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Abstract Thin film ferroelectrics may have important
applications in microwave devices but in general have
significantly worse properties than bulk material. This is
principally because of secondary and point defects. The
natures of the defects are reviewed and strategies to study
and remove them outlined.

Introduction

Tunable components operating in the microwave band (1-
100 GHz) may be utilized in many types of communica-
tions, providing optimal use of available bandwidth, signal
encoding and decoding and directionality under low power,
voltage control. Application platforms range in scale from
mobile phones to radar systems and in location from
shipping to satellites. The sensitivity of the permittivity of
ferroelectric materials to electric field bias makes them
attractive in these applications. Thin films offer savings in
size and weight compared with bulk materials. They also
afford smaller capacitance values and lower tuning volt-
ages. These details are discussed in [1], a key paper in that
it was an early example of the compatibility between high
temperature superconductors (HTS) and barium strontium
titanate (BST). HTS gave a huge impetus to oxide film
growth which led to increased activity in ferroelectrics
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[2-6]. Barium strontium titanate has become the material
of choice for studies and development at ambient and low
temperature as the variation in Curie temperature across the
solid solution provides considerable flexibility [5]. Films
are generally used in the paraelectric state to avoid domain
wall losses and hysteresis. There are recent reviews of the
state of the art in ferroelectric-superconductor devices [7]
and room-temperature devices [8, 9].

It is generally true that the tunability and losses in thin
film ferroelectrics are worse than those of bulk material.
The objectives of this study are to survey the connections
between microstructure and dielectric properties of BST
films at microwave frequencies and to show and suggest
how engineering at the nanoscale may be used to control
the functional properties. We will draw on examples from
the literature and from the work of our own research group.

For microwave devices, the range of substrates is
limited [10]. Substrates must have low permittivity, low
dielectric loss and temperature-independent dielectric
properties. These considerations rule out SrTiO3z, a com-
mon substrate for high quality growth of perovskites.
Substrates should be isotropic, which counts against sap-
phire, and ideally not twinned, which counts against lan-
thanum aluminate. Electrode layers must have high
conductivity at microwave frequencies, which rules out
oxide conductors such as SrRuOj; and explains the initial
enthusiasm for HTS. Thus for real microwave devices, the
practical substrates are magnesium oxide and metallised
silicon. Dysprosium and gadolinium scandates are good,
but expensive. Given that epitaxy is likely to be compro-
mised by the choice of substrate, strain and defect structure
(nano-structure) are key topics in thin film development.
Both are intimately connected to film growth mode.

The structure of this study is as follows. In the sec-
tion “Dielectric properties of BST thin films at microwave
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frequencies” there is a broad survey of the dielectric
properties of ferroelectric thin films at microwave fre-
quencies. The section “The defect structure of BST and
BST thin films” considers the defect structure of the (Ba,
Sr)TiO5 system in general and in thin films in particular. The
section “Connections between defect structure and micro-
wave properties” reviews the connections between defect
structure and microwave properties and shows evidence
that defect structure at the nanoscale is important. In
the “Conclusions” there are suggestions for future research.

Dielectric properties of BST thin films at microwave
frequencies

In analysis at microwave frequencies the relative permit-
tivity should be expressed as a complex quantity &(E) =
¢(E)(1 —jtan 6(E)): the real part & (E)is often referred to
simply as the ‘permittivity’, tan J(E)is the ratio of the
imaginary and real parts of ¢(E) and E is the dc bias field.
The rate of energy dissipation from the microwave signal
into other forms (‘dielectric loss’) is given by

W(E) eoé (E)E}

wtan 6(E) (1)
where Ej is the amplitude of the microwave electric field,
and o is the angular frequency of the microwave signal. In
Eq. 1 the field dependencies are included implicitly to
show that, since both the permittivity and loss tangent of
ferroelectrics are sensitive to bias field, the assessment of
materials needs rather full characterization in order to be of
value. Equation 1 also shows that the ideal microwave
dielectric has a modest permittivity and a low loss tangent.

There are two common ways of defining tunability. The
first is as the ratio of the real part of the permittivity in zero
bias to that in dc field bias,

¢(0)

n :SI(E)' (2)

The second is the relative tunability expressed as a
percentage,

~100(2(0) — &(E))
e = 2(0) : 3)

so # = 100/(100 — #,). A useful parameter for comparing
films is the commutation quality factor or CQF [5]

cQp——1=D° 4)
ntan 0(0) tan 0(E)
The CQF is only meaningful when comparing

ferroelectric materials if the electric field is specified,
because 7 is a function of bias field. Furthermore, losses in
the electrodes should be removed in the data analysis. The

CQF is also implicitly a function of frequency. Although
the intrinsic permittivity determined by the soft mode
behaviour is a constant up to 100 GHz other processes
related to structure or ferroelectric domains may introduce
frequency dependencies [9, 11-15]. An additional compli-
cation is that conduction at the film—electrode interface may
cause a frequency-dependent dissipation [16].

The properties of bulk BST will depend a great deal on
composition and form (ceramic or single crystal) so it is not
possible to give simple ‘bulk’ values for loss tangent,
tunability and CQF. However, in general one may say that
in the compositions which are paraelectric at room tem-
perature and considered useful or microwave devices (0.25
< x < 0.7) values of the permittivity and loss tangent in
zero field are in the range 1,000-5,000 and 0.001-0.02 at
room temperature. The peak values of permittivity are of
the order of 104, far higher than ever observed in thin films
at microwave frequencies. Finally, CQF values are repor-
ted in the range 10°-10* 5, 8, 9, 17].

Thin film ferroelectrics may be incorporated into device
and test structures in one of two general configurations, as
shown in Fig. 1. In the co-planar geometry, Fig. 1a, the

(a) (b)
‘ EER = === | ﬁ
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Fig. 1 Cross sectional and side views of co-planar (a) and parallel
plate (b) geometries for thin film microwave devices [9, 18]. A co-
planar geometry with a lower electrode (combination of b and a) may
also be used. In a the outer two electrodes are ground planes and the
inner, narrower line is the signal line. The bias is applied between the
signal line and the ground planes. The electrodes are typically a
micron thick. The signal line may be 5-50 pm in width, the ground
electrodes are typically 200 pm or more in width. The lengths of the
electrodes depend on the device design—they may be square or
rectangular, up to several mm long and may be straight or
meandering. In b the overlap of the top and bottom electrodes forms
the varactor. The electric field associated with the microwave signal
and the dc bias is applied between the two electrodes. The lower
electrode is the ground plane. Typically the top electrode is a few
microns square. The bottom electrode may also be patterned
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film is deposited directly on top of an insulating substrate
and then metallic or superconducting electrode layers are
deposited and patterned on top of that. The structure shown
is a ground-signal-ground co-planar waveguide or trans-
mission line. Three-fingered microwave probes are used to
make contact to both ground lines and to the signal line.
The reflection and transmission coefficients (which are
complex quantities) are measured with an instrument
known as a vector network analyser. From these, the
impedance and propagation constant of the transmission
line can be calculated. These can be calculated to an
accuracy of a few percent. Rather large error bars (perhaps
as much as 10%) apply to the subsequent calculations of
the permittivity of the film, which requires modelling of the
fields in the structure and knowledge of the film thickness.
The details, variations on the method and structure and
some original references are assessed and reviewed in [18]
and an error analysis presented in [19]. In the co-planar
structure, the dc bias is applied between the signal and
ground lines. These are typically 10-30 pm apart whereas
the film is only 0.5 pum thick. The electric field within the
ferroelectric film is quite uniform and parallel to the sub-
strate plane. The ‘filling factor’, or fraction of field energy
stored in the film is quite small: a substantial amount of
field energy is stored in the air above the structure and the
substrate below it and the ‘effective permittivity’ of the
film/air/substrate may be as low as 20 even though the film
itself has a permittivity of 1,000. Taking an electrode
thickness of 0.5 pm and length of 1 mm with a 25 pum gap
between signal and ground lines a quick estimate of the
capacitance is 2 fF. Bias voltages of the order of 100 V
between the ground and signal lines produce fields of the
order of 4 V um™ .

The capacitance and bias field are higher in the second
test geometry, the parallel plate structure of Fig. 1b. In this
structure, the top electrode could be perhaps 5 pm? and this
defines a ‘parallel-plate’ capacitor with a conducting bot-
tom electrode. Since the film thickness is one tenth of the
side of the capacitor, to a first approximation fringing fields
can be ignored. Furthermore, the variation in permittivity
away from the edges of the top electrode also makes only a
small correction to the capacitance, as can be seen from
[20]. A typical capacitance in this case is of the order of
0.5 pF and tunability is also much higher for a given
voltage, 100 V producing a field of 200 V pm~"'. To make
measurements on the parallel plate structure, a single probe
can be used to make contact to the top and bottom elec-
trodes [21]. The measurement now is of the reflection
coefficient of the structure. The top electrode has to be
small: pads of areas approaching 1 mm? such as might be
used in low frequency measurements would present a very
large capacitance at microwave frequencies and thus a very
small reactance: the test structure would be almost
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indistinguishable from a short circuit in the reflection
measurement. This would create a large uncertainty in the
measured permittivity. The parallel-plate device is short
compared to the wavelength which means that equivalent
circuit models rather than transmission line models can be
used in the data analysis [22, 23].

In both measurement geometries, calibration procedures
to remove parasitic inductance, capacitance and loss are
essential to reliable measurements.

Films grown on oxide or metallic surfaces will grow
differently, so it is difficult to use the two structures to
compare dielectric properties parallel and perpendicular to
the film plane. The microstructure of ferroelectric films on
common substrates such as MgO and Pt/Si is often
columnar, the columns arising from growth on different
terraces on the substrate surface and/or the meeting of
slightly misoriented growth fronts [24-26]. Such columnar
films tend to have relaxed the misfit strain. Modelling of
the dielectric properties to include columnar boundaries
and interfacial layers of different properties from the film
bulk can provide insight into the most desirable micro-
structure [22]. In this study, though, attention is concen-
trated on smaller scale structure at the nanoscale, the defect
structure.

An indicative collection of dielectric data on thin film
BST measured at microwave frequencies is presented in
Table 1. The data cover a 15-year period from 1993 to
2008. In device engineering the CQF of a device is often
specified in terms of the device voltage, capacitance is
given rather than permittivity and the loss tangent of the
whole device, including electrode losses, is important. In
assembling Table 1, only references from which the CQF
can be specified in terms of electric field and which remove
the contribution of the electrodes to the measured loss
tangent are used. This is so that the ferroelectric materials
can be compared directly. For microwave applications, a
CQF of at least 2,000 is desirable [5]. For a commonly
attained tunability of 1.5 (see Table 1) this requires an
average loss tangent of 0.009, which few groups have
attained in thin films. It is known that at the thickness (of
the order of 100 nm) required for microwave devices, the
differences between the properties of films and bulk
materials are not simply due to a size effect: measurements
on sliced crystals of similar and smaller thickness show
bulk properties [27].

Referring to Table 1 the first clear feature is the higher
bias field available for the films grown on metals, where
the parallel plate geometry is possible. However, in these
cases, the BST is not as tunable as in the best films on
oxide substrates. The influence of epitaxy and growth mode
appears to be strong. In most references where the per-
mittivity-bias curves are shown, the real part of the per-
mittivity is already approaching a minimal value in the
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Table 1 Examples of zero bias dielectric properties and commutation quality factor reported for BST films at specified frequency f and

temperature T

Material f(GHz) T(®K) &) tand (0) 1 CQF E(V umf') Reference
SrTiO; on LaAlO; 11 4 920 0.05 1.7 463" 8 [3]
Bag 5Srp sTiO3 on MgO 1-20 300 770 0.067 1.5 85 6.7 [28]
Baj 5Sry5TiO; on LaAlO; 1-20 300 2545  0.167 2.2 71 6.7 [28]
Bag (3S1r9.97TiO3 on MgO 4 15 430 0.019 1.2 187 1.2 [29]
Bag3Sry7TiO; on Al,O4 1 300 NA 0.012 2 16000 40 [30]
Ba 551y 75Ti05 on Pt(Au)/Si 20 300 164 0.01 1.7 5228 7 [22]
S1TiO3 on MgO as grown 8 78 900 .0051 1.50 7600 10 [31]
S1TiO; on MgO annealled 8 78 600 .0038 1.25 3209 10 [31]
Ba 5Sry sTiO3; on MgO 20 300 900 0.005 1.2 600 1.6 [32]
Bag 5Srp sTiO3 on MgO 20 300 1800  0.055 2.0 275 32 [33]
SrTiO; on DyScO; 10 300 3500 0.05 2.6 98 5 [35]
Ba 551y 75TiO5 on Pt/Si 2 300 728 0.022 1.4 208 32.5 Unpublished
Baj 5Sry5TiO; on LaAlO; 1 300 1429 0.0098 1.74 420 6 [36]
Bag,5Sry.75TiO5; on LaAlO; 1 300 715 0.0047 1.42 331 6 [36]
Ba 5Sry 5TiO5 on Pt/Si 1 300 368 0.0168 1.43 501 30 [36]
Ba 5519 75TiO5 on Pt/Si 1 300 208 0.0155 1.27 281 30 [36]
BST90/10:BST75/25:BST60/40 on Pt/Si 0.5 300 291 0.0125 1.34 5521 150 [37]
BST90/10:BST75/25:BST60/40 on Pt/Si 10 300 261 0.0763 1.27 12 150 [37]
Mg-doped BST90/10:BST75/25:BST60/40 on Pt/Si 0.5 300 201 0.005 1.17 988 150 [37]
Mg-doped BST90/10:BST75/25:BST60/40 on Pt/Si 10 300 189 0.040 1.14 11 150 [37]

Only material specific data is chosen i.e. electrode losses are negligible or have been removed from in the analysis

? The bias dependence of the loss tangent is not given, so the CQF has been estimated from the zero bias loss tangent alone. The loss tangent

normally decreases with bias so the actual CQF may be higher

available bias field, which implies that the five-fold
reduction in permittivity attainable in bulk material [5, 8] is
not available in thin films. The loss tangents are also
generally much higher than in bulk. The upshot is that few
groups achieve CQF values comparable with bulk material.
There is a reasonable correlation between low loss
tangent and low zero field permittivity. It is stronger for the
films on oxide substrates, Fig. 2a, than on metal electrodes,
Fig. 2b. This correlation is a general characteristic of
dielectric relaxation processes [38]. There is a very strong
linear correlation between tunability and zero field per-
mittivity. This is shown explicitly in Fig. 2c and d. Thus,
there is also a link between low tunability and low loss
tangent. However, the loss tangents are, in almost all cases,
much higher than in bulk material and the permittivity and
tunability are lower than in bulk material. This suggests
extrinsic causes of the values of these parameters and that
lower loss and higher tunability should be available.
Equation 4 shows a stronger influence of loss tangent on
the CQF than the tunability. Figure 2e and f bear this out:
indeed for films on metal bottom electrodes (Fig. 2f) there
is almost no correlation between CQF and tunability. Thus,
tunability can be sacrificed in pursuit of the lowest loss
tangents. This motivated the choice of the low Curie

temperature, 25% Ba composition for devices at room
temperature [22] which achieved very promising CQF
values of the order of 10°. However, as stated above, both
the tunability and loss tangent seem to have extrinsic
origins.

Achievement of high CQF requires concentration on
both increasing tunability and reducing loss tangent, with
particular emphasis on the latter, in order to reduce the
extrinsic contributions to their values. The section “Con-
nections between defect structure and microwave proper-
ties” presents evidence that a high density of threading
dislocations is correlated with low tunability and that the
high loss tangents are connected with point defects.

Before going further, another extrinsic influence on
tunability which has been discussed in the literature should
be mentioned. There can be space charge or depletion
layers beneath the surface of the ferroelectric [39—41]. In
this case, tuning may occur due to the change in width of
the depletion layer as a function of bias field, as in a
semiconductor varactor. This mechanism may be signifi-
cant if the width of the depletion layer is less than the
separation of the electrodes [6, 42—44]. The situation is
therefore particularly likely to arise if the oxygen stoichi-
ometry of the films is not close to being correct, because
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Fig. 2 Correlations between 0.18
a loss tangent and real part of
permittivity for films grown on
oxide surfaces, b loss tangent
and real part of permittivity for
films grown on metal bottom
electrodes, ¢ permittivity and
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then the point defect and free charge density can be high
[45, 46]. Since free charges are involved, such tuning may
be accompanied by a large loss tangent [6]. If the tuning
were indeed due to depletion layer effects, then Raman
spectra of the lattice modes would be insensitive to the
same bias which produces tunability. This insensitivity has
been observed [47]. In other measurements of lattice modes
in other films, however, a clear correlation between
dielectric tuning and mode hardening was seen [48].

The defect structure of BST and BST thin films
Secondary defects (dislocations)

From the literature on dislocations in strontium and barium
titanate bulk and films it is known that dislocations with
Burgers vectors of both (110) type and (100) type are
common. It is also known that (110) type dislocations tend
to dissociate into partial dislocations and glide on the
{110} planes [49-52]. The obvious difference between
bulk and thin film STO and BST is the density of defects—
obvious in the case of dislocations, but inferred in the case
of point defects.
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In an ideal world, a thin film would be grown on a
substrate with which it has a low surface tension, a small
lattice misfit and strong binding. In that case, layer-by-
layer growth with a coherent film—substrate interface
occurs and the small misfit between film and substrate is
taken up by a uniform elastic strain in the film. As the film
thickens dislocations may be nucleated at either the sub-
strate—film interface or at the film surface and these dis-
locations accommodate the misfit strain [53, 54].

If the dislocations are nucleated at the substrate—film
interface, this will most probably be at the edges of islands
(where they exist) or at ledges on the substrate surface,
both being stress concentrators. Those dislocations whose
Burgers vectors relieve misfit strain will be favoured. If the
Burgers vector lies in the interface, so will the resulting
dislocation loop. The perfectly relieving edge dislocations
with Burgers vectors lying in the interface can only form
via this route.

If the dislocations originate at the film surface and then
move down through the film, those with misfit strain-
relieving Burgers vectors will be attracted to the substrate
surface: the others will be repelled and remain as half loops
hanging from the top surface. Each dislocation which suc-
cessfully reaches the interface will leave two ‘threading’
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dislocations at either end connecting the substrate—film
interface with the top surface.

Dislocations may also originate in the substrate, in
which case, depending on their Burgers vector, they may
either lie in the substrate—film interface or form threading
dislocations up to the surface of the film.

Studies of dislocations in thin films are consistent with
these considerations. For example, in Bag5SrsTiO5 thin
films grown epitaxially on (001) MgO substrates [55], it
was found that many of the misfit dislocations were not of
pure edge, [100] or [010] type. Instead, dislocations with
Burgers vectors of the type 1/2(101) were present. The
[001] component, perpendicular to the film substrate
interface, is not able to relieve misfit strain, and so the
misfit dislocations were found in a higher density than
would have been expected for pure edge-type dislocations.
In fact, the observed density was not sufficient to relax the
misfit strain entirely, although the films were found to
be totally relaxed. The ‘}either reflects the film (via

Fig. 3 Bright field TEM
images of threading dislocations
in an as-grown Bag 5SrysTiO3
film [52]. The diffracted beam
directions (g) are shown. The
film has grown with cube-on-
cube epitaxy with respect to the
single crystal substrate:
(100)ps1//{100) me0

dissociation) or the substrate (e.g. via a ledge). The iden-
tification of the Burgers vectors of the threading disloca-
tions using diffraction contrast is illustrated in Fig. 3. In
this method, the crystal is tilted to satisfy the Bragg con-
dition for a sequence of reflecting planes; when the dis-
placement field of the dislocation (mostly parallel to b) lies
in the diffracting planes (i.e. g - b = 0) the image of the
dislocation disappears. Most of the threading dislocations
had b =(101), twice that of the misfit dislocations. The
method of formation of these was probably that described
by Matthews [54]: glide of half loops from the film surface
down to the film—substrate interface producing a misfit
dislocation segment and two threading dislocations.

Primary (point) defects
These can be of thermal or constitutional origin. Thermal

defects are of Schottky or Frenkel type. As regards con-
stitutional defects, excess Sr may be incorporated by
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Ruddleson-Popper phases: extra layers of SrO. However,
excess Ti is not accommodated similarly. It may be
accompanied by the formation of strontium vacancies and
oxygen vacancies [56, 57], TiO, phases [58, 59] and
crystallographic shear structures [59]. Conventional meth-
ods of studying film composition such as energy dispersive
X-ray analysis have an accuracy of the order of a few
percent which is not really sufficient to address these
issues. In very special circumstances, TEM can yield some
information. However, the application of other techniques,
such as precise lattice parameter measurements by X-ray
diffraction, Rutherford backscattering spectroscopy and
positron annihilation spectroscopy are urgently required.

Connections between defect structure and microwave
properties

Secondary defects (dislocations)

In the early stages of growth, when the misfit strain is
homogeneous throughout the thin film, there will be a
resulting shift in the Curie temperature of the ferroelectric
which may be predicted by the Landau—Ginzburg—Dev-
onshire theory [60]. Ferroelectric phases forbidden in sin-
gle crystals may be introduced [61]. In essence, though,
tensile strain favours a ferroelectric polarization along the
direction of strain and, through Poisson’s ratio, leads to a
reduction of the out-of-plane lattice parameter. This has
been observed in BST on MgO substrates [62]. Further-
more, the ferroelectric phase should develop with in-plane
polarization. We have used Raman spectroscopy to show
this is the case for Bag.sSrysTiO3 films on MgO [47].
Conversely, a compressive strain will favour expansion of
lattice parameters perpendicular to the plane of the film, as
has been shown to be the case for Bag.¢Sry 4TiO5 films on
LSAT substrates [63]. At a particular measurement tem-
perature, the dielectric properties will be similarly ‘shifted’
[35, 62, 64, 65]. Indeed, ferroelectricity at room tempera-
ture has been observed in SrTiOj thin films grown on
DyScOj; substrates [35, 66].

The primary influence of extended defects on dielectric
properties is also through strain, but at the nanoscale. When
dislocations are introduced as the film thickens, the small
widespread homogeneous strain concentrates into local but
heavily strained volumes around the misfit and threading
dislocations. Transitions are smeared out by the inhomo-
geneous strain [34, 67]. For example, calculations have
been performed of the strain field around misfit disloca-
tions in epitaxial (001) PbTiO; films on (001) LaAlO;
substrates, based on Landau—Ginzburg—Devonshire theory
[68]. Here the misfit strain is compressive (around 3% at
room temperature). The bulk Curie temperature of PbTiO3
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is 763 K [69] and the bulk spontaneous polarization is
0.75 C m™~? [70]. The analysis shows that the polarization
may be enhanced by as much as one-third at a distance of
several nanometres above an edge-type misfit dislocation.
It may be suppressed by a similar amount between such
dislocations in the periodic array along the film—substrate
interface. Thus, an interfacial layer with quite different
dielectric properties from the bulk of the film is inevitable.
Such strain fields may also pin 90° twin walls [71]. In this
context, it is interesting to note that a high density of dis-
locations has been observed beneath the surfaces of cut
SrTiOj; crystals [72]. The overlapping strain fields of these
were correlated with a high-temperature ferroelectric phase
suggested by X-ray diffraction as being present only near
the surface of a crystal [73].

Misfit dislocations will only affect a thin layer of the
film next to the substrate. Threading dislocations can affect
the whole film and are probably more important in their
effect on electrical properties. Indeed, several authors [33,
55, 63] have shown that reducing the density of threading
dislocations in BST films by post-growth annealing
increases the tunability significantly. For example, in the
MgO/BST system described in the previous section, Tse
and co-workers [33, 55] showed that ex-situ annealing of
the grown thin film resulted in a 40% decrease in threading
dislocation density and a concurrent 40% improvement in
tunability. In addition, the breadth in temperature of the
phase transition from the ferroelectric to the paraelectric
state was very much reduced by the post-growth anneal.
The annealing eliminated the dislocations with Burgers
vectors with screw components, i.e. parallel to [001]; the
density of edge and mixed type dislocations remained
unchanged. Such results are strongly supportive of an
association between the strain fields around the disloca-
tions and inferior dielectric properties through the mecha-
nisms discussed above. (The effect of the annealing on the
point defect population could not be determined). A
‘clean’, uniform microstructure appears to be desirable. A
smaller increase in loss tangent accompanied the increase
in tunability, so the CQF was improved. It was still rather
low though (& 10?), because the loss tangent was still an
order of magnitude larger than in the bulk.

The possibilities for engineering of growth modes and
hence of defect structures have been shown recently, for
strontium titanate grown on MgO [74]. Normally, as dis-
cussed above, in this epitaxial system with a 7.9% misfit,
the strontium titanate grows in an island mode. We have
used pulsed laser deposition to grow the strontium titanate.
Films grown using laser pulses fired at a steady repetition
rate of 5 Hz were found to be fully relaxed, with misfit
dislocations and threading dislocations. The misfit dislo-
cations were found to be dissociated as discussed above,
with Burgers vectors 1/2[101]sto. These dislocations with
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a screw component relieved only 2/3rds of the misfit strain.
Other films were grown with bursts of pulses in the
‘interval deposition” method [75]. In this method, the pulse
repetition rate within the burst was in the range 60-100 Hz.
The number of pulses within a burst was calibrated to be
the number required to deposit one unit cell, in this case of
the order of 20. A pause of 30 s duration was maintained
between bursts. Such films grew under tension in-plane, i.e.
unrelaxed, with a much lower density of threading dislo-
cations than films grown in the standard way [74]. These
results indicate that manipulation of growth kinetics may
hold the key to the production of ‘designer materials’.
Indeed, homoepitaxial films grown under such conditions
were almost indistinguishable from the substrate in cross-
sectional TEM analysis. It may be concluded that the
defects in the films grown on MgO were created in
response to the misfit but that the kinetics of film growth
limited the nucleation of those defects. The advantages of a
rapidly pulsed deposition technique for growth manipula-
tion compared with a steady deposition process are clear.

Point defects

The effect of an individual point defect is probably very
small but the density of them may be very high [57, 76].
The approaches to line defects above may improve the
tunability but there remains the general problem of the loss
tangent being high compared with bulk material. Scott
et al. [77] have argued that all non-intrinsic losses at
microwave frequencies in SrTiOj; films may be ascribed to
hopping of oxygen vacancies and thus associated with
point defects rather than line defects. Several authors have
used comparisons of measured bias and frequency depen-
dencies of the complex permittivity to deduce the impor-
tant of charged defects in loss mechanisms, including
dielectric loss and leakage currents [8, 17, 22, 30, 33, 34,
45, 47, 78] and oxygen vacancies are often associated with
these defects. Oxygen stoichiometry is also known to be
affected by strain [22, 79] as well, necessarily, as cation
stoichiometry [80]. Indeed, cation stoichiometry has been
shown to have a strong influence over dielectric losses in
thin films [81]. Divalent dopants such as Mg>" that sit on
the Ti*" site can compensate for oxygen vacancies and
reduce dielectric loss [37].

Conclusions

The dielectric properties of BST thin films at microwave
frequencies are strongly dependent upon the defect struc-
ture, at the nano-scale by line defects and at the atomic
scale by point defects, although the balance between the
effects of these is presently unknown. Further studies of

control of the growth mode and of the resulting line defect
structure via growth Kkinetics, and the effects on the
dielectric properties at microwave frequencies, will be
valuable. More careful control of film stoichiometry might
well lead to a reduction in the wide scatter of dielectric
properties shown in Table 1 as point defect density is better
controlled.

The production of films with optimal microstructure for
optimal properties is an opportunity for engineering rea-
lised down at the genuine nanoscale. This is ‘Engineering’
in the full meaning of the word—specification of desired
properties, design to meet that specification and then
implementation of the design followed by evaluation and
modification. The experience gained in applying modern
theoretical and experimental capabilities in analysis and
deposition to ferroelectric thin films will transfer directly to
studies and applications of ferromagnetic, magnetoelectric
and multiferroic thin films
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