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Abstract 
Significant progress has been made in integrating novel materials into silicon photonic 

structures in order to extend the functionality of photonic circuits. One of these promising 
optical materials is BaTiO3 or barium titanate (BTO) that exhibits a very large Pockels 
coefficient as required for high-speed light modulators. However, all previous demonstrations 
show a noticable reduction of the Pockels effect in BTO thin films deposited on silicon 
substrates compared to BTO bulk crystals. Here, we report on the strong dependence of the 
Pockels effect in BTO thin films on their microstructure, and provide guidelines on how to 
engineer thin films with strong electro-optic response. We employ several deposition methods 
such as molecular beam epitaxy and chemical vapor deposition to realize BTO thin films with 
different morphology and crystalline structure. While a linear electro-optic response is present 
even in porous, polycrystalline BTO thin films with an effective Pockels coefficient reff = 6 
pm/V, it is maximized for dense, tetragonal, epitaxial BTO films (reff = 140 pm/V). By 
identifying the key structural predictors of electro-optic response in BTO/Si, we provide a 
roadmap to fully exploit the linear electro-optic effect in novel hybrid oxide/semiconductor 
nanophotonic devices. 

  

                                                 
a) kkormond@utexas.edu 
b) sab@zurich.ibm.com 

Page 1 of 20 AUTHOR SUBMITTED MANUSCRIPT - NANO-112436

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

2 
 

I. Introduction 
For decades, increasing the efficiency and performance of information processing units 

has been mainly driven by reducing the size of transistors. However, since the scaling law 
approaches a natural limit, novel concepts such as the introduction of high-mobility materials 
as transistor channels or optical links for intra-chip communications have more recently been 
actively investigated. Indeed, silicon photonics offers low-cost fabrication of high-bandwidth 
and low-power data transmission techniques beyond what is offered by ordinary electrical 
connections. [1–5] The technology has been boosted by the development of novel components 
including silicon passives and germanium detectors, but it still lacks some essential device 
types such as high-performing optical modulators. Since these components have been mastered 
in bulk telecommunication applications by the usage of materials with strong electro-optical 
properties such as lithium niobate,[6] a concerted effort has emerged to integrate similar 
materials into silicon photonic structures, where the refractive index index n can be expressed 
in terms of the static external electric field E,[7] 

where n0 is the zero-field value of the refractive index and r is the Pockels coefficient. In 
particular, the recent integration of barium titanate (BaTiO3) on silicon with large Pockels 
coefficients [8–11] opens an exciting opportunity for designing and realizing high-speed 
modulators, and novel device types such as non-volatile optical memories. The latter elements 
would be of great interest as synaptic elements for optical neural networks.[12] 

Despite the recent integration success, the linear electro-optic effect in BaTiO3 (BTO) 
thin films determined in previous experiments clearly shows deteriorated properties compared 
to bulk BTO crystals.[8-11] From a materials perspective, understanding the mechanism of this 
degradation opens exciting opportunities to further engineer and tailor the Pockels coefficients 
in thin films. We have developed and described in detail a characterization technique which 
allows us to determine the main tensorial properties of the Pockels effect and to demonstrate 
BTO ferroelectric switching by means of optical measurements.[8] We have formulated the 
systematic design rules to tailor deposition parameters and obtain high quality crystalline BTO 
layers on Si substrates.[13]  

In this paper, we demonstrate experimentally how the crystalline quality and film 
morphology of the active material impacts the magnitude of the Pockels effect. To compare 
and contrast layers of widely varied properties, we deposited ~100 nm thin BTO films on 
silicon substrates using several different deposition methods. By analysing the structural and 
electro-optic characteristics of the layers, we identified key structural predictors of a large 
Pockels coefficient. In particular, reducing the porosity and increasing the crystalline grain size 
are the key contributors to maximizing the electro-optic response. Our study outlines the path 
for material scientists to design highly efficient, novel hybrid silicon photonic devices based 
on nanoscale oxides integrated on silicon. 

II. Methods 

Sample preparation 
In order to realize different layer properties, we deposited BTO thin films via molecular 

beam epitaxy (MBE), pulsed laser deposition (PLD), chemical vapor deposition (CVD), and 
radio-frequency sputtering (RF sputtering). Except when explicitly mentioned, we used a 4-
nm-thin SrTiO3 (STO) seed layer grown epitaxially by MBE on highly-resistive (>20,000 
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Ω∙cm) double-side-polished Si (001) wafers for all successive BTO deposition. Details of the 
STO deposition can be found elsewhere.[14] 

Subsequently, BTO was fabricated by MBE (MBE-BTO) in a layer-by-layer deposition 
process. Therefore, layers of titanium and barium were iteratively deposited in oxygen 
atmosphere (p ~ 10-5 mbar) keeping the substrate at ~600°C. Details of the deposition process 
are described in Ref. [8]. The PLD thin films (PLD-BTO) were grown at a substrate 
temperature of 690° C under an oxygen pressure of 0.15 mbar using an excimer KrF laser. The 
laser repetition rate was set to 2Hz and the fluence at 1.2 Jcm-2. For CVD deposition of BTO 
the heated substrate (400°C) was exposed to barium isopropyl cyclopentadienyl, titanium 
isopropoxide and water as reactive precursors in a high vacuum (10-6 mbar) environment; 
comparable to the process described in Ref. [15]. Two additional samples of BTO were 
prepared by RF sputtering. The first utilized an 8-nm-BTO/4-nm-STO/Si pseudosubstrate 
prepared by MBE as discussed above, while the second was sputtered directly on Si with no 
buffer layer using the same parameters as described in Ref. [13]. After the sputter deposition 
at 500°C, the samples were annealed in oxygen at 650°C for 20 minutes to ensure full 
crystallization. 

Structural characterization 

For each of the samples, we extracted the lattice parameters for the BTO film via both 
out-of-plane and grazing incidence in-plane X-ray diffraction (XRD) measurements using a 
Bruker AXS D8 Discover. Out-of-plane and in-plane scans are aligned to Si (004) and (220) 
peaks, respectively. Atomic force microscopy analysis was performed using a Veeco 
Dimension V. The refractive index, thickness, and porosity of the BTO films have been 
characterized by spectroscopic ellipsometry using a Variable Angle Spectroscopic 
Ellipsometer VASE® from J.A. Woollam Co. Data have been acquired for wavelengths 
between 300 nm and 1200 nm at 3 angles of incidence (65, 70 and 75°).  

Cross sectioning and lamella preparation were carried out by means of a FEI Helios 
Nanolab 450S focused ion beam. Bright-field and medium-angle annular dark field (MAADF) 
scanning transmission electron microscopy (STEM) measurements were performed using a 
double spherical aberration-corrected JEOL JEM-ARM200F microscope operated at 200 kV 
with a probe convergence semiangle set to 25.3 mrad. The annular semi-detection range of the 
annular dark-field detector was calibrated at 40-160 mrad for the MAADF images. For the 
bright-field images, the outer semi-detection range of the bright-field detector was set to 45 
mrad.  

Electro-optic characterization 
We determined the Pockels coefficients by analyzing the change of the polarization of 

a laser beam transmitted through the BTO film while applying an electric field. In order to 
generate such a field, pairs of 300-nm-thick tungsten electrodes with the electrode gap d = 5 
μm were defined by optical lithography and SF6/N2 reactive ion etching. In order to assess the 
tensorial nature of the Pockels effect, we varied the angle θE between the electric field and the 
BTO crystalline axis by fabricating differently oriented electrode pairs, as defined in Figure 1 
(a).  

The electro-optic characterization follows the principle illustrated in Figure 1(b)-(c) 
using the Sénarmont set up described in detail elsewhere.[8] A linearly polarized New Focus 
diode laser model 6262 with wavelength 1550 nm focused to a spot size of ~30 μm full-width 
at half-maximum was first aligned to the electrode gap. A half-wave plate was used to set the 
incident polarization. Due to the birefringence of BTO, the sample introduces a phase shift 
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between orthogonal polarization components of the incident light. This phase shift is 
compensated by a quarter-wave plate (QWP), whose orientation is determined by iteratively 
rotating the QWP and a successive Glan-laser prism to minimize the transmitted power. After 
this alignment process, the light after the QWP is linearly polarized. In that configuration, a 
change of the birefringence in the BTO layer results in a rotation of the polarization after the 
QWP by an angle δ with respect to the zero-field state. 

For increased sensitivity, a lock-in amplifier system was used to isolate the rotation δ 
induced by a sinusoidal AC field modulated at frequency f = 17.3 kHz. Typical values of the 
peak-to-peak AC voltage VPP ~ 3 V were much smaller than the typical voltage used to align 
ferroelectric domains  VDC ~ 20 V. Since in the lock-in configuration only the rotation δ 
corresponding to the AC modulation is measured, we introduce a field-normalized rotation, 

ACE  , where the root mean square AC field was defined as )22(VPP dEAC   and δ is 
the rotation defined in Figure 1. The static offset field applied to align ferroelectric domains 
was defined as Eoff=VDC/d, where d is the gap between electrodes. While the magnitude of this 
offset field does not enter directly into the definition of the Pockels coefficient, it does influence 
the fraction of poled domains ν. In the presence of polarization-reversed domains as in an un-
poled film, a reduced response could be measured due to cancellation of contributions from 
antiparallel domains, leading to underestimated Pockels coefficients.[17] For this reason, 
Pockels coefficients reported here are for poled films, corresponding to ν = 1 at at θE ~ 45° and 
ν = 0.5 at at θE ~ 90° as justified in the following sections. 

The effective electro-optic coefficient can then be defined as follows,  

)( 3 tnEr BTOACeff   , (2) 

adapted from Ref. [16], where 2  is the induced phase shift between orthogonal 
polarization components, λ = 1550 nm is the wavelength of the transmitted light, ν is the net 
fraction of poled BTO domains, EAC is the measuring field defined above, nBTO is the refractive 
index of the film, and t is the thickness of the BTO layer. As described in detail elsewhere,[8] 
the rotation of polarization δ depends strongly on the orientation of the electric field. To capture 
this dependence and fully describe the Pockels effect, we report both the effective Pockels 
coefficient reff and the c-axis Pockels coefficient rc for each sample.  Specifically, we extract 
reff from measurements at θE ~ 45° assuming ν = 1 and rc from measurements at θE ~ 90° 
assuming ν = 0.5.[8] Full dependence of these coefficients on the Pockels tensor elements are 
discussed in Refs. [8] and [17]. In order to extract Pockels tensor elements in addition to these 
effective values, numerical simulations based on the Pockels tensor and domain structure were 
carried out to best approximate δ for all measured electrode angles θE. 

To accurately represent error bars, several known sources of error, including stability 
over time, position of the laser within the gap, and angle of incidence, were analyzed: Less than 
4% uncertainty originates from experimental error sources. In addition, data was recorded for 
six sets of similar electrodes with θE ~ 45° for each sample in order to account for pad-to-pad 
variations originating from materials inhomogeneity. The combined errors are reported later in 
the manuscript. 

III. Results  

Structural Characterization 
The strong Pockels effect in BTO originates from the peculiarity of the Ti-O bond that 

results in a combination of a non-centrosymmetric crystal lattice of the tetragonal phase and an 
anharmonic potential.[18] Therefore, defects that break the periodicity of the lattice and thus 
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affect long wave length phonons or that influence the crystalline symmetry are expected to 
diminish the electro-optic response. Examples of the impact of defects on the structural and 
functional properties of BTO are the stabilization of BTO in the cubic phase for polycrystalline 
layers with nanometer-sized grains,[13] strain enhancement of the ferroelectric 
polarization,[19] and relaxor behavior under stoichiometry deviation.[20] Hence, in the 
following we first discuss in detail the films’ morphology and crystalline structure, before 
analyzing the electro-optic results and correlating both the structural and the functional 
features. 

We determined the porosity and the thickness of the BTO layers by simulating the 
spectroscopic ellipsometry data with a Bruggeman effective medium approximation model. In 
this model, we assume the films to consist of a BTO matrix, having the refractive index of bulk 
BTO along its ordinary axis [21] and a fraction of spherical voids, having the refractive index 
of air (1.0).  The porosity is quantified as the volume fraction p of the voids. In order to reduce 
the number of fit parameters we neglect the dependence of the refractive index of the BTO 
matrix on other structural parameters such as grain boundaries, stoichiometry, strain, and 
crystallographic orientation. This simplification allows us to consistently evaluate the porosity 
and thickness for all five samples (Table 1). The BTO film thickness extracted from the 
spectroscopic ellipsometry model and compared with the MAADF-STEM images (Figure 2(a)-
(d)) only show slight deviations of <5%. To account for this difference, we determined the 
uncertainty of p by intentionally varying the thickness of the BTO layer by ±5% around the 
value initially determined by spectroscopic ellipsometry (Table 1). We could qualitatively 
verify the large difference in porosity between the films as determined by spectroscopic 
ellipsometry with our bright-field-STEM analysis, where pores are clearly visible as areas of 
decreased density (Figure 2 and Supplementary Figure S1). The different surface roughness 
among the samples is also in agreement with the varying porosity. In particular, the atomic 
force microscopy of the dense MBE-BTO layer (p = 3%) shows a low root mean square 
roughness of only ~0.5 nm (Supplementary Figure S2). 

With an epitaxial STO buffer layer, the epitaxial relationship of BTO to the Si substrate 
could be preserved even as an amorphous SiOx interfacial layer was formed during deposition 
or post-anneal (Figure 2), in agreement with previous studies.[8,13,22] However, an STO 
buffer layer might not always prevent the formation of some randomly oriented domains.[13] 
Indeed, we observe a transition from epitaxial to polycrystalline orientation in the RF sputtered 
BTO film (Figure 2(c), dashed line). As expected, the film sputtered directly on Si without any 
buffer layer is fully polycrystalline.[13] 

In MAADF-STEM images (Figure 2), the contrast is sensitive to diffraction effects. 
Accordingly, the crystal lattice of bright grains is oriented along the electron beam, and 
homogenous brightness indicates homogenous crystalline orientation. Additional contrast 
modulation, as in Figure 2(a), originates from projecting a 3D domain structure of multiple 
grains into a 2D image. As a guide to the eye, we highlighted several grains per image in Figure 

2. We estimated the grain size by calculating the equivalent disc radius edr via Aedr   
(Table 1) where A corresponds to the area of the highlighted grains. While columnar grains 
with edr >20 nm were observed for BTO deposited by MBE and PLD (Figure 2(a) and (b)), 
smaller grains of edr < 15 nm were observed for BTO deposited by CVD and RF sputtering 
(Figure 2(c) and (d), Table 1).  

XRD was employed to quantify tetragonality, a signature of symmetry breaking, of the 
BTO films. In the ferroelectric phase at room temperature, bulk BTO shows a non-
centrosymmetric tetragonal P4mm symmetry with two distinct lattice parameters, a and c. The 
tetragonal distortion for bulk crystals is γ = c/a – 1 = 1%.[23] Previous studies of MBE-grown 
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BTO films deposited on STO-buffered Si have shown a multi-domain structure: While thin 
films are single-domain with the long c-axis oriented perpendicular to the interface, a transition 
occurs for thicker films,[13,22] with a mixture of domains with the c-axis oriented 
perpendicular (along (001)) and parallel to the surface (along (100)/(010)).  

Using this “mixed model” of the domain structure (Figure 3(a)) we determined both the 
a and c lattice parameters from the XRD data. Therefore, we fit each pair of out-of-plane and 
in-plane XRD scans simultaneously as the sum of three Voigt functions with shared peak 
parameters: Two components correspond to the (001)-oriented and (100)/(010)-oriented 
domains of BTO, with a third component corresponding to cubic STO. The STO component is 
only applied in samples with STO buffer layer. Figure 3 (b) and (c) illustrate fits to the BTO 
(002) and (200)/(020) peak of samples deposited by MBE (MBE-BTO) and CVD (CVD-BTO), 
respectively, with corresponding bulk lattice positions indicated by vertical dashed lines. The 
tetragonality of the CVD-BTO film is significantly reduced compared to the MBE-BTO film. 
Lattice parameters and tetragonal distortion γ for all samples are summarized in Table 2. The 
XRD analysis also confirms the epitaxial relationship between BTO and Si in all samples 
(Supplementary Figure S3(a)). Only sputtered BTO layers show (110) reflections, indicating a 
small fraction of polycrystalline domains if a STO seed layer is used and a fully polycrystalline 
film if no STO layer was deposited. The analysis of the misorientation of crystalline domains 
assessed via rocking curve measurements of the BTO (002) reflection does not show strong 
differences among the films, as it is essentially determined by the mosaicity of the underlying 
STO layer. The rocking curve full-width at half maximum for all samples is within a similar 
range of 1.2° to 2.1° (Supplementary Figure S3(b)), where the lower and upper bounds 
correspond to films deposited by PLD and MBE, respectively. 

Observing a variation of film density, crystallinity, surface roughness, texture (grain 
orientation and size), and tetragonality among differently fabricated samples is consistent with 
observations that film microstructure varies with deposition method,[24] temperature and 
growth rate [25–27], post-deposition treatments,[28] strain,[29] and stoichiometry.[30] The 
variation in the BTO films discussed here cannot be used to generally evaluate the different 
deposition techniques, as none of the deposition has been thoroughly optimized. In this current 
study, we instead leverage the range of crystalline quality to determine the predictors of electro-
optic response. 

Electro-optic Characterization 
We provide effective Pockels coefficients reff and the c-axis coefficient rc for all 

samples in Table 3 according to Eq. (2) for comparison with the literature values and for 
evaluating device applications. Due to the random domain orientation, we can only extract reff 
but no individual tensor elements for the fully polycrystalline film. The Pockels coefficients 
strongly vary among the different samples (Table 3), which is for example directly visible in 
the comparison of the electro-optic response between MBE-BTO and CVD-BTO (Figure 4).  

The dependence of δ’ on the orientation angle θE of in-plane electric field matches our 
simulations as shown in the examples for MBE-BTO and CVD-BTO (Figure 4). Data for all 
films are available in Supplementary Figure S4. Following the procedure described in the 
Supplementary Text, the polarization for light transmitted through a sample can be simulated 
based on the Pockels tensor for the space group P4mm, taking thickness values from 
ellipsometry and assuming bulk values for the refractive indices and birefringence. Because 
domains with the c-axis oriented out-of-plane of the film do not contribute to changes in 
transmission in our measurement geometry, we assume only in-plane 90° domains for our 
model in order to report a lower bound for the Pockels coefficients. By simulating the response 
of the samples for the specific measurement geometry used in our experiments, we extracted 
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the best fit Pockels tensor elements r42 and r33 for each BTO sample (Table 3). Because our 
geometry does not permit independent measurement of r33 and r13, we assume the bulk ratio of 
r33 = 10×r13.[33] 

For the determination of the Pockels tensor elements, we also need to take into account 
the overall ferroelectric domain structure. We evaluate the hysteresis by measuring δ’ as a 
function of the offset field Eoff for a fixed value θE ~ 45°, where δ’ and hence the resolution of 
the experiment is maximized (Figure 5, and Supplementary Figure S5).[8] As described 
previously,[8] on the macroscopic scale of our gap size, δ’ is generally zero for the as-deposited 
film, reaches a finite remanence value r'  = δ’(0) after poling with sufficiently large electric 
fields, and saturates at a maximum rotation of δS’. These values are indicated in Figure 5, and 
Supplementary Figure S5. We can then calculate the remanence ratio or “squareness” factor 

sr '/'  , where a ratio of 1 corresponds to a perfectly square loop, and Ec is the coercive field 
for each sample (Table 4). 

The ferroelectric nature of the films largely varies, ranging from wide hysteresis and 
large remanence ratio in MBE-BTO to slim hysteresis and reduced remanence in CVD-BTO. 
Materials with finite remanence can be used for bistable optical switching,[34] while non-
memory materials can be used over a broad continuous tuning range.[35] Due to the low 
leakage current in the µA range even at high voltages of 35V (Supplementary Table S1), the 
tuning applications can be extremely energy efficient.[10] In principle, the variety of properties  
render the films applicable for a broad range of application, such as low dielectric loss 
capacitors or ferroelectric storage.[36] 

IV. Discussion  
Our results show a strong correlation between the structural and electro-optic properties 

in BTO thin films. In particular, the consistent reduction of the effective Pockels coefficients 
for increasing porosity (Figure 6(a)) identifies the density of BTO as a key parameter for 
obtaining a large electro-optic response. In the following, we discuss the physical origin of this 
correlation. 

Electric Field Distribution 
First, we consider the impact of porosity on the electric field distribution in the BTO 

film. In our derivation of the electro-optic response as a function of the Pockels coefficient 
(Eq.(2)) we assume the voltage to drop homogenously along the BTO layer. However, due to 
the low permittivity of the voids compared to the BTO matrix (εBTO >> εair = 1), the electric 
field distribution might be significantly influenced in porous films. Since we cannot perform 
capacitance-voltage profiling on the exact samples in this study because of the highly-resistive 
silicon substrate, we assume the permittivity εBTO to range from 50 to 660 as reported for thin 
BTO films on Si.[22,27] A reduction of the effective electric field within the BTO matrix for 
larger porosities would indeed result in a strong reduction of the electro-optic response for 
porous films even though the Pockels coefficient of the matrix might not have changed.  

From this point of view, the values of the Pockels coefficients estimated earlier (Table 
3) have to be considered as the average Pockels coefficients of the porous films, rather than the 
actual Pockels coefficient of the BTO crystal. Because the electric field is in the denominator 
of Eq. (2), a porosity correction factor cP = E / EBTO, defined as the ratio between the electric 
field in a pore-free BTO crystal (E) and the average electric field in the actual matrix of the 
porous BTO layer (EBTO), can be used to provide a sense of how the Pockels coefficients would 
scale with porosity.  
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An electro-static finite elements study has been carried out for different pore 
geometries. Cylindrically shaped tubes through the material represent the geometry closest to 
the pores seen in Figure 2. For this geometry, even when assuming the largest experimentally 
observed porosity (20%) and relative permittivity of εBTO = 660, the correction factor remains 
rather moderate (cP ~ 1.15) (Supplementary Figure S6). In contrast to circular pores, fissures 
in the material would lead to a correction factor between one and two orders of magnitude 
higher for the same porosity (Supplementary Figure S6). While this analysis shows the 
importance of obtaining crack-free layers for electro-optic applications, on the basis of TEM 
and AFM analysis (Figure 2 and Supplementary Figure S2) we preclude fissures as the origin 
of the reduction of the Pockels effect in our films. The reduction of the electric field in the BTO 
matrix can thus not be the main origin for the experimentally observed large differences of the 
electro-optic response between the layers (reff,max/reff,miin ~ 20). This suggests that the Pockels 
effect of the BTO matrix has to significantly vary among the films in order to account for our 
observations of a strongly varying electro-optic response.  

Defects in BTO 
Next, we consider factors which could impact the electro-optic response of BTO itself. 

Because the linear electro-optic response originates from the anharmonic nature of the Ti-O 
bond and the loss of the inversion symmetry in the tetragonal phase (phonon condensation), 
defects which affect phonons (breaking the periodicity of the lattice, eg. finite size) [37] or 
restore centrosymmetric structure (eg. antiphase boundaries) [29,38] are expected to diminish 
the electro-optic response. This is consistent with Figure 6(a), considering pores as defects in 
the crystal.  

In addition to the change in magnitude, it has been already reported that defects such 
as pores and grain boundaries can stabilize the cubic centrosymmetric phase of BTO, which 
shows no Pockels effect.[29,39] The reduction of the Pockels effect when increasing the 
porosity could further be associated to a reduced tetragonality. This hypothesis is verified by 
comparing the anisotropy of the electro-optic response, defined as the ratio of the Pockels 
tensor elements r42/r33. In bulk single-crystal BTO, this anisotropy ratio is larger than ~10.[33] 
We observe in our samples that loss of anisotropy correlates with loss of tetragonal distortion 
γ (Figure 6(b)). Besides being influenced by porosity, a reduced anisotropy could result also 
from the influence of strain on the electro-optic tensor.[33]  

These two effects, microstructure and symmetry, are in general coupled, as in the case 
of polycrystalline films containing a higher fraction of cubic BTO.[29]  In Figure 6(a)-(b), the 
reduction in the magnitude and anisotropy of the Pockels tensor for cubic, porous, and 
polycrystalline films indicates a strong dependence of the electro-optic response on crystalline 
quality. In particular, high tetragonality and minimal porosity in BTO thin films is essential to 
achieve bulk-like electro-optic performance. 

Memory 
Although all films investigated in our study show ferroelectric functionality, strong 

variations in the remnant polarization response are observed (Figure 5). For the in-plane 
electrode geometry, low leakage current is needed to prevent film depolarization.[40] In 
previous studies, functional properties of BTO such as the spontaneous polarization [38] and 
second harmonic generation [41] improve significantly after poling in fields ~300 kV/cm.[38] 
Similarly, δ’ generally reaches a finite remanence value r'  after poling in sufficiently large 
electric field.[8] In contrast, δ’ exists only in the presence of an electric field for materials such 
as relaxors, where the behavior depends on polar nano-regions.[35] In our study, remanence 
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correlates with grain size edr (Figure 6(c)), consistent with previous observations of reduced 
remanence for small-grained ceramics.[39] The physical origin of this reduced remanence can 
be structural defects in the films, for example present at grain boundaries, which pin 
ferroelectric domains.[13,32,40,42–43] The strong variations of the remanence show an 
additional degree of freedom in engineering the electro-optic properties of BTO thin films: 
While films tuned for large grain sizes could be used for non-volatile memories,[34] small-
grained layers might be benifical for devices requiring periodic poling [35] or filtering.[44] 

In summary, we have identified several key correlations between the structural and 
electro-optic properties of BTO thin films on silicon. The reduction of the effective Pockels 
coefficients, anisotropy, and remanence in BTO films on Si are concluded to result from 
crystalline defects and distortions originating from pores in the film, loss of tetragonality, and 
the finite size of BTO grains. While a linear electro-optic response was measured even for 
porous polycrystalline BTO, the response is higher by one order of magnitude for dense, 
tetragonal, epitaxial BTO films. 

V. Conclusion 
In conclusion, we analyzed BTO thin films of thickness ranging from 70 to 100 nm 

deposited by several different methods (MBE, PLD, RF sputtering, and CVD) on STO-buffered 
Si (001) to produce an array of samples with varied morphology and structural quality. The 
effective Pockels coefficient varied from 6 to 140 pm/V and remanence ratio from 0.35 to 0.04 
under this structural variation. Indeed, even highly porous, polycrystalline BTO films were 
found to have a linear electro-optic response. Our study provides a link between structural and 
electro-optic properties of BTO thin films, and demonstrates clearly the effectiveness of 
applying materials science to tailor customized properties of oxide thin films. While obtaining 
dense and highly tetragonal films is critical to achieve large Pockels coefficient as for example 
needed in high-speed BTO/Si photonic modulators, fabricating layers with large grain sizes is 
the crucial parameter to maximize the memory window as needed for non-volatile optical 
storage. For further development of BTO-based Si photonic devices, additional practical 
aspects such as the Curie temperature shift [19,40] should be addressed in future studies, as 
well as exploring routes including strain engineering and doping to enhance the electro-optic 
coefficients. 
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Tables 
Table 1: Summary of film microstructure parameters. From ellipsometry, we extract 

the refractive index n of the BTO matrix, porosity volume fraction p and thickness of the BTO 
layer t. Error bars of porosity correspond to a BTO thickness variation of 5% (details in the 
text). From STEM, edr is the average equivalent disc radius of the grains highlighted in Figure 
2. 

BTO Method Buffer Layer n p [ % ]    t [ nm ] Texture  edr [ nm ] 

MBE 4 nm MBE STO 2.27 3 (±2) 78 Epitaxial 21 (±6) 

PLD 4 nm MBE STO 2.18 14 (±3) 97 Epitaxial 21 (±4) 

RF Sputter 4 nm MBE STO + 
8 nm MBE BTO 2.21 11 (±3) 96 

Epitaxial 

+ 
Polycrystalline 

10 (±2) 

CVD 4 nm MBE STO 2.13 21 (±1) 70 Epitaxial 14 (±1) 

RF Sputter (no 
buffer) -- 2.12 21 (±3) 102 Polycrystalline -- 

 
Table 2: Results from XRD analysis of c and a lattice parameters for BTO P4mm 

symmetry. Tetragonality γ = c/a – 1. Error bars correspond to uncertainty of fit parameters. 

BTO Method Peak  a / c [ Å ] γ [ (% ] 

MBE (002) 3.99 / 4.03 1.0 (±0.1) 

PLD (002) 4.00 / 4.02 0.6 (±0.1) 

RF Sputter (002) 3.99 / 4.05 1.7 (±0.1) 

CVD (002) 4.01 / 4.02 0.3 (±0.3) 

RF Sputter (no buffer) (110) 4.03 / 4.04 0.2 (±0.4) 
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Table 3: Summary of best-fit Pockels tensor elements r42 and r33 for each BTO sample. 
Effective Pockels coefficient reff and c-axis coefficient rc are calculated according to Eqs. (2). 
Error bars for r42 and r42 correspond to a variation of . Error bars for reff and rc correspond to 
pad-to-pad variation determined from multiple measurements of the θE = 45º orientation for 
each sample. 

BTO Method r42 

[ pm/V ] 

r33 

[ pm/V ] 

reff 

[ pm/V ] 

rc 

[ pm/V ] 

MBE 85 (±0.6) 20 (±0.4) 140 (±18) 20 (±3) 

PLD 26 (±0.2) 16 (±0.3) 37 (±27) 14 (±11) 

RF Sputter 27 (±0.2) 5.1 (±0.1) 41 (±15) 7 (±3) 

CVD 4.5 (±0.1) 6.2 (±0.1) 7 (±4) 5 (±3) 

RF Sputter (no buffer) N/A N/A 6 (±1) 3 (±1) 

 

Table 4: Summary of parameters related to ferroelectricity from electro-optic 
measurements, remanence ratio sr '/'   and coercive field Ec. Error bars correspond to 
uncertainty of fit parameters. 

BTO Method sr '/'    

[ % ] 

Ec 

[ kV/cm ] 

MBE 35 (±3) 7 (±0.4) 

PLD 34 (±2) 18 (±1) 

RF Sputter 10 (±5) 4 (±2) 

CVD 4 (±4) 2 (±2) 

RF Sputter (no buffer) 5 (±4) 4 (±3) 
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Figure 4: The field-normalized induced rotation δ’ was measured (symbols) and simulated 
(lines) for varied orientation angle θE (defined in Figure 1(a)) of in-plane electric field for BTO 
films deposited by (a) MBE and (b) CVD. Details on error bars can be found in the methods 
section. 
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