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ABSTRACT: We studied experimentally and theoretically the
direction-dependent elastic and electromagnetic wave prop-
agation in a supported film of hybrid PMMA (poly[methyl-
methacrylate])-TiO2 superlattice (SL). In the direction normal
to the layers, this one-dimensional periodic structure opens
propagation band gaps for both hypersonic (GHz) phonons
and near-UV photons. The high mismatch of elastic and
optical impedance results in a large dual phoxonic band gap.
The presence of defects inherent to the spin-coating
fabrication technique is sensitively manifested in the band
gap region. Utilizing Brillouin light scattering, phonon
propagation along the layers was observed to be distinctly different from propagation normal to them and can, under certain
conditions (SL thickness and substrate elasticity), reveal the nanomechanical properties of the constituent layers. Besides the first
realization of unidirectional phoxonic behavior, hybrid (soft−hard) periodic materials are a promising simple platform for opto-
acoustic interactions and applications such as filters and Bragg mirrors.
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■ INTRODUCTION

Properties of periodic nanocomposites differ from those of their
bulk constituents. The flow of elastic and electromagnetic
waves is drastically altered by the presence of alternating
dissimilar impedances in composite structures. The destructive
interference along the periodicity direction opens frequency
band gaps that prohibit wave propagation. This property can be
exploited to develop and customize materials with designed
mechanical and optical characteristics. Potential applications of
periodic structures include their use as Bragg reflectors for
nonabsorbing laser cavity mirrors1 as humidity and liquid
sensors2,3 or for thermal management.4−6 In particular, polymer
composites are attractive because of their elasticity, trans-
parency and easy fabrication. Despite the closeness of the
refractive indices, photonic applications incorporating polymers
are well-established. For example, this is the case of the
microsegregated block copolymers.2,7,8 Yet, to function as
phononic materials, a sufficiently large elastic impedance Z = ρc
mismatch (involving two physical quantities, density ρ and
sound velocity c) is required for a sizable band gap.9−12

Inorganic materials are frequently used to boost the impedance
mismatch for a designed phononic and photonic crystal.13,14

One-dimensional (1D) crystals facilitate the study of elastic
wave propagation because of the vector character of the latter.

The majority of experimental investigations deal with
inorganic materials such as Si, GaAs, AlAs or Au because
molecular beam epitaxy, sputtering or lithography allow for
good control over sample thickness and defects.15−20 In
particular, 1D crystals with periodicity normal to the substrate,
termed superlattices (SLs), promote both phononic and
photonic band gaps. Expansion to hybrid SLs with one soft
polymeric phase enlarges the range of elastic impedance. For
example, SLs consisting of alternating poly(methyl-methacry-
late) (PMMA) and porous silica (SiO2) nanoparticle layers
fabricated by spin coating have advanced our fundamental
knowledge in small scale phononics.10,14,21 The cavity and
surface modes as well as their interaction when varying the
thickness and the position of the cavity layer were identified by
the full theoretical description of the phononic density of states
(DOS) recorded by Brillouin light scattering (BLS). In general
for SLs, the band gap at normal incidence depends on the c and
ρ contrast between the layers. Replacement of the SiO2 (cSiO2
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5660 m/s, ρSiO2
= 2400 kg/m3) layer by TiO2 (cTiO2,bulk = 8440

m/s, ρTiO2,bulk = 3900 kg/m3) should boost the elastic
impedance. The phonon propagation in an almost symmetric
TiO2−PMMA SL with a lattice constant of 0.22 μm was earlier
investigated with a photoacoustic technique.22 In that study, the
probed phonon wavelengths (6 < Λ < 30 μm) are much longer
than the lattice constant, and fall within the long wavelength
regime far from the band gap region. Hence, this earlier study
of phonon propagation along the periodicity direction could
not reveal phononic behavior. Instead, the propagation normal
to the layers yielded the effective medium elastic properties that
unexpectedly resemble those of the PMMA layer.
To achieve large phononic and photonic band gaps, we

fabricated a PMMA-TiO2 SL by spin-coating subsequent layers
on a glass substrate. We have chosen a spatial periodicity of d ≈
100 nm and probing phonon wave vector q, with qd ≈ 1. The
periodicity was selected to achieve dual band gap, a near-UV
photonic and a hypersonic (GHz) phononic. Also, we probed
phonon propagation normal to the periodicity direction using
BLS, where no phononic gap but different effective medium
behavior is expected. At the nanoscale, confinement and
interface effects can render different effective material elastic
properties than in the bulk. Experimental results along with
theoretical band structure analysis allow a complete optical and
nanomechanical characterization of the multilayer structure,
thereby settling the necessary fundamental knowledge for
applications.
The paper is organized as follows: in Section A, we present

the structural characterization of the PMMA-TiO2 SL. In
Section B, we describe how the sound velocity of the
constituent layers, measured by BLS, is estimated. In addition,
we discuss the conditions under which the effective medium
sound velocity of the SL can be obtained from the in-plane BLS
spectra. In Section C, we provide the phononic band structure
along the periodicity direction and demonstrate the phononic
behavior both experimentally and theoretically. In Section D,
we characterize the optical transmittance and photonic band
structure of the SL, which confirms the dual gap for elastic and
electromagnetic waves.

■ RESULTS AND DISCUSSION

A. Design of Transparent SL. To fabricate our one-
dimensional SL, we spin-coated 1D alternating bilayers of
PMMA and TiO2 nanoparticles, in total 20 layers on
transparent SiO2 glass substrate. The polymer used was
PMMA (poly [methyl-methacrylate]) with a molecular weight
Mw = 35 kg/mol, transparent for the wavelengths of our study
and thermally stable. TiO2 (titania) nanoparticles were chosen
because of the large impedance contrast with the PMMA;
additionally, the transparency of the TiO2 in the visible
spectrum and strong absorption for the UV light represent
advantageous attributes in order to create transparent films and
protect the polymer from UV degradation. The diameter of the
spherical TiO2 nanoparticles is ∼7 nm, which allows (a) a good
dispersion in the solvent for subsequent spin-coating and
wettability and (b) several strata of particles, for a
homogeneous inorganic layer. PMMA shows a good adhesion
to the TiO2 particles, essential for a stable multilayer composite
without voids. The mismatch of elastic and optical properties is
large for these compatible components, in comparison with
other combinations of polymer and inorganic particles. For
example, LiNbO3 (refractive index n = 2.32) has no good

performance when spin-coated. Other metals such as gold or
lead, despite their high density contrast, have a strong
absorption in the visible range, with undesirable effects on
the transparency of the superlattice.13,23 The lattice constant of
the SL is π/q ≈ 100 nm, with q being the wavenumber of the
first Brillouin zone (BZ).
The spacing of the layers was determined from cross

sectional scanning electron microscopy (SEM) images (Figure
1). The estimated thickness of the PMMA and TiO2 amounts

to 40 ± 5 nm and 57 ± 7 nm, respectively, and hence the
periodicity is d = 97 ± 6 nm. The shape and ordering of the
layers is extended over large areas (Figure 1a). Because of the
fabrication technique, there is a nonperfect alternation of the
layer spacing in the SL (Figure 1b and 1c), however the
bandgap was found to be robust to structural incoherence of
few nanometers.14 We have labeled in Figure 1b the two layers
with marked differences, named cavities c1 and c2 with
thicknesses 30 and 75 nm, respectively. The identification of
these cavities is crucial in the theoretical representation of the
phononic band structure (next Section C). The small
roughness observed in Figure 1c are less than 10% and does
not represent an obstacle to achieve large bandgaps, as reported
previously.14 Moreover, the probing spot size (50 μm) is much
larger than the length scale of the roughness, affecting mainly
the width of the experimental BLS spectra.

B. Constituent Layers and SL in-Plane Propagation.
To characterize separately the elastic properties of the
constituents, we fabricated additional films of PMMA and
TiO2 alone. The estimation of the sound velocities in the two
constituent layers is necessary to reduce the number of
adjustable parameters in the theoretical modeling of the
phononic dispersion of the SL. We prepared PMMA and
TiO2 nanoparticle films dropcasted from solution. The
thickness of the films was in the micrometer range to measure
bulk properties and avoid surface modes.24−26 The dispersion
relation in Figure 2b, measured by BLS, is linear (i.e., purely
acoustic) as expected for homogeneous films. The longitudinal
sound velocity, obtained from the linear slope, amounts to cdrop

Figure 1. (a) Cross-sectional SEM micrograph of the 10-bilayer
PMMA-TiO2 superlattice. (b) Schematic of the SL. The two cavity
defects are noted as c1 and c2. (c) High-magnification image showing
the substrate (bottom) and subsequent alternating bilayers.
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= 3390 ± 40 m/s in the TiO2-dropcasted and cL,PMMA = 2730 ±
20 m/s in the PMMA. The low cdrop relative to cTiO2,bulk is due to
the porosity of the TiO2-dropcasted film. In the fabrication of
the SL by spin-coating, infiltration of PMMA is unavoidable
and hence the cdrop value might not be the appropriate estimate
of the sound velocity in TiO2 sublayer of the SL.
To find a better representation of the TiO2 layer in the SL,

we prepared a third film by spin-coating subsequent layers of
TiO2 and a thin layer (1 wt %) of PMMA, up to a total
thickness of about 1 μm. PMMA is completely infiltrated in the
TiO2 layer, as confirmed by the SEM image (Figure 2a). In
spite of the layering observed in the direction perpendicular to
the substrate, this film appears homogeneous, because these
local heterogeneities are much smaller than the phonon
wavelengths (Λ > 300 nm). Hence a single purely acoustic
phonon is observed (Figure 2b) yielding an effective medium
sound velocity c*TiO2

= 2900 ± 50 m/s. The infiltration of
PMMA in the porous TiO2 layer seriously impacts its sound
velocity as compared to the cTiO2,bulk of anatase crystal and even
cdrop in the TiO2-dropcasted. Therefore, the access to the
experimental c*TiO2

is crucial.

A similar drop is anticipated for the density ρ*TiO2
of this

layer that affects the elastic impedance. However, since this
value can be hardly estimated without serious assumptions on
the porosity and composition dependence of the mean density,
we deliberately used ρ*TiO2

as an adjustable parameter that
sensitively enters the theoretical description of the SL band
structure. From the representation of the experimental
dispersion relation (Figure 5 below), we estimated ρ*TiO2

=

1900 kg/m3. The values c*TiO2
and ρ*TiO2

of the TiO2-infiltrated
film are internally consistent as they can be rationalized by the
Wood’s effective medium law.27,28 Using the density and sound
velocity of the bulk TiO2 and PMMA, c*TiO2

in the TiO2

infiltrated film can be captured with ρ*TiO2
assuming 50% of

TiO2 volume fraction. Thus, the TiO2 infiltrated layer with
more than 50% of TiO2 volume fraction can possess a value of
c*TiO2

only 5% higher than cL,PMMA.

The longitudinal sound velocities of the two constituent
layers should rationalize the experimental effective cL,eff for in-
plane propagation in the SL. Along this direction, normal to the
periodicity, there are several possible elastic excitations
depending on the film thickness24,26,29,30 rendering Wood’s
effective medium law inappropriate. On the experimental side,
the BLS spectra (∼12 h acquisition) display a single phonon
structure as shown in Figure 3a (for the anti-Stokes side). The

frequency f at the peak position increases linearly with q∥ (right
panel of Figure 3a) yielding the longitudinal sound velocity cL =
2πf/q∥ = 3010 ± 40 m/s. Unexpectedly, this value exceeds both
c*TiO2

and cL,PMMA of the infiltrated TiO2 and PMMA layers and
cannot represent the effective medium longitudinal velocity cL,eff
of the SL. We note that for a similar SL (infiltrated SiO2/
PMMA),14 cL falls between the sound velocities of the two

Figure 2. (a) Cross-sectional SEM micrograph of the TiO2-infiltrated
film. (b) Linear (acoustic) dispersion, frequency vs wave vector, for the
longitudinal phonon in the TiO2-infiltrated film (solid circles), TiO2-
dropcasted (open squares) and PMMA (open triangles). The wave
vector q is parallel to the film surface. The experimental error for the
phonon frequencies amounts 1%.

Figure 3. (a) BLS spectra recorded parallel to the substrate (normal to
the periodicity) at three wave vectors q∥ as indicated in the plot. The
spectra are well-represented by a single Lorentzian shape (red line)
and the peak frequency is plotted against q∥ in the right panel. The
pure acoustic nature of the phonon is indicated by the solid red line.
(b) Computed total density of states (DOS) integrated over the
thickness of SL and substrate (top) and only in the SL (bottom). The
two arrows indicate the frequencies of the experimental longitudinal
sound velocity cL = 3010 m/s phonon (solid) and the computed
effective medium sound velocity cL,eff = 2840 m/s (dashed) at q∥ =
0.0167 nm−1. (c) Square modulus of the displacement fields of the
acoustic modes around 3000 m/s in the supported SL with
longitudinal (LC, red line) and transverse (TC, blue line) components
of the polarization against the dimensionless z/d position.
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sublayers and a good agreement with cL,eff was reported. The
latter can be theoretically estimated for an infinite PMMA-TiO2
SL using essentially c*TiO2 and cL,PMMA with minor effect of the
corresponding transverse sound velocities (Table 1).31 Indeed,

the computed cL,eff = 2840m/s falls between the sound
velocities of the constituent layers and is 6% smaller than the
experimental cL. Because of the finite size effect of the SL, a
computation of the density of states (DOS) for the in-plane
elastic excitations in the supported SL helped to identify the
experimental acoustic mode.
Below the transverse sound velocity cT,SiO2

= 3250 m/s of the
substrate, there are two types of Rayleigh modes: one localized
at the surface of the SL with sound velocity 1420 m/s (slightly
below the mean cT ≈ 1500 m/s of PMMA and TiO2) and the
second localized at the surface of the glass substrate with cR =
3000 m/s (slightly below cT,SiO2

). In addition, there are several
discrete (or standing) modes confined in the SL. The
calculation of DOS and displacement field for the present SL,
shown respectively in panels b and c in Figure 3, was performed
using the densities and sound velocities listed in Table 1.32

Figure 3b gives the DOS vs the sound velocity at q∥ = 0.0167
nm−1, with (upper panel) and without (lower panel) the
contribution of the glass substrate. The upper panel shows
good agreement with the Brillouin spectra (Figure 3a), where
the SiO2 Rayleigh mode dominates the other SL guided modes.
The lower panel shows a broad peak where the increase of
DOS around the frequencies of the effective medium acoustic
phonon (cL,eff = 2840 m/s, dashed arrow) is associated with the
longitudinal guided mode (LGM).33,34 Indeed, an analysis of
the displacement field of this mode (Figure 3c) clearly shows
that it is confined in the SL region and decreases exponentially
in the substrate. Also, its longitudinal component (red line) is
predominant in comparison with the transverse component
(blue line). From a comparison between Figures 3a and 3b, and
the fortuitous proximity of the values of cR (= 3000 m/s) and
cL,eff (= 2840 m/s), one can deduce the experimental cL (= 3010
m/s) bears both contributions, rendering their discrimination
ambiguous. Thus, the experimental cL for in-plane propagation
cannot be uniquely associated with the elastic properties of the
two layers of the SL and is not free of substrate effects.
In the earlier investigation of the in-plane phonon

propagation for a PMMA-TiO2 SL, also on glass substrate,
two dispersive phonons were resolved in the long wavelength
limit (q∥d < 1) using a photoacoustic technique.22 Their
dispersion in the multilayer structure was described assuming it
was a single uniform layer with effective sound velocity 2870
m/s, being closer (15%) to the sound velocity in PMMA (2490
m/s in ref 21). In this low q∥ range, the access to two dispersive

elastic excitations allows the estimation of effective sound
velocity, subject to the assumption of a uniform single layer. In
the same context, the measured sound velocity 3020 m/s for a
SiO2−PMMA SL supported on glass substrate is very close to
the effective value14 and is affected to a lesser extent from the
substrate because of the higher sound velocity of the SiO2

nanoparticle phase cL,SiO2
(= 3100 m/s) exceeding the cR of the

glass.
C. Hypersonic Phononic Band Gap (Normal to the SL).

Bragg interference band gap in SLs appears along the
periodicity direction when the wavelength of the phonon
propagating normal to the film is commensurate with the lattice
constant, i.e., q⊥d ≈ 1.10 The BLS spectra recorded for q⊥
values close to the first BZ, at ∼π/d = 0.032 nm−1, deviate from
the single peak structure of an effective medium acoustic
propagation. Defect-free SLs display two-phonon branch
structure at the Brillouin edge, whereas the presence of defects
causes an increase of the number of resolved modes in the BLS
spectrum.21 In fact, Figure 4 (left panel) shows that three

Lorentzian shapes are necessary to represent the experimental
BLS spectra and obtain the frequencies of the resolved modes
at different wave vector modulus q⊥. The dispersion along this
direction reveals the anticipated Bragg-type phononic band gap
centered at 15 GHz, with a bandwidth of ∼5 GHz as shown in
Figure 4 (right panel). The lower edge of the band gap is
related to a standing wave with nodes located in the softer
material (PMMA); the maximum amplitude of the displace-
ment field is located in the TiO2 layer. The opposite applies for
the upper edge of the band gap, connected to the standing wave
with nodes in TiO2. Additional modes in the phononic band
diagram are unequivocally related to the structural defects in
the SL and their unique identification requires theoretical
modeling of both the band diagram and BLS spectra.
The band structure is very sensitive to periodicity

perturbations. The theoretical spectral shape considering the
contribution of two cavity modes representing the defects is

Table 1. Physical Quantities of the 10-Bilayer PMMA-TiO2
Superlattice Constituents and Substrate Used in the
Theoretical Calculationsa

parameter TiO2 layer
b PMMA layer SiO2 substrate

ρ (kg/m3) 1900 1190 2480
cL (m/s) 2900 2700 5660
cT (m/s) 1800 1400 3250
d (nm) 57 40 1 mm
n 1.85 1.50 1.50

aDensity (ρ), sound velocity (cL), thickness (d), and refractive index
(n). bInfiltrated.

Figure 4. Left: BLS spectra recorded perpendicular to the substrate
(parallel to the periodicity) at three wave vectors q⊥ indicated in the
left panel. Right: Dispersion relation for phonon propagation along the
two orthogonal directions, parallel (squares) and perpendicular
(circles) to the PMMA-TiO2 SL layers. The dispersion for an infinite
SL with q⊥ is shown as a gray solid line, whereas the red solid line
represents the linear (acoustic) dispersion for the in-plane propagation
(q∥) also shown in the right panel of Figure 3a.
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mapped in the contour plot of Figure 5, which accounts for the
BLS intensity shown in a color scale (arbitrary units). The ideal
case of an infinite defect-free lattice is represented by a solid
gray line (Figure 5a). For the theoretical modeling, we
considered two defects in the third and fifth layers of TiO2

with thicknesses d3c1 = 30 nm and d5c2 = 75 nm, and the elastic
parameters given in Table 1. The square modulus of the
displacement field at the frequencies of modes labeled c1 and c2
is shown in Figure 5b. The maximum displacement occurs in
the region of the considered defects, noted by dots in the
position axis, and vanishes in the surface. Its frequencies are fc1
( fc2) for the thin (thick) cavities with fc1 < fc2. The two
frequencies do respect the fc ≈ 1/dc dependence,

21 but as they
fall on two different branches they appear to violate this
relation. The total DOS integrated over the thickness (Figure
5d) identifies these cavity modes, and determines the Brillouin
intensity as visualized in the BLS spectra of Figure 5c at q⊥ =
0.0368 nm−1. The theoretical BLS spectrum is represented by
Lorentzian functions broadened by convolution with the
instrumental function (∼0.5 GHz).
In addition to the band gap structure, the effective medium

behavior (low q⊥ limit) along the periodicity direction is also
predicted. The effective cL⊥ can be obtained from the mean
longitudinal modulus of the SL envisaged as a single uniform
layer with M⊥ = ρcL⊥

2, where ρ (= 1610 kg/m3) is the mean
density. Because the SL modulus M⊥ obeys Wood’s law,27 its
value is obtained from the moduli of the constituent layers.
Using the densities and the sound velocities of Table 1 and the
volume fraction of the layers in SL, M⊥ =11.8 GPa yielding cL,⊥
= 2710 m/s. Interestingly, the effective medium sound
velocities along the two symmetry directions are not the
same; cL,⊥ is about 5% lower than the in-plane cL,ef f (= 2840 m/
s). Assuming isotropic density, the effective in-plane elastic
constant (C11) is about 9% higher than the out-of-plane (C33)
component, asserting the anisotropic nature of the elastic
tensor of the SL.31 Access to direction dependent mechanical
properties is not possible with conventional rheology or atomic
force microscopy (AFM), but requires elastic wave propagation
selectivity, feasible through the vector nature of the BLS
technique.29 As in the case of PMMA-SiO2 SLs,14,21 both
phononic band diagram and the experimental BLS spectrum are
well-represented with two adjustable parameters (ρ*TiO2

and
ratio of elasto-optic constants35) using all elastic moduli fixed to

the values of the constituent TiO2 and PMMA layers; the
assumed number of defects and thicknesses are in conformity
with the SEM images. These two successful cases allow for a
reliable prediction of the elastic wave propagation in 1D
phononic structures.

D. Photonic Band Structure. Further characterization of
the SL was done via optical spectroscopy. When a
monochromatic light is launched onto a periodic layered
medium, with frequency in the range of the forbidden band
gap, such a wave is evanescent and does not propagate through
the medium. The energy is reflected, and the medium acts as a
Bragg reflector. The peak reflectance for normal incidence
occurs at the center of the forbidden band, given by λ = 2neffd.

36

In the present SL with an effective refractive index neff = 1.71
and lattice constant d = 97 nm, the peak should appear around
332 nm. Indeed, the photonic band gap was found
experimentally in the range 315−360 nm (Figure 6a). As the
films are supported by a glass substrate, a strong absorber in the
UV region, experimental curves are affected by an error for λ <
300 nm. At the laser wavelength (532 nm) used in the BLS
experiment, the SL is transparent (arrow in Figure 6a) allowing
for optimal transmittance required for strong BLS signal. The
modulation of the SL optical behavior is noticeable in
comparison to its constituents (dotted and dash-dotted lines),
both being transparent in the visible.
To account for the band gap observed in the experimental

transmittance, we have computed the photonic band structure
of Figure 6b using the refractive indices nPMMA = 1.5 and nTiO2

=
1.85 for the constituent layers (Table 1).37 We should note that
nTiO2

must be lower than the bulk anatase TiO2 (nTiO2,bulk = 2.5)

due to the infilled PMMA. We have estimated nTiO2
from neff,

nPMMA and the TiO2 fraction in the SL, assuming a linear
dependence. The computed photonic band structure exhibits a
gap in the region of wavelengths 310−350 nm. The band gap
opens because of the large mismatch in the dielectric constant ε
(ε ≈ n2), or in other words, because of the difference in field
energy location. At the edges of the band gap, the majority of
the energy is localized either in the PMMA (lower part of band
2) or TiO2 (upper part of band 1). The gap located in the UV
region blocks those wavelengths and lets the rest, e.g., visible
light, pass through the structure as seen in the photograph
(inset of Figure 6b). Thus, a unidirectional phoxonic behavior
(Figures 5a and 6) at different frequencies but with almost the

Figure 5. (a) Theoretical dispersion relation of an infinite SL (solid line) and Brillouin intensity, given as a color scale, for the PMMA-TiO2 SL
considering two cavity defects. (b) Square modulus of the displacement fields of the two cavity defects. The points in the position axis denote the
limits of the defects.( c) Theoretical (solid line) and experimental BLS spectrum for three selected wave vectors q⊥ (along the periodicity direction).
(d) Total density of states (DOS), where c1 and c2 denote two cavity modes lying inside the band gap.
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same wavelengths for the elastic and electromagnetic waves is
realized and justified for a hybrid SL.

■ CONCLUSIONS
We have studied by Brillouin light scattering (BLS) the elastic
wave propagation in supported one-dimensional PMMA-TiO2
multilayer structure (superlattice, SL) along and normal to the
periodicity direction. The isotropic wave propagation in the
constituent layers becomes direction dependent in the SL, with
rich dispersion frequency vs. wave vector relations. Normal to
the periodicity (in-plane) phonon propagation depends on the
elastic mechanical properties of the constituent layers but also
on the glass substrate in the case of finite SL thickness. The
observed acoustic mode is not necessarily identified with the
longitudinal acoustic phonon of the effective SL medium, fully
determined by the composition and properties of the
constituent layers. Instead, it relates to the predominantly
longitudinal guided mode (LGM) localized in the SL as
reflected by the computed displacement fields of the
propagating modes along the layers. Based on the density-of-
states (DOS) calculations, the LGM frequency of this SL is
higher than the frequency of the effective medium phonon. The
proximity of the two modes depends on the longitudinal sound
velocities in the constituent layers relative to the transverse
velocity of the glass and the thickness of the SL. Hence, the
extraction of the material elastic properties from the
experimental acoustic mode is not straightforward.
For the elastic and electromagnetic wave propagation along

the periodicity direction studied by BLS and optical reflectance,
a dual large band gap in the hypersonic (GHz) and near UV
frequencies is realized for the first time in hybrid SLs. Although
the spin-coating technique provides a facile fabrication of SLs
with large range of materials, however the structure coherence
is low compared to semiconductor SLs using MBE fabrication.

The width of the band gaps is rather robust to such thickness
variation but distinct defects are manifested in the BZ edge as
localized modes. The theoretical representation of the
dispersion band diagram, as well as of the BLS spectra, allows
the identification of cavity defects and the elastic properties of
the constituent layers. Surprisingly, the sound velocity in the
TiO2 layer is marginally higher than in PMMA layer and hence
the observed large band gap essentially reflects the density
contrast. For the effective medium elastic modulus along the
symmetry direction, a low (∼9%) mechanical anisotropy is
revealed.
This is the first realization of a unidirectional phoxonic

hybrid SL occurring at similar phonon (Λ = 2π/0.032 nm) and
photon (λ = 332/neff nm) wavelengths ∼200 nm, and
complements the recent report on porous silicon SL.15

However, in the present BLS experiment with a laser
wavelength at 532 nm the phonon-photon coupling must be
weak. To the best of our knowledge, there are only theoretical
works on active 1D phoxonic structures.38−40 The present
experimental and theoretical study provides a thorough
understanding of 1D phoxonic structures necessary to access
fundamental concepts such as opto-acoustic interactions,
phonon and photon confinement for sound amplification and
Bragg mirrors. Alternative fabrications techniques such as direct
ink writing41 can be examined to further improve and extend
the range of hybrid SLs, which is a step forward from the
conventional semiconductor-based structures.

■ MATERIALS AND METHODS
Nanoparticles. 3,4-Dihydroxyhydrocinnamic acid (DHCA) func-

tionalized TiO2 nanoparticles were synthesized by hydrolyzing 20.6
mL of titanium isopropoxide in 37 mL of Milli-Q water and stirring for
1 h. The resulting white precipitate was filtered and dried in air before
transferring into a stainless steel autoclave containing 0.96 g of DHCA
and 12.8 mL of 5 wt % tetramethylammonium hydroxide solution
(TMAOH). The autoclave was sealed and heated for 6 h at 120 °C
and 4.5 h at 195 °C. The particles are composed of the anatase phase
with mass density of 3.9 g/mL.

Superlattice. It was added 6.78 mL of 14% NH3 and 100 μL of 10
wt % sodium dodecyl sulfate were added to 3.22 mL of the as-prepared
nanoparticle solution. Ten alternating layers of 2.2 wt % of PMMA
(poly[methyl-methacrylate], Acros Organics) solution in toluene and
TiO2 solution was spin coated on a glass substrate (spin coating
parameters: v = 5000 rpm, t = 20 s.; ACL = 5000 rpm/s), with a heat
treatment of 100 °C for 15 min after each layer.

For the TiO2-infiltrated film, we used the TiO2 solution and a 1 wt
% PMMA solution in toluene. The spin-coating procedure was the
same as for the SL, with a total number of 13 layers of TiO2, which
amounts to a thickness of ∼1 μm.

Brillouin Light Scattering and Optical Spectroscopy. BLS is a
noninvasive technique which utilizes the scattering of an incident
probing laser beam from thermally activated density fluctuations
(phonons) in transparent materials along a certain direction. The
probing wave vector direction is selected with the scattering geometry,
and its wavenumber q∥ = 4π/λ sin(θ/2) is dependent on the
wavelength of the probing beam λ = 532 nm and the scattering angle θ
for propagation parallel to the substrate plane. The probing wave
vector q⊥(n) perpendicular to the substrate is depending on the
refractive index, n, and the analytical expression can be found
elsewhere.14 The BLS spectrum for homogeneous materials consists of
a double frequency shift (±f) at GHz frequencies, resolved by a
tandem Fabry-Perot́ interferometer (JRS Instruments), whereas for
structured materials, a more complex spectrum arises. The dispersion
relation f(q) reveals much information such as sound velocity, effective
refractive index, and avoided frequency regions (band gaps) in the
GHz regime.

Figure 6. (a) UV/vis spectrum of the ten bilayer PMMA/TiO2 SL
(solid). The PMMA (dotted) and TiO2 nanoparticle (dash-dot line)
films are also shown with a distinct transmittance than the SL. The
wavelength of the probing light (532 nm) is pointed by an arrow. (b)
Calculated band structure of the infinite SL. Inset: picture of the
sample showing its transparency in the visible region.
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The optical transmittance of the SLs was checked by an UV/vis
spectrometer (Varian, Cary 5G UV/vis−NIR spectrometer) at normal
incidence.
Electron Microscopy. The morphology and microstructure of the

SL were characterized by a scanning electron microscope (SEM, LEO
Gemini 1530) at 0.7 kV (Figure 1). The measured thickness of the
PMMA (TiO2) layers is 40 ± 5 (57 ± 7) nm. A deviation of this value
is observable, especially in certain layers that are subsequently treated
as defects, which are of special importance in the theoretical
description of the band structure.
Nanoparticles were drop-coated on a carbon-coated copper grid

from an ethanolic solution and measured with at acceleration voltage
of 120 kV with a transmission electron microscope (TEM, JEOL
1400). Nanoparticles are spherical, with an average diameter of (7 ±
2) nm.
Theoretical Modeling. The computation of BLS spectra is based

on the calculation of DOS utilizing Green’s function technique. The
reader is referred to Suplemental Information of ref 21.
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