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Ferroelectrics are non-centrosymmetric crystalline materials that possess a spontaneous polariza-
tion that can be switched by an electric field. The electric-field-dependent optical response of these
materials makes them important for optical devices, such as modulators or beam deflectors. In the
inexorable drive to miniaturization, the concept of integrated thin film optical devices has led to the
incorporation of ferroelectric thin films on single-crystal substrates. These structures have appeal-
ing electro-optic modulation characteristics, interesting strain-dependent bandgaps and refractive
index, as well as promising possibilities for solar harvesting. Here, we review the work on epitaxial
ferroelectric (FE) films for optical applications. We first show that FE thin film materials are
attractive for integrated electro-optic modulators and then show that epitaxial strain can be used to
enhance the FE and optical functionality of films. Next, we describe some of the photovoltaic func-
tionality of FE thin film materials’ systems and conclude the review by highlighting some thin-film
devices that exploit the aforementioned optical effects. Published by AIP Publishing.
https://doi.org/10.1063/1.5046559
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The field of integrated optics is almost half a century
old. Initially put forward by Miller in 1969 (Ref. 1), it pro-
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posed to use refractive index changes in glass substrates to
create “laser beam circuitry.” The ultimate goal and
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motivation was miniaturization, and economy, presumably
in both fabrication costs and energy efficiency. A large por-
tion of the demand for optoelectronic technologies came
from the development of the so-called electro-optic modula-
tor, which converts an electrical signal to an optical signal
suitable for transport through optical fibers. Starting in the
1970s, there was a strong drive to use ferroelectric (FE) thin
films to design integrated electro-optic (EO) modulators.
Another attractive aspect of integrated optics was the possi-
bility, particularly when using thin films, to interface directly
with semiconductor lasers, and thus realize all-optical
circuitry.”

In this regard, complex ferroelectric oxide heterostruc-
tures have been widely explored for use as materials with
attractive electro-optic properties. This is chiefly derived
from the fact that their respective bulk parent compounds
exhibit strong optical responses to external stimuli such as
electric field or strain. The aim of the present review is to
introduce the reader to the unique optical functionalities that
complex ferroelectric oxide thin films offer, particularly with
a view to integrated optics,3 photonics,4 and solar harvest-
ing.> While the materials requirements for EO applications
(good transparency, refractive index between the film and
the substrate, etc.) and photovoltaic applications (good
absorption, appropriate work function between the film and
electrodes) are very different, we show that using FE materi-
als, depending strongly on the processing methods and
device design, these seemingly opposing requirements can
be overcome.

We have chosen to focus on epitaxial films since they
are promising in integrated optics applications. The primary
reasons are the lack of scattering losses from grain bound-
aries that can occur in polycrystalline films with grain sizes
approaching the light wavelength, as well as the distribution
of the optical axis direction which could be random and thus
affect the optical anisotropy. That being said, it is important
to highlight that if the grain size is considerably smaller than
the operation wavelength, then polycrystalline films can
offer promising avenues for optical devices (examples of
which can be found in Refs. 6 and 7). The use of epitaxial
films puts strict limitations on fabrication techniques, but
high-quality thin films are routinely obtained in research lab-
oratories. Large scale commercialization of chemical routes
or physical vapor deposition techniques would encourage
further development in this direction.

The motivation to use oxide ferroelectric thin films
arises from the fact that for optical applications, traditionally
such materials have been the most promising bulk versions
of ferroelectrics. Another important aspect in this context is
the versatility of oxides to be able to grow in thin films under
rather large levels of misfit strain—by virtue of the capability
of oxides to form misfit dislocations and to form new phases
to accommodate strain.”

The paper begins by introducing the electro-optic effect,
including the fundamental mathematical framework that helps
us to quantify the observed field-induced electro-optical phe-
nomena. We then cover the development of various candidate
materials for EO thin films over the past three decades. This
is followed by a discussion of the first-principles-based
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theoretical construct required to accurately predict and ratio-
nalize epitaxial strain-induced modulation of optical proper-
ties, such as bandgap and refractive index. Using this
framework, we show that thin films can offer giant modifica-
tions of their refractive index when strain is applied. We then
move to experimental efforts that capture the influence of epi-
taxial strain on the optical response of such heterostructures.
The latter parts of the paper cover the concept of “bandgap
engineering” of ferroelectrics, and how this influences the
bulk photovoltaic response, thereby paving the way for photo-
ferroelectric materials. We conclude by highlighting some
promising optical/photonic devices for future applications and
critical open questions.

Il. ELECTRO-OPTIC EFFECT IN THIN-FILM
FERROELECTRICS

We begin with the so-called “electro-optic effect”: the
change in refractive index of a medium upon the application
of an electric field. Before going into the material’s details, it
is instructive to introduce the principle relationships that
govern electro-optical behavior (for full details, the reader is
referred to a standard text on the topic, e.g., Ref. 9). This
phenomenon is widely used in the electro-optic modulator,
an indispensable element in modern telecommunications. In
this device, an electrical signal is converted to an optical
signal, through the electro-optic effect. More formally, the
EO effect is described by the change in refractive index
An(E) of a medium, through

An(E) = — lrn3E — an3E2, (1)
2 2

where 7 is the refractive index, E is the applied electric field,
and r and R are the linear (Pockels) and quadratic (Kerr) EO
coefficients, respectively. The EO r and R quantities are third
and fourth rank tensors, respectively; however, in the cases
dealt with in this review, an effective coefficient suffices to
describe the phenomenon. In FE crystals with a well-defined
direction of polarization (and therefore optic axis), the linear
effect dominates, and so often only the first term of the right-
hand side of Eq. (1) is used.

For traveling-wave EO phase modulators [Fig. 1(a)], the
half wave voltage V is an important metric. It defines, for a
given modulator geometry and dimensions, the voltage
required to induce a 7 phase shift in the modulated beam, in
a transverse configuration [Fig. 1(a)]

Ad
V= ) @

Here, / is the wavelength, d is the spacing between the elec-
trodes, L is the length of the modulator, r55 is the EO coeffi-
cient, and 7 is the refractive index. It follows from Eq. (2)
that in order to obtain low-voltage operation, either large EO
coefficients or long devices are required.

In thin films, the EO effect is most conveniently mea-
sured in a transmission geometry using planar electrodes,'*"!
which usually allows only the determination of an effective
EO coefficient. Other techniques include prism-coupling,'?
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FIG. 1. (a) Schematic depicting the modulation of a light wave using the electro-optic effect. Reproduced with permission from J. Appl. Phys. 109, 014107
(2011). Copyright 2011 AIP Publishing LLC.>>® (b) Example of the linear birefringence change in a PLZT thin film. Reproduced with permission from J.
Appl. Phys. 85, 1780 (1999). Copyright 1999 AIP Publishing LLC. (c) Quadratic EO effect in LiNbO; films of different orientations. Reproduced with permis-
sion from D. Kim et al., Mater. Sci. Eng. B 56, 251 (1998). Copyright 1998 Elsevier.>*

waveguide mode measurements,”> modified ellipsometry,14
or beam deflection.'® In order to exhibit the linear EO effect
[Fig. 1(b)] and to enable extraction of different elements of
the EO tensor (i.e., r;; coefficients), the FE film must have a
single ferroelectric domain with a well-defined crystallo-
graphic orientation.'®!” This can be achieved by poling the
FE material with electric field during growth, by applying a
field while cooling through T (Refs. 18 and 19), or by apply-
ing a field larger than the coercive to pole the film.%" It is
important to note that the success of forming single domain
films using poling techniques will be highly dependent on the
mechanical boundary conditions. In most cases, the existence
of ferroelastic domains will mean that the polarization
direction will not be changeable. Only in specific cases are
“perfectly” single domain films possible by poling. Often
when the film does not comprise a single ferroelectric
domain, a quadratic EO effect is observed [see, for example,
Fig. 1(c)].

The material of choice for macroscopic EO modulators
is LiNbO3 (LNO), which crystallizes in a rhombohedral
structure with the R3¢ polar space group. LNO has been used
for over 40 years in modulators®' and offers further function-
alities such as holographic memory,22 3D data storage,23 and
encryption.”* Although it has modest EO coefficients (Table
I), LNO can be grown by the Czochralski technique in large
crystals (dimensions of 5cm diameter and 10 cm length can

routinely be achieved®) with the high optical quality
required for devices. There are other ferroelectrics—such as
BaTiO; (BTO)—with larger EO coefficients, but the growth
of large crystals is challenging; for example, the typical size
of BTO crystals is ~1 cm.”

In the 1990s, there was a significant drive to integrate
EO modulators on-chip, to reduce device footprint, to aid
miniaturization, and to reduce power consumption. The key
obstacles to this endeavor were mainly related to material
and fabrication issues. Typically, in thin films, the EO coeffi-
cients do not approach the values that are possible in bulk
compounds; this is due to the fact that thin films exhibit
process-dependent properties such as differences in stoichi-
ometry, the presence of defects, roughness, grain boundaries,
strain gradients, and domain structures.'” It thus became
clear that to realize reliable devices it was inevitable to thor-
oughly understand the structure-processing-property correla-
tions for each material system. Section II A describes the
materials development efforts for complex oxide ferroelec-
trics in electro-optic applications of the past three decades.

A. A brief history of thin film ferroelectric technologies
for electro-optic devices

To prepare epitaxial films suitable for optical applica-
tions, various film growth techniques have been used. These

TABLE 1. Ferroelectric characteristics (Curie transition temperature 7 and spontaneous polarization Pg) and electro-optic performance [electro-optic coeffi-
cient r; refractive index n at 633 nm; dielectric constant ¢ (¢, is orthogonal to polarization direction and ¢, is along polarization direction) (clamped; i.e., con-
stant strain, unless otherwise stated); and figure of merit n°r/e,] for bulk ferroelectric oxides (this assumes use of &,, which is consistent with a-axis oriented
traveling wave modulators). If temperature is not given, the values are assumed to be at room temperature.

Material Tc (°C) P, (,uC/cmz) (at T °C) r (pm/V) n at 633 nm &, (atT°C) e (at T°C) nrle (pm/V) References
LiNbO3 1195 71 (23) 33 =31.8 2.29 84 30 12.6 26-28
BaTiO3 120 26 (23) ran = 1640 2.37 ~4500 (23) ~160 (23) 5.0 27 and 28
LiTaO5 610 50 r33 =31 2.23 51 45 8.0 26 and 27
PbTiO5 490 66 r33=15.9 2.67 115 51 2.2 29-31
KNbO; 435 30 (250) r33 =64 2.23 160 (free) 55 (free) 13.0 28,32, and 33
K(Tag 54Nbg 46)03" 50 refr = 2000 2.35 ~2000 (23) 96.1 19 and 34
BiFeO3 1100 ~100 Tere = 12 (film) 3.0 30-50 30-50 8.1 20, 35, and 36

*Note that T¢ is the dielectric constants, and the optical response of K(Ta,Nb; )O3 is strongly dependent on composition x (Refs. 19 and 34); here, we show
data for x =0.54. Table I is adapted from Ref. 37.
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include chemical solution deposition, metal-organic chemi-
cal vapor deposition (MOCVD), sputtering, oxide molecular
beam epitaxy (MBE), and pulsed laser deposition (PLD). It
is not the intention of this review to describe these techni-
ques; the reader is directed to various resources on such
topics.38 Particularly, in the late 1980s and early 1990s, leaps
and bounds were made in oxide heteroepitaxy. Techniques
such as MBE and PLD became commonplace and enabled
epitaxial films with crystalline quality approaching that of
single crystals grown by conventional solid-state routes.
Early reports on the synthesis and characterization of
thin film ferroelectrics for electro-optics predominantly deal
with PLZT (lanthanum-substituted lead zirconate titanate;
La-PbZr,Ti; ,O3). This material was chosen based on its
attractive optical properties in ceramic form.”* On the other
hand, the rapid strides in oxide thin film technologies in the
1990s finally allowed the exploration of the growth of epi-
taxial LNO thin films. Previously, bulk LNO was the “gold
standard” for EO modulation, and it was hoped that such
properties would translate to the thin film regime. However,
the epitaxial growth of LNO is fraught with complications.*°
This is further compounded by the sensitivity of LNO perfor-
mance to the film’s domain structure and surface roughness.
As a result, optical losses were inevitable in waveguide
architectures, and, more importantly, the EO coefficients
were not close to those available in the bulk counterpart.
These challenges notwithstanding, and there are various
reports of successful growth and characterization of the opti-
cal properties of LNO, as discussed in a recent review.*' At
the same time, barium titanate (BaTiO3;—BTO) emerged as
a promising alternative by virtue of its large EO coefficients
(Table I). This spurred intense efforts into development of
epitaxial BTO thin films by MOCVD, PLD, and MBE.?
Rapid developments in the improvement of film quality, and
furthermore, the integration of such oxide films on Si*
shifted the focus to BTO and other related ferroelectrics with
the simple ABOj perovskite structure. Before discussing the
EO response of various candidate FE oxide films, in Sec.
II B, we discuss in more detail some of the complications
regarding optical losses and the typically required structural
characterizations needed to obtain optical thin films of suffi-
cient quality for optical applications.

B. Understanding the role of thin film processing and
its influence on device properties

A critical issue with EO films is optical losses in thin film
waveguide structures.** From a material’s perspective, the
main causes for optical loss in epitaxial structures are (i) scat-
tering from domain or twin boundaries where the birefringence
of the material changes; (ii) scattering losses associated with
surface and interfacial roughness (see below); and (iii) defect
states in the gap. The dependence of scattering loss on surface
roughness can be described for waveguide structures as**

_ (4mo 2f(0)
Ose = <T) T» 3)

Appl. Phys. Rev. 5, 041108 (2018)

where o is the root mean square (rms) surface roughness, 4
is the light wavelength, f(0) is a geometric parameter related
to the angle of reflection, and ¢ is the film thickness. It fol-
lows from Eq. (3) that thicker films and longer wavelengths
result in lower scattering losses, while an increase in the sur-
face roughness induces larger losses.

Optical losses were discussed extensively by Fork et al.
in 1995 (Ref. 45). Detailed calculations showed at that time
that a benchmark level of losses for waveguides at 1 dB/cm.
To achieve this, upper limits of the morphological roughness
of the surface is the main limitation. It was suggested later
that, however, optical losses of ~2dB/cm would be accept-
able®’ and therefore roughness values of up to 24 nm would
fall within such limitations. An important point regarding
large optical losses is that often the defects responsible for
losses are at such low densities that they may not be detect-
able in standard x-ray diffraction scans.*®

The above discussion leads to a key conclusion: fabrica-
tion of high-quality films is paramount for optical applications.
Figure 2 summarizes the most important characterizations typi-
cally carried out to assess stoichiometry, structure, and surface
morphology of films before optical characterization. As a first
step, x-ray diffraction (XRD) is typically used to confirm the
phase purity of the film [0-20 scan; Fig. 2(a)] and the epitaxial
relationship between the film and the substrate [¢-scan, Fig.
2(b)]. This latter step also allows to determine the existence of
rotational twins or similar.*’ It is also appropriate to confirm
that the films exhibit reliable ferroelectricity [P-E hysteresis
loop, Fig. 2(c)], often in a capacitor structure (patterned top
electrode of a metal, lower electrode of some conductive oxide
such as SrRuQOs). Since scattering loss is a serious issue for
optical devices, it is important to measure the roughness of the
surface, usually by atomic force microscopy scans [Fig. 2(d)].
Relating to the same aspect, transmission electron microscopy
(TEM) is useful for checking the interface (substrate-film)
quality [Fig. 2(e)], as roughness here will also induce scatter-
ing losses. Finally, the optical bandgap can be estimated from
absorption data taken from transmittance or ellipsometry mea-
surements, using a so-called Tauc plot [Fig. 2(f)], as first
described in Ref. 48. Having described the requirements for
film quality and structural and surface properties, we now
move to a discussion of each material system from the per-
spective of the EO response.

C. La-substituted lead zirconate titanate (PLZT) and
related PZT compounds

Research into the EO effect for ferroelectric thin films
began in the 1970s with PLZT, La-substituted PbZr,Ti;_,O;
(PZT). PZT is a well-known high-performance piezoelec-
tric,*” and the addition of lanthanum improves optical trans-
parency.” There are numerous good reviews'®>%" on the
topic of PLZT thin films grown by various methods; we do
not repeat that work here, and we simply wish to highlight
some important points. In the following, we refer to PLZT
compositions using the nomenclature PLZT (x/y/1-y) denot-
ing (Pb,_.La,)(Zr,Ti,_,)Os.

PLZT films have been grown by sol-gel, sputter-

ing,'®'*!® etc., mostly on sapphire (AlL,O3),'®" SrTiO;



Appl. Phys. Rev. 5, 041108 (2018)

(c)

041108-5 Sando et al.
(a) (b)
10° : — 10°
o BFOISTOMGO 2 :
= nm _ 10
T 6 —1t=360 b2 n
2 10 A e 2 104]
< g0 £ <
2 . @ 2 10°
g 10 ) g,
S 10° f g 107
= 102 N < 10|
101 1 | 10°4 W
20 40 60 80 100
26 (deg)
(d) (e)

Mm.;r..;il,uuJ'}.nm..',.wTuJ-.w

N (7 |
=)

Polarization (uC/cm?)
o

180 270 360 60 260200 0 200 400
E (kV/cm
¢ (deg) {diom)
(f)
4
BiFe0,//SITiO, (111)
@ 3] Em271ev
c
=}
o
& 7
4]
3 1

O-+= 7 .
21 24 27 3.0
Energy (eV)

FIG. 2. Standard structural, ferroelectric, and optical characterizations for epitaxial films. (a) 6-20 scan to confirm phase purity; (b) ®-scan to confirm epitaxial
relationship between the film and the substrate (in this case, cube-on-cube); (c) P-E hysteresis loop to demonstrate ferroelectricity; (d) AFM topography scans
(4 um x 2 um) of BTO film on Si, to confirm low surface roughness: top image shows particles of BaOy, bottom shows film after soaking in water for 4 h; the
particles are removed (adapted from Ref. 255); (¢) TEM to inspect crystallinity, interface roughness, and domain structure (adapted from Ref. 256); (f) Tauc
plot to estimate optical bandgap, here shown for a BiFeOj; film growth epitaxially on SrTiO; (111) substrate. (a)-(c) Reproduced with permission from Appl.
Phys. Lett. 96, 182902 (2010). Copyright 2010 AIP Publishing LLC. (d) Reproduced with permission from K. J. Kormondy et al., Microelectron. Eng. 147,
215 (2015). Copyright 2015 Elsevier. (e¢) Reproduced with permission from M. Tyunina et al., New J. Phys. 17, 043048 (2015). Copyright 2015 IOP
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(STO) (Ref. 52), Nb-doped STO (Nb:STO) (Refs. 14 and 53),
and some cases on Si, with appropriate buffer layers.* The
composition of PLZT has a strong effect on the structural and
ferroelectric properties, as well as the existence of “mixed
phases,” cf. the phase diagram of Fig. 3(a). For thin
tetragonal-like films, the La content affects ferroelectricity by
(1) reducing the tetragonality (8% La gives a “pseudocubic”
structure)55 and (2) reducing the Curie temperature from
500°C at 0% La to 140°C with 28% La.'” The ferroelectric-
ity is destroyed for compositions of La above 28%.%°

Interestingly, it has been found that removing the Zr
from the composition, i.e., PLT, can improve optical trans-
parency.***° For instance, Okuyama et al.”’ found the high-
est transparency at a composition of (14/0/100), i.e., 14% La,
and no Zr. While the exact mechanism for such a depen-
dence on the Zr composition was not explained in Refs. 56
and 57, looking at the phase diagram of Fig. 3(a) may shed
some light. The composition (14/0/100) appears to be well
into the FE tetragonal region of the phase diagram, and it is
thus well away from the “mixed phases” which can contain
other parasitic phases such as La,Zr,0; and LazTi207.39 It
was pointed out in Ref. 39 that the presence of these mixed
phases can have a detrimental effect on optical transparency
due to the heterogeneous nature of the phase mixture.

In some or all cases, the EO response of the films in the
as-grown state was rather weak,'”'® probably due to the

presence of FE domains with different orientations. A poling
step considerably improved the EO response; as previously
mentioned, this poling process aligns some or all of the FE
domains in the film in a well-defined polar direction.'®

One stand-out report showed very high EO coefficients of
PLZT on (111)-oriented Nb:STO of close to 500 pm/V for the
(8/35/65) composition.55 It should be noted that, however, this
work did not address optical guiding, and therefore (given the
typical requirement to remove Zr to increase optical transpar-
ency as described above), the optical loss was probably rather
high. This highlights a common design problem—optimizing
conflicting figures of merit requires trade-offs.

Kang er al."* used a modified ellipsometry technique to
measure the EO response of PZT films grown by sputtering
on Nb:STO. An advantage of using this technique was the
possibility to separately determine the ri3 and r33 coeffi-
cients, rather than an effective coefficient. At 633 nm, the
EO coefficients were 33 =—157.1 and r13 =22 pm/V, while
the effective linear and quadratic coefficients were
—134.6 pm/V and 8.5 x 10~ '® m?/V?, respectively.

To summarize this part on PLZT, typical EO coeffi-
cients are of the order of 50-100pm/V (Refs. 12, 14, and
54). The most promising substrate appears to have been
sapphire; in addition, it enables good mode confinement
given the contrast in refractive indices (for further informa-
tion on waveguiding, the reader is referred to Sec. V of this
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FIG. 3. (a) FE phase diagram of PLZT. Reproduced with permission from
G. H. Haertling, Ferroelectrics 75, 25 (1987). Copyright 1987 Taylor &
Francis. (b) Linear (top) and quadratic (bottom) EO response as a function
of composition x for Ba; _,Sr, TiO3 films. Reproduced with permission from
Appl. Phys. Lett. 76, 769 (2000). Copyright 2000 AIP Publishing LLC.

review) and is relatively well lattice-matched to the (111)
orientation of PLZT. The interest in PLZT for optical thin
film applications appeared to decline in the early 1990s. As
fabrication methods improved, thin film epitaxy of more
attractive EO materials such as LNO and BTO became
possible.

D. Lithium niobate

Epitaxial growth of lithium niobate films was considered
by numerous groups as early as the 1970s.”*°° Various
growth methods have been used for LNO thin films: MBE
(Ref. 58), liquid phase epitaxy,”” MOCVD (Refs. 61 and
62), PLD (Refs. 47 and 63-65), sol-gel,66 and rf sputtering.67
Homoepitaxy (i.e., LNO thin film on the LNO substrate) was
an attractive method since lattice mismatch between the film
and the substrate is zero, and by modifying the growth condi-
tions, the film’s refractive index can be controlled to thus
create a guiding layer.”® LiTaO5 (LTO) is also an appealing
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substrate choice®®? since the crystal symmetry is identical
and the lattice mismatch is almost zero. A key challenge for
LNO thin films has always been obtaining high quality epi-
taxial growth (particularly regarding stoichiometry) and con-
trolling the crystallographic orientation of the film layer.%>®
Furthermore, the existence of complex crystallographic
twins causes complications in (i) waveguiding, where optical
losses can be high, and (ii) the analysis of the EO effect in
such films. For films grown by PLD, stoichiometry can be
controlled by laser fluence® and other growth conditions
such as oxygen pressure.®*®> While some authors required to
account for the volatility of lithium by using Li-enriched tar-
gets,’” others have shown that it is possible to use stoichio-
metric targets and a very high laser fluence (and hence
growth rate) to obtain stoichiometric films.** To control the
crystallographic orientation, the oxygen growth pressure has
been shown to play a role, possibly due to the oxygen stack-
ing arrangements for different orientations.*’

Despite these growth challenges, there are numerous
reports of the EO characterization of epitaxial LNO films
grown on various substrates and by various methods. As early
as 1973, the EO response of an LNO thin film (fabricated by
“epitaxial growth by melting”—EGM) was reported.”’ The 75
and r33 coefficients were obtained and found to be lower (2.3
and 12 pm/V, respectively) than the values typically found in
LNO bulk (cf. Table I); this was suggested to be due to the
lower crystalline quality of the film. The optical properties of
LNO epitaxial films were explored more extensively in the
mid-late 1990s.”* A review of work pre-1995 can be found in
Ref. 72; here, we focus on important results and some newer
work. Propagation losses of waveguide structures were found
to be as low as 0.9 dB/cm for LNO on sapphire substrates.”>

Lee et al. showed that the EO response of LNO films
grown on sapphire substrates depends strongly on the growth
behavior and substrate orientation.*” Notably, for LNO on
Al,O5 (0001), epitaxial LNO (0001) films were obtained. On
the other hand, when using Al,O; (1120) substrates, either
LNO (0001) or LNO (1120) was stabilized, depending on
the oxygen growth pressure. As mentioned above, this
dependence on pressure is likely related to the different oxy-
gen stacking arrangements. The EO effect in these two dif-
ferent orientations of LNO on Al,O5; (1120) was measured
by the Senarmont method. For the LNO (0001) film, no
change in the birefringence with applied electric field was
measured [Fig. 1(c)], indicating a very weak EO effect,
attributed to the crystallographic symmetry of the LNO
layer. On the other hand, the (1120) LNO film showed a
large quadratic EO coefficient of 2.38 x 107" (m/V)?, as
shown in Fig. 1(c). This very large effect was not fully
understood since the transition temperature of LNO is very
high when compared to other FE materials with large EO
responses. Nonetheless, the large quadratic EO effect was
suggested to be attractive for devices,*’ since it removes the
need for single-domain films and thus relaxes fabrication
requirements.

It was realized by the end of the 1990s that, due to the
growth difficulties and complex twinning structures in LNO
films, a “simpler” material was desired in order to make fur-
ther progress in integrated thin film optical devices.”® At that
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time, the perspective for BaTiO; (BTO) thin films was more
favorable, due to its larger EO coefficients, simpler perov-
skite structure, and relative ease of fabrication. Section I1E
introduces BTO as the active layer for EO thin film devices.

E. Barium titanate and related compounds

Barium titanate (BaTiO;—BTO) is the prototypical
tetragonal ferroelectric and has been used for a long time as
a dielectric material in capacitors. In bulk, it has a polariza-
tion (at room temperature) of 25 uC/cm? and very large EO
coefficients (e.g., 4, = 1640 pm/V; Table I). The huge EO
coefficients have understandably made it the material of
choice for thin-film EO devices since, in principle, the opera-
tion voltage can be lower, and the devices can be smaller.
The first issue to be overcome was the successful growth of
BTO epitaxial thin films. The main issue is the surface
roughness, presence of defects (such as hydrogen com-
plexes’*), and domain boundaries that cause significant scat-
tering in waveguide structures. The growth methods mostly
employed for film growth of BTO have traditionally been
MOCVD and oxide MBE. While high quality c-axis (parallel
to the polarization) oriented BTO films can be grown by
PLD on STO substrate:s,75 low dielectric substrates, such as
MgO, are more attractive for EO applications. BTO films
have been grown on MgO by MOCVD (Ref. 43), PLD (Refs.
76-78), in some cases up to almost 1 um thick with surface
roughness remarkably only 1.1nm.”° Growth conditions
such as the laser repetition rate for PLD have significant
influence on the structural quality of the films,”® and there-
fore growth conditions require careful optimization.
Integration of BTO films on Si has allowed this material to
take a front row seat in the quest for high performance EO
modulators. We discuss such prototype devices in Sec. V.

Petraru et al. showed that the growth conditions can con-
trol the orientation of the BTO thin film grown on MgO sub-
strates.”’ Using PLD growth, they showed that high laser
energy forms c-oriented BTO films, while for lower laser
energy of 300 mJ/pulse a-oriented (perpendicular to the polar-
ization), BTO films were obtained. The exact mechanism of
this growth rate dependence on the orientation is unclear.
Using the a-oriented film, the authors then demonstrated an
effective linear EO coefficient of 7,4 = 734 pm/V in a modula-
tor configuration. The half-wave voltage V,, was found to be
as low as 6.3V at 633 nm and 9.5V at 1550 nm.

BTO doped with Fe shows interesting behavior relevant
to implementation in optical isolators. For example, Faraday
rotation and a weak magnetic moment was reported for Fe-
doped BTO by Rajamani e al.*® Such a development could
be promising as commonly used materials, such as garnets,
are not readily integrable with Si.

Another attractive material for electro-optical activity is
the solid solution of BaTiO; and SrTiOs—Ba;_Sr,TiO;
(BST). Initially attractive for microwave applications by vir-
tue of its large dielectric tunability in the microwave fre-
quency range, BST was first considered for its EO response
in 2000 by Li et al. (Ref. 81). The initial work required the
determination of the optimal concentration for the EO
response, and it was found through a combinatorial pulsed
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laser deposition growth method that the optimal composition
for the linear EO effect was for x=0.3 [Fig. 3(b)]. Such a
composition corresponds to the transition between cubic and
tetragonal phases at room temperature.

A detailed study of BST (x=0.3) films was reported by
Wang et al. (Ref. 2). Growth by PLD yielded epitaxial films
of reasonable crystalline and surface quality, with a bandgap
of 3.5eV. Using the prism-coupling method, the losses
[defined as 10 log( (output power/input power)] of 620 nm-
thick BST//MgO were ~3 dB/cm at 633 nm and ~1.3 dB/cm
at 1.55 um. Such values, particularly at 1.55 um, are well
within limits required for integrated optics applications. The
quadratic EO coefficient was 6.64 x 10~ (m/V)?, similar to
PZT films,* but smaller than the value R.=1.0x 107" m?%
V? for BST (x=0.4) on MgO obtained by Kim er al,** a
few years earlier.

The structure, optical properties, and EO response of
BSTO (x=0.3) films grown on LaAlO; (LAO), (La,Sr)
(Al,Ta)O3 (LSAT), and STO substrates were investigated by
Wang et al. to try to ascertain the influence of strain on the
properties.'' (Note that Sec. III discusses strain effects in
more detail.) Although the nominal misfit compressive strain
imposed on BSTO by LAO, LSAT, and STO are —4.8%,
—2.6%, and —1.7%, respectively, only the film on STO
exhibited a structure consistent with an in-plane compressive
strain (of about —0.8%), while the films on LAO and LSAT
surprisingly, and counterintuitively, showed an elongated in
plane lattice constant (the out of plane lattice constant
appeared to be comparable to bulk BST). The latter point
was attributed by the authors to a likely oxygen stoichiome-
try difference in these films. Interestingly, the strain state
induced (or not) by the substrate influenced the dielectric
response, and thus the electro-optic effect. The film grown
on STO was not ferroelectric and therefore did not exhibit
EO modulation, while the films on LAO and LSAT showed
a linear EO behavior, consistent with their ferroelectric char-
acter, as evidenced by dielectric measurements. The effec-
tive linear EO coefficient for BST//LSAT was the largest of
the three samples at about 125 pm/V.

F. Bismuth ferrite

Bismuth ferrite (BiFeO;—BFO) has the same crystallo-
graphic symmetry as LNO and is probably the most recent
ferroelectric to be considered for thin film EO applications.
BFO is multiferroic—meaning that it has coexisting ferroic
orders: in this case, strong ferroelectricity®* is combined with
antiferromagnetic order.*” The EO response of BFO was first
considered in single-domain (111)- and (110)-oriented films,
upon which reflection and transmission geometry measure-
ments were performed, respectively.”” The EO coefficients
were found to be modest at r.4= 12 pm/V (somewhat surpris-
ing given the very large polarization of BFO); however, tak-
ing into account the rather low dielectric constant’® and high
refractive index®® of BFO, the figure of merit n’r/e=8.0
(Table I) makes it as performant as some other ferroelectrics
such as LTO. A waveguide modulator prototype has been
demonstrated using BFO films on STO; this is described in
Sec. V.
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In the late 2000s, it was found that the optical bandgap
of BFO—which had been successfully fabricated in epitaxial
thin films a few years earlier® —was 2.7 eV, placing it in the
blue region of the visible spectral range. This triggered wide-
spread interest in this material as a material for energy har-
vesting (most other ferroelectrics have bandgaps that are
much higher at >3.2¢eV). In 2009, it was found that BFO
exhibited the so-called bulk photovoltaic effect (BPV) and
subsequently that large photovoltages could be generated
from BFO thin films.*®* This is further discussed in Sec. IV
of this review.

G. Other ferroelectric films for EO modulation

Other ferroelectric materials, such as LTO, KNbOj
(KNO), KTa,Nb, .05 (KTN), (Sr,Ba)Nb,Os (SBN),*? and
Pb(Mg1/3Nb2/3)O3—PbTiO3 (PMN—PT) (Ref 90), have been
explored for their EO effects in epitaxial thin films. KTN
films epitaxially grown on MgAl,0O,4 (magnesium aluminate
spinel—MAS) substrates were measured by Hoerman
et al®" and shown to possess composition-sensitive EO
coefficients. The best coefficients of about 40 pm/V were
obtained at x =0.2 and 0.65, the latter being due to its vicin-
ity to the ferroelectric—paraelectric phase boundary at
x=0.7. KNO grown on MgO was investigated by Beckers
et al. where it was required to use a buffer of BTO to pro-
mote epitaxial growth.”® PMN-PT on MgO and LAO was
explored by Lu et al.,’® where it was found that the quadratic
EO effect was 0.75 x 107'® (m/V)?, and propagation loss
was 4 dB/cm. Finally, very large EO coefficients of up to
844 pm/V were observed in SBN films grown on MgO.”?
Although rather large, such coefficients are still smaller than
the corresponding bulk values for SBN.

Interestingly, Lu and Knize”* explored the dielectric and
EO response of PMN-PT superlattices and found that the
dielectric constant was improved, and EO effect increased
by an order of magnitude, by virtue of the interlayer coupling
in the superlattices. Such work highlights that strain and
interfacial effects can both be used to tailor the EO response
for optical purposes.

Regardless of the material system, an important aspect
is the fact that epitaxial strain has a significant bearing on the
functional response. Therefore, Sec. III is devoted to the
understanding of strain effects on optical properties.

lll. STRAIN MODULATION OF OPTICAL PARAMETERS
A. Strain engineering

When a film is epitaxially grown on a single-crystal sub-
strate of a different material (heteroepitaxy), a misfit strain
exists between the film and substrate, related to their respec-
tive bulk structures. The commercial availability of a wide
range of substrate crystals suitable for oxide heteroepitaxy
has allowed considerable levels of strain to be imparted on
the grown films.”* This technique, known as “strain engi-
neering” [Fig. 4]—i.e., using epitaxial strain from the under-
lying substrate to transform the structure and functional
response of the film—offers exciting possibilities. Examples
include creating ferroelectric phases of nominally
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(b)

FIG. 4. Concept of epitaxy of an ABO; perovskite unit cell (a). Large strains
can be applied to epitaxial thin films by strain engineering, by applying
either compressive (b) or tensile (c) strain from the underlying single-crystal
substrate. Reproduced with permission from D. G. Schlom et a/., MRS Bull.
39, 118 (2014). Copyright 2014 Cambridge University Press.

paraelectric materials, such as STO or KTaO5; (KTO) (Refs.
95-97), inducing large variations of ferroelectric and mag-
netic transition temperatures,”®°? changes in spin order,*
generating new phases of existing compounds (such as the
so-called T-like phase of BFO; Refs. 100 and 101).

The number line shown in Fig. 5(a) indicates the
pseudo-cubic lattice parameter (where applicable) for sub-
strates and the thin films that we discuss here. While the
influence of the possible strains using such substrates on
magnetism and ferroelectricity has been well covered in
recent years, the effect on optical properties is comparatively
unexplored. The strain modulation of the optical response is
of considerable interest because one can envisage giant EO
responses which would be beneficial to the downscaling of
optical devices. Furthermore, changes in the bandgap and
optical constants (i.e., the complex refractive index) due to
the imposed strain can yield new properties that may not be
available in the corresponding bulk phase.

Important characteristics (bandgap, refractive index, and
dielectric constant) of materials used for substrates and FE



041108-9 Sando et al.
(a) (b)
Lattice Optical
parameter band gap
(A) (eV)
43 YAO——8»>
MAS—
MgO—»
MgO 7
ALO;——>
44 A RScO,
MAS —» LSAT
KTO YSZ—56»]
RScO,
PLZT
STO—3g»
%ﬁ?& 2 Nt INL% KNO
SLGO S KTO,SLGO | BsT -NO.PTO
—==5 BTO
LAO—3.8, Nb:STO 35+ TBFO
<«—R-BFO
YAO—3:7> 2
YSZ—>

Si—p>il«—BMO

Appl. Phys. Rev. 5, 041108 (2018)

(c) (d)
n at Dielectric
633 nm constant
3.2 104
I R-BFO «—BTO
2 3 SBN
2.8 <«—T-BFO 10 <— NNO
«—PTO BST
o PLZT
Nb:STO 17510 SO
: «—PTO
sTo——24§<+—BTO 102 RO
. _INO RScO, : o
«——NNO,KNO < BFO
KTO—> YSZ
vsz SR T0BST | SATIAG
_— NGO SLGO
LSAT,LAO 2_0' YACO __si
YAO——">] AlLO; MgO MAS >
ALO;— 3
MgO
MAS —>
1.6 100

FIG. 5. Characteristics of substrates and films appropriate for optical applications. On the left of each number line are (typical) substrates; while on the right
are (typical) films (inspired by and adapted from Ref. 94). These number lines give information relevant to (a) crystal lattice mismatch, (b) bandgap determina-
tion of a film (by transmittance), (c) optical waveguiding, and (d) microwave phase matching. (* denotes that the lattice constant is shown here for 45° epitaxy,
i.e., the substrate lattice constant is a factor of V2 larger than the value shown here.)

thin films are plotted in Figs. 5(b)-5(d). The relevance of
these parameters in the context of optical applications will
become apparent later. Section III B is devoted to the under-
standing of strain effects in thin film ferroelectrics and
focuses on how novel responses can be predicted in such sys-
tems, using PbTiO; films as a representative example.

B. Theoretical approaches for strain modulated optical
parameters

We first consider the theoretical concepts governing the
strain-modulated optical response of FE oxides. Since optical
properties are intimately related to the electronic band struc-
ture of materials, it is important to begin with a good under-
standing of the band structure.

A commonly adopted approach for determining the opti-
cal properties, namely, the complex dielectric function &
+i¢” and complex refractive index n + ik, is to use density
functional theory (DFT) to determine the band structure.
Often DFT is used with approximations to the exchange—
correlation energy functional,'® such as local density
approximations (LDA), generalized gradient approximations
(GGA), and hybrid functionals. Hybrid functionals, such as
the Heyd-Scuseria-Ernzerhof (HSE) exchange-correlation
functional,103 usually give more accurate results, albeit at a
much higher computational cost. After the electronic band
structure calculations, the imaginary part of the dielectric
tensor can be obtained by

47'12262
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where the indices ¢ and v refer to conduction and valence band
states, respectively, u is the cell periodic part of the orbitals at
the k-point k, and e, is a unit vector along the o Cartesian direc-
tion."® Finally, the real part of the dielectric tensor g, 4 can be
obtained through the Kramers-Kronig transformation
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where P denotes the principal value. We then obtain the
complex refractive index using

E=¢ +id = (n+ k), (6)
where £ is the extinction coefficient and # is the refractive index.
(Note that the general case is &-ji = & +i&" = (n + ik)%,
where p is the magnetic permeability. Here, since we deal with
non-magnetic materials we consider yt=1.)

Electronic band structure calculations show that the
band structure can be modified using, for instance, strain. As
shown in Fig. 6(a), both tensile strain and compressive strain
increase the electronic bandgap in the R-like phase of
BiFeO5; [more clearly demonstrated in the inset of Fig. 6(a)].
At zero strain, the Fe d,,, d,., and d,. orbitals are degenerate
near the Fermi level.*® The tensile and compressive strain-
induced change in oxygen octahedra rotation and polar mode
slightly lift the degeneracy of the Fe 3d orbitals, increasing
the bandgap. The T-like phase (stabilized, when compared to
the R-like phase, by large compressive strain) shows a
decrease in the electronic bandgap when compared to the
R-like phase, as shown in Fig. 6(b). This effect arises from
the pyramidal coordination of FeOs in this highly elongated
T-like phase which induces a large splitting in the 3d
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FIG. 6. First-principles calculations of optical properties. Total density of states (DOS) for the R-like (a) and T-like (b) phases of BFO. The insets show the conduction
band edges. Note that strain modifies the band structure and DOS, which induces a change in the bandgap (from Ref. 86). (c) Experimental (left) and calculated (right)
extinction coefficient k for BFO films under various levels of epitaxial strain (from Ref. 86). (d) Real (top) and imaginary (bottom) parts of the dielectric function for
BFO for different levels of oxygen vacancies. Note that the form of the curves is strongly dependent on the concentration of oxygen vacancies, and the best match with
experiment (blue circles) is found for ¢ = 1/8. Reproduced with permission from Appl. Phys. Lett. 95, 231906 (2009). Copyright 2009 AIP Publishing LLC.

orbitals, with the d,, orbital lowering in energy.®® It should be
pointed out, however, that although the electronic bandgap is
lower in the T-like phase, the optical bandgap (which is mea-
sured by ellipsometry and other techniques'®'%) actually
increases, due to the transitions between the valence band max-
imum (predominantly O 2p in character), and this Fe d,, orbital
being rather weak.®® The behavior of the optical response as a
function of strain is summarized in Fig. 6(c) where the experi-
mental and theoretical extinction coefficient is plotted. The
agreement here regarding the band edge is rather good; and the
higher optical bandgap of the 7-like phase is evident.

First principles techniques can also be used to estimate the
influence of defects on the optical response. For example, in Fig.
6(d), the complex dielectric function is shown for BFO films as
a function of the oxygen vacancy concentration.'”” Interestingly,
the calculations show the best match with experimental data
when the vacancy concentration is about 1/8 (i.e., 12.5%); sug-
gesting that the films used in the experimental study'® may
have had intrinsically a relatively high oxygen vacancy density.

C. Large elasto-optic effects in ferroelectric thin films

The elasto-optic effect describes the change in permit-
tivity, ¢, due to mechanical strain, #. It is useful for creating
or designing acousto-optic modulators, acousto-optic tunable

filters, and electro-optic deflectors.'® This effect is quanti-
fied by the elasto-optic tensor, p;;, defined as

1
A @i = ijpm,, ™

where i are j are both integers that can vary from 1 to 6
(using Voigt notation). Using the extinction coefficient k& and
refractive index n tensors through Eq. (6) and considering
the low-frequency field (the Pockels effect), ¢’ is about zero,
and Eq. (7) can be rewritten as

1
(), = S ®
J

The above equation (8) is primarily used to compute the
elasto-optic coefficient. Note that, as indicated above, both
refractive index n and strain 1 have 6 components (in Voigt
notation), resulting in 36 elasto-optic coefficients p;;.
However, common elasto-optic materials (such as SiO, and
LiNbO3) have relatively high symmetry, and as a result, only
a few of the elasto-optic tensor components are non-zero.
For a full discussion of the computation methods and details
used for the prediction of the elasto-optic properties, the
reader is referred to Ref. 110.
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Briefly here, the strain tensor components of “1” and
“2” (with the “1,” “2,” and “3” denoting the pseudo-cubic
[100], [010], and [001] directions, respectively) were consid-
ered, and the condition n; =17, was imposed to mimic
epitaxial conditions. The resulting effective elasto-optic
coefficients are thus obtained from

[1/ni ()] = [1/n3(0)] = (p11 + p12)ny, (%a)
[1/m3(n))] = [1/n3(0)] = (p21 +p22)y, and  (9b)
[1/m3 ()] — [1/m3(0)] = (p31 + p32)ny- )

In tetragonal (T), orthorhombic (O), rhombohedral (R), and
monoclinic Cm phases of epitaxial PbTiO; films (see the fol-
lowing text), n; = ny = n,, the ordinary refractive index,
and n3 = n,, which is the extraordinary refractive index. In
the monoclinic Pm phase, ny # n,. This first-principles
method of computing the elasto-optic coefficients has the
desired accuracy; as an example for bulk LiNbOj3 (using the
hexagonal setting), the computed elasto-optic coefficient is
p31= 0.17, which compares well with the corresponding
experimental value of 0.18 (Ref. 111).

D. Elasto-optic effects in ferroelectric oxide thin
films—PDbTiO; as a test case

Chen ez al.''? theoretically investigated the influence of

strain on the optical index n of epitaxial PTO films and thus
derived the elasto-optic effect in this material. Having
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ensured that their computations accurately predicted the
ground state of PTO without strain, they then showed the
stability of various phases as a function of in-plane tensile
strain. For strains ranging from 0.75% to 1.75%, a mono-
clinic Cm phase (with energy close to that of the T phase)
becomes the ground state [Fig. 7(a)]. Interestingly, it was
found that another monoclinic Pm phase exhibits a very sim-
ilar energy to the Cm phase, indicating that both these phases
can likely be stabilized in PTO films by, e.g., strain engineer-
ing and/or electric field. Practically, both Pm and Cm phases
have been observed for ultrathin PTO films grown on
DyScO3, a substrate that imparts a 1.4% biaxial strain.!'!?

As shown in Fig. 7(b), the predictions found that the Cm
phase decreases its axial ratio from 1.022 to 0.988 when the
epitaxial strain ranges from 0.75% to 1.75%. In this tensile
strain range, the Cm phase has both out-of-plane and in-
plane components of polarization, implying that a polariza-
tion rotation phenomenon takes place. In contrast, note that
at zero strain the ground state of PTO has polarization only
along the c-axis. When this in-plane strain increases from
0.75% to 1.75%, the in-plane polarization P, of Cm increases
from about zero to 0.66 C/cm?, while the out-of-plane polari-
zation P, commensurately decreases from 0.75C/cm? to
almost zero. As shown in Fig. 7(c), the polarization of the
Cm phase continuously rotates from the out-of-plane [001]
direction toward the in-plane [110] direction when increas-
ing strain in this intermediate range.

For the monoclinic Pm phase, the tetragonality (i.e., c/a
ratio) decreases to less than 1 as the imposed strain
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FIG. 7. First principles calculations for various phases of PbTiO; under tensile strain. Strain-dependent properties for the tetragonal (7), orthorhombic (O), and
Cm and Pm monoclinic phases: (a) total energy, showing stability regions; (b) axial ratio ¢/a; (c) in plane polarization P,; and (d) out of plane polarization P..
(e) refractive index n for the four considered phases. Note that for Pm and Cm phases the change in n with strain is large, yielding large elasto-optic coetficients
(see the text). Schematic representations of polarization directions of the Cm, Pm, O, and T phases. Polarization of the T phase is along the [001] direction, of
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direction under strain. Adapted from Refs. 110 and 112.
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progresses from 0.75% to 1.75%. Thus, the axial ratio of the
Pm phase behaves qualitatively (and even quantitatively)
very similarly to that of the Cm phase. Figures 7(c) and 7(d)
show how the P, of Pm decreases and P, increases in this
tensile strain range. Note that P, = 0 for the Pm phase, which
differs from the case of the Cm phase, for which P, = P, is
non-zero. Figures 7(f) and 7(g) schematically depict how the
polarization of the Pm phase rotates from the pseudo-cubic
[001] to [100] directions upon increasing tensile strain. As
shown next, these varying polarization rotation paths induce
markedly distinct optical properties and elasto-optic effects
in the Cm and Pm phases.

The optical properties and elasto-optic effect indeed are
rather unique in PTO films when strain is applied. The
refractive index properties were discussed in detail in Ref.
112. Briefly, it was found that there exists a hierarchy
between the ordinary (n,) and extraordinary (n.) refractive
index as a function of the tetragonality. As tetragonality is
tuned by the imposed strain, it follows that the optical refrac-
tive index is also strain-sensitive.

This strong strain sensitivity implies that the elasto-optic
coefficients in such monoclinic PTO phases are rather large.
The calculations indeed found that the effective elasto-optic
coefficient (p3; +ps3z)/2 for the rotational low-symmetry
phases, namely, monoclinic Cm and Pm phases, are very
large. These coefficients amount to 200% those of the T
phase and 300% those of the O phase. This large elasto-optic
coefficient can be linked to n. in Cm and n3 in Pm, which are
extremely sensitive to the applied strain. They are the largest
elasto-optic coefficients predicted for this family of ferro-
electric oxides. For instance, they are about twice as large as
the coefficient of lithium niobate, for which p3; =0.18, and
30%—-60% bigger than that of quartz (p3; =0.29) (Ref. 111).

The preceding discussion therefore offers a new route
toward the discovery of large elasto-optic effect in ferroelec-
tric oxide thin films materials by strain engineering. It essen-
tially involves identifying low-symmetry phases that undergo
a rapid evolution of the axial ratio and polarization with
strain. This rapid evolution can occur in epitaxial ferroelectric
films''*!"> and the morphotropic phase boundaries of some
solid solutions''®''"® when varying the composition or hydro-
static pressure. Finally, large elasto-optic coefficients have
been demonstrated in PTO thin films,''” and in multiferroic
BiFeO5 (Refs. 86 and 120).

E. Experimental reports on strain-modulated optical
properties

Having shown that theoretical methods can predict
novel optical responses with strain, we now turn to a discus-
sion of experimental findings related to strain-modulated
optical properties. The most common technique to measure
the optical properties (e.g., complex refractive index and
bandgap) of thin films is spectroscopic ellipsometry,'*"'*? a
routine characterization method. The experimental results in
this section thus rely predominantly on measurements con-
ducted by ellipsometry.

Early reports of the strain-modulated optical properties
of thin film oxides focus mostly on materials such as STO.
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Applying strain to STO had earlier yielded novel phases
such as induced ferroelectricity®’” and so it was expected that
optical properties should also be modified. Ultrathin (~15 nm)
films of STO were grown under various levels of strain on
LAO, DyScO; (DSO), KTO, and MgO substrates, and their
optical response measured by ellipsometry.'*® Even though
strain appeared to modify the optical response by modifying
interband transitions through a “strain-induced polarization,”
there appeared not to be a clear systematic effect. More
detailed work on STO//KTO, under ~2% tensile strain,
showed that the absorption edge was shifted toward higher
energies,'** which interestingly is in agreement (at least in
sign) with the shift in bandgap predicted by DFT theory of
strained STO (this is described in Sec. III F).'* Nevertheless,
it should be pointed out that oxygen vacancies can also
induce a perceived decrease in bandgap'?® by smearing the
fundamental edge—such an observation implies that suffi-
cient caution be exercised when interpreting strain-induced
modifications of the optical response.

Moving now to ferroelectric films, Tyunina et a grew
KTO, KNO, and NaNbO3 (NNO) films on STO substrates and
found that the crystal symmetry of the films plays an important
role regarding how the bandgap changes. For KTO//STO
(strain 7= —2.1%), the bandgap increased, argued to be
related to strain-induced polarization from the tetragonal dis-
tortion. On the other hand, for KNO//STO (n =—2.8%), the
authors observed a decrease in structural symmetry from ortho-
rhombic to tetragonal, with a concomitant rather large decrease
in the bandgap. Such a result requires further study, to deter-
mine if it is a general effect for perovskite oxides or if it is con-
fined to this particular system.

Liu et al. measured the optical bandgap and refractive
index of strained BFO thin films grown on a range of sub-
strates.'?® Temperature-dependent ellipsometry evidenced a
weak change in the bandgap with strain. Interestingly, the
change in bandgap with temperature showed a slight change
in slope at the Néel transition, which suggests spin-lattice
coupling in these films. A subsequent ellipsometry and first-
principles calculation study®® showed that epitaxial strain in
BFO thin films induces a small change in the optical bandgap
[Fig. 8(a)], but, more importantly, induces a large variation
of the optical refractive index n. As mentioned in Sec. III D,
this change is so large that it suggests that the elasto-optic
coefficients of BFO are larger than those of the typical
acousto-optic modulator media such as quartz or lithium nio-
bate. Such a large elasto-optic response in BFO offers attrac-
tive perspectives for thin-film based surface acoustic wave
(SAW) deflectors and modulators. Although not based on
BFO, a few such device prototypes are described in Sec. V.

It is impossible to consider epitaxial strain (usually
homogeneous or averaged over the film thickness) without
mentioning inhomogeneous strain. This type of strain can
induce very large flexoelectric fields'? through the strain
gradients created—usually in thin films by the process of
strain relaxation. To understand if strain gradients influence
the optical bandgap of BFO, a large set of films grown on
STO substrates was characterized by XRD and transmittance
measurements.'°® It was found that besides the usual disper-
sion of the data, the bandgap showed no systematic trend on
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FIG. 8. Bandgap tuning in ABOj; perovskite thin films. (a) Epitaxial strain changes the bandgap in the R-like phase of BFO, albeit in the upwards direction,
while the T-like phase has a larger bandgap of ~3.0eV (from Ref. 86). (b) Using a solid solution of BFO-BMO to reduce bandgap. Reproduced with permis-
sion from Appl. Phys. Lett. 96, 192901 (2010). Copyright 2010 AIP Publishing LLC. (c¢) SrTiOs; films in the (001) orientation are predicted to have an upward
shift of the bandgap for both compressive and tensile strains; (d) the converse trend is predicted for (111) epitaxy of SrTiOj3 films. Reproduced with permission
from R. F. Berger et al., Phys. Rev. Lett. 107, 146804 (2011). Copyright 2011 American Physical Society.

the inhomogeneous strain—a somewhat surprising result
since one may expect oxygen vacancies to accumulate at the
misfit dislocations which are in high concentrations in films
with large strain gradients.'*

The influence of strain on the electro-optic effect in
complex oxide thin films is not well understood. One report
showed that the EO response of films grown on different
substrates was different,11 but it was not clear that the epi-
taxial strain was the dominant effect, as other influences
such as changes in stoichiometry may have had an influ-
ence. Given the considerable strain-sensitivity of the FE
polarization in BTO,"*° and the intimate link between
polarization and EO coefﬁcients,131 it is probable that the
EO response of ABO;3 perovskites will be sensitive to epi-
taxial strain. Further work, using a wider range of fully
strained films, is required to elucidate the influence of strain
on the EO response.

In summary, the role of strain on the optical properties
of FE oxide films still remains relatively uncharted territory.
Indeed, many avenues have yet to be explored, including
using for instance the strain-induced changes in band struc-
ture of perovskites to tune the bandgap of Mott insulators
(whose gaps are rather low and could thus be attractive for
solar energy harvesting).'*> Modifying the electro-optic
response by strain is another promising approach to obtain
giant responses from multiferroics or ferroelectrics. As we

have seen, an important influence of the imposed strain is on
the band structure of the FE material. Such changes therefore
influence the bandgap and particularly the optical absorption.
We consider this in Sec. III F.

F. Bandgap engineering

The ultimate aim with strain tuning of FE oxides is to
have a means to control the bandgap on demand. While in
the case of EO devices, transparency for the optical beam in
the medium is a requisite (thus needing a higher bandgap),
the contrary (i.e., better absorption) is required for photovol-
taic applications. Most ferroelectric oxides have bandgaps
well above the visible range (e.g., 34 eV), which, in princi-
ple, makes them good candidates for transparency in the visi-
ble and IR (e.g., at 2=1500nm) (see Sec. V for more detail
about waveguide requirements), but their intrinsic energy
harvesting capabilities are rather low. Significant efforts to
reduce these values have been made. We consider such
efforts in the following, which serves as an introduction to
Sec. IV devoted to the bulk photovoltaic effect.

The influence of epitaxial strain on the optical bandgap
of SrTiO; was explored theoretically by Berger et al.'*> It
was found that in (001) oriented films, both compressive and
tensile strains increase the bandgap [Fig. 8(c)], with ~4%
strain increasing the gap by about 0.5 eV. Unfortunately, this
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strain-induced modification of the gap is upwards, thus not
helping for solar energy applications. Conversely, they pre-
dicted that for films grown in the (111)-orientation, biaxial
strain can induce a decrease in the optical bandgap [Fig.
8(d)]. While such a prediction is encouraging, difficulties in
imposing strain in the (111) orientation is likely to be the
limitation, as usually the films relax at a very low thickness
thereby practically limit the amount of bandgap tunability.

Another theoretical work proposed that by using a polar-
ization rotation strategy, the bandgap of FE oxides could be
reduced by as much as 1.2eV.'* Using KNO under epitaxial
strain as a test case, the calculations suggest that 2% of strain
can reduce the gap from 2.4eV down to 1.7eV. Such a pre-
diction has yet to be confirmed experimentally.

Several experimental attempts have been made to engi-
neer the bandgap of epitaxial FE films. An intuitive approach
is to use a solid-solution route whereby the ferroelectric is
mixed with a low band-gap material.'** The critical point
here is to ensure that the polar nature of the solution be
retained so that the intrinsic charge separation mechanism
remains intact. To demonstrate simple bandgap tunability,
Xu et al. investigated the bandgap response of Bi(Fe; 4Mn,)O;
epitaxial films and found that the response was roughly the
linear superposition of the end members [Fig. 8(b)].13 >Asa
result, the bandgap was reduced from 2.67 for BFO to 1.1eV
for BiMnOj;. That said, it is important to stress that BMO is
probably not ferroelectric,'*® unless strained appropri-
ately."®’ So it may be that although the bandgap is reduced
dramatically, the charge separation mechanism may be lost
in the process. As will be discussed later, one method to
overcome this intrinsic limitation is using a multilayered
approach.

It was shown by Chernova et al. that the bandgap of
BaTiO; can be tuned by thickness-dependent strain.'*® BTO
films of thickness between 8 and 21 nm were grown epitaxi-
ally on STO substrates, and the optical properties measured
by spectroscopic ellipsometry. It was found that for the thin-
nest film, with an out-of-plane strain of 1.3%, the bandgap
was increased by ~0.3eV relative to a bulk BTO crystal.
The increase in bandgap was ascribed to a strain-dependent
increase in the ferroelectric polarization and thus bandgap
through the relation AE = P? with f8 being the “polarization
potential” of BTO (Ref. 139).

In conclusion, a ferroelectric material with a consider-
ably reduced bandgap would absorb more of the solar spec-
trum and through the so-called bulk photovoltaic effect
(BPV) thus generate significant photocurrents. Section IV
describes the BPV effect and discusses its promise for
energy harvesting.

IV. BULK PHOTOVOLTAIC EFFECT IN THIN FILM
FERROELECTRICS

Conventional p-n junctions rely on thermalized photo-
excited electrons (and holes) that have relaxed some of their
energy through interactions with lattice vibrations. The
excess energy carried by photons with above bandgap energy
is lost during the thermalization process (on a time scale of
10722107 "3 s), and all thermalized photo-excited electron-
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hole pairs have roughly the same energy E,, equal to the
bandgap of the material. As a result of this relaxation pro-
cess, a large amount of harvestable energy cannot be col-
lected. This gives rise to the fundamental Shockley-Queisser
limit, which fixes a thermodynamical upper limit for conver-
sion efficiency, in any single cell relying on thermalized
photo-excited carriers, to 26%, with an optimal bandgap of
about 1.1eV.'*

On the other hand, any material lacking inversion sym-
metry—such as ferroelectrics—can potentially exhibit a bulk
photovoltaic (BPV) effect. This effect relies on the momen-
tum or real space shift asymmetry of the population of photo-
generated carriers that have not yet been thermalized.'*'
Hence, the above bandgap part of the solar spectrum can, in
principle, be fully used without loss of energy caused by ther-
malization processes, thus allowing the Shockley-Queisser
limit to be overcome. The main obstacle is the extremely
short lifetime of these so-called “hot” (i.e., non-thermalized)
carriers, meaning that they must be efficiently extracted.

One method for achieving efficient carrier extraction is
to use nanoscopic probes. For instance, using a BiFeOj; sin-
gle crystal and an atomic force microscopy (AFM) tip as top
electrode, an enhancement of the external quantum effi-
ciency (or EQE, the ratio of the number of charge carriers
collected by the number of incident photons) was reported.
The observed enhancement was by a staggering seven orders
of magnitude when compared to the more conventional
design where a planar electrode covered the entire surface of
the sample.'** A similar approach was used on BaTiO; (BTO)
monodomain single crystals, for which a power conversion
efficiency (PCE) of 4.8% under AMI1.5G illumination (the
standard for the characterization of solar cells) was measured.
This PCE is 50% larger than the Shockley-Queisser limit for a
material with similar bandgap relying on thermalized electrons
to operate.'*?

It is important to realize that the BPV effect is funda-
mentally different from the physical principles of conven-
tional solar cells. Typically, BPV-based solar cells can
exhibit huge open-circuit photovoltages V.. (the voltage
measured in an illuminated sample under open-circuit condi-
tions) that can drastically exceed the bandgap equivalent
voltage E,/e. Note that in p-n junctions V. cannot exceed
E,/e, due to the thermalization process, as explained above.
Ferroelectrics thus exhibit attractive photovoltaic character-
istics that can be exploited as alternatives to and/or in
tandem with conventional semiconductor-based p-n-based
solar cells.

Observed for the first time in 1956 in BTO,'** the BPV
in ferroelectrics underwent a revival in the late 2000s, by vir-
tue of the capability to grow high quality epitaxial thin films
in a controlled manner. For example, in 2010, Yang et al.
grew BFO thin films with well-ordered arrays of either 71°
or 109° domain walls (DWs) on (110)-oriented DyScO;
substrates.® Tlluminating the sample with 28.5 mW/cm?
white light with the Pt electrodes oriented parallel to the
DWs, generated a photovoltage V,. =16V (i.e., larger than
the bandgap), along with an in-plane photocurrent density
jse=120 pA cm™? flowing against the polarization. On the
other hand, when the electrodes were oriented perpendicular
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FIG. 9. Bulk photovoltaic effect in a
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to the DWs, this photovoltaic effect was not observed. The
proposed explanation used concepts not dissimilar to the
space charge region in a p-n junction: the domain wall width
(of the order of 1-2 nm) was suggested to act like the deple-
tion region, in which an internal electric field arising from
the potential drop was efficiently acting to separate the pho-
togenerated electrons and holes.

This explanation, however, was controversial, and it was
shown later that the DW contribution in the photovoltaic
effect in ferroelectrics is related only to conductivity.'*
Indeed, several works report that DW's possess a higher con-
ductivity than the domains they separate, e.g., in BiFeO;
(Refs. 146-148) and PZT.'* The origin of this enhanced
conductivity is believed to be related to the release of free
carriers from defects which tend to be preferentially local-
ized at DWs."”*">! The photovoltaic effect observed in
ferroelectrics thus has no clear direct link with DWs and is
more likely due to the so-called bulk photovoltaic (BPV)
effect inherent to any material lacking inversion symme-
try,152 such as ferroelectrics.

From a phenomenological point of view, since the BPV
effect is a second order nonlinear process, it is described by
a third rank tensor. For a non-centrosymmetric material illu-
minated by monochromatic light with polarization vector e
and intensity /, the contribution to the current density j flow-
ing through the sample arising from the BPV effect'™ is
written

Jjsrv = Bigejell, (10)
where the BPV tensor f8;; is, in general, complex. It turns out
that one of the specific response of the BPV effect is that if
the sample is illuminated by linearly polarized light, the
short-circuit photocurrent j,. oscillates as sin(26), with 6
being the angle of the light polarization. Such a phenomenon
was observed in BFO thin films with either 71° or 109° DWs
deposited on a TbScO; substrate (see Fig. 9).145

Although the BPV effect is rather easy to understand
from pure symmetry arguments, its microscopic origin can
be split in two contributions: ballistic and shift current.”'>*
The ballistic contribution to the BPV effect arises from
asymmetric transition rates in momentum space. This gener-
ates a net current due to a non-vanishing global momentum
of the non-thermalized (“hot”) photogenerated carriers

120 180 240 300 360
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(electrons and holes) which have, on average, a preferred
momentum direction. Upon thermalization through scattering
processes, the information on the direction of the carriers’
momentum is lost, and they no longer contribute to the bulk
photovoltaic current. This contribution to the photovoltaic
current is thus coined “ballistic,” and it depends critically on
the mean free path of the excited electrons, on the order of 10

to 100nm.">* This mechanism actually corresponds to the
155,156

pioneering BPV model developed by Glass where the
short-circuit photovoltaic current j. is written
iy o€ Aatlfo) - (11)
hiow

with a(Ziw) being the absorbance of the sample at photon
energy /im, I being the incident light power, and A being the
mean free path quantity (which is the weighted average
between the shift displacement of the fraction of electrons
excited into bound states, and the mean free path of photoex-
cited free electrons before electron-electron or electron-
phonon scatterings render their momentum isotropic). Thus,
it was pointed out earlier that only the photogenerated
carriers within a mean free path distance from the interface
contribute significantly to the BPV photocurrent.
Consequently, an enhancement of the PCE up to 1% in
20nm thick BTO films is achieved when reducing the
dimension between the electrodes of the photo-active ele-
ment.">” Similarly, an increase in the photocurrent density
from 0.25 uA cm 2 to 1.5 uA cm > was obtained when
diminishing the thickness of a BFO film deposited on STO
from 450nm to below 100nm with a 435nm incident
wavelength light with the intensity of 20 mW cm ™ >."%
Note that the ballistic contribution described by Eq. (11)
does not have a polarization and tensorial dependence. These
subtleties naturally appear when considering the shift current
contribution to the BPV current. In addition to asymmetric
transition rates in momentum space (ballistic current), the
excitation of an electron (hole) can shift its average position
in real space (shift current) and produce a net current.
Recently, the shift current contribution to the BPV effect
was implemented in first-principles calculations,'>® which
showed that the major photovoltaic contribution in BFO
does not come from the photo-response of DWs (Ref. 160).
To design photovoltaic (PV) efficient architectures to
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enhance the photocurrent output, it is possible for instance to
engineer alternating nanolayers of PbNiO, (a perovskite with
an oxygen vacancy) and PbTiOj to effectively lower the
bandgap and tailor the PV output such that all absorbed pho-
tons (at any frequency) contribute constructively.'®!

As mentioned in Sec. III F, the obvious limitation to the
BPV effect in FE materials is the rather high bandgap energy,
typically above 3.2eV. Since the maximum of the solar spec-
trum is at about 1.5eV, various strategies for lowering the
bandgap have been suggested. Among these, the simplest is to
play with chemistry, by using solid solutions or doping. For
instance, the combination of Ni*™ and oxygen vacancies in the
solid solution [KNbOs];.-[BaNi; ,Nb; 20351y (KBNNO)
was experimentally demonstrated to drastically reduce the
bandgap from 3.8eV in the regular ferroelectric KNbO; to
1.18 eV in KBNNO, yielding a large short-circuit photocurrent
Jse of 0.1 uA em ™ under 4 mW cm™? halogen lamp
illumination.'**

One can also play with the structure and the chemical
ordering to achieve an efficient reduction of the bandgap and
improved PV performance. In perovskite structures with
very high tetragonality, such as Bi(Zn,Ti)O; (BZT), the
bandgap has been shown to be very sensitive to local chemi-
cal ordering of the B-cation. For alternate stacking of planes
of Zn and Ti cations in the tetragonal direction, DFT calcula-
tions showed that the bandgap is decreased by about 0.5eV
when compared to other chemically ordered cation arrange-
ments.'®® In fact, the bandgap of the tetragonal structure of
various perovskites is systematically found to be lower than
its rhombohedral counterpart'®® (with the exception, it
seems, of BiFeOs;—the reason for which is discussed in Ref.
86) which is interesting from an epitaxial thin film perspec-
tive, as the tetragonal structure is readily obtained in films
through compressive strain. In such tetragonal structures,
epitaxial strain can suppress the oxygen octahedra rotations,
which also acts to lower the bandgap.'®* In Bi,FeCrOg
(BCFO) epitaxial thin films, chemical ordering of Cr and Fe
cations lowers the bandgap of pure BFO (2.6eV) down to
1.43eV through Jahn-Teller distortions.* Controlling the
chemical ordering by the deposition rate hence allowed to
grow three multilayers of the same material, BFCO, with
each layer absorbing a different part of the solar spectrum
through their distinct chemical ordering.* Such designed
multilayered architectures to absorb a broader part of the
solar spectrum yielded the highest PCE (8.1%) ever recorded
for a ferroelectric, with characteristic photovoltaic outputs
Jo=11.7mA cm 2 and V,. = 0.79 V under AM1.5 illumina-
tion. Note that an earlier work on BCFO monolayer thin
films by the same group showed a 6.5% PCE under a red
laser and a photovoltaic current density of 0.99mA cm 2,
one of the largest ever recorded.'®

It is also worth mentioning that ferroelectrics (and more
generally, multiferroics), in addition to their BPV character-
istics, offer unique features that go beyond solar cell applica-
tions. Recall that the BPV effect is described by a third rank
tensor. Switching the polarization direction (which is the def-
inition of a ferroelectric) is equivalent to reversing the inver-
sion symmetry, and as a result the photovoltaic current
should also be reversed. Therefore, concomitant switching of
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the photovoltaic short-circuit current and the ferroelectric
polarization can be realized. In some cases, a perfect corre-
spondence between the ferroelectric hysteresis and photocur-
rent loops has been demonstrated.'®*'®> For instance, in a
SrRuO5/BiFeO/Pt film stack under 10 mW cm > white-
light illumination, the photocurrent density of 0.1 uA cm >
was fully reversed upon switching the polarization between
the up and pown states. In contrast, in a mixed state compris-
ing the same density of up and powN domains, the photocur-
rent was shown to vanish.'®*

Similar poling-induced changes in the photovoltaic cur-
rent direction, or at least tailoring of its magnitude upon
switching, have been reported in BFO (Refs. 166—170),
and in other ferroelectrics such as PLZT.'®® In some cases, how-
ever, the Schottky barrier that exists at the metal-ferroelectric
interface has resulted in cases of non-switching.'®”'®® This is
due to the fact that the Schottky barrier can also be changed by
the polarization which imposes a positive or negative surface
charge layer at the interface, depending if the polarization is
pointing downward or upward the interface, respectively. In
(001)-oriented BiFeOs films, the induced change in the barrier
height (estimated to be = 0.6eV) was enough to change the
nature of the Schottky barriers in the Pt/BiFeOs/SrRuOj struc-
ture from blocking to non-blocking diode effect and achieve
switching of the forward direction of the ferroelectric diode and
of the photovoltaic short-circuit current.'®*

The polarization directional dependence of the photo-
current has been used to implement a functional memory
device. The photoferroelectric memory prototype comprised
a 100nm thick BFO thin film deposited on top of
Lag 7Srp3sMnO5 with Pt/Fe top electrodes. The binary infor-
mation was encoded as the polarization direction, so writing
was achieved by electrically switching the polarization, and
the reading process involved measuring the photovoltaic cur-
rent.'®® It is interesting to note that the surface morphology
of the FE film can play a significant role in the retention and
stability of written domains when the film is illuminated by
light,'”" implying that when designing such photoferroelec-
trics memory devices, the materials processing and related
film properties should be carefully controlled.

Finally, in addition to their switchability, ferroelectrics
are good piezoelectrics. It has been observed that under illu-
mination, ferroelectrics such as BiFeO3 deform through the
photostriction effect.'”*!7* This effect is mostly considered
to derive from the combined influences of the photovoltaic
effect (which generates an electric field) and the converse
piezoelectric effect (which translates this electric field into
strain).'”>~'7® This discovery opens pathways toward opti-
cally controlled transducer devices. In the case of multifer-
roics, one can also consider the magnetic degree of freedom:
for instance, spin-polarized currents have been predicted to
be generated directly from a BPV-like effect,'”” thus extend-
ing the BEV effect to the field of spintronics.'”® Coupling
magnetization and BPV-photostriction has also been
exploited to optically modify the magnetic coercivity of a Ni
film grown on a BiFeO; single crystal whose strain state was
optically controlled through the photostriction effect.'”

This section has described the unique photovoltaic prop-
erties that ferroelectric thin films can exhibit. There are
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many reasons to pursue the experimental and theoretical
efforts in developing the BPV effect in ferroelectrics. The
first is the tantalizing possibility of overcoming the
Shockley-Queisser limit. The second is having the flexibility
to be able to design nanostructures with optimal bandgap
and thus engineer structures with a low mean-free path of the
photogenerated carriers. Such efforts will be critical to the
development of ferroelectric thin film nanostructures with
improved PV performance.

V. DEVICE PROTOTYPES

Having described a range of the optical phenomena dis-
played by epitaxial FE thin films, we now present some
examples of prototype EO modulators and other devices
based on such heterostructures, keeping in mind that devices
using the photovoltaic effects (i.e., solar cells) have already
been described in Sec. IV. For a comprehensive review on
EO modulator devices, the reader is directed to Ref. 3. To
avoid repetition, here we focus on representative cases for
each material family (just as was done for Sec. II) in describ-
ing particular prototype devices and some more recent
results. We highlight a selection of such devices that use the
electro-optic, acousto-optic effects, and include the design
requirements for low-loss, high bandwidth integrated modu-
lators. We begin by highlighting the importance of materials
requirements for integrated modulators, by outlining some
“design rules” for FE oxide thin films.

A. Design rules for optical thin films for successful
device integration

Physical properties of substrate and film materials are
summarized in Table II and Fig. 5. These data will assist the
design of experiments and devices that use ferroelectric
oxide thin films. For example, in many cases, lattice mis-
match will influence the epitaxial growth of certain materi-
als: e.g., growing BaTiO3 on YAIO;5 will probably not work,
due to the mismatch of more than 7%.

Similarly, optical waveguiding in the thin film layer will
not be possible if the refractive index of the film (which we
denote n¢) is lower than the refractive index of the substrate
(denoted ny). This arises from the simple requirement to use
total internal reflection (TIR) at the film-substrate interface
to be able to confine light to the film layer. The light in the
waveguide should be incident on the film-substrate interface
at an angle larger than the critical angle 0., given by
sin 0, = ng/ns. Note that if ny < ng then TIR cannot occur,
which would be the case for a BST film on STO (ngsyr=2.2;
nsto =2.4). On the other hand, for R-BFO (ngro=2.9) on
STO, the critical angle is found to be ~55.85°. In this case,
guided modes will be able to propagate in the film layer. A
full discussion of guided waves in asymmetric waveguides is
given in Sec. VB.

To determine the bandgap of a film (to, for instance,
investigate thickness-dependent optical properties'® or
some other strain-induced transition®®) using standard optical
transmittance measurements (where film thickness < sub-
strate thickness), the substrate bandgap should be higher
than that of the film, so that the substrate absorption does not
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obscure that of the film (note that this is not a limitation if
spectroscopic ellipsometry is used). So, for instance, using
this method, one could determine bandgap of KNO
(Eg=3.9eV) grown on MgO (E,=7.5¢V), but not on STO
(Ey=3.2¢V). Finally, for operation at microwave frequen-
cies—for instance, in EO modulators operating in the GHz
range—then microwave phase matching is required. This is
much more efficient if low dielectric constant substrates are
used, as discussed in Refs. 44 and 180. The most attractive
in this context is therefore MAS and MgO. On the other
hand, substrates popular for thin film growth such as STO
will not be good choices from this point of view. It should be
noted that in order to implement such modulators, appropri-
ate buffering (e.g., with STO as demonstrated in Ref. 181) of
the substrate would likely be required to promote epitaxial
growth of the active layer. Similarly, optical waveguiding
can be achieved using a substrate with a refractive index
similar to the main film material, as long as a suitable buffer
layer is used to separate the optical indices."”

B. Electro-optic guided-wave modulator device proto-
types based on FE thin films

Various devices have been fabricated using EO thin
films, such as Mach-Zehnder (M-Z) modulators,m’183 wave-
guide modulators,79 and beam deflectors.’® The general
design of a so-called “strip-loaded” waveguide modulator is
shown in Fig. 10(a).

To understand the design restrictions, let us consider an
asymmetric planar waveguide structure similar to that in Fig.
10(a), where the substrate has refractive index ng, the film
layer has refractive index n¢, and the cover layer has refrac-
tive index n.. The cover layer may be air, in which case
ne~ 1. From guided wave optics theory,'®* the number of
independent parameters can be reduced and design rules can
be established. (For full details, the reader is directed to Ref.
184.) First, we define the “effective guide index” given by
N = ngsin 6, where 0 is the angle of incidence in the wave-
guide (which is necessarily > 0., as explained above). We
also define a dimensionless parameter V, the so-called
“normalized frequency,” as

V = kt\/n? — n2, (12)

where k = 2n// with 1 being the light wavelength and 7 is
film thickness. Finally, we define the “normalized guide
index” b and “asymmetry measure” a [for transverse electric
(TE) modes (the expression for TM modes is slightly differ-
ent and can be found in Ref. 184)] as

N? —n?

b:nz—zﬂ’ (13)
f s
2 2

a="5"" (14)
My = 7

The value of b is zero at cut-off (i.e., 0=10.), while it
approaches 1 for incidence angles much larger than the critical
angle. The value of a is zero for symmetric structures



TABLE II. Physical properties of various substrate and film materials useful for optical complex oxide thin film purposes. Unless otherwise stated, the values in the table correspond to bulk properties. [pc = pseudo-
cubic, pt = pseudo-tetragonal]. Notes: * = determined for an epitaxial thin film; ** = pseudocubic lattice constant for 45° epitaxy; *** = For FE materials, the dielectric constant is given for directions orthogonal to the

spontaneous polarization (cf. ¢, in Table I). The dielectric constant in directions along polarization would in general be smaller than the values given here.

Crystal Lattice constants pc lattice Bandgap
Material Abbreviation  structure Family (A) (A) €eV) n@ 633nm n@ 1550nm n, —n, @ 633nm n, —ny, @ 1550 nm ¢ *** References
(TYPICAL) SUBSTRATES
MgO MGO NaCl Cubic 4.216 4.216 7.5 1.735 1.715 — — 10.2 57, 205, and 206
MgAl,O4 MAS FCC spinel Cubic 8.083 4.042 7.8 1.71 1.69 — — 8.3 207-209
PrScO; PSO Perovskite Ortho 5.780; 5.608; 8.025 4.02 ~5.6 30 210 and 211
NdScO; NSO Perovskite Ortho 5.575; 5.776; 8.003 4.008 5.52% 23 210 and 212
KTaO; KTO Perovskite Cubic 3.989 3.989 3.55 2.21 2.12 — — 209 127 and 212-215
SmScO3 SSO Perovskite Ortho 5.527; 5.758; 7.965 3.987 5.4-6 18.5 210,212, and 216
GdScO3 GSO Perovskite Ortho 5.480; 5.746; 7.932 3968 5.2-6.5 20 212 and 216
TbScO3 TSO Perovskite Ortho 5.466; 5.731; 7.917 3.96 5.6-6.1 39.5 210 and 212
DyScO; DSO Perovskite Ortho 5.440; 5.717; 7.903 3949 5.7-6.3 2.06 2.03 21 208,210, 212, and 217
SrTiO; STO Perovskite Cubic 3.905 3905 3.2-34 2.3 2.25 — — 200 8,57,218, and 219
Nb:SrTiO; Nb:STO Perovskite Cubic 3.905 3.905 3 242 2.27 — — 208
(La,Sr)(Al, Ta)O3 LSAT Perovskite Cubic 3.868 3.868 5.5 2.02 1.98 — — 23.7 208 and 220
NdGaO; NGO Perovskite Ortho 5.426; 5.496; 7.707 3.858 3.8 22.5 205 and 221
SrLaGaOy4 SLGO Perovskite Tetragonal 3.84; 12.68 3.84 >3.55 21 205, 222, and 223
Si Si FCC diamond Cubic 5.431 3.847%%* 1.14 3.88 3.67 — — 11.6 224 and 225
LaAlO; LAO Perovskite Rhombo 3.79 3.79 5.6 2.05 2.03 23.9 205, 208, and 226
YAIO; YAO Perovskite Ortho 5.330; 7.375; 5.180 3.702 8 1.96 16 205 and 226-229
Y:ZrO, YSZ Fluorite Cubic 5.12 3.62 4.96 2.152 2.11 — — 27 230-232
AlLO3 Saph Corundum Trigonal 4.785; 12.991 N/A >6.2 1.766 1.746 —0.008 —0.008 10.8 58, 205, and 233
(TYPICAL) FILMS
(Pb,La)(Zr,Ti)O3 PLZT Perovskite Rhombo/tetragonal 4.04; 4.14 3.36-3.89 2.41-2.67 600 234 and 235
KNbO3 KNO Perovskite Ortho 3.971; 4.016; 4.037 4.008 3.95 2.17-2.33  2.10-2.23 160 28, 32, 33, 127,207, 236, and 237
BaTiO3 BTO Perovskite Tetragonal 3.99; 4.035 4.005 3.2-33 2.4 2.304 —0.04 —0.037 2300 8, 138,207,218, 238, and 239
PbTiO; PTO Perovskite Tetragonal 3.89; 4.14 3.975 3.6 2.671 —0.01 115 29-31 and 240-242
R-BiFeO3 R-BFO Perovskite Rhombo/mono 3.965 (pc) 3.965 2.75 3.05 2.7 —0.24 —0.18 30-50 20, 181, 243, and 244
(Ba,Sr)TiO5 BST Perovskite Tetragonal 3.905-3.99; 3.905-4.035 3.954 3.5 2.2 600 2 and 8
NaNbO3 NNO Perovskite Ortho 3.88;3.902; 3.914 3.899 3.78 2.24 2.12 750 236, 245, and 246
GdTiO3 GTO Perovskite Ortho 5.402; 5.697; 7.68 3.895 0.7 132
T-BiFeO; T-BFO Perovskite Monoclinic 3.75; 4.66 (pt) 3.75 3.05 2.76 2.5 —0.259 —0.242 86, 100, 105, and 247
LiNbO3 LNO Tlmenite Trigonal 5.149; 13.862 N/A 3.6-3.7 2.29 2.21 —0.09 —0.07 84  26-28,41, 58,62, 65,248-251
LiTaO; LTO Tlmenite Trigonal 5.153; 13.755 N/A 3.93 2.183 2.12 0.006 51 26,27, 62,207,252

81-80} 110

‘Je }@ opues

(8102) 801 170 ‘G "AeY "sAyd "|ddy



041108-19 Sando et al.

(@)

Waveguide ridge

Al Electrode

“As grown”
BaTiOs — |—2

. MgOsubstrate |

(c)

Appl. Phys. Rev. 5, 041108 (2018)

(b)

GaP Prism

! Ditfracted
Incident S § _wrUndiffracted

Sapphire

z
(optical axis)

50nm

BTO

VIg O

FIG. 10. Device prototypes based on ferroelectric oxide thin films. (a) General design of a strip-loaded waveguide modulator. Reproduced with permission
from B. W. Wessels, J. Cryst. Growth 195, 706 (1998). Copyright 1998 Elsevier. (b) Acousto-optic deflector based on PLZT film on sapphire substrate.
Reproduced with permission from H. Adachi and K. Wasa, IEEE Trans. Ultrason. Ferroelectr. Freq. Control 38, 645 (1991). Copyright 1991 IEEE. (c) Mach-
Zehnder modulator based on BTO//MgO as demonstrated by Petraru et al. Reproduced with permission from Appl. Phys. Lett. 81, 1375 (2002). Copyright

2002 AIP Publishing LLC.

(ns = n.), while it can approach infinity for highly asymmetric
structures. Following Ref. 184, the dispersion relation can be
written in normalized form as

o=

1
b 2
+ tan”! [I—J_FZ] . (15)

ol—

V(1 - ) = mn 4+ tan~" [L}

1-b
where m is the mode number. A number of consequences
arise from Eqgs. (12)—(14). Putting »=0 and m =0 into Eq.
(15) yields the normalized cutoff frequency V, for the funda-
mental mode

Vo = tan”'v/a. (16)

A consequence of Eq. (16) is that for symmetric guides
(a=0) there is no lower limit to the film thickness #; that is,
a fundamental mode always exists. For a strongly asymmet-
ric guide (¢ — o0), the cutoff is Vy = 7/2. This gives a
lower limit to the film thickness for an asymmetric guide
structure. This lower limit increases with decreasing film-
substrate refractive index contrast. Finally, the cutoff V,, for
the mth order mode is given by

Vi =Vo+ mn. 17

This implies that the upper limit for the zeroth (fundamental)
mode is V| = tan~!\/a + . In other words, to obtain single
mode operation, the normalized frequency must fall within
the following limits:

tan 'va <V < tan"'a + 7. (18)

As an illustrative example, we consider a BiFeOs5 thin
film (n;=2.9) on STO substrate (ny,=2.4), with the cover
layer being air (n.=1). We use an operating wavelength of
A=633nm. In this situation, the critical angle is 0. = 55.85°,
and the asymmetry measure from Eq. (14) is a =1.80. This
asymmetry measure gives a lower and upper limit of the nor-
malized frequency for the fundamental mode [from Eqgs. (16)
and (17)] of 0.930 <V < 4.072. Substituting these parameters
into Eq. (12), we obtain the following bounds on the film
thickness for single-mode operation: 57.6 nm < ¢ < 252.0 nm.
We point out here that this simplistic analysis assumes perfect
interfaces, completely homogeneous, and lossless films.
While, in practice, the full waveguide structure should be
modeled using finite element methods (such as done in Ref.
79), this simple example shows that for the typically obtain-
able refractive index contrasts between the film and the sub-
strate of 0.1-0.4 [cf. Figure 5(c)], single-mode operation can
be achieved with film thicknesses of several hundreds of
nanometers.

For a traveling-wave phase modulator operating at high
frequencies, the microwave matching problem must be
addressed."® The phase velocity mismatch between the optical
and microwave fields, which is determined by mostly by the
dielectric constant of the substrate,8 sets the ultimate band-
width of the device. These issues are further compounded by
the fact that optical losses in thin films are almost always
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higher than high quality single crystals. Nonetheless, since the
half-wave voltage (V) in high-performance EO films can be
orders of magnitude lower than, say LiNbOj; single crystals,
the reduction in element size easily accounts for the increased
losses, a fact which was recognized more than three decades
ago.”’ In the following, we discuss the progress on EO modu-
lators and related technologies based on FE thin films grouped
by the active FE used.

C. Devices based on PLZT and related compounds

In the 1980s, the focus was on PLZT; device prototypes
such as waveguide switches, acousto-optic deflectors, and
SAW EO deflectors were investigated. Wasa et al.'® dem-
onstrated a total-internal reflection (TIR) waveguide switch
using PLZT as the active medium as early as 1984. The
device operated at >1GHz speed and at a low voltage of
4.7 V. Other interesting applications of PLZT films were pro-
posed, such as optical switches and SAW acousto-optic
deflectors [Fig. 10(b)].18 As early as 1993, the potential of
using PLZT films for electrically written, optically read
memories was recognized by Reitze et al.'®®

Early thin film EO devices began to be demonstrated in
serious terms in the 1990s, mostly not only with BTO (to be
discussed next) but also with PLZT. For example, Jin et al.
demonstrated a Mach-Zehnder waveguide modulator using
PLZT as the active element, with propagation losses of
2.7dB/cm and a half wave voltage of 8.5V.'"” Masuda
et al."'® demonstrated a Mach-Zehnder EO modulator
with bandwidth up to 18 GHz, but performance up to 40 GHz
using PLZT epitaxial films on sapphire. The effective EO
coefficients were up to 300 pm/V for low fields. There have
also been recent efforts to incorporate PZT onto Si for
optical applications. George et al.'® showed that using
appropriate lanthanide based layers they were able to obtain
preferentially oriented PZT films on silicon. The EO coeffi-
cients were rather strong at 110-240 pm/V.

A PZT EO beam deflection device was reported by
Nashimoto et al.>> In this work, the authors showed that PZT
is an efficient layer for beam deflection. One limitation of
the device was the unacceptable propagation loss of more
than 17dB/cm. It was suggested that instead of using a
doped STO substrate, appropriate buffering could reduce the
propagation loss.

D. Barium titanate

The 1990s and 2000s saw various groups focus on the
design and optimization of BTO thin film EO modulators.’
One of the first prototypes in 1997 was based on BTO films
grown epitaxially on MgO."”® This modulator had modest
effective EO coefficients of r.4=18pm/V at 5 MHz. Four
years later, Petraru et al.”® demonstrated Mach-Zehnder mod-
ulators [Fig. 10(c)] in both the a- and c-axis BTO orienta-
tions, once again, on MgO substrates. Propagation losses
were 2-3 dB/cm, and the modulation performance was shown
to be rather stable up to 1 MHz. Subsequent work focused on
increasing the modulator bandwidth (up to 40 GHz),"" reduc-
ing the propagation losses (down to ~1.1dB/cm),'”? and
obtaining a lower voltage-length product (e.g., 0.5 V.cm for
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5mm long device at A= 1561 nm)."”* To reduce the phase
velocity mismatch in such modulators, further work used
strip-loaded waveguides (i.e., Si3N4/BaTiO3/MgO) incorpo-
rating photonic crystals. Using this approach, a half-wave
voltage of only V,=5.5V and a 3dB bandwidth above
15 GHz were demonstrated.'*

An important technological step was made by Abel
et al.'”® when they incorporated BTO thin films grown by
oxide MBE onto Si substrates by using a buffer layer of
STO. Integration on silicon is very important for compati-
bility with current CMOS technology.'”® Although the
film was found to be polydomain, the authors were able to
measure an effective EO coefficient ;=148 pm/V. This
work highlights the requirement to control growth very
carefully (particularly when integrating with Si) and to
properly characterize the EO response such that optimal
devices can be fabricated. Further work from the same
group shows that BTO on Si is a promising route for pho-
tonic switches, ring resonators, and EO modulators.'®’
Other work incorporating BTO on Si was reported by
Xiong et al.'®® Epitaxial BTO was directly grown on sili-
con-on-insulator (SOI), and the Pockels EO coefficient
was found to be a large 213 pm/V in photonic modulators.
In addition, bandwidth of a Mach-Zehnder modulator was
shown to be 800 MHz, while for microring resonators it
was as high as 4.9 GHz.

It has been shown theoretically that bandwidths up to
100 GHz should be possible for BTO epitaxial thin film
waveguides. As requirements for higher bandwidth increase,
it may require a paradigm shift—e.g., away from bulk LNO
modulators which are reaching their bandwidth limits—
toward thin film integrated devices.'"”

E. Bismuth ferrite

The multiferroic compound bismuth ferrite is heavily
studied, predominantly for its promise in electric-field
controlled magnetism.>*° In thin-film form,?°! it has char-
acteristics attractive for optical devices: low loss at
J=1.55 ,um,lsl bulk photovoltaic effect, and electro-optic
coefficients on the same order as LNO.? In particular, the
integration of BFO onto low-dielectric constant substrates
offers a voltage-length product which is extremely compet-
itive with LNO.'®" This is one avenue where BFO can in
fact compete with the (generally) more attractive BTO.
Using (001)-oriented BFO films grown on STO substrates
grown by magnetron sputtering, Zhu ez al.>** demonstrated
a thin film electro-optic modulator. The effective EO coef-
ficients were found to be around 19 pm/V, in reasonable
agreement with the previous characterization of BFO
films.2° However, the losses of such a device were high at
around 4 dB/cm, likely related to the multidomain nature
of the film and the surface roughness. With more careful
domain engineering, the losses could probably be reduced
to the desired 1-2 dB/cm. Finally, BFO has been explored
on a theoretical level for plasmonic waveguide modula-
tors,203 but it remains to be seen how well such devices
will perform in the experimental regime.
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VI. CONCLUSIONS

This review has covered the history of epitaxial oxide
thin films for optical applications. We began in the 1980s
when PLZT held a dominant position, and then progressed in
the 1990s and 2000s to LNO and BTO-related materials. The
past two decades showed BTO to be the stand-out FE oxide
as BTO thin film integrated modulators could be successfully
fabricated. From a fundamental perspective, it was shown
that epitaxial strain plays a key role in tuning the optical
response. Concurrently, the drive to discover new energy
materials saw a renaissance in the use of ferroelectrics as
photovoltaic materials, as well as for low power photonic
applications. This has led to approaches such as bandgap tun-
ing and substitutional engineering to achieve high perfor-
mance ferroelectric-based solar cells.

The future of FE thin films for integrated optics will
inevitably be linked intimately to the development photonics
and optical computing technologies. This means that con-
tinuing improvements in thin film fabrication techniques and
technology [e.g., PLD on large wafers?®* for very large scale
integration (VLSI)] are imperative to make FE thin film inte-
grated optical devices part of the mainstream market. In
addition, the added functionality of strain, superlattice, or
compositionally engineered materials will be paramount.
Materials such as multiferroics—where multiple ferroic
orders coexist and may be coupled to one another—will offer
new opportunities in hybrid devices that, for example, can
respond not only to optical excitations but also to magnetic
stimuli.

Some open questions still remain. How can one design
large-scale manufactured thin-film integrated EO modulators
that can compete with their bulk counterparts in terms of per-
formance? Can we make complex oxide solar cells that can
compete with Si or hybrid perovskites? Can disruptive tech-
nologies such as magnonics (the processing and transport of
information by spin waves) be coupled with photonic func-
tionalities, using for instance multiferroics such as BFO or
magnetoelectric composites incorporating BTO? Can the
carrier mobility issues be solved in FE oxide thin films to a
point where such materials become commercially competi-
tive? How far can predictive first-principles calculations take
us toward such goals? Finally, returning back to EO modula-
tors, can we implement domain engineering of films on an
economical scale, on low dielectric constant substrates, in
order to make highly efficient modulator devices?

These will be critical challenges that need to be
addressed to transition the past four decades of exciting fun-
damental research progress in the optical properties of FE
oxide thin films to mainstream commercial success.
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