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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agency thereof, nor
any of their employees, make any warranty, express or implied, or assumes any legal liabili-
ty or responsibility for the accuracy, completeness, or usefulness of any information, appa-
ratus, product, or process disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States Government or
any agency thereof. The views and opinions of authors expressed herein do not necessar-
ily state or reflect those of the United States Government or any agency thereof.




RECEIVED
EXECUTIVE SUMMARY JUL 2 4 1997

The research performed under this grant has been principally dgrcﬁcgr i
to understanding and quantifying the relationship between the macroscopic
electrical transport properties of ZnO based materials and the properties of
their grain boundaries. Two forms of polycrystaline ZnO have been
extensively investigated, polycrystalline thin films, such as are used as
optically transmitting, conducting electrodes and as piezoelectric films, and
polycrystalline bulk forms, such as are widely used as surge arrestors. The
former are essentially two-dimensional and the latter three-dimensional.

The research has included both simulation and experimental studies.
The simulation studies have been primarily addressing how the macroscopic
properties of bulk ZnO ceramics are determined by the electrical and
crystallographic properties of their grain boundaries. (Reports #1,5,7,9). The
behavior of varistors has been the focus since the highly nonlinear electrical
characteristics provide an opportunity to test the models in much greater
detail than is possible if the characteristics were simply ohmic. Furthermore,
there is a continuing desire to improve varistor characteristics, such as the
sharpness of the switching voltage and the degree of nonlinearity, so the
effect of grain boundary variations on these parameters have been specifically
addressed and found to quantitatively depend on the variation in both grain
size and grian boundary barrier height. New methods of quantifying the effect
of microstructural variations on the I-V characteristics have been introduced.
The simulations have included both electrical network methods
(reports#1,5,9) and effective medium methods (reports#7).  During the
course of the research, the studies were extended to describe electrical
breakdown, specifically on how microstructural variations lead to current
localization which in turn leads to a form of electrical discharge failure, a
common form of failure of varistors under electrical loading (Report#9).

The question of the relationship between the I-V characteristics of a
grain boundary, its crystallography and the charge distribution at the grain
boundary is of profound importance in understanding the electrical
properties of polycrystalline materials yet has not been systematically
addressed. In report#10 we introduced a novel simulation approach for
determining these relationships and developed quantitative relationships
between the [-V characteristics and the charge and misorientation of tilt grain
boundaries.

On the experimental side, we constructed a laser ablation system for the
deposition of ZnO films and with this we have been able to fabricate all the
films used in this work. Detailed studies of the crystallographic orientation of
epitaxial growth on different substrate and substrate orientations were
undertaken as well as the effect on the electrical transport properties. (Reports
#3 and 4). The epitaxial films grown all have a mosiac structure as a result of
the rather large lattice mismatch with most substrates. The crystallographic
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studies led to a realization that the mosaic structure is a general feature of
heterophase epitaxy. In report #15, a method for determining the in-plane
crystallographic misorientation distribution of a mosaic structure from a
series of out-of-plane X-ray rocking curves was described together with the
concept of geometrically necessary dislocations to describe the mosiac
structure. This has application to all heterophase epitaxially systems
including such diverse systems as GaN on sapphire and GaAs on MgO.

One of the unusual features of polycrystalline ZnO is that the electrical
properties can be altered by both doping the grain boundaries and the grains
themselves. This has profound consequences on the electrical transport
properties, the optical properties and the piezoelectric properties. The way in
which they can be manipulated is described by the work in report # 6 and #8,
so as to form thin-film varistors and nonlinear conductors. The properties
are found to be sensitive to microstructural parameters, such as strain and
grain size, as described in reports #11 and #12 in which the optical absorption
properties of ZnO films are described. Our work on the effect of strain with
the substrate (report#12) clarifies several long-standing discrepancies in the
literature concerning questions such as the actual band-gap of ZnO itself and
particle size effects. Another unexpected result of our research has been the
demonstration of acousto-electric current saturation in polycrystalline films
(report#13). The acousto-electric effect, a field induced piezoelectric coupling
with the conduction electrons that limits the maximum current density, had
previously only been reported in single crystals. Our work has shown that
polycrystalline films can also exhibit this highly unusual phenomenon
provided that the nature of the grain boundaries and their electrical
properties are controlled during growth.

Finally, a physical model for the electrical impluse induced fracture of
varistors was introduced (report#14). At very fast electrical loadings, for
instance associated with arresting a surge produced by lightening, varistors
can fail by what appears to be a mechanical failure and microstructural
examination oftens reveals the existence of multiple failure origins on the
fracture surface. An analysis based on the rapid resistive heating causing
mechanical shock was developed that combines electrical and mechanical
properties and successfully describes the failure modes observed.
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