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We employ spontaneous Brillouin light scattering spectroscopy and detailed theoretical calculations to
reveal and identify elastic excitations inside the band gap of hypersonic hybrid superlattices. Surface and
cavity modes, their strength and anticrossing are unambiguously documented and fully controlled by layer
thickness, elasticity, and sequence design. This new soft matter based superlattice platform allows facile
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engineering of the density of states and opens new pathways to tunable phoxonic crystals.

DOI: 10.1103/PhysRevLett.111.164301

Selective transmission of elastic waves in superlattices
(SLs), reported in 1979, has inaugurated the idea of phonon
filtering by dielectric Bragg mirrors [1]. Fourteen years
later, the study of phononic stop bands in 3D nanostruc-
tures was initiated by calculations of the full band structure
of periodic composites [2], a followup of the electromag-
netic analogs proposed in 1987 [3]. The necessity of
combining materials of significantly different acoustic
impedance in a periodically ordered assembly is the basis
for phononic effects and has been exemplified both
experimentally and theoretically [4-8]. SLs largely facili-
tate the study of phononic crystals, as the complex vector
nature of the elastic wave propagation is subdued in
one-dimensional structures. This platform allows the dis-
covery of a new class of states and thereby the manipula-
tion of elastic wave propagation in periodic structures.
Longitudinal acoustic phonons folded to the Brillouin
zone (BZ) [9] and confined acoustic vibrations in a phonon
cavity of a SL embedded within an optical cavity [10] have
been observed in semiconductor SL by Raman scattering.
Defect modes, either surface localized within the fre-
quency gaps of the zone folded phonons [11-13] or surface
avoiding with wave vectors in the vicinity of the center [ 14]
and edge of the BZ [15], have been revealed by Raman and
pump-probe experiments. Many applications benefit from
SL designs with controlled defects such as coherent pho-
non generation [16—19], concurrent modulation of light
and sound [10,20-22], acoustic diodes [23], and reduction
of heat conductivity [24,25].

However, to date these functional SLs are exclusively
based on semiconductor materials with relatively low
elastic impedance contrast and strong optical absorption
preventing probing far from the surface, while their fabri-
cation requires epitaxial growth under clean-room condi-
tions. Instead, hybrid SLs comprising hard inorganics and
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soft polymers pose an alternative flexible platform with
distinct advantages: large and tunable band gaps [26-28],
easy fabrication [29] and variation of total thickness and
spacing for concurrent operation at hypersonic phonon and
visible photon frequencies. Using these new soft matter
based SLs, we present the first unequivocal observation of
surface modes and their interaction with cavity modes
varying the material and the thickness of the top layer, as
well as the thickness and position of the cavity layer. The
full theoretical description of both the experimental pho-
nonic band structure and the Brillouin light scattering
(BLS) spectra is based on a Green’s function method in
the frame of elasticity theory, as concisely presented in the
Supplemental Material [30]. This formalism directly
accesses the density of states (DOS), which helps to iden-
tify the modes inside and near the edges of the 1st BZ that
are activated through breaking of the high symmetry.
The gained understanding is a precondition for reliable
predictions of phonon propagation in periodic composite
structures.

Hybrid SLs consisting of alternating poly(methyl meth-
acrylate) (PMMA), and porous silica (Si0,) layers were
fabricated by high-speed spin coating on a glass substrate
with PMMA forming the first layer. The thickness of each
layer was adjusted by the concentration of the respective
stock solutions (PMMA in toluene and aqueous dispersions
of SiO, nanoparticles). Heat treatment at 105 °C finalizes
each coating cycle with an unavoidable infiltration of
PMMA into the SiO, layer. The density and longitudinal
sound velocity of PMMA (SiO,) are p = 1190 kgm 3
(~1700 kgm™3) and ¢, = 2800 ms~' (~3150 ms™ ),
respectively [26]. Fabrication, structure, and architecture
of the investigated SLs are described in the Supplemental
Material [30]. The periodicity (a) of the SL, the thickness
(d, or d,) and location (IN? or NS relative to the glass

© 2013 American Physical Society
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substrate) of cavity (c¢) and surface (s) layers (P for
PMMA or § for SiO,) are listed for seven supported SLs
in Table 1.

Spontaneous BLS, a nondestructive and noncontact
optical technique, is employed to record the dispersion
relation of longitudinal hypersonic (GHz) excitations at
different scattering wave vectors q [30]. Photoelastic
interaction between single mode incident photons and
thermally excited phonons give rise to momentum trans-
fer ¢ = k, — k; along a specified direction determined by
the scattering geometry, with k, (k;) being the wave
vector of the scattered (incident) photons. The associated
phonon energy is represented by the frequency shift *w
of the inelastically scattered light resolved by an actively
stabilized tandem FP interferometer. Phonon wavelength
and periodicity commensurability, i.e., ga = O(1) enables
access to the band diagram of the present SLs near the
edge of the Ist BZ.

Hybrid SLs with uniform lattice spacing exhibit large
band gaps for phonon propagation normal to the layers
[26,27]. Structural disorder due to thickness fluctuations
(~5%) was accommodated by the BLS instrumental
width rendering the spectral pattern in the band gap
region robust [27]. The theoretical spectra were convo-
luted with an instrumental function to represent the
corresponding experimental BLS spectra. In this approach
we can account for both the instrumental resolution
and the conceivable weak hypersonic absorption in the
hybrid SL structures. In fact, the acoustic attenuation,
which can be described in the theory by using complex
sound velocities for each sublayer, essentially causes
broadening of the peaks in the DOS and hence the BLS
spectra.

Insertion of defects into the hybrid SLs can, in principle,
be realized by a manifold of different ways, e.g., variation
of thickness and materials. Here, defected SLs are exem-
plified by surface and cavity layers of either constituent
material (Table I). The control of boundary conditions is

TABLE I. Structure and architecture of hybrid SLs.
Cavity layer® Surface layer®

ID a (nm) d. (nm) N mat d, (nm) N mat
SL1 98 tee s 57 177
SL2 100 s s 80 177
SL3 97 62 9P 54 177
SL4 94 92 9P 44 177
SL5 94 140 9P 45 177
SL6 91 85 9” 85 185

b 100 25
SL7 93 %5 197

aSuperscripts denote the material, e.g., PMMA (P) or SiO, (S) of
the respective layers and the numbers indicate the position from
the glass substrate. The thickness values are subject to =5%
erTor.

"See the Supplemental Material [30].

implemented by the choice of the surface layer. The
SLs are terminated with either a hard SiO, or soft
PMMA layer that strongly impacts the band gap region
as reported herein.

Figure 1 is a paradigm for surface-defect induced quali-
tative changes in the band diagram as illustrated for SL1
with eight bilayers (8 BL) and PMMA surface layer
[Table I and Fig. 1(f)]. A new mode with frequency around
14 GHz falls inside the band gap region of an infinite
defect-free SL [27,28]; the solid lines in Fig. 1(a) represent
theoretical calculations for an infinite SL. The small thick-
ness of SL.1 enables mode resolution in the BLS spectrum
[Fig. 1(d)] as the separation between the three modes [DOS
in Fig. 1(b)] exceeds the instrumental width (~ 0.5 GHz).
Moreover, modes along the longitudinal acoustic (LA)
branch are more intense than along the folded FLA™!
[27,31] as suggested by the contour plot in Fig. 1(a).
Hence, suitable g values have been selected for a strong
detection [white circles in Fig. 1(a)]. The optimal design of
the present SL was based on theoretical simulations of the
BLS spectra and the band diagram: thinner SLs, e.g., with
5 BL would reduce the BLS signal and the sampling
quality of the dispersion relation [Fig. 1(g)]; thicker SLs
(20 BL) would decrease the separation of the individual
modes rendering their experimental resolution hard
[Fig. 1(h)]. These finite size effect calculations for SLs
have been reported by some of the authors earlier [7].
Some of these modes are observed as sets of small satellite
lines in high-resolution Raman spectra [32-34]. However,
this is the first experimental documentation utilizing the
advantages of hybrid SLs and coherent BLS.

The total DOS for SL1 in Fig. 1(b) reveals three main
contributions, the upper (e,) and lower (e;) edge modes,
and the surface mode (s), whose nature can be identified by
their displacement fields [Fig. 1(e)]. This mode assignment
is further supported by the pattern of the local DOS at
the surface [Fig. 1(c)]. It should be noted that the peak
in the DOS associated with this s mode becomes narrower
as the number of BL increases; the coupling strength of the
s mode with the substrate modes weakens with surface-
substrate separation. Hence, after convolution of this
s peak with the instrumental function, its documentation
in the experimental BLS spectrum is severely affected. In
fact, the contour plots for the notional SLs in Fig. 1(g)
(5 BL) and Fig. 1(h) (20 BL) indicated by the s arrows
demonstrates the suppression of the s mode with the SL
thickness.

The local DOS at the surface [Fig. 1(c)] underlines the
importance of the s mode, while the e modes have their
maximum displacement centered in the middle of the SL
[Fig. 1(e)]. Moreover, the envelope function of the
displacement field for mode e, almost vanishes at the
surface. The latter can therefore be qualified as a surface
avoiding mode (SAM) recently reported for semiconductor
SLs [15,35]. Additional evidence of the surface mode is its
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(a) Dispersion relation for SL1 (Table I) with 8 bilayers (BL) and a PMMA surface layer (177). The theoretical

Brillouin intensity is given as a color scale and the dispersion of an infinite SL as solid lines. Peak positions of experimental
(theoretical) spectra are given as white (black) circles. (b) Total density of states and local DOS at the surface (c) with indicated edge
e}, and surface modes s. (d) Experimental (theoretical) Brillouin spectra in black (red solid line) at three g values. (e) Displacement
fields of the modes indicated in (c). (f) Cross sectional electron micrograph of SL1. (g) and (h) Mode separation and strength of the
surface mode s in SLs with 5 BL (g) and 20 BL (h); mode s (indicated by arrows) is hardly discernible in (h).

dependence on the top layer thickness [7,36]. Theoretically
[7], the frequency of mode s should decrease with d; and
its frequency could then be easily tuned inside the gap.

In fact, SL2 (Table I) nicely exemplifies this situation as
demonstrated by the good agreement with the theoretical
predictions in Fig. 2. The upper band edge mode behaves as
a SAM, whereas the lower edge mode is merged with a
surface mode close to the lower band (solid line) and
decays slowly into the SL.

Insertion of cavity layers in the interior of the SLs as
schematically shown in Fig. 3(c) represents a second class
of defects distinctly manifested in the band diagram.
Additionally, a cavity mode (c) appears which can be
affected by the interactions with mode s. In the gap region,
Fig. 3(a) shows the variation of the frequency of modes s
and ¢ with the thickness of a cavity located in the middle of
a 8 BL-SL. While the frequency of mode s remains almost
independent of the cavity thickness d., the frequency of
mode ¢ decreases monotonically with d.. When the two

frequencies of modes ¢ and s approach each other, the
interaction between their evanescent fields leads to an
anticrossing of the dispersion curves [Fig. 3(a)]. For this
observation a relatively small spatial separation between
surface and cavity layers is required.

To address this predicted behavior experimentally, the
thickness of the cavity layer located in the middle (97) of
the hybrid SLs (SL1, 3-5, Table I) was stepwise increased
(from 42 to 140 nm) while keeping the thickness of the
surface layer roughly constant (d, ~ 50 nm). At large d.,
mode ¢ anticrosses mode s, but maintains the character-
istic features of a cavity mode as proven by the displace-
ment plot [Fig. 3(b)]. These findings conform well to
theoretical work on the interaction of surface and cavity
modes [7].

SLs terminated with the high elastic impedance layer
exhibit no surface modes [27,37]. However, we show that if
the top hard layer is significantly thicker than its precursor
layer (inside the SL) the surface can again support a
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FIG. 2 (color online). (a) Dispersion relation and Brillouin
intensity for SL2 with a thicker surface layer of PMMA
compared to SL1. The solid lines indicate the band gap for the
infinite SL. (b) The displacement field reveals the upper edge
mode (e) to be a surface avoiding mode while the lower band
edge mode is merged with a surface mode s with slow decay into
the SL.

localized mode. Figure 4 displays the band diagram for
SL6 bearing a SiO, top layer with d; ~ 2ds;e,. According
to the associated DOS, two of the well-separated modes
inside the gap are identified as the surface mode
(~16.5 GHz) and the cavity mode (~15 GHz) based on
the displacement field (not shown). This is clear evidence
of the existence of the surface mode irrespectively of the
rigidity of the top layer. In agreement with theoretical
predictions [36] the existence of surface modes depends
both upon the material and thickness of the top layer.
Further, Fig. 4 shows the concurrent existence of mode s
induced by SiO, at the surface and mode c¢ induced by
the PMMA layer in the middle of SL6. Similar to Fig. 3,
these modes may interact with each other inside the band
gap when changing the thickness of PMMA and/or SiO,
layers.

Finally, in the semi-infinite SL7 (Fig. S4 in the
Supplemental Material) the experimental peaks are in
fact the sum over several DOS contributions [30].
Consequently, the mode dispersion lines up with the pre-
diction (solid lines) for infinite SLs, while a flat mode due
to the embedded cavities persists inside the band gap.

The phononic band structure of hybrid SLs is proven to
be very sensitive to periodicity perturbations due to the

(@)
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FIG. 3 (color online). (a) Mode dispersion around the Bragg
gap as a function of cavity thickness. As the central PMMA layer
is enlarged the cavity mode shifts inside the band gap and
interacts with a surface mode for large cavity stacks.
Experimental data are given by circles. The shaded region
denotes the gap region of SL1. (b) Displacement field for modes
¢ and s. (c) Schematic indicating the position of the surface and
cavity layers.

high symmetry breaking by introduction of defect layers.
We presented the first unambiguous experimental evidence
for the existence and significant interaction of surface and
cavity modes in finite SLs supported by well-established
theoretical predictions. The strong response to layer thick-
ness and sequence opens pathways to phononic devices
based on soft matter. Dynamic tuning of cavity modes and
interaction with other defect modes under external stimuli
(e.g., phase transformation using thermo- or chemirespon-
sive layers) could be used for detection applications.
Finally, because of both acoustic and optical mismatch
of the composing materials, hybrid SLs constitute a plat-
form for new dual phononic-photonic (or phoxonic) struc-
tures for concurrent tuning of acoustic transmission in the
GHz range and optical transmission in the visible by
adjustment of layer thicknesses. For instance, sample
SL1 displays an optical stop band around 290 nm
(Fig. S5) [30].
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FIG. 4 (color online). Dispersion relation with Brillouin inten-
sity and DOS for SL6 (with a thick SiO, surface layer), which
accommodates two well-separated modes in the band gap region,
a surface (s) and a cavity mode (c). Experimental data are given
by white circles.
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