P, p( RT } (8)

where p,, f, and AG* are the atomic density, the transport rate between the amorphous and crystalline
phase, and the critical energy barrier to nucleation.

Growth Model

Grain growth in polycrystalline films is mainly driven by the reduction of the total grain boundary
area. In addition, interfacial and strain energies, or growth through intermediate phases, as seen in the
transformation process of barium titanate, can significantly change the growth behavior of
polycrystalline sol-gel derived thin films. These effects can alter the kinetics of grain growth in
general, or selectively for certain crystal orientations. A modified expression for the growth rate can
be derived as:
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where a, T, ', h, v, ¥s, and yg, are the average interatomic distance, the average grain radius, the grain
radius at the interface with the substrate, the film thickness, and the interfacial, surface, and grain
boundary energies, respectively.

Simulation — Microstructure Visualization

We have developed a software package based on the analytical expressions above to simulate
nucleation and growth behavior in solution derived thin films. The program code is written in Basic
using [Basic 1.93, a commercially available Basic program for Windows 95, 98, 2000, ME, and XP
from Pyxia Development. In both simulations discussed, we started with a homogeneous amorphous
phase using a cell size of 1000 x 500 atoms. For the starting conditions, we assumed random bulk
nucleation, oriented interfacial nucleation (YSZ), and no surface nucleation.

RESULT AND DISCUSSION

As a first example, we have simulated the nucleation and growth of sol-gel derived yttria-stabilized
zirconia (YSZ) deposited on a YSZ single crystal substrate. Fig. 1a shows our computer simulation
based on the material properties summarized in Table I. For comparison, a cross-sectional TEM
photomicrograph of a sol-gel derived YSZ (25% Y,03) film that was deposited onto a YSZ substrate
(9.5% Y»03) is given in Fig. 1b [13]. The annealing conditions for both the simulation and the
experiment were 60 min. at 600°C. In the

simulation, we have restricted the orientation of the nuclei to one of the three principal crystallographic
directions (<100>, <110>, and <I111>). It can be seen that the simulation predicts well the
polycrystalline character within the film, with fine grains of 5-10 nm in size, as well as the formation
of an epitaxially gown interface layer with a saw-tooth like morphology.

Substrate

Figure 1: (a) Computer simulation of a sol-gel derived YSZ (25% Y»03) film on a YSZ (9.5% Y»03)
single crystal substrate. Color code: <100> red, <110> green, and <111> blue. (b) Cross-
sectional TEM micrograph of a sol-gel derived YSZ (25% Y»03) film that was deposited on
a YSZ single crystal substrate with a Y>O3 content of 9.5% [13].
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Table 1.  Selected material properties and calculated energies employed in the simulations for YSZ
and PZT thin films.
Yttria Stabilized Zirconia (YSZ) Lead Zirconate Titanate (PZT)
s 0.8 0.7 (a-f), 0.1 (f-p) '
T, 420°C [14] 370°C [15]
AH; 87.03 kJ/mol [16] 2 74.63 kJ/mol [15]
AG, 27 MJ/m’ [13] 75 MJ/m®
Vea 1.01 J/m* * 0.87 J/m* *
® 90° 90°
Yeb 0.9 J/m*[19] 0.8 J/m* 3
f 8.7x10°s" ¢ 3.2x10%s" 7
r. 1.4 nm (bulk), 1.8 nm (interface) 1.6 nm (bulk), 1.9 nm (interface)

2 Value used for ZrO,

* Estimated with y., =¥ - AH; [18]

6 Fit of data [21] using theoretical description [22]

8 For amorphous to fluorite structure transformation

a: amorphous, f: fluorite, p: perovskite structure
Estimated using the data of [17]

Estimated using the theoretical description of [20]
Fit of data [15] using theoretical description [22]

N LW =

We have also simulated the nucleation and growth behavior of a sol-gel derived PZT film on a
platinized silicon wafer. In Fig. 2a-c, three snapshots are presented for different annealing times (<1, 5
and 60 min.) at 750°C. The final simulation result was compared with a real cross-sectional SEM
photomicrograph of a PZT film on Pt/Ti/SiO,/Si. The first snapshot (Fig. 2a) shows random bulk and
interface nucleation of an intermediate fluorite structure, with a nucleus size of about 2 nm. In second
image (Fig. 2b), perovskite phase growth begins from the substrate/film interface consuming the fine-
grained intermediate fluorite phase. In Fig. 2c, the final film microstructure is shown in which the
growth of the perovskite phase has progressed through the entire film. The final microstructure is a
columnar in nature, in good agreement with the SEM micrograph shown in Fig. 2d.
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Substrate
(2)

(§)ubstrate

Figure 2: (a-c) Computer “snapshots” of a solution derived PZT thin film on a platinized silicon
substrate heat-treated for (a) < 1 min., (b) 5 min., and (c) 60 min. at 750°C. Color code:
<100> red, <110> green, and <111> blue. (d) Cross-sectional SEM photomicrograph of a

sol-gel derived PZT thin film deposited onto a platinized Si substrate [9].
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CONCLUSIONS

Simulations for the microstructural evolution of solution derived YSZ and PZT thin films were
presented. The model employed is based on standard expressions for nucleation and growth in
amorphous materials. These expressions were incorporated into a Basic computer code that we
developed to provide a visualization of microstructural evolution during heat treatment. For YSZ and
PZT thin films, the simulated microstructures closely resemble those of synthesized films. These
results suggest that this approach may be used effectively to predict the microstructure of solution
derived films. The approach may provide a rationale for the design of processing routes to achieve
particular orientations or microstructures.
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