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electron microscopy (Figure 32). When compared with previous results the film
microstructure is consistent. The brightness contrast across the film is very uniform with
only slight variations which may be due to low angle misorientations within the film. In
addition, there does not appear to be any grain boundaries or other large angle

misorientations present within the film.

Figure 32: Bright Field TEM image of PMNT on MgAl,O, substrate (PMNT27)

To confirm epitaxial deposition, a straight line trace from the substrate to the film
on the (100) zone axis (ZA) was completed and convergent beam electron diffraction
(CBED) patterns were taken with representative patterns shown in Figure 33. The
diffraction patterns show that the film and substrate were deposited epitaxially and there

is no evidence of misorientation.
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a) Spinel (100) ZA in single layer sample b) PMN-PT on Spinel (100) ZA in single
layer sample

Figure 33: CBED pattern on the (100) ZA of (a) substrate (b) PMNT-0.35PT film

It is clear by examination of the CBED patterns as well as the bright field image
and XRD pattern that the thin film is a well oriented epitaxial single crystal. Thus, as
postulated in the preceding section, the quality of the heterostructure is likely the primary
contributor to the reduction in relative permittivity and the increase in temperature

dependence of permittivity.

It is possible that the effect of substrate clamping may be reduced by creating
freestanding films, as was done by Maria et al with barium strontium titanate’®. In
addition, induced strain due to thermal expansion at higher temperatures should also be

investigated.
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4.2 Multilayer Samples
4.2.1 Piezoelectric Response

Piezoelectric response microscopy has been used by numerous authors to
characterize thin film ferroelectrics as direction of polarization and effective piezoelectric
hysteresis loops can be investigated on a nanometer scale. Shvartsman et al®®®! as well as
other authors have published extensively on the piezoresponse characteristics of PMN

and PMN-PT.

Multilayered heterostructures are required to complete piezoresponse microscopy
in order generate an electric field through the film. Typical bottom electrodes,
Lag 5Sr95Co0s, Au, and Pt have lattice constants that vary significantly from those of
PMN-PT allowing one to create textured (001) oriented films or randomly distributed
polycrystalline films. In order to compare the results of the well developed single layer
thin films, a conductive oxide bottom electrode of BaNbyg sTipsO3 was developed for this
study that has a lattice constant of 4.09A to once again match well with the lattice
constant of PMN-PT (4.024A) and MgA1,O4 (8.083A) in order to deposit single crystal

thin films. This was completed in both the (001) and (111) orientation.

Immediately apparent in the topographic AFM image (Figure 34) is the granular
structure of in both the (001) and (111) oriented samples. This is markedly different than
in the single layer heterostructure. The average grain size is approximately 200 nm in
both samples. The RMS roughness Figure 34 a) and Figure 34 c), are 5.50 nm and 8.71

nm respectively. There is apparently a difference in the shape of the grain with a more
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faceted structure shown in the Figure 34 c). However this is an artifact in the image due
to the fact that these images were taken in contact mode AFM and the difference in
cantilever stiffness between the two images has ‘smeared’ the edges of the grains. Thus,
a determination of the exact grain structure from these images would be speculatory.
Further investigation of these structures was therefore completed with TEM and is

examined in the section 4.2.2.
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b) d)

Figure 34: Topographical AFM image of a) b) (001) and ¢) d) (111) oriented PMN-0.35PT ‘

Examination of thin films oriented in the (001) and (111) in piezoresponse mode
revealed differences in the samples beyond growth orientation. In Figure 35, a (001)

oriented sample, there appears to be no evidence of contrast in the piezoresponse image
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beyond artifacts due to electrostatic forces derived from surface charge. This is as
expected due to the electrostrictive nature of PMN as a bias voltage must be applied in

order to observe the piezoelectric effects.

a) b)

Figure 35: AFM image of PMIN-PT deposited in (001) orientation a)topography and b) is the

associated piezoresponse image

However, in Figure 36 the images show that there is piezoresponse contrast,
although no bias had been applied to the structure. There are numerous areas of contrast
in Figure 36 b) indicating localized piezoelectric effect. Comparison of the topographic
image in Figure 36 a) to its piezoresponse image shows that the piezoelectric effect is
located entirely within the grains and in some adjacent grains. It was also found that when
a field of 1V was applied to other areas of the film there was no evidence of indﬁced
polarization. Given that the film thickness was 50 nm this is equivalent to a field of

approximately 200 kV/cm which greatly exceeds the typical coercive field of 25-30
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kV/cm. Self-polarization within relaxor films has been previously observed by Kholkin
et al®® and later Kighf:lman63 and Shvartsman et al®®. The behavior, as observed in the
films of this study, was found to develop only in select grains or in agglomerates of
grains. Although, localized piezoelectric response, self polarization, and increased
coercive field have been linked to numerous sources including grain size, compositional
inhomogeneities, and strain and have been exhibited by similar systems including PMN-

0.35PT 60, 61,63

a) b)

Figure 36: AFM image of PMN-PT deposited in (111) orientation a)topography and b) is the

associated piezoresponse image

The effect of grain size in bulk ceramics as well as thin films and its effect on
ferroelectricity has been well documented. Shvartsman et al® completed study on the
effect of grain size in PMN-0.65PT and found that there was a linear relationship between

the grain size and effective piezoelectric coefficient in thin films with remanent
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polarization increasing with grain sizes from 100 - 450 nm. The average grain size in the
thin film is approximately 200 nm which is within the dimensions required for a stable
remnant piezoelectric coefficient. Assuming the composition across the film is uniform,
the self polarization of the grains indicates that there is an inhomogeneous distribution of
local internal electric fields within the film. This is deduced given that a bias field is
required for the piezoelectric effect in relaxors®. However, if compositional
inhomogeneites were introduced by deposition or localized ordering from diffusional
processes, grains composed entirely of PbTiO; a strong normal ferroelectric may be
possible also resulting in the observed piezoelectric response. = Compositional
investigation of individual grains which show piezoelectric response would be difficult if

not impossible though, as locating the grain would pose a challenge as would maintaining

their structure and environment during sample preparation.

In addition to the examination of the piezoelectric response of these materials the
bottom electrode should have allowed the measurement of the dielectric constant and
hysteresis loop by flat plate capacitor techniques. A difficulty arose in performing this
series of experiments as the films had a significant leakage current and the many of the
electrodes were short circuited due to porosity within the films. This was unexpected as
the films should have a significant dielectric constant and be of sufficient thickness to
avoid these effects. Cross-sectional samples were made of these films and investigated

once again with TEM.
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4.2.2 Microstructural Characterization

SEI 150KV X35000 100nm  WDG.Imm ‘ " McMaster SEF 150kv X35000 100nm  WD&.Imm

a) b)

Figure 37: SEM Micrograph of PMN-PT surface in a) (100) orientation and b) (111) orientation
(Rob Hughes)

Based on the previous success of single layer PMN-PT deposition it was believed
that completing a multilayer deposition under similar conditions would produce good
quality films. The scanning probe microscopy and scanning electron microscopy (Figure
37) of the films proved otherwise and therefore a TEM investigation into the morphology

of the films was carried out.

Examination of the sample in Figure 38 from the bottom up shows that the
MgAlLO4 substrate does not appear to have any qualitative differences from that in the

single layer samples.
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In the BaNby sTip 503 (BTN) layer there is evidence of a columnar structure. The
columnar structure was investigated further and found to be quite prevalent in perovskites
deposited by pulsed laser deposition. Consequently, due to the columnar nature of the
electrode layer the probability of single crystal deposition on further layers significantly

decreases.

The diffusion buffer layer between the BaNbysTips0; and PMN-0.35PT layer
consists of MgAl,O; once again. It is evident that, qualitatively speaking, the
morphology of the layer is quite different that of the substrate. The deviation from single
crystallinity is due to strain and dislocations introduced by growth on the BTN electrode

as indicated by the significant contrast variation and evidence of grain boundaries.

Finally, the PMN-PT is clearly polycrystalline as shown in the bright field TEM
cross section of Figure 38 with some separation between the grains. The phase
development for PMN-0.35PT is known to depend on the lattice mismatch and quality of
the substrate layer. Therefore, the poly-crystalline nature of the film can be entirely

attributed to the layers below.
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/ PMN-PT \

BaNby sTigs0;3

Figure 38: TEM cross-section of three layer heterostructure

The grain structure as shown in Figure 39 is an in plane rotation. The columnar
growth mode is often seen during pulsed laser deposition when reorganization of the
deposited layer cannot occur due to either low temperature or high frequency
deposition®. 1t has also been directly observed in BaTiO; by Dey et al in films deposited

1 in films deposited by metal orgainic

by pulsed laser deposition and by Streiffer et a
chemical vapor deposition and attributed to tension in the film and a thickness

dependency®
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Figure 39: TEM Cross-section of PMN-0.35PT layer with associated CBED patterns
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5 Conclusions

5.1 Summary
In this thesis the dielectric properties of single crystal PMN-0.35PT relaxor thin
films were measured using interdigital capacitors and related to the microstructural

properties by both TEM and piezoresponse microscopy for the first time.

It was found that using interdigital dielectrometry and Maxwell FEM the
dielectric constant for the thin film ranged from 561 — 799 at 1kHz and 518 — 746 at
100kHz when the temperature was varied from 273-473K. Additionally, the temperature
dependence of the dielectric maximum (Ty) is higher than previously reported at
approximately 420K. The thin films displayed a typical relaxor ferroelectric behavior
with a broad diffuse dielectric maximum. The reduction in dielectric maximum, when
compared to values previously reported in literature, may be attributed to tensile strain
imposed by the substrate MgAl,O4. This is despite fact that the lattice mismatch between
the substrate and thin film, for the single layer samples, was smaller than in any previous
publications. It is also believed that interdigital dielectrometry measurements were the
first ever completed on thin film PMN-0.35PT with excellent film morphology as
demonstrated in the TEM images for the single layer samples. Interdigital dielectrometry
was also completed on both ceramic and single crystal samples of PMN-PT with good
results establishing interdigital dielectrometry as a viable method for dielectric evaluation

of thin films.
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Piezoresponse microscopy and transmission electron microscopy have shown that
regardless of the lattice mismatch within the heterostructure, it is difficult to produce high
quality films of PMN-0.35PT with a BaNby 5T 505 bottom electrode. The propensity for
columnar growth of BaNby sTi 503 establishes an environment for polycrystalline growth
drastically reducing the probability of single crystal growth in subsequent layers.
Additionally, piezoresponse microscopy allowed the observation of self polarization in
PMN-0.35PT within the polycrystalline films which is in agreement with observations of

previous researchers.

5.2 Recommendations for Future Work
As with all research projects it often seems that for every interesting result obtained many
more topics for future work are discovered. This is especially true in the case of thin film
ferroelectric materials as new applications are constantly being developed. Several
suggestions for future research are proposed below:

e [Examine and evaluate PMN-PT across a variety of substrates in order to establish

an experimental misfit/dielectric constant phase diagram and compare with its

thermodynamic counterpart

e Investigate changes in dielectric properties of the thin films with different

substrate orientations

e Develop a method for producing free standing ferroelectric films in order to

negate the biaxial tension imposed by the substrate material.

e Develop alternative bottom electrode materials which may be lattice tuned to the
particular application
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