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While there is extensive literature on the influence of both compressive and tensile
strain on the domain patterns of (001) tetragonal ferroelectric thin films, little is
known regarding domain engineering in (110) films. The primary reason is the
absence of suitable substrates that allow the growth of epitaxial films with this
orientation. However, recent works emphasized the importance of this orientation
with the possibility for e.g. to achieve ultra-high ferroelectric domain density. This
work reports the controlled growth of a/c domain patterns in highly tetragonal
monocrystalline (110) oriented Pb(Zr0.05,Ti0.95)O3. It is demonstrated that while a/c
patterns can easily be realized in the single layer film relaxed under compressive
misfit strain, modulation of tensile misfit strain through the use of buffer layers
allows for consistent control of domain periodicity, in which case the average domain
period was tuned between 630 and 60 nm. The effects of domain density and defects
on both switching behavior and piezoelectric properties in single and multilayered
structures are also investigated, revealing an optimum composition of the buffer
layer for improved domain compliance and piezoelectric properties. C 2016 Au-
thor(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
[http://dx.doi.org/10.1063/1.4948795]

I. INTRODUCTION

Ferroelectric thin films are currently used in applications previously covered by bulk ceramics
including dielectric capacitors, sensors and Microelectromechanical systems (MEMs).1,2 Piezoelec-
tric properties of ferroelectric materials such as the most commonly used Pb(Zr,Ti)O3 (PZT) are
known to be strongly affected by the domain structures.3,4 Moreover, the recently discovered and
potentially useful functional properties of domain walls such as conductivity5–8 and the photovoltaic
effect9,10 have brought more attention on the importance of domain engineering in ferroelectric
single crystals and thin films.

Theoretical works have established that the ferroelastic domain patterns can be controlled by
misfit strain.4,11–14 These predictions have also been supported by experimental works mainly con-
ducted on (001) tetragonal films. Compressive misfit strain favors c domains for epitaxial films
whose thicknesses are below the critical value for relaxation,15–19 and a/c patterns for relaxed
films.20,21 On the other hand, depending upon film thickness, substrate lattice parameters and pro-
cessing conditions, tensile misfit strain can result in formation of either cross-hatched or stripe a/c
patterns,15,22–24 a1/a2 patterns17 or even more complex superstructures.25

Recently, experiments conducted on (110) oriented tetragonal thin films revealed peculiar
switching behaviors. For example, a reversible switching between a monodomain state and an
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ultra-dense array with an inter-wall spacing of only 10nm was achieved26 and reconfigurable robust
charged domain walls were created without the need of complex poling procedures.27 However,
engineering the as-grown domain structure of films grown in the (110) orientation was much less
studied than in its (001) counterpart. To our knowledge, the only reported ferroelastic-ferroelectric
domain patterns in single crystalline epitaxial (110) PZT films are those of a/c-type created in
relaxed films grown on compressive SrTiO3 (STO) (110) substrates.28,29 This is due to the fact that
currently STO(110) is the only readily commercially available perovskite substrate that can support
such an orientation and it imposes a compressive misfit strain for all compositions of the most
commonly used PZT.

In this work we apply the strain engineering technique through the use of buffer layers to
induce tensile strain in monocrystalline (110) tetragonal Pb(Zr0.05,Ti0.95)O3 thin films. This PZT
composition is chosen since it allows the study of the transition from compressive strain, if directly
grown on STO(110) substrate, to tensile strain, if grown on STO(110) substrate with thin PZT buffer
layers with higher Zr content. Since the Zr content of the film is only 5%, PZT buffer layers with a
wide range of Zr content from 6% to 100% can be used to tune the strain level. We show this is an
efficient way to control the periodicity of ferroelastic domains and create dense a/c domain patterns.
The impact of the a/c patterns and the dislocations on both switching behavior and piezoelectric
properties is investigated.

II. EXPERIMENTAL

Tetragonal PbZr0.05Ti0.95O3 (PZT05/95) thin films were grown directly on chemically and
thermally treated30 5% Nb-doped STO(110) substrates (Crystec GmbH) and on buffer layers pre-
deposited on the STO(110) substrates. The buffer layers were comprised of PZT compositions with
10, 20, 30, 40, and 50% Zr contents as shown in table I. All layers were deposited by pulsed laser
deposition (Coherent KrF excimer laser λ = 248 nm). The deposition parameters were 1J/cm−2

laser energy density, temperature of 550◦C, oxygen partial pressure of 200mTorr, laser repetition
frequency of 3 Hz, deposition rate of 0.8 nm/min. All films were cooled in an oxygen pressure of
2.0Torr.

Table I shows the theoretical misfit strain of PZT buffer layers on STO(110) substrate. The
values are calculated by averaging the strains in the (001) and (1-10) orientations that can be
calculated from the formula, respectively:

Strain (001) [%] = a − as

as
∗ 100

And

Strain (1 − 10) [%] =
(c2 + a2) − √2as√

2as

∗ 100

Where a and c are the in-plane and out-of-plane lattice parameters of PZT buffer layers and
as = 3.905 Å is the lattice constant of STO. All buffer layers are compressively strained. On the
contrary, similar calculations show tensile strained PZT05/95 films (a = 3.9156 Å, c = 4.1420 Å)
on PZT buffer layers.

TABLE I. Lattice parameters and misfit strain on STO(110) substrate for PZT compositions of buffer layers used to control
domain patterns of PZT05/95 films. Misfit strain of PZT05/95 films on the different PZT buffer layers.

Lattice constants Buffer layer

PZT10/90 PZT20/80 PZT30/70 PZT40/60 PZT50/50

a= b [Å] 3.9272 3.9539 3.9862 4.0081 4.0303
c [Å] 4.1319 4.1319 4.1331 4.1341 4.1449
Average strain of buffer layer on substrate [%] -1.9 -2.4 -3.03 -3.45 -3.95
Average strain of PZT 05/95 on buffer layer [%] 0.15 0.65 1.25 1.66 2.13
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FIG. 1. 2Theta XRD patterns for (110) peak of 150 nm single layer PZT 05/95 (black square) and 100 nm PZT05/95 film
on 10 nm buffer layer of PZT10/90 (red up-triangle), PZT20/80 (blue left-triangle), PZT30/70 (magenta down-triangle),
PZT40/60 (dark-yellow diamond) and PZT50/50 (brown circle). All films grown on Nb-doped STO(110) substrate.

The orientation of the films was characterized by X-ray diffraction (XRD) using a Bruker
D8 Discover. Figure 1 shows the (110) peak of a 150 nm single layer PZT05/95 and 100 nm
PZT05/95 films deposited on 10 nm buffer layer of PZT10/90, PZT20/80, PZT30/70, PZT40/60
and PZT50/50. The (110) peaks of PZT 05/95 and 10/90 are merged because of the low mismatch
between the two compositions. No thickness fringes are visible in all XRD patterns because of
the high films’ thicknesses. We note that fringes were typically not observed above 90 nm for
PZT05/95 single layers. Additionally, the surface roughness (r ∼ 0.4 nm) and the in-depth structural
modifications induced by the a/c domains prevent the interference patterns from occurring.

In the following part, atomic force microscopy (AFM) and piezoresponce force microscopy
(PFM) experiments were performed at room temperature using a Cypher Asylum Research AFM
in DART (dual a.c. resonance tracking) mode. Commercial silicon tips coated with Ti/Ir (Asylum
Research) were used for PFM at typical contact resonance frequencies of 260–300 kHz for vertical
PFM and a typical voltage of VAC = 1 V. Transmission electron microscopy (TEM) was carried
out with a Tecnai Osiris instrument using an acceleration voltage of 200 kV. Dual-beam laser
interferometry was performed on a laboratory made setup.

III. RESULTS AND DISCUSSION

A. Domain periodicity

Domain patterns of single and multilayered PZT films were characterized by means of AFM
and PFM. Figure 2 shows the AFM topography together with vertical PFM amplitude. The vertical
PFM amplitude images reveal the a− domains as black lines due to the absence of signal from
these purely in-plane oriented domains. These set of images clearly show the difference in domain
periodicity of similar domain patterns with different buffer layers.

The contrast of domains in PFM amplitude images enabled us to quantify the periodicity
through averaging several measurements from different areas. Figure 3(a) shows the dependence
of domain period with respect to the misfit strain for all films. Remarkably, the periodicity of a/c
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FIG. 2. AFM topography and PFM amplitude of (110) PZT 05/95 thin films. (a) 150 nm PZT 05/95 and multilayered films
of 100 nm PZT 05/95 on 10 nm (b) PZT 10/90, (c) PZT 20/80, (d) PZT 30/60 and (e) PZT 50/50. PFM amplitude shows
a domains as black lines in the matrix of c domains. 180◦domains indicated by orange arrows can also be seen in figure 2
(c)-(e). The periodicity of the dense a/c ferroelastic domain increases with Zr content of the buffer layer from 630 to 60 nm.

domain patterns varies from 630 nm for relaxed single layer film under compressive strain to about
60 nm through increasing tensile misfit strain. Starting from films with a PZT30/70 buffer layer,
domain periodicity could not be decreased further and only a small change in domain density was
achieved with increasing Zr content. To determine the origin of the abrupt stop in increase of a
domain density, TEM was performed on films grown on PZT10/90 and PZT30/70 buffer layers. Due
to the moderate lattice mismatch between PZT10/90 and STO (110) and the low lattice mismatch
between PZT05/95 and PZT10/90, the heterostructure shows few dislocations, sharp interfaces and
a domains extending through the whole thickness of the films (Fig. 3(b)). On the contrary, in the
PZT05/95 / PZT30/70 heterostructure, the PZT30/70 has a large amount of dislocations due to the
large strain imposed by the substrate that propagates into the PZT05/95 film which lies above it
(Fig. 3(c)). The dislocation-assisted strain relaxation probably hinders the formation of denser a
domain patterns when buffer layers of PZT with Zr content above 30% are used.22 This is also
supported by the curved irregular structures that are non-ferroelastic 180◦domains in films grown
on PZT20/80, PZT30/70 and PZT50/50 buffer layers (Figs. 2(c)–2(e)), which are the result of poor
polarization charge screening at the bottom interface. Poor polarization screening was shown to

FIG. 3. (a) Dependence of a/c domain period on the misfit strain for (110) PZT 05/95 thin films. TEM images showing
low-defect density cross-section for (b) PZT 05/95 on PZT 10/90 buffer layer and a high defect density for (c) PZT05/95 on
PZT30/70 buffer layer.
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FIG. 4. Modified domain patterns after poling (a) 150 nm thick PZT05/95 film on STO(110), (b) 100 nm thick PZT05/95
film on 10 nm PZT10/90, (c) on 10 nm PZT30/70 and (d) on 10 nm PZT50/50 buffer layers. The poling bias voltages applied
on the AFM tip is indicated in each case and dotted lines encircle the area with noticeable a-domains switching in (c) and (d).

create a competition between electrostatic and elastic energies and hence prevent the formation of
denser a domain patterns to favor 180◦ domains.22

B. Compliance of a/c domain walls and piezoelectric properties

Positive bias voltages were applied to the conductive tip of an AFM to switch the polarization
of the samples downwards. Despite a high switching voltage of 8 V, only a small fraction of the
single layer PZT05/95 thin film undergoes 180◦ switching (Fig. 4(a)). The a domains are unaffected
by switching. On the other hand, a smaller voltage of 6 V was enough to completely switch and
concurrently modify the a/c-domain patterns of a PZT05/95 with a 10 nm PZT10/90 buffer layer
(Fig. 4(b)). By comparing figures 2(b) and 4(b) we see that domain pattern modification by pol-
ing resulted in an increase in domain density as new a-domains appeared. These a-domains are
created to compensate the erased ones due to elastic reasons, because the locally erased ferroelastic
domains were globally responsible for the minimization of elastic energy.31

The dotted lines in figures 4(c) and 4(d) indicate the regions modified after poling with 8V
in PZT films on PZT30/70 and PZT50/50 buffer layers, respectively. The domain modification by
poling in multilayered structure is increasingly difficult as the tensile strain increases. Denser and
clamped a domains and a higher amount of defects are most likely responsible for this. The latter
would explain why films grown on PZT50/50 are harder to switch than those grown on PZT30/70
despite a very similar a domain density. We can conclude from this switching experiment that an
additional buffer layer is beneficial for domain compliance if the balance between a domain density
and low-defect density is found. This is achieved here with the PZT10/90 buffer layer in which
the a/c-domain pattern modification occurs through the elimination of one of the two energetically
equivalent a domains.

We then measured the effective piezoelectric coefficient d33,f of the single and multilayered
films by dual-beam laser interferometry. Figure 5 shows the effective piezoelectric coefficients
taken with an a.c. voltage of 0.1 V at 5 kHz and a d.c. electric field varied between ±500 kV/cm.
Piezoelectric loops of the single layer PZT film (Fig. 5(a)) and PZT films grown on PZT20/80
(Fig. 5(c)) and PZT30/70 (Fig. 5(d)) buffer layers present a significant vertical shift supported by
the difficulty in switching shown in the PFM images. No switching was observed for the film grown
on the 50/50 buffer layer (Fig. 5(e)). Its piezoelectric response was however higher than the ones
of the films with identical a domain density but grown on different buffer layers. This might be
related to the buffer layer being of a weaker tetragonality (a composition closer to the morphotropic
phase boundary). Finally, we note that the film grown on a PZT10/90 has the most symmetric
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FIG. 5. Effective piezoelectric coefficient as a function of electric field for (a) 150 nm PZT05/95 film and 100 nm PZT05/95
films on (b) PZT10/90, (c) PZT20/80, (d) PZT30/70 and (e) PZT50/50 buffer layers.

loop (Fig. 5(b)) consistent with the domain switchability determined by PFM and a piezoelectric
coefficient equivalent to the one of the single layer film. This result emphasizes that the careful
choice of the buffer layer does not only allow structural modification and domain engineering but
has clear effect on properties.

IV. SUMMARY AND CONCLUSIONS

Domain periodicity in tetragonal monocrystalline (110) oriented PZT05/95 thin films was
controlled by imposing different tensile misfit strain levels. Due to unavailability of suitable sub-
strates with appropriate lattice parameters, thin PZT buffer layers with different Zr compositions
were used. a/c domain patterns obtained in the relaxed single layer films under compressive misfit
strain had average periodicity of 630 nm. As for the multilayered structures, it was found that
domain density can conveniently be controlled through modulation of tensile misfit strain. In this
respect, the average periodicity of a/c patterns was reduced to 60 nm. An optimum buffer layer
composition of PZT10/90 was found, allowing the improvement of domain compliance and the
piezoelectric properties. This approach is not restricted to PZT and can be potentially used with
other ferroelectric-ferroelastic materials for which lack of substrates is detrimental to tuning their
domain patterns and properties.
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