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ABSTRACT 
 

Due to their tendency to form ionic states, transition metal oxides and 
especially SrTiO3 exhibit extraordinary ferroelectric properties. However, 
they typically exhibit these extraordinary properties close to the 
ferroelectric phase transition temperature, which usually deviates 
significantly from room temperature. The question arises as to whether, 
and how, these extraordinary properties can be utilized. It is therefore of 
major interest to engineer these materials to fully exploit and understand 
their potential, and to make them suitable or more suitable for various 
applications. 

One method of engineering the properties of these materials is to use 
mechanical strain. In particular, epitaxial strain, which is automatically 
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generated in epitaxial films grown on lattice-mismatched substrates, allows 
crystalline oxides to be elastically strained up to percent levels. Under such 
strain, the properties of the transition metal oxides can be altered 
significantly. 

In this chapter, we review the use of epitaxial strain to modify the 
ferroelectric, electronic, and structural properties of SrTiO3. We discuss 
how the ferroelectric properties can be tuned systematically by strain. This 
includes the tuning of the ferroelectric transition temperature, permittivity, 
and the type of ferroelectricity. We demonstrate that these epitaxially 
strained films typically represent textbook-like relaxor ferroelectrics and 
are highly tunable. Furthermore, we show that even the conductance of the 
nominally insulating material can be modified by epitaxial strain. With 
adequate strain, SrTiO3 not only becomes semiconductor-like, it also 

,
ranging from memristor to neuromorphic devices such as artificial 
synapses (e-synapses). The examples discussed demonstrate how elastic 
epitaxial strain represents an exciting option for engineering and fine-
tuning the properties of SrTiO3 thin films. 
 

Keywords: strain, epitaxial film, phase transition, relaxor, conductance  
 
 

1. INTRODUCTION 
 
The development of modern electronic devices has revolutionized the 

quality and way of life over the past few decades. In particular, the 
development of thin-film technology has enabled the size of electronic 
devices to be reduced while also enhancing their performance significantly. 
Electronic components work faster (modern computers operate at several 
GHz), are much smaller (thin-film transistors are now just a few nm in size), 
and can be integrated into complex electronics. This development was 
brought about not only by improvements in thin-film deposition, 
lithography, and processing techniques, but also the exchange and 
optimization of the properties of the different material components involved. 
The latter aspect is crucial to the further development of electronic devices. 
Research and concepts to improve material properties therefore represent a 
vital issue in the field of electronics. 
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Metal oxides are a family of materials that are widely used in the 
production of advanced electronic devices. Not only are they used as 
dielectric layers in transistors (simple field-effect transistor to 
complementary metal-oxide-semiconductor) or ferroelectric switches in 
memory devices (ferroelectric random-access memory or dynamic random-
access memory), but there have been recent reports of prototype applications 
such as ultrafast switching, magnetic field detectors, piezoelectric nanotubes 
for microfluidic systems, electrocaloric coolers, phased-array radar, three-
dimensional trench capacitors for dynamic random access memories, and 
even neuromorphic electronic components based on metal oxides [3, 4]. 
Depending on the type of application, a further miniaturization or 
improvement of device performance would require a further improvement 
of the ferroelectric properties of these materials. For a number of 
applications, this would require, for instance, a higher dielectric permittivity 
[5]. For example, the gate dielectric SiO2  

(   3.9) of classical transistors has previously been substituted by HfO2  

(   25 [1]). However, there are other candidates with an even higher 
dielectric permittivity (see Figure 1). For example, TiO2 already has a 

permittivity of 80 [1] and a number of the perovskites (SrTiO3, BaTiO3, 
and NaNbO3 are shown in Figure 1a) have a permittivity of several hundred 
at room temperature [6]. In addition to searching for alternative materials for 
specific applications, there are other ways of improving the performance of 
existing materials. The perovskites shown in Figure 1a exhibit a larger 
permittivity at the phase transition temperature To compared to room 
temperature (see also Figure 2). In particular, SrTiO3 has an extremely high 
dielectric permittivity of ~25,000 at To. 

Unfortunately, the transition temperature of these perovskites deviates 
considerably from room temperature. For SrTiO3, it is far below room 
temperature, and in nearly all other cases, it is far above room temperature 
(see Figure 1b). The classical way of modifying To (and thus all other 
ferroelectric properties, including permittivity) is given by substituting the 
elements. In the case of SrTiO3, substituting Sr with Ba automatically leads 

to a near-linear increase of To from 0 K for SrTiO3 to 393 K for BaTiO3 
(see Figure 1b). However, this substitution causes a reduction of the 
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The epitaxial strain (typically <3%) provides a potentially disorder-free 
route to achieve large biaxial (in-plane) strain. It has been used to enhance 
electron mobility in transistors [10], increase catalytic activities [11], alter 
the electronic band structure [12], modify conductivity to obtain 
neuromorphic behaviour [13], and significantly increase the 
superconducting [14], ferromagnetic [15-17], or ferroelectric [18-24] 
transition temperature. In this chapter, we use and review the epitaxial strain 
approach. Discussion is restricted to one of the most promising systems, 
SrTiO3 (partially substituting Sr with Ba), and focuses on the engineering of 
the ferroelectric properties and the conductivity of epitaxially strained thin 
SrTiO3 films. 

 
 

2. WHAT NEEDS TO BE KNOWN ABOUT SRTIO3 
 

Strontium titanate (SrTiO3) is an extremely versatile material. Firstly, 
although stoichiometric SrTiO3 is an insulator with a band gap of 3.2 eV 
[25], it has interesting conduction properties. Due to its significant ionic and 
electronic conduction, SrTiO3 can be used as a mixed ion-electron conductor 
(MIEC), as can a few other oxides (e.g., TiO2, CeO2, LiFePO4, or LiMnPO4) 
[26]. This mixed conduction allows for the transport of a formally neutral 
species in a solid (e.g., oxygen in SrTiO3) and is a prerequisite for many 
interesting kinetic phenomena. One such phenomenon (neuromorphic 
behaviour) is illustrated in section 5 of this chapter. 

Secondly, SrTiO3 is a very promising high-k material  a dielectric 
material with an extremely high permittivity (see Figure 1a and Figure 4). 

The dielectric permittivity (its real part) r of SrTiO3 is higher than that of 
most other common ceramic and polymer materials. At room temperature, 
SrTiO3 is a centrosymmetric paraelectric material with a cubic perovskite 

structure and a permittivity of r  300. Since it follows Curie Weiss law: 
 

 (1) 
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where , C, and TC represent the electric susceptibility, Curie constant, and 
Curie temperature, respectively, the inverse permittivity decreases in an 
almost linear fashion with decreasing temperature according to 

right down to the Curie temperature TC  30-42 K [27]. As a 

consequence, r increases significantly with decreasing temperature. 
Moreover, since SrTiO3 is an incipient ferroelectric, i.e., it shows no 
ferroelectric phase transition and therefore no peak in the permittivity-vs-
temperature plot (see Figure 2) down to the lowest measurable temperatures, 
this increase is maintained to zero temperature, where a permittivity of up to 
25,000 is measured (see Figure 4).  

 

 

Figure 4. Dielectric response (permittivity r) of SrTiO3 (solid symbols) and inverted 
permittivity (open symbols), which demonstrate the Curie Weiss behaviour according 
to Eq. (1) with a Curie temperature TC of 30-42 K. The inset outlines the perovskite 
ABO3 crystalline structure of SrTiO3 with the face-centred O2- anion octahedron and 
the cations Sr2+ and Ti4+ located at the corners (A-site) and centre (B-site) of the unit 
cell, respectively.  

In terms of applications, extremely high permittivity would ideally be 
utilized by moving the phase transition towards room temperature. This 

other electronic properties at room temperature such as tunability, specific 
ferroelectric properties, and conductivity. The conventional way of 
achieving this goal is by substituting Sr with Ba. The resulting mix of SrTiO3 
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3. ENGINEERING FERROELECTRIC  
PROPERTIES BY STRAIN 

 
In this section, we discuss the impact of strain (in-plane tensile strain) 

on the structure, defect formation, and ferroelectric phase transition of 
SrTiO3. To enlarge the strain regime, (i) various rare-earth scandates ((110)-
oriented DyScO3, TbScO3, and GdScO3) are used as substrates and (ii) in 
some cases Sr is partially substituted with Ba. The resulting lattice mismatch 
between the epitaxially grown film and substrate is illustrated in Figure 5. It 
ranges from 0.16% (Sr0.63Ba0.37TiO3 on DyScO3) to 1.72% (SrTiO3 on 
GdScO3). Furthermore, to obtain a reliable measure for the shift of the phase 
transition temperature (To is typically close to the maximum of the 
permittivity), the shift of the Curie Weiss temperature TC is used in this 
analysis. This section is based on the results and discussion presented in Ref. 
[24]. 

 
 

3.1. Experimental Techniques and Sample Preparation 
 
The epitaxially strained Sr1-xBaxTiO3 films where x = 0, 0.125, and 0.37 

were grown on (110) DyScO3, (110) TbScO3, and (110) GdScO3 single 
crystalline substrates via pulsed laser deposition (PLD) and using sintered 
ceramic targets with stoichiometric SrTiO3, Sr0.875Ba0.125TiO3, and 
Sr0.63Ba0.37TiO3, respectively. The laser power was 5 J/cm2 with a repetition 
rate of 1 Hz, the process gas was oxygen at a pressure of 1 Pa, and the growth 
temperature was 700 . In order to obtain relatively homogeneously strained 
epitaxial films with reasonably large capacitive contributions, a layer 
thickness of 40 nm was chosen for all samples.  

To -plane dielectric properties, interdigitated 
electrodes (IDEs) were prepared on top of the (Sr,Ba)TiO3 layer using  
e-beam lithography and a lift-off technique. The IDEs comprised a 5 nm-
thick Cr adhesion layer and a 15 nm-thick Pt layer. The interdigitated 

,
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Substrate  (Å)  (Å)  (Å)  (Å), 

[110] direction 

 (Å), 

[001] direction 

DyScO3 [36] 5.440 5.717 7.903 3.946 3.952 

TbScO3 [36] 5.466 5.731 7.917 3.960 3.959 

GdScO3 [36] 5.480 5.746 7.932 3.970 3.966 

 
As a consequence, the epitaxial films experience a different in-plane 

strain for the two different directions. For the (110) DyScO3 substrates, the 
10] direction is the 

3 and (110) GdScO3 substrates (see Table 
1). The nominally cubic SrTiO3 (and also the (Sr,Ba)TiO3) adjusts the in-
plane rectangular lattice structure of the different substrates. The in-plane 
primitive translation vectors [100] and [010] of Sr1-xBaxTiO3 are elongated 
and oriented along the [110] and [001] directions of the substrate, whereas 
the [001] lattice parameter of (Sr,Ba)TiO3 is oriented normal to the substrate 
surface [23]. To analyse the ferroelectric properties of the films in both 
major crystallographic directions, all samples are equipped with at least two 

IDE structures: one with the electric field  aligned along the short axis, the 

other with  aligned along the long axis.  
 
 

3.2. Structural Characterization 
 
Prior to cryoelectronic characterization, the crystalline structure and 

epitaxy of the (Sr,Ba)TiO3 films is analysed via X-ray reciprocal space 
mapping (RSM). For the sake of clarity, the samples are arranged according 
to the strain and labelled A (smallest strain) to E (largest strain). 

Figure 8 demonstrates the epitaxial quality of the strained (Sr,Ba)TiO3 
films. RSM data are shown for the two in-plane orientations of the 
substrates: the upper and lower figures reveal the lattice correlation in the 
[ ] and [110] substrate direction, respectively. Since the -values are 
identical for the film and the substrate (see dashed lines in Figure 8), the in-
plane lattice parameters of the films correspond to those of the respective 
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substrates, i.e., it demonstrates the perfect epitaxy of the films. As a 
consequence, the difference between the lattice parameters of the strained 
and unstrained (stars in Figure 8) (Sr,Ba)TiO3 increases from sample A 
(small strain) to sample E (large strain):  

increases from sample A to sample E, whereas 
 decreases from sample A to sample E. The film thus 

experiences more and more strain with increasing lattice mismatch between 
the film and the substrate. The tensile in-plane strain is partially 
compensated by a compressive out-of-plane strain. Using the RSM data in 
Figure 8, the lattice parameters and thus the nominal misfit strain of the films 
can be evaluated. Table 2 provides a summary of the lattice parameters and 
the resulting nominal misfit strain.  

 

 

Figure 8. RSM of the XRD in the vicinity of the (332) (a-e) and the (240) (f-j) Bragg 
reflections of the substrates for samples A-E. The dashed lines and stars depict the 
positions of the strained film and the corresponding position for unstrained Sr1-

xBaxTiO3 for various stoichiometries, respectively. Data adopted from Ref. [24]. 
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To learn more about the strain-induced structural changes, we consider 
the in-plane areal lattice misfit and the volumetric change of the unit cell of 
the strained films. In a first approach, all misfit values are obtained by 
comparing the measured lattice parameters and the corresponding literature 
values for unstrained material (see Table 2). These values thus represent 
nominal values for the c-axis lattice misfit, in-plane areal misfit, and volume 
mismatch. In section 3.3, we show that these values must be corrected due 
to structural relaxation effects caused by defects in the material.  

For small concentrations x, unstrained Sr1-xBaxTiO3 has a cubic lattice. 
Its lattice parameter exhibits a linear dependence on the change of the barium 
content at room temperature, which can be approximated by aref = 3.904 + 
0.094x (Å) for  0.6 [37, 38]. Using this reference value, we obtain a 

nominal lattice mismatch i = (i  aref )/aref for each lattice parameter i = a, 

b, c. The values of the nominal lattice mismatch are summarized in Table 1. 
The resulting in-plane area mismatch is 

 and the volume mismatch is given by 

. The c-axis mismatch and the volume change are plotted 

as a function of the areal misfit in Figure 9. It shows a linear decrease of the 
c-axis (out-of-plane) lattice parameter of the films with increasing areal 
mismatch, thus indicating that the tensile in-plane strain is compensated by 
a shrinkage of the c-axis. However, it is only partially compensated, since 
the volume of the unit cell increases with increasing areal mismatch, as 
indicated by the solid data points in Figure 9. It is worth noting the linear 
dependence between the volumetric change and the in-plane strain, which 
not only reveals that the Poisson  ratio  is identical for all films, but that 
the value of the Poisson ratio can also be derived for the strained films. This 

value transpires to be   0.33 , which is larger than  but still close to  the 

literature value  0.23 reported for unstrained crystalline SrTiO3 [39]. The 
increase of the Poisson ratio might be caused by defects in the films, which 
is addressed in the next section. 
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Figure 9. Changes of the unit cell volume (solid symbols) and c-axis (open symbols) as 
a function of the in-plane areal mismatch for samples A-E. The data are evaluated from 
the XRD data shown in Figure 8; the dashed lines indicate the linear dependence for 
both parameters. Data adopted from Ref. [24]. 

 

3.3. Engineering Tc via Epitaxial Strain 
 
One of the best indicators for the modification of the ferroelectric 

properties is given by analysing the Curie temperature TC. This is, for 
example, shown in Figure 1b for the impact of the stoichiometry of TC. In 
the following, we discuss the impact that strain has on the Curie temperature. 
All other ferroelectric properties also appear to be altered accordingly. The 
best and most simple way of determining TC is by analysing the Curie Weiss 
fit  (Eq. (1)), as illustrated in Figure 4.  

Figure 10 shows typical data obtained for the temperature-dependent 
permittivity of various epitaxially strained SrTiO3 films. The Curie Weiss 
fit provides the TC values for a series of (Sr,Ba)TiO3 films on different rare-
earth scandate substrates [24]. By measuring the in-plane permittivity along 
the two major orientations ([001] and [110] substrate directions), two TC 
values are obtained for each sample. These values show a near-linear 
increase with the strain for each stoichiometry (see Figure 10b).  
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Figure 10. (a) Examples of the temperature dependence of the dielectric  
permittivity and (b) resulting strain dependence of the Curie Weiss temperature for 
unstrained (Sr,Ba)TiO3 and epitaxially strained (Sr,Ba)TiO3 films. The dashed and 
dotted lines in (a) show the temperature dependence of the inverse permittivity and the 
Curie Weiss fit (linear extrapolations), respectively. The arrows depict the resulting 
Curie Weiss temperatures. 

In order to analyse these data further, we (i) add reference values for 
zero strain, (ii) discuss the theoretical expectation of the strain dependence 
of TC in terms of the Landau thermodynamic model, and consider the impact 
of (iii) the critical thickness and (iv) the resulting generation of defects on 
the shift of TC.  

 

3.3.1. Zero Strain Reference 

In addition to the TC values of the epitaxially strained films, we consider 
the reference value for unstrained (Sr,Ba)TiO3. For small amounts of Ba, 
these values can be approximated by a simple polynomial of the 2nd order 
(TC = 36 + 356x) [40-42] or 3rd order (TC = 30 + 484x + 136x2) [43-45], 
where TC is given in units of K and x represents the stoichiometric value of 
the composition (Sr1-xBax)TiO3. For small values of x, the resulting TC values 
are fairly similar for both approaches. They are added as reference values 
for zero strain in Figure 10b.  
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3.3.2. Landau Theory 

In general, the Landau theory represents a thermodynamic description 
of continuous phase transitions. As such, it can be used to predict TC 
enhancement due to strain [18]. According to the Landau theory, the shift of 
the Curie Weiss temperature due to an in-plane strain  is given by:  

 

 (5) 

 

where  and  are the Curie temperatures of the strained film and 

of the corresponding unstrained materials, respectively;  is the permittivity 

of vacuum;  is the Curie Weiss constant; and  and  represent the 

electrostrictive coefficients and elastic compliances. The expected strain-
induced change of TC can be evaluated by inserting literature values for the 
parameters , , and  (see Table 3).  

Figure 11 summarizes all data, the experimental values of TC for the 
epitaxially strained (Sr,Ba)TiO3 films and the theoretical predictions of the 

Landau theory (Eq. (5)) for SrTiO3 and BaTiO3. Up to   1.2%, there is a 
near-perfect agreement between the experimental data and the theoretical 

prediction. Above   1.2%, experimental data start to deviate from the 
expected linear strain dependence. One possible explanation might be the 
structural relaxation of the films due to defect formation in the films [24], as 
outlined in Figure 11. 

 
Table 3. Parameters used fo C 

according to the Landau theory (Eq. (5)) for SrTiO3 and BaTiO3 

 
 Q11 + Q12 (m4/C2) s11 + s12 (m2/N) C (K) TC.ref (K) 

SrTiO3 -0.033 [46] 2.38 × 10-12 [47] 9 × 104 [44] 36 

BaTiO3 -0.065 [48] 5.65 × 10-12 [46] 12 × 104 [44] 393 
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Figure 11. Enhancement of TC as a function of the nominal in-plane strain for samples 
A to E (squares), and theoretical predictions according to Landau theory (Eq. (5)) for 
SrTiO3 and BaTiO3,(solid lines). Data adopted from Ref. [24]. 

3.3.3. Strain Relaxation Due to Defects 

Misfit dislocations are one of the main contributors to strain relaxation. 
They are automatically generated during epitaxial film growth on lattice-
mismatched substrates. These dislocations reduce the elastic energy and 
strain in the film [20, 49]. Equilibrium thermodynamic theories [50, 51] 
predict a critical thickness , below which the film grows without defects 
or misfit dislocations, and above which defects are generated. The critical 
thickness can be approximated by [52]: 

 

 (6) 

 
where  represents the nominal lattice misfit 

defined by the lattice parameters of the unstrained film (afilm) and the 
substrate (asubstrate) at growth conditions,  is the extension of the dislocation 
line, and  ues of = 0.4 nm 

= 0.23 for unstrained (Sr,Ba)TiO3 [39] or, 
alternatively, our experimental value of = 0.33 for strained (Sr,Ba)TiO3 
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for   (7) 

 
where  is the projection of the Burgers vector of the defect to the 
substrate surface. Assuming the most common slip system [101]<101> in 
perovskites [53], the Burgers vector is equivalent to the lattice parameter of 
SrTiO3 at growth conditions [54]. The resulting equilibrium linear misfit 
dislocation density for our system is shown in Figure 12. Strain-induced 
dislocation defects appear in the film exceeding its critical thickness, which 
suggests that defects should not be expected for small strain (  < 0.37% for 
the 40 nm-thick films), whereas for large strain, defects contribute 
significantly to a plastic relaxation of the strain. However, depending on the 
deposition process, there are usually more defects, such as oxygen vacancy 
(see section 5), in oxide films. Another quantitative way of estimating the 

outlined in the following. 
 

3.3.4. Effective Lattice Parameter 

Based on the stress strain relation, which in the simplest case is 
 an effective lattice parameter of the 

strained film [39]: 
 

 (8) 

 
where  are the in-plane lattice parameters and  is the out-of-plane lattice 

 = 0.23) and the 
experimentally determined lattice parameters (see Table 2), we obtain the 
effective intrinsic lattice parameter. The effective lattice parameters appear 
to be slightly larger than the nominal lattice parameters [55]. Moreover, with 
increasing lattice mismatch between the film and the substrate, and with film 
thicknesses larger than the critical thickness, aeff increases and the tensile 
strain is thus increasingly overestimated. As a result, the value for the strain 
should be corrected using the effective lattice parameters.  
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Figure 13. TC as a function of in-plane strain for samples A-E, corrected for strain 
relaxation and according to Eq. (8). The solid symbols represent the uncorrected data 
of Figure 11, whereas the open symbols represent the corrected values using a 

 = 0.23 (open circles) and  = 0.33 (open circles with cross), 
respectively. The lines represent the theoretical predictions according to Landau theory 
Eq. (5)) for SrTiO3 and BaTiO3. Data adopted from Ref. [24]. 

The resulting corrected strain values are given in Table 2 and used in 
Figure 13. The figure shows an even better agreement between the theory 

 
Overall, the Curie temperature increases linearly with strain in SrTiO3, 

even with small amounts of Sr being substituted with Ba. The scaling  

with (222  20) K per 1% strain is in good agreement with the theoretical 
prediction of the thermodynamic Landau theory. The already good 
agreement between experiment and theory is further improved if corrections 
due to the defect-mediated strain relaxation are taken into account. The 
scaling of the Curie temperature with strain (Figure 13) can be used as a 
formula for engineering TC and respective ferroelectric properties for many 
applications. 
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4. RELAXOR-TYPE BEHAVIOUR 
 
The previous section showed how tensile strain can shift the transition 

temperature of epitaxial SrTiO3 films towards, or even beyond, room 
temperature depending on the amount of strain. However, soon after the first 
observation of this effect in 2004 [18], it was noticed that these strain-
modified ferroelectric films exhibit an unusual behaviour. In 2006, Biegalski 
et al. [56] suspected that strained SrTiO3 films are relaxor ferroelectric. In 
2010, Jang et al. [31] demonstrated relaxor behaviour in strain-free, non-
stoichiometric SrTiO3 -free 
films, as well as single crystals of SrTiO3 are relaxor ferroelectrics to varying 
degrees. [34] demonstrated that strained SrTiO3 
films should not exhibit relaxor behaviour so long as the films are nominally 
stoichiometric and the defect concentration is sufficiently low.  

At present, it can be concluded that the relaxor-type behaviour of SrTiO3 
films is not due to the strain but rather the concentration of defects. However, 
as demonstrated in the previous section, epitaxially strained SrTiO3 films 
tend to possess a large density of defects and are therefore prone to be 
relaxor-type ferroelectrics. This is one of the reasons why relaxor 
ferroelectrics are discussed in this chapter. Another reason is that relaxor 
ferroelectricity itself is an interesting effect, which possesses a number of 
interesting properties. 

 
 

4.1. What Is Relaxor-Type Ferroelectricity? 
 
Although relaxor ferroelectrics (or relaxors) were discovered in the 

BaTiO3-BaSnO3 system in 1954 [57], the mechanism for this effect is yet to 
be fully understood [58]. The field of relaxor research has experienced a 
revival of interest in recent years, largely thanks to research on strained 
ferroelectrics. Compositional disorder, i.e., the disorder in the arrangement 
of different ions on crystallographically equivalent sites, is the common 
feature of relaxors. As such, relaxors represent a class of disordered 

ferroelectric crystals with particular properties (see Figure 14) that are 
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correlated to the formation of polar nanoregions (PNR). At high 
temperatures, relaxors exist in a non-polar paraelectric phase, which is 
similar to the paraelectric phase of ordinary ferroelectrics. Upon cooling, 
they transform into an ergodic relaxor state, in which polar regions are 
formed on the nm scale with a random orientation of dipole moment. This 
transformation occurs at Burns temperature TB, which is defined as the 
temperature at which permittivity deviates from the Curie Weiss behaviour. 
In principle, this transition is not considered a structural phase transition 
since it is not accompanied by any change of crystal structure on the 
macroscopic or mesoscopic scale. Nevertheless, the polar nanoregions have 
a significant impact on the ferroelectric properties of the crystalline material. 
For this reason, the state of the crystalline material at T < TB is often 
considered to be a new phase, the relaxor ferroelectric phase. 

At temperatures close to TB, the PNRs are mobile and behave 
ergodically. Upon cooling, their mobility slows down and at freezing 
temperature TF, the PNRs freeze in a nonergodic state, again without any 
structural phase transition. This nonergodic relaxor state is similar to a 
dipole glass or spin glass phase. It can irreversibly transform into the 
ordinary ferroelectric state either in a spontaneous manner or with the help 
of a sufficiently strong electric field. A number of possible scenarios for 
transitions of states in relaxors are illustrated in Ref. [58]; the scenario 
observed in strained SrTiO3 is shown in Figure 14. 

The freezing of the PNR dynamics is associated with a broad peak in the 
temperature dependence of the permittivity with a characteristic frequency 
dispersion (see Figure 14). The peak of the permittivity at Tmax is of the same 
order of magnitude as the peak at the Curie temperature Tc in ordinary 
ferroelectrics. However, it is highly diffuse and its temperature Tmax 
decreases with frequency. The pattern of the temperature dependence of the 
permittivity and the shift of Tmax with frequency are both characteristics of 
relaxor behaviour. They are discussed in the next section for the case of 
strained SrTiO3. 
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degree of dielectric relaxation, respectively. For an ordinary ferroelectric, a 

sharp phase transition where  = 1 is expected. The diffusion of the phase 

transition leads to an increase of . Larger values of  thus indicate the 

tendency towards a relaxor-type behaviour, while values of  = 2 are 
considered to be characteristic for relaxor ferroelectrics [59, 60]. The 
Lorentz-type scaling of the transition is typically demonstrated in a log log 

plot of the normalized permittivity ( r,max - r)/ r versus (T-Tmax). Figure 15a 
shows this plot for the data of the epitaxially strained SrTiO3 film on (110) 
DyScO3, as seen in Figure 14. The log log plot reveals the expected linearity 

with a slope of   2 demonstrating the relaxor-type behaviour of this 
strained SrTiO3 film. 

 

 

Figure 15. (a) Lorentz fit (Eq. (9)) and (b) Vogel Fulcher fit (Eq. (10) with an attempt 
frequency of 4 GHz) of the permittivity at 1 MHz for the epitaxially strained SrTiO3 
film shown in Figure 14. The linear behaviour of the fits yields data of (a)  = 2.07 and 
(b) TF  237.6 K and Ea  15.4 meV. 

 
 
The second typical feature of relaxor ferroelectrics is given by the 

frequency dispersion, which is most prominent at the transition to the relaxor 
ferroelectric state. Figure 14 shows the temperature dependence of the 
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permittivity for different frequencies (20 Hz to 2 MHz). Especially for the 
peak at Tmax  i.e., close to the transition  large differences are recorded 
with respect to the permittivity for different frequencies. With decreasing 
frequency, permittivity increases while Tmax decreases. This frequency 
dispersion is described by the Vogel Fulcher equation [61, 62]: 

 

 (10) 

 

with the attempt frequency fo = (2 o)
-1 typically of the order of the phonon 

frequencies 1-10 GHz, the activation energy Ea, Boltzmann constant kB, and 
the static freezing temperature TF. The resulting Vogel Fulcher fit of the 
permittivity data shown in Figure 14 is given in Figure 15b. It shows the 
expected linear relation between the reduced frequency [ln(f/fo)]-1 and Tmax. 
Inserting a reasonable value for the attempt frequency fo yields values for the 
static freezing temperature TF and activation energy Ea. For instance, for fo 

= 4 GHz, we obtain values of TF  237.6 K and Ea  15.4 meV for the 
strained SrTiO3 film. The evaluated Ea value represents a typical value for 
the activation energy of relaxor ferroelectrics [31, 63].  

Therefore, unless extreme care is taken to avoid defects, the tensile 
epitaxial strain not only leads to an enhancement of the transition 
temperature but also a relaxor-type behaviour in SrTiO3 films. 

 
 

4.3. High Tunability of Strained SrTiO3  
 
The permittivity of the relaxor-type ferroelectric SrTiO3 films not only 

depends on frequency, it can also be tuned by an applied electric field. Since 
both mechanisms are based on the limited mobility of the PNRs, they share 
certain similarities. The electric tunability of the epitaxially strained SrTiO3 
films can be extremely high and reveals a number of interesting relaxor 
properties. An interesting example of a DC-bias-dependent measurement of 
the permittivity is given in Figure 16 [23].  
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values. For TC, permittivity only returns to 47% of the original 
value. 

3. Furthermore, there is a significant further relaxation of the 
permittivity after the release of the electric field. This relaxation is 
particularly pronounced for the ergodic temperature regime. For the 
example TC, permittivity relaxes within approximately ½ hour from 

47% to 56% of the original value.  
 
The initial high tunability and its only partial reversibility are associated 

with the (partially) irreversible transformation of the ergodic or nonergodic 
relaxor state into an ordinary ferroelectric state. This is characteristic for 
relaxor ferroelectrics that are suddenly exposed to a sufficiently strong 
electric field.  

A further significant relaxation of permittivity is present in the ergodic 
state above freezing temperature. In this temperature regime, the PNRs 
become mobile again. The process demonstrates the typical exponential 
relaxation behaviour according to  with a characteristic 

relaxation time constant of  = 1/R and a relaxation rate R. For more complex 
systems, the distribution of relaxation rates or stretched exponential 
functions [64] are required to describe the relaxation process. In our 

investigation, the relaxation can be described by two relaxation constants, 1 

and 2, which characterize the short-term relaxation and long-term 
relaxation, respectively. The inset of Figure 16 shows both relaxation time 
constants:  

 
1. The relaxation times are very long at low temperatures and decrease 

linearly with temperature. At room temperature, relaxation rates of 

R1 = 1/ 1  5 mHz and R2 = 1/ 2  2.7 mHz are obtained. Relaxation 
times in the order of hour(s) (i.e., relaxation rates below 1 mHz) are 
not uncommon for relaxor ferroelectrics [65]. They indicate a large 
distribution in the mobility of the PNRs with randomly distributed 
directions of dipole moments [58, 66]. The large distribution itself 
is an indication of the large distribution in size and orientation of the 
micro- or even nano-sized domains in the strained SrTiO3 film.  
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2. 1 and 2 tend towards zero, slightly above the Burns temperature. 
This is consistent with the observation that PNRs survive up to 
temperatures slightly above TB [23]. 

 
Finally, Figure 17 shows very promising examples of different bias 

applications at smaller electric fields, that (i) are more reasonable for 
applications and (ii) do not lead to an irreversible transition to the 
ferroelectric state. In this example, DC and AC bias are applied. In both 
cases, a very large impact of the electric field remains visible. Interestingly, 
whereas the DC bias leads to a reduction of permittivity, the AC bias 
increases permittivity. Therefore, the combination of DC and AC bias opens 
up a wide range of tunability in these materials.  

 

 

Figure 17. Example of the DC and AC tunability of an epitaxially strained SrTiO3 film 
(SrTiO3 on (110) DyScO3 with electric field parallel to [001] DyScO3, depicting (a) the 
DC tunability recorded with an AC field of 50 mV/ m and (b) the AC tunability.  
In both cases, the fields increase in the direction of the arrow from 0.05, 0.1, 0.2, 0.3, 

. 

 
 

5. STRAIN-ENGINEERED CONDUCTIVITY OF SRTIO3 
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The conductivity of semiconductors and isolators is based on the 
excitation of electrons into the conduction band and the generation of holes 
in the valence band. Since both processes are thermally activated processes, 
conductivity increases with temperature for these materials (see Figure 18). 
The band gap separating the valence and conduction bands depends on the 
type of material: for the semiconductor materials seen in Figure 18, it is 
typically >1 eV, for isolators it should be >2.5 eV. As a result, the typical 
conductivity at room temperature is in the range of 
(10-6-102) S/m for semiconductors and <10-6 S/m for insulators. This 
conductivity can be modified by various means, for example by varying 
stoichiometry, doping, defects, and strain.  

Stoichiometric, undoped, and unstrained SrTiO3 is a d0 band insulator 
with an indirect band gap energy of 3.25 eV and a direct band gap energy of 
3.75 eV [67]. Similar to many other transition metal oxides, the valence band 
of SrTiO3 mainly corresponds to the contributions of the O 2p states, while 
the conduction band mainly originates from the Ti 3d states. Consistent with 
the ionic structure of this material, the excited oxygen 2p states in the 
valence band correspond to the formation of O2- ions, whereas the empty Ti 
3d states (holes) in the conduction band represent the nominal Ti4+ valence 
state. 

Due to the large band gap, SrTiO3 crystals are typically transparent, 
whereas non-stoichiometric crystals lose their transparency and turn a dark 
blue, even blackish, colour. This modification is usually induced by extrinsic 
dopants and/or oxygen vacancies. Possible dopants range from trivalent ions 
such as Al3+, La3+ ions on Sr2+ sites or pentavalent ions such as Nb5+, Ta5+ 
ions on Ti4+ sites as donors, and Fe3+ as trivalent ions on Ti4+ sites, or Na+ as 
a monovalent dopant on Sr2+ as acceptors. Perhaps even more important are 
the defects based on non-stoichiometry, which are automatically induced if 
the preparation parameters are varied [68]. Due to their mobility, oxygen 
vacancies play a particularly important role in the resulting modification of 
the conductivity. As is discussed later, strain boosts the formation of oxygen 
vacancies, their mobility in SrTiO3, and thus the conductivity of this material 
(see Figure 19). 
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  (11) 

 
where  represents the incorporated O2- anion,  the oxygen molecule 
in the gas phase,  the oxygen vacancy, and  the free electron. The 
oxygen ion leaves the crystal and forms a neutral gas molecule. During this 
process, it releases two electrons and leaves behind a double positively 
charged oxygen vacancy.  

 
 

5.1. Transport Properties of Strained SrTiO3 films 
 
Epitaxial strain is also used to modify the density and mobility of oxygen 

vacancies and thus the electric transport properties of strained SrTiO3 films: 
 
1. Lattice distortions modify the band structure of SrTiO3 [68] and 

affect the occupation of the oxygen 2p orbitals. This contributes to 
the density of states at the Fermi level and enhances conductivity in 
the direction of tensile strain [69]. 

2. Defects (most likely oxygen vacancies) are automatically generated 
to compensate for the strain in the film [24, 70]. Moreover, the 
mobility of oxygen vacancies is enhanced by the strain [71]. Whilst 
both effects are expected to lead to enhanced conductivity, in the 
case of tensily strained SrTiO3, the latter effect favours the 
electronic plasticity of these films, which is important for 
neuromorphic devices, for example. 

3. Since a structural transition the phase transition To, the mobility of 
the defects (oxygen vacancies) is expected to be enhanced at To [72, 
73]. The shift of To via strain (see section 3) presents a third option 
for modifying the conductivity of SrTiO3 via strain. 

All these features (with the exception of the electronic plasticity, which 
is discussed in section 5.2) can be seen in Figure 19, which compares the 
conductivity of conventional semiconductors (Si, Ge), unstrained SrTiO3 
single crystals, and two epitaxially strained SrTiO3 films on (110) DyScO3 
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substrates of different thicknesses. The conductivity of SrTiO3 at room 
temperature is enhanced from the isolator regime for the defect-free single 

crystal with 300K  10-6 S/m to the semiconducting regime for the strained 

films. In the case of SrTiO3 on (110) DyScO3, the conductivity 300K ranges 

between 10-4 S/m and 1 S/m depending on the density, distribution, and 
mobility of defects (most likely oxygen vacancies) due to strain. Moreover, 
at the phase transition (shown in Figure 19), we observe a peak in 
conductivity. This peak supports the expected enhancement of oxygen 
mobility at the phase transition, while also representing an ideal operation 
regime for electronic devices such as memristors and e-synapses (see section 
5.2). 

 

5.1.1. Impact of the Metal SrTiO3 Interface  

Since oxide electronic devices typically include metallic contacts, their 
impact on the oxide must be taken into account. The choice of metal is 
known to significantly affect electronic transport at the metal oxide 
interface [74, 75]. For instance, Ti electrodes on TiO2 create a high density 
of oxygen vacancies at the Ti TiO2 interface [76], which affects the resistive 
behaviour of oxide films [77-79]. Similar effects are expected for the metal
SrTiO3 interface. 

A comparison of the current voltage characteristic of strained SrTiO3 
equipped with metal electrodes fabricated from Ti or the noble metal Pt 
reveals a clearly visible difference (see Figure 20). The Ti electrodes lead to 
a much larger conductivity of the SrTiO3 film compared to the sample with 
Pt electrodes. Similar to observations for Ti TiO2 interfaces [72], this is 
most likely caused by the high density of oxygen vacancies generated at the 
Ti SrTiO3 interface [76, 80]. This higher vacancy density not only leads to 
larger conductivity, it also results in different conduction mechanisms. 
Whereas the large vacancy density at the Ti SrTiO3 interface results in an 
ohmic behaviour at low electric fields, Schottky-type behaviour according 

to  is observed for the Pt SrTiO3 interface [81]. Moreover, the 
greater mobility of oxygen vacancies observed for strained SrTiO3 compared 
to unstrained materials (see next section) enhances the impact of oxygen 
vacancies on the conductivity in these materials. We ultimately observe a 
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pulse; and T is the resulting change in temperature. The heat flow through 
an area a2 at the interface between the film and the substrate is: 

 

  (13) 

 
where k is the thermal conductivity and h the thickness of the film. Inserting 
reasonable values for our SrTiO3 films, for example c = 30 cal/mol·K [82] 

and k = 6 W/(m·K) [83], it is possible to evaluate the time  after which the 
temperature in the SrTiO3 film is stable (here, other effects such as plasticity, 
i.e., the migration of oxygen vacancies, are not considered). Assuming 

 in the stable state, we obtain a value of  3 
films with a thickness of  100 nm. After only a few microseconds, a 
stable temperature distribution is thus obtained during electroformation or 
pulse experiments in our SrTiO3 film.  

With these equations and the assumption that the substrate represents a 
large heat sink at a constant temperature (i.e., room temperature), the 
temperature distribution in the initial microseconds of a current pulse can be 
estimated. Figure 21 shows the change of temperature in the in-plane 
direction pointing from the tip of the tapered electrode to the flat electrode. 
The temperature increase generally peaks at the tip and reduces significantly 

with the distance to the tip. Moreover, T increases with the increasing 
sharpness of the tip. 

The drift velocity of the oxygen vacancies can be described by the Mott
Gurney equation [79]: 

 

  (14) 

 
where  represents the hopping distance;  is the attempt frequency;  is 
the activation energy;  is the charge of the ion; and  is the electric field. 
Inserting reasonable values  for example d = 4 Å for SrTiO3,  = 2 for 
double positively charged oxygen vacancies, an attempt frequency of 

 = 6.67 × 1012 Hz [79], and an activation energy for oxygen vacancies of 
0.9 eV and 0.7 eV for unstrained and tensile-strained SrTiO3 [71], 
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respectively  it is possible to simulate the mobility of oxygen vacancies in 
unstrained and strained SrTiO3 as a function of electric field and 
temperature.  

The resulting comparison of the drift velocities for strained and 
unstrained SrTiO3 (see Figure 21b) reveals a number of interesting features. 
Firstly, oxygen vacancy mobility is generally higher in strained SrTiO3 than 
in unstrained SrTiO3. From the simulation of the electric field, the electric 
field regime can be estimated for a given design and applied voltage. For the 
case illustrated in Figure 21a, the electric field between the two electrodes 

ranges between 107 and 2 × 108 V/m. In this case, the mobility of oxygen 
vacancies is in the order of 1 nm/s to 10 nm/s for strained SrTiO3, which is 
100 times larger than for unstrained SrTiO3. Secondly, mobility is further 
enhanced by the local heating of the SrTiO3. As shown in Figure 21a, the 
local temperature can be easily enhanced by several tens of K at the sharp 
tip. Due to this temperature increase, the velocity of oxygen vacancy 
migration is further enhanced at the position of the highest field gradient.  

These considerations reveal that the combination of strained SrTiO3 and 
an optimized electrode design (e.g., sharp tip and a flat electrode) lead to a 
high mobility of the oxygen vacancies. Moreover, it can be used to obtain 
an electronic plasticity similar to the plasticity observed in neuronal systems. 
This forms the basis for neuromorphic devices, which is discussed in the 
following. 

 
 

5.2. E-synapse Made from Strained SrTiO3 
 
Motivated by the brain, which is capable of remembering, learning, and 

processing information in an energy-efficient and fault-tolerant manner, the 
development of neuromorphic systems electronic systems that can mimic 
the function of the brain  is currently generating significant interest [84, 
85]. In contrast to the classical von Neumann architecture, the neuromorphic 
architecture is able to tackle a number of issues, such as the processor-
memory bottleneck and the rigid design problems, due to its intimate 
processor-
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synapse in the brain (see Figure 22a), an artificial synapse is one of the most 
basic elements in the neuromorphic system. It represents a special type of 
two-terminal memristor, namely an electronic synapse (e-synapse), which, 
in addition to its ultra-low power consumption, possesses two important 
properties: the classical switching and a new feature, plasticity. The latter 
allows the e-synapse to be modif

.  
There are a number of electronic systems that exhibit synapse-like 

behaviour. They can be classified according to their mechanism into 
interface-barrier-based, filament-based, and other (e.g., spin or phase 
change) e-synapses. For instance, molecular and ionic thin-film memristive 
systems are based on the mobility of defects in the materials [86, 87], 
insulator-to-metal phase transition-driven memristors use the phase 
transition caused by Joule heating [88], and ferroelectric memristors utilize 
the electronically driven polarization of the materials [89, 90]. One of the 
most pursued types of memristor is based on uniform versus non-uniform 
oxygen diffusion in oxides [72]. In this type of material, oxygen vacancies 
play the most significant role in resistive switching behaviour. Various 
explanations have been given for the diffusion of oxygen vacancies, ranging 
from the development of conductive filaments [91], the modulation of the 
interface barrier height [76], and space-charge-limited current effects [92]. 
Controlling oxygen vacancy diffusion in such materials is one of the major 
issues faced by these promising types of memristor, especially in the case of 

-synapse. 
Generally, perovskite materials and especially SrTiO3 are ideal 

candidates for the active element of an e-synapse, since their conductivity 
can be easily modified by simply changing their defect concentration. This 
can be achieved, for instance, by Cr doping [93], a variation of the 
temperature or oxygen partial pressure during film growth [94], or thermal 
treatment at elevated temperatures [95]. Since the mobility of oxygen 
vacancies is still quite low after such modification, a vertical electrode
oxide electrode arrangement consisting of sandwich structures with 
extremely thin films is used in most cases (see Figure 22b). In contrast, the 
combination of strain and design can lead to a larger mobility of oxygen 
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Figure 23 shows results obtained for an e-synapse on strained SrTiO3. 
The asymmetric Ti electrode design consists of a sharp tip opposing a flat 
electrode (see schematic view in the figure). The distance between both 
electrodes is 500 nm; the sharpness of the tip is 14o. Figure 23a depicts the 
memristor behaviour as well as the plasticity, which are both essential 
characteristics of an e-synapse. In this measurement, a continuous voltage 
sweep is applied to the electrodes; the values shown adjacent to the curves 
indicate the number of the successive voltage cycle (not all cycles are 
shown). The current voltage characteristics (IVCs) demonstrate the typical 
memristor behaviour with a high conductance in the ON state and a low 
conductance in the OFF state. However, while the OFF state remains low, 
the ON state increases with an increasing number of cycles (shown for a read 
voltage of 5 V in Figure 23b). This plasticity (in analogy to the synaptic 
behaviour of biological systems) is known from the literature [96]. It 
represents a gradual process defined by the migration of oxygen vacancies 
(see schematic views in Figure 23b). The vacancies initially form very thin 
channels that only allow for a small transport current. With each loop, the 
channels grow wider until the local electrical field gradient becomes too 
weak to support any further migration of oxygen vacancies.  

electrode towards the tip), a Poole Frenkel (PF) behaviour [97, 98], in which 
electrons are trapped in localized states, is observed [13]. Due to thermal 
fluctuation, the electrons can be spontaneously excited to the conduction 
band and move (hop) under the impact of an electric field to another trapping 
side. The voltage barrier which the electrons must overcome to hop between 
the defects in the strained SrTiO3 is approximately  = 0.28 eV. With an 
increasing number of cycles, more percolative defect channels are formed 
between both electrodes, which automatically impact the effective density 
of defects between the electrodes. 
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in Figure 24. Similar to the biological synapse, two different mechanisms 
can be identified that cause plasticity in a planar e-synapse based on strained 
SrTiO3 [13]:  

 
1. A fast process defined by the ionic dipole formation (polarization) 

in the strained SrTiO3 with a typical mean relaxation time of  
100 ps.  

2. A slow process defined by the mobility of oxygen vacancies with a 
typical mean relaxation time of  10 s at room temperature. The 
latter process is dependent on the amplitude, duration, repetition rate 
of the set and reset pulses, and on the initial state of the synapse. 

 
In summary, the electronic transport properties of SrTiO3 thin films can 

be engineered via epitaxial strain. The resulting films can be used as active 
components in applications ranging from conventional memristors to novel 
neuromorphic devices (e.g., e-synapses). 

 
 

SUMMARY AND CONCLUSION 
 
In this chapter, we demonstrated that the extraordinary electric 

properties of the transition metal oxide SrTiO3 can be utilized through 
adequate tuning of the material. In contrast to conventional methods, which 
are typically based on doping, mixing, or adding other oxides to this 
material, we outlined how the properties of epitaxial SrTiO3 films can be 
improved via mechanical strain. We reported in detail on:  

 

 Engineering the ferroelectric transition: Using epitaxially strained 
(Sr,Ba)TiO3 films on various rare-earth scandate substrates, we 
demonstrated a near-linear increase of the Curie temperature with 
the nominal strain caused by the lattice mismatch between the film 
and the substrate. Taking small corrections into account due to 
plastic strain relaxation caused by strain-induced defect formation 
in the film, we obtained a perfect linear strain dependence of the 
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Curie temperature, which is in perfect agreement with the Landau 
thermodynamic theory predicting an increase of the Curie 

temperature with (222 20) K per 1% strain. This temperature 
scaling can be used as a case study for the engineering of TC and 
correlated ferroelectric properties for many applications. 

 Relaxor-type behaviour: Considering the huge impact of the strain 
on TC, it appears to be possible to move TC as well as the ferroelectric 
transition to room temperature. This shift of TC not only affects the 
ferroelectric properties at room temperature, leading, for example, 
to high-k materials with room temperature permittivities of several 
thousand, it also affects the type of ferroelectricity in these 
materials. The epitaxially strained films typically exhibit textbook-
like relaxor-type behaviour with a broad ferroelectric transition and 
freezing temperatures slightly below the Curie temperature. In the 
ergodic state, and also for small electric fields in the nonergodic 
state, an extremely high tunability of the permittivity with DC and 
AC fields is observed.  

 Tuning the conductivity: Even the conductance of the nominally 
isolating material can be modified by epitaxial strain. With adequate 
strain, SrTiO3 not only becomes semiconductor-like, it also exhibits 
electronic plasticity. Both properties make this system ideal for 
applications ranging from memristor to neuromorphic devices, such 
as artificial synapses (e-synapses). The flexibility of planar e-
synapse designs might lead to complex neuromorphic computing 
processes being performed, for example, with short-term and long-
term memory using planar nanoscale electrode arrays. 

 
In general, epitaxially strained SrTiO3 films represent an ideal system 

for understanding the role and mechanism of elastic strain in engineering the 
ferroelectric and electric properties of metal oxides. On the one hand, this 
knowledge can support the utilization of SrTiO3 in various applications 
ranging from high-k components, highly tunable varactors, and memristors 
to neuromorphic devices. On the other hand, it has catalysed ongoing 
research into similar systems. It has led, for example, to research on the 
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impact of compressive strain on the metal oxide NaNbO3 with a ferroelectric 
transition temperature significantly above room temperature [100-102]. The 
transition temperature was shown to be reduced in a similar way using 
compressive strain instead of tensile strain. In this way, it has been used to 
optimize the piezoelectric metal oxide (K,Na)NbO3, making it suitable for 
applications such as surface acoustic wave-based sensors or actuators [103, 
104]. Other systems will most likely follow. This all serves to indicate a 
highly promising future for strain engineering of functional oxides.  
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