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Solution-Processed Barium Titanate Nonlinear Woodpile
Photonic Structures with Large Surface Areas
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Serge Monneret, Fabian Starsich, and Rachel Grange*
data at the speed of light and by offering
a low-power and high-bandwidth alternative to semiconductor materials.[1] To create
densely integrated 3D photonic circuits,
structures capable of conﬁning and routing
light in all spatial directions need to be
developed. Photonic crystals (PhCs), structures with a periodic modulation of the
dielectric function, are key elements to
enable such a control, due to their wavelength-speciﬁc transmission (photonic
bandgap) and efﬁcient mode conﬁnement
in the presence of designed defects.[2]
Nonlinear PhCs (NPhCs) are 3D PhCs
made up of an optically nonlinear material.[3] They have an increased functionality
for integrated photonics compared with
their linear counterparts as the nonlinear
dielectric medium has an intrinsic ultrafast
response to optical ﬁelds enabling alloptical high-speed operability.[3] NPhCs
can be a platform to realize optical diodes,
transistors, switches, and discrete soliton
networks.[4]
However, such systems are still rare due
to their expensive and time-consuming fabrication processes
resulting in structures of only small surface areas typically in
the μm2 range. So far, a naturally grown 3D NPhC in a
Ba0.77Ca0.23TiO3 crystal was fabricated by the Czochralski
method.[5]

Three dimensional (3D) nonlinear photonic crystals are one of the potential
candidates for enabling photonic circuits. Most of the current top-down fabrication approaches for such crystals are time consuming and suffer from small
surface areas and limitations to speciﬁc substrates. Herein, a bottom-up fabrication technique (UV-soft nanoimprint lithography) together with solution
processing of barium titanate (BaTiO3) nanoparticles is used to create large-scale
3D nonlinear woodpile photonic crystals. Opposed to other 3D photonic crystals,
the woodpile structure can be fabricated layer by layer. This property makes it
suitable for roll-to-roll fabrication, which can be easily adapted in industry. The
prepared photonic crystals with up to eight layers have surface areas of 1.0 cm2.
The linear and nonlinear optical behavior of these 3D woodpile structures is
characterized. Their transmission stop band lies around 757 nm and a relative
linear minimum transmission of 48.4% for a four-layer sample is obtained.
Images of diffraction patterns together with polarization-dependent second
harmonic generation measurements prove a cubic photonic crystal structure in
the linear and nonlinear regime. In addition to second-order nonlinearity, BaTiO3
exhibits electro-optic, elasto-optic, and thermo-optic effects. Therefore, it is
especially suited for future active photonic crystal applications.

1. Introduction
The amount of data created every day requires new solutions
for its storage and processing. The ﬁeld of photonics offers
the possibility to overcome these limitations by processing
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In the same material, a 3D NPhC was fabricated using an ultrafast light domain inversion approach.[6] Recently, a quasi-secondharmonic 3D NPhC in the mid-infrared region made of a bilayered structure on periodically poled lithium tantalate staggered in
the depth direction was demonstrated and a 3D NPhC in LiNbO3
prepared by laser irradiation was shown as well.[7,8]
In these pioneering works, the focus is on the investigation
of the quasiphase matching behavior of the NPhCs and on
the diffraction patterns along different PhC axes. No attention
was yet turned to the 3D NPhC’s linear and nonlinear bandgap
comparable with the works for 1D and 2D NPhCs.[9–11]
Furthermore, most of these structures depend on speciﬁc
substrates and follow a top-down approach, which makes a
scalable production challenging.
To create commercially available 3D NPhCs, ﬁrst, an appropriate nonlinear optical material has to be found that can be
integrated in a 3D PhC structure, which can be realized with
a scalable and low-cost bottom-up fabrication technique.
We choose barium titanate (BaTiO3), which shows one of the
highest χ(2) susceptibilities (〈d〉 ¼ 14.1 pm V1 for bulk) among
metal oxides and is, therefore, an appropriate choice for the
realization of 3D NPhCs.[12]
This material is structured in woodpile PhCs that have already
shown their high potential for a large amount of applications
in various materials, wavelength ranges, and with different
fabrication techniques.[13–17] Unlike other 3D PhC structures,
the woodpile structure allows a layer-by-layer production.
Finally, UV-soft nanoimprint lithography (UV-SNIL) combined with nanoparticle (NP) solution processing is a promising

bottom-up fabrication technique to scale the size of PhCs up
to large surface areas in the order of cm2 or bigger and is capable
of roll-to-roll fabrication.[16,18]
In our work, we ﬁrst extend the UV-SNIL technique to BaTiO3
NPs obtaining a scalable and inexpensive fabrication method for
3D NPhC.[19] The fabricated and analyzed BaTiO3 3D woodpile
structures, with one to eight layers, are PhCs out of a nonlinear
material with large surface areas of the order of 1.0 cm2. We
observe a linear stop band at 757 nm, providing evidence of
coherent wave propagation and interference stemming from
the PhC structure. The minimum relative linear optical transmission is achieved for a four-layer sample which yields 48.4% for
757 nm. Second harmonic generation (SHG) polar measurements show that the PhC structure is cubic in the SHG regime.

2. UV-SNIL and Solution Processing
A silicon (Si) master mold has been realized by standard nanofabrication techniques (electron-beam lithography, development,
and deep-reactive ion etching) from which a polydimethylsiloxane (PDMS) negative is taken. We stress that the Si master
mold has to be fabricated only once and that a large number
of negatives, called daughter molds, can be taken. This makes
UV-SNIL a much less expensive technique compared with typical
top-down approaches.
For the fabrication of the woodpiles, we ﬁrst spin coat a
50:50 wt% BaTiO3 NP/titanium dioxide (TiO2) sol–gel precursor
solution onto a glass substrate (Figure 1a1 and Supporting Infor-

Figure 1. a) Fabrication process ﬂow: 1) spin coating of NP/sol–gel precursor solution on a glass substrate; 2) imprinting with PDMS mold; 3) UV–light
curing and removal of PDMS mask; 4) spin coating of the NOA60 planarization layers; 5) repeating steps (1)–(4) with mold orientation changed by 90
with respect to the preceding layer orientation; 6) stack of eight woodpile layers; 7) removal of residual layers by calcination at 500  C. b) Picture of the ﬁrst
layer of a photonic crystal on a glass substrate next to a chip that has the size of a one-Euro coin showing the typical surface area of 1.0 cm2. c) SEM topview image of an eight-layer sample (10 kV, secondary electrons in low vacuum mode at 70 Pa). d) SEM image of a focused ion beam cut through a fourlayer woodpile sample showing the cross-section of the structures (SEM: 3 kV, FIB: 30 kV:10 pA). The numbers one (yellow) to four (blue) are labeling the
layers, which are colorized in the corresponding color for better visibility.
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mation). The BaTiO3 NPs have a mean diameter of (42  1) nm
determined by scanning electron microscopy (SEM) analysis and a
tetragonal crystal phase conﬁrmed by powder X-ray diffraction
measurements (Figure S1 and S2, Supporting Information).[20]
This NP size and crystal phase are known from previous studies
to exhibit bulk second harmonic (SH) signals.[21] The NP size is
chosen as a compromise between having small particles for a
good ﬁlling of the molds and large enough ones to exhibit bulk
SH signals. In the second step, we place the PDMS mold on the
coated substrate (Figure 1a2). Due to capillary forces, the PDMS
mold ﬁlls with the NP/sol–gel precursor solution. In this position, we irradiate sample and mold with an UV ﬂood lamp at
150 mW cm2 for 180 s to crosslink the sol–gel precursor.
After removal of the mold (Figure 1a3), two photoresist planarization layers (ﬁrst 15 wt% NOA60 for coarse planarization and
second 5 wt% NOA60 for ﬁne planarization) are spin coated
and exposed to UV light one after the other (Figure 1a4). We fabricate the consecutive layers in the same manner, each of them
turned 90 with respect to the preceding one (Figure 1a1–4).
Finally, the samples are calcined at 500  C to remove all organic
residues especially the planarization layers to make the woodpile
freestanding (Figure 1a7).
One typical layer of the cross-linked structure (BaTiO3
NPs and TiO2 matrix) has a pitch of 1.002  0.031 μm, a height
of 260  9 nm, and a rod width of 506  31 nm determined with
atomic force microscopy (AFM) and SEM (Figure 1c and S3a,
Supporting Information). Figure 1b shows a regular and homogeneous structure that demonstrates the ability of our fabrication
method to produce large surface areas of up to 1.0 cm2. If the
spin-coated ﬁlm is not structured, the thin ﬁlm of the composite
appears transparent. The refractive index of the composite structure is measured with a combination of reﬂectometry and a
phase-contrast camera and yields 1.77 at 800 nm (Figure S4,
Supporting Information).[22] Figure 1c shows a top view of an
eight-layer sample and Figure 1d, a focus ion beam (FIB) cut
of four layers of a four-layer sample. A regular structure is, therefore, also present on a microscopic scale. Small defects such as
cracks in the rods, rotation misalignments in the stacking geometry, slight bendings of the rods, unsharp edges due to the NP
size, and NP residuals are identiﬁed. They are increasing with an
increasing amount of layers. Residual NPs have two major contributions on the optical behavior of the device. First, they can
inﬂuence the bandgap position and depth because the geometry
of the structure can be slightly varied. We investigated these
effects (i.e., changes in period, width, height, and angles between
layers) numerically. Simulations show that variations of the
period inﬂuence the bandgap position most (Figure S6c,
Supporting Information). Experimentally, the mask deﬁnes
the period and residual NPs have a minimal impact on the
period. Due to their distribution over the structure, residual
NPs behave as defects and mainly attenuate the optical performance of the device, i.e., the depth of the bandgap. Second, residual particles that form clusters of sizes comparable with the
wavelength introduce scattering and further attenuate the PhC
behavior. Minimization of the amount of residuals would be possible by optimizing the volume of the solution for the spin coating and by introducing a soluble photoresist as a residual layer,
which can be stripped away together with the residual NPs.

Phys. Status Solidi B 2020, 257, 1900755

1900755 (3 of 8)

3. Linear Optical Measurements
To investigate the PhC structure, images of the diffraction patterns of one, two, and four layers of the woodpile PhC structure
far away from the sample are taken while illuminating the
whole samples (1.0 cm2) with a collimated white light halogen
source (Figure 2a–c). For the one-layer sample, the orientation
of the diffraction pattern is perpendicular to the orientation of
the rods, as in diffraction gratings, and shows the capability to
separate different wavelengths. For the two- and four-layer samples, the diffraction patterns reveal the one of the cubic PhC
structures.[23] For four layers (Figure 2c), a white underlying
haze gets visible. This is the onset of multiple scattering due
to the defects. We can conclude that the fabrication technique
was successful and that the PhC structure is present in three
dimensions.
To characterize the linear bandgap, we measured the
transmission spectra of the structure for several incident
polarizations with a spot diameter of 3 mm by collecting the
zeroth order of the diffraction patterns via a ﬁber collimator
guiding the light to a spectrometer. Figure 2d shows the measured spectra for a single layer, corresponding to a grating of
equidistant rods, where the 0 polarization is perpendicular
and the 90 polarization is parallel to the rod orientation,
respectively. We observe a clear dependence of the transmission on the incident polarization, with a difference in transmission between the orthogonal and parallel states of 21%. For
a polarization state of 90 , a minimum in transmission is
appearing at a wavelength of 747 nm, revealing the onset of
a stop band.
Figure 2e shows the transmission spectra of woodpiles with
an increasing amount of layers, from one to four layers, which
are compared with the spectrum of an unpatterned thin ﬁlm
(TF 1)of the same composite with a thickness of 103 nm. For
each of the layers, two polarization states (‖ and ⊥ to the ﬁrst
layer of the samples) are shown. The absolute transmission is
decreasing with an increasing amount of layers, as well as the difference in transmission between the two polarization states. A
decline in transmission spectra to shorter wavelengths characterizes all woodpile structures, which can be attributed to incoherent
scattering on the structure defects.[24,25] Moreover, this decreasing
linear trend is consistent with the extinction provided by a polydispersed ensemble of scatterers in a moderate multiple scattering
regime.[26] The barium titanate NPs of the composite are indeed
too small (around 50 nm) and too dense (around 70% ﬁlling fraction) to generate this scattering, differently they provide an effective-medium optical response, as it is evident in the ﬂatter
transmission spectrum of the unpatterned ﬁlm. The transmission
stop band in the woodpile structures appears for all numbers of
layers. However, from ﬁve layers onward, the scattering of the
defects was so strong that we could not measure any features
in the transmission.
To account for the two physical effects in the measurements
(PhC behavior and multiple scattering from defects), we ﬁtted a
linear function to the data (TL.F.) (Figure S5b, Supporting Information), excluding the data between 700 and 800 nm, and
divided the transmission of the sample (TS) by it (Figure 2f,
g).[25] This normalization removes the multiple scattering component from the data and makes the PhC behavior clearer.
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Figure 2. a–c) Images of diffraction patterns of a) one, b) two, and c) four layers. The diffraction pattern for the ﬁrst layer is perpendicular to the
orientation of the rods. For two and four layers, the obtained diffraction patterns are typical for a cubic photonic crystal structure. d) Polarizationdependent (0 90 ) transmission data for the ﬁrst layer where 0 is deﬁned perpendicular to the rod orientation and 90 parallel, respectively. The
absolute change in transmission between 0 and 90 is about 21%. The feature at 747 nm is most pronounced for 90 incident polarization.
e) Layer-dependent transmission data for an unpatterned thin ﬁlm (TF1) and one (1L W), two (2L W), three (3L W), and four (4L W) layers of the
woodpile structure for two incident polarizations (0 and 90 ), which is deﬁned with respect to the ﬁrst layer. The difference between the polarization
states is decreasing with an increasing amount of layers. The absolute transmission value is decreasing with increasing layers due to scattering from
defects. f ) Close-up of the same measurements as in part (e) where we divided the transmission of the samples by the linear ﬁt through the data. For a
four-layer sample (90 ), we achieved a minimal linear transmission of 48.4% at 757 nm. Inset in part (f ) shows diffraction pattern for a four-layer woodpile
with a superluminescent diode (SLED) of a center wavelength of 780 nm. g) FDTD simulations for two to four layers with the experimental fabrication
parameters. A transmission stop band is present at around 760 nm that corresponds to the experimental data in position and shape.

A minimum in transmission becomes pronounced at around
750 nm. From three layers onward, this feature arises in both
polarization states. The lowest relative transmission value of
48.4% was reached for the four-layer woodpile sample at a wavelength of 757 nm.
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3.1. Finite-Difference Time-Domain Simulations of the
Transmission Spectra
According to the simulations (Figure 2g and S6, Supporting
Information) and previous work,[15] the bandgap of the 3D
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photonic woodpile structure considered here is expected to
be around 950 nm by design. To understand the origin of the
transmission minimum observed at 757 nm, ﬁnite-difference
time-domain (FDTD) simulations were run on these structures.
We simulated two to eight layers with different stacking
geometry, ABAB or ABCD, of a 3D woodpile PhC
(cf., Figure S6a,b, Supporting Information) because of alignment
imperfections we are between those two arrangements of the
layers. For the parameters, we take the experimental mean values
(period: 1.002 μm, height: 260 nm, width 506 nm, and effective
refractive index: 1.775) and the whole structure is placed on
a glass substrate. The corresponding simulated transmission
spectra are shown in Figure 2g and S6, Supporting Information, and show two main features. One at around 760 nm
(Figure 2g), which has a sharp shape and appears already from
two layers onward and the other one around 950 nm (Figure S6,
Supporting Information), which has a broader proﬁle and
only starts to be clearly seen from two or four layers onward
(after one unit cell). The simulated feature around 759 nm
matches very well the experimental case observed at 757 nm,
both in position and in depth with a reduced transmission
of 57.0% and 48.4%, respectively (cf., Figure 2f,g).
Simulations conﬁrm that the transmission minimum at
757 nm found in experiments is not the PhC bandgap but a very
pronounced side stop band, a feature that is expected in the
high energy regime (a/λ < 1).[27] This is consistent with the
diffraction pattern around the stop band at a center wavelength
of 780 nm (Figure 2f, inset), which should not be visible in the
full photonic bandgap regime (a/λ ¼ 1).[27] Second, our simulations (Figure S6, Supporting Information) show that the bandgap
around 950 nm is just arising with several layers and only shows
pronounced features if at least one unit cell (four layers) is
present. Furthermore, this behavior is expected to be valid for
a higher order bandgap as well, i.e., it should not be visible from
the ﬁrst layer onward, as we experimentally observe it. This indicates that the feature at 757 nm is indeed not a higher order
bandgap, but rather a side stop band, as described previously.
Although we cannot observe the PhC bandgap because of the
dominant structural imperfections for more than four layers,
the emergence of this side stop band is physically very important
as it gives evidence of coherent wave propagation and interference due to the woodpile PhC structure.

4. Nonlinear Optical Measurements
Second-order (SH) nonlinear optical signals are measured with a
nonscanning transmission optical microscope.[28,29] SHG power
dependence measurements (cf., Figure 3g and S7, Supporting
Information) yield a quadratic dependence and prove that our
signals are indeed SHG signals. To investigate the radiation
behavior of the woodpile structures, we measured the SHG
polarization response at wavelength steps of 100 nm in the
fundamental wavelength. For the polarization measurements,
a half-wave plate was rotated from 0 to 180 in steps of 2
(cf., Figure 3a–e). All measurements were compared with the
SHG from an unpatterned thin ﬁlm of the same material.
The shape of the SHG polarization response of the ﬁrst layer
of the woodpile PhC is dipolar (cf., Figure 3b). The long axis
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of the dipole is perpendicular to the orientation of the rods
(cf., Figure 3c). A quadrupolar SHG response (cf., Figure 3e)
is measured for two woodpile layers, suggesting that the two
SHG polarization responses of the individual layers are summing up. Similarly, the SHG polarization response of the
eight-layer woodpile sample corresponds to the sum of all layers
and is again quadrupolar (cf., Figure 3e). It is known that by
varying the PhC structure, we can manipulate the SHG radiation
direction.[30] Importantly, the observed SHG polarization
patterns prove that the cubic PhC structure is also present in
its nonlinear regime. As expected, the thin ﬁlm of the same
material (TF 1) shows a simple circular SHG polarization
response, resulting solely from the average SHG of randomly
oriented NPs in the composite (cf., Figure 3a).
To investigate the NPhC bandgap, we performed spectral
SHG measurements. In the laser range of the femtosecond
Ti:sapphire oscillator (760–1060 nm), we measured for all the
samples at three different positions to average over imperfections
in the structures. In the optical parametric oscillator (OPO) range
(1060 to 1600 nm), we determined the SHG spectra for three
samples (TF 1, 1L W, and 8L W) at one position (Figure 3f ).
Above 1450 nm, our sample exhibited a very strong third harmonic generation (THG) signal from the TiO2 matrix. This is
in agreement with previously observed high THG signals of
TiO2 in the anatase phase in thin ﬁlms.[31] This THG signal
screened the SHG signal from BaTiO3 and limited the measurement range to 1400 nm. This is why we could not directly probe
the nonlinear transmission stop band, which was expected to
arise at a fundamental wavelength of 1514 nm (twice the 757 nm).
In the accessible wavelength range of 780–1400 nm, we
measured the squared effective χ(2)-tensor, which is an average
value over the randomly oriented crystal orientations of the single
NPs, of the woodpile PhCs (cf., Figure 3f and Supporting
Information). The highest measured value of the effective χ(2)tensor is 1.15  103 pm V1 for the eight-layer woodpile sample
at 800 nm (cf., Supporting Information for calculation of effective
χ(2)-tensor), which corresponds to a conversion efﬁciency (γ) of
9.5  1010 (Figure 3f ). We expect that by sintering of the
NPs and the induced crystal growth, this value can be enhanced
in the future, as the SHG emission scales with the volume of the
crystal.
One observes an increase in the effective χ(2) from 700 to 400 nm
second harmonic wavelength and a decrease in the effective χ(2)
below 400 nm. An increasing value of χ(2) close to the bandgap
of a material is known from semiconductors and the bandgap
of BaTiO3 is around 380 nm.[32–34] We can reasonably assume that
a similar effect is present here for BaTiO3, even though the χ(2)
behavior close to the bandgap of metal oxides has not yet been studied. Contributions from internal resonances inside the NPs can be
neglected due to their small size. Furthermore, the bandgap position of BaTiO3 NPs could be slightly shifted due to their internal
structure. This measurement technique could be an appropriate
way to study the bandgap position of second harmonic NPs.

5. Conclusion and Outlook
In this work, we fabricated woodpile PhCs with one to eight
layers by UV-SNIL, realizing large surface areas of PhCs in
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Figure 3. a,b,d,e) The SHG polarization responses for pump wavelengths of 800 nm (red dots), 1000 nm (green dots), 1200 nm (blue dots), and 1400 nm
(black dots). The legends next to the polar plots describe by which value the signals were multiplied for better readability. c) SEM image of a one-layer
woodpile structure. The corresponding SHG polarization response is placed on top of the image (red dots). The long axis of the dipole is exactly perpendicular to the orientation of the rods. The SHG polarization response was measured at a fundamental wavelength of 1450 nm. f ) Squared effective
second-order susceptibility of one to eight layers of a woodpile photonic crystal compared with a normal unpatterned thin ﬁlm. The measurements were
taken in two different laser ranges (780–1060 nm [laser range] and 1060–1400 nm [OPO range]). g) SHG power dependence on the incident fundamental
power for an eight-layer sample showing its quadratic behavior and, therefore, proves that our signals are indeed second harmonic ones.

the order of 1.0 cm2. To the best of our knowledge, this is
the largest 3D PhC out of a nonlinear material produced so
far. The linear optical characterization shows a transmission
stop band at 757 nm with a relative linear transmission of
48.4% for a four-layer sample. The linear bandgap could experimentally not be seen because the bandgap only starts to build
up after four layers, but the appearance of the side band gives
evidence of coherent wave propagation and interference due to
the woodpile PhC structure. Furthermore, we showed that there
is a cubic PhC structure in the linear and nonlinear optical
regime. The very good agreement between experiments and
simulations gives an insight that controllable bottom-up
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realization of a full bandgap 3D NPhC is feasible in the future.
By removing the defects to avoid scattering, this fabrication
method can reach much higher performing structures, and
by fabricating more layers, the bandgap will become visible
in the future.
Our fabrication method of PhCs out of a nonlinear material
provides an inexpensive alternative to common top-down fabrication approaches. Our structures can be integrated on any kind
of optical components and materials. This will potentially enable
large-scale fabrication of 3D NPhCs. By exploiting BaTiO3’s
strong electro-optical, elasto-optical, and thermo-optical properties, active 3D NPhCs could also be realized.[35–38]
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In the future, we will focus on the controllability of the
alignment between the layers and on the improvement of the
surface roughness of the structures to achieve sharper bandgap
structures and enhance efﬁciencies. Furthermore, the effective
refractive index of the composite has to be increased to facilitate
applications relying on a large effective index contrast. By replacing the sol–gel precursor with another polymer, we will be
able to measure the nonlinear photonic bandgap in the future.
The optimization of these structures will be on the material
components as well as on the physical measurements.

Supporting Information

6. Experimental Section
Materials: BaTiO3 NP dispersion in water (25 wt% BT80 from Nyacol
Nano Technology Inc., tetragonal phase, 50 nm diameter), Norland
Optical Adhesive (NOA60, 30–60% Norland Products Inc.), propylene
glycol monomethyl ether acetate (PGMEA, ReagentPlus 99.5%,
Sigma-Aldrich), sol–gel (titanium-diisoproxide-bis(2,4-pentanedionate,
C16H28O6Ti, 75 wt% in isopropanol, Gelest Inc.), 1-methyl-2-pyrrolidinone
(NMP, ACS reagent 99.0% Sigma-Aldrich), methanol (MeOH, p.a. 99.9%,
Sigma-Aldrich), (heptadecaﬂuoro-1,1,2,2-tetrahydrodecyl)dimethylchlorosilane (C14H16F17NSi, 95%, Gelest Inc.), PDMS (Sylgard 184 silicone
elastomer kit, Dowsil).
SEM and FIB: Figure 3d and S1, Supporting Information, were taken with
a FEI Magellan 400 SEM. Figure 1b was taken with a FEI Quanta 200F SEM
and, for Figure 1c, a Zeiss NVision 40 FIB-SEM was used. A metallic ﬁlm
could not be deposited for better visibility on the samples without destroying the optical signals and making the individual NPs invisible.
Linear Optical Measurements: The diffraction pattern images were
taken from a screen directly after the sample with a single-lens reﬂex
camera (Sony Alpha 77II).
We illuminated the samples by a broadband halogen ﬁber optic illuminator (OSL2 Fiber Collimator from Thorlabs). The light was collimated by
several lenses and the polarization is controlled with a ﬁlm polarizer
(LPNIRE100-B from Thorlabs). The spot size of the incident light was controlled with an aperture of a 3 mm diameter. The light was collected with a
ﬁber collimator (F280APC-1550 from Thorlabs) and was transmitted
through a multimode ﬁber from AFW Technologies Inc. (core size
105 μm, MM1-FC-FC-105/125-C-3-0.12NA). The analysis was performed
with a high-precision spectrometer at a temperature of 70  C (Acton
SP-2356 from Princeton Instruments, equipped with a thermoelectrically
cooled CCD camera, Pixis 256E). We used a grating with 150 g mm1
and a blaze of 500. The slit was open to 1 μm. We normalized the
intensity of the sample by the signal measured through a blank glass substrate of the same thickness as the substrate using the formula
T ¼ (ISample  IBackground)/(ISubstrate  IBackground). Afterward, the data were
smoothened by a Savitzky–Golay ﬁlter, which was based on the principle of
least squares.[39]
The diffraction pattern of a four-layer woodpile was excited with a
SLED (EXS210060-01 from Exalos, center wavelength 789.9 nm) and
the image was taken with a single-lens reﬂex camera (Sony Alpha 77II,
exposure 15 s).
Linear FDTD Simulation: Simulations were performed with Lumerical
FDTD solutions (version 8.18.1332). The woodpile structure package from
Lumerical was used. The woodpile was placed on a glass substrate
surrounded by air. A mesh size of 0.0095 μm was used for x, y, and z direction. A frequency-domain ﬁeld and power monitor were used to collect the
signal for a wavelength range of 0.35–1.05 μm. The source was a plane wave
of type Block/periodic. The structure parameters were pitch of 1.002 μm,
height of 260 nm, width of 506 nm, and a refractive index of 1.775.
Nonlinear Optical Measurements: Nonlinear optical measurement of
the SHG spectra were measured with a nonscanning transmission optical
microscope.[28] We excited the samples with a tunable Ti:sapphire laser
from coherent (780–1060 nm with steps of 10 nm) and an OPO
Chameleon from APE (1060–1450 nm with steps of 10 nm). The laser light
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was focused with a lens with a NA of 0.26 (A220TM from Thorlabs). The
signal was collected with a 100 objective (NA ¼ 0.8, LMPlanFL N from
Olympus) and focused on a sCMOS camera (Zyla 4.2 from Andor).
The fundamental wavelength was removed with two BG39 ﬁlters for
the laser range and two FESH0900 ﬁlters from Thorlabs for the OPO
range. We used exciting power values between 50 and 100 mW and
typical exposure times of 500 ms.
Further details of the crystal structure investigations may be obtained
from the Fachinformationszentrum Karlsruhe, 76344 EggensteinLeopoldshafen (Germany), on quoting the depository number CSD67518 for cubic BaTiO3 and CSD-67520 for tetragonal BaTiO3.
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Supporting Information is available from the Wiley Online Library or from
the author.
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