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ABSTRACT

Translationally symmetric nanostructures, termed phononic crystals (PnCs), offer control over the propagation of acoustic phonons in
the gigahertz (GHz) range for signal-processing applications and thermal management at sub-Kelvin temperatures. In this work, we uti-
lize Brillouin light scattering to investigate the impact of symmetry breaking on GHz phonon propagation in PnCs made of holey silicon
nanomembranes. We show that the lattice of thimble-like holes leads to broken mid-plane symmetry and, hence, to anticrossing acous-
tic band gaps. With the rising level of uncorrelated translational disorder, the phononic effects are gradually suppressed, starting at higher
frequencies. Strikingly, the low-frequency partial Bragg bandgap remains robust up to the highest level of disorder.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0189694

I. INTRODUCTION

Ordered structures of motives mimicking the atomic structure
of natural crystals enable the possibility of controlling electro-
magnetic, acoustic/elastic, and spin wave propagation in materials
called phononic (PnC), photonic (PhC), and magnonic crystals,
respectively.' * The periodicity implicates the appearance of Bragg
reflections, Bloch waves, the second-order (in addition to the atomic
lattice) Brillouin zones (BZs), zone folding of the dispersion rela-
tions, and, in some cases, Bragg gaps where wave transmission is
forbidden. In the case of PnCs, when periodic motives are local
resonators such as pillars or spheres, hybridization gaps can open
besides Bragg gaps.”®'" The latter are robust to lattice imperfec-
tions, but the motives must be uniform. In addition, the geometry
(shape and size) of local resonators can tune the position and width
of these band gaps.””'*'"” Photonic and phononic crystals with an
ordered lattice are well studied experimentally and theoretically,
having the advantage of being easily modeled as they have defined

unit cells with periodic boundary conditions limiting the compu-
tational effort. However, from a practical point of view, disorder,
roughness, local variations of periodic motifs, lattice constants, and
other defects introduced during fabrication are unavoidable. Thus, it
is essential to investigate how such imperfections influence the pre-
designed properties of those materials and verify if they can lead to
unforeseen benefits.

Generally, patterned materials lie between two extremes: from
perfect order to uncorrelated disorder. Intermediate states include
defective crystals, glass-like structures with short-range order, and
quasi-crystalline systems with hyperuniform disorder.'* The effects
of the engineered disorder have already been explored for pho-
tonic metamaterials, particularly for structures with hyperuniform
disorder.""”"® This class of disordered materials is characterized
by vanishing density fluctuations at large length scales compared
to average distances between the motifs (holes, particles, and
inclusions).'” It has been shown that, contrary to the destruction
of photonic band gaps with uncorrelated disorder,”’ hyperuniform
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structures retain their complete photonic band gaps.'* ™" Moreover,
studies on various highly disordered structures demonstrated pho-
tonic or phononic/acoustic Anderson localization,” > leading to
bandgap widening and the emergence of band-tail eigenstates.””””**
Regarding sub-micrometer feature size PnCs, the lattice disorder
was utilized to demonstrate incoherent and coherent phononic
effects on nanoscale thermal transpor'[.zg’33 In addition, recent stud-
ies have explored the possibility of increasing thermal conductivity**
or optomechanical coupling’®”’ with the controlled disorder.

In this work, we investigate the impact of two types of bro-
ken symmetry on the gigahertz (GHz) phonon propagation in 2D
PnCs made of porous 250 nm thick Si membranes. We employ Bril-
louin light scattering (BLS) spectroscopy and Finite Element Method
(FEM) calculations to explore the modification of the phonon
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dispersion relation in 2D PnCs with broken mirror mid-plane and
in-plane translational symmetry. Our study reveals the opening of
a new type of acoustic stop band due to the anticrossing of sym-
metric and antisymmetric modes. Furthermore, we show excellent
robustness of the low-frequency Bragg gap to high levels of uncorre-
lated PnC lattice disorder. The results shed new light on imperfect
PnC structures and brought nanoscale hypersonic PnCs closer to
low-cost applications and large-scale manufacturing.

Il. MATERIALS AND METHODS

Solid-air (holey) PnCs were fabricated from silicon-on-
insulator (SOI) wafers with device layer thickness h = 250 nm using
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FIG. 1. (a) Schematic phononic band diagrams for plane membrane (left), ordered (r = 0%) (center), and disordered (r > 0%) 2D PnC (right). (b) SEM top-view image of
the ordered PnC made of holes in a 250 nm thick Si membrane. (c) Cross section SEM image of an exemplary sample (left) and the corresponding unit cell of the FEM
calculations (right). Symbols d4, d, and h denote the diameters of the upper and lower holes and membrane thickness, respectively. (d) Schematic illustration of the random
displacement of a hole within a unit cell of the disordered PnC. Symbols p, p, and Dnax denote the hole position in the ordered lattice, the position after displacement, and
the maximum allowed shift distance, respectively. (e) SEM top-view images of exemplary disordered PnCs with the indicated level of disorder, #. The scale bars in (b) and

(e) are 1 um, while in (c) 500 nm.
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electron beam lithography (EBL), reactive ion etching (RIE), and
subsequent HF vapor under-etching. Figure 1(b) displays the scan-
ning electron microscope (SEM) image of the PnC with an ordered
lattice and a lattice constant of a = 300 nm. The fabrication process
leads to thimble-like holes rather than cylindrical ones and breaks
the mid-plane symmetry of the membrane. This case is illustrated in
Fig. 1(c) with a cross section SEM image and a schematic illustration
of the lattice. The disorder of the PnC lattice was implemented by the
random displacements of holes in a quadratic frequency distribution
(Fig. S1 in the supplementary material) in x; and x,-directions, as
illustrated in Fig. 1(d). The perturbed hole position along the two in-
plane axes is given by p = p; + € - Dmax. Here, p; is the hole position
in the ordered lattice, Dmax is the maximum allowed shift distance,
and ¢ is a random number between 0 and 1. In the design, we dis-
criminated positions, which could lead to a partial overlap of holes
from neighboring unit cells. The level of the lattice disorder was
quantified by #, which is given by the ratio of Dmax to the lattice
constant (a = 300 nm) in percentage. The design forbids overlap-
ping holes, which could reduce the porosity (filling factor) globally.
Figure 1(e) displays SEM top-view images of two exemplary PnCs
differing in the level of the in-plane translational disorder, while
Table S1 (the supplementary material) summarizes the values of the
parameters Dmax and # for all the samples.

A. Brillouin light scattering

Brillouin light scattering (BLS) measurements were performed
in the backscattering geometry (Fig. S2 in the supplementary
material) with a single-mode laser incident light source (Spectra-
Physics, Excelsior 300) operating at the wavelength A =532 nm
and power adjusted to less than 5 mW. The measurements were
performed in the p-p polarization configuration regarding incident-
scattered light, where p denotes the polarization parallel to the
sagittal plane (plane of incidence). The incident light of p polar-
ization, set by placing a half-wave (A/2) plate on its path, was
partially reflected from a pellicle beamsplitter (BS, R:T, 8:92)
and then focused on the sample by a microscope objective with
50x magnification, working distance (WD) = 22 mm, and numeri-
cal aperture (NA) = 0.45. The sample holder was placed on a rotation
stage to select the incident angle 6. The same objective was used to
collect the light scattered from the sample. The magnitude of the
scattering wave vector was set by changing the scattering angle and
following the formula g = 47sin 6/A. The scattered light was ana-
lyzed with a tandem-type Fabry-Perot interferometer (Table Stable
Ltd. Vibration Isolation and JRS Optical Instruments).

B. Finite element method

In order to calculate the dispersion relations of the ordered
PnCs, we used the Finite Element Method (FEM, COMSOL Multi-
physics). The calculations were performed in the frequency domain
by searching for undamped eigenfrequencies and with Bloch peri-
odic boundary conditions that allow sweeping the phonon wavevec-
tor across the BZ. Based on the SEM images, the model’s unit cell
length and thickness [Figs. 1(c) and S3(a) in the supplementary
material] were a =300 nm and k=250 nm, respectively. The
thimble-like holes had diameters of d; = 135 nm and d, = 210 nm.
In addition, we performed comparative FEM modeling of PnCs pre-
serving the mid-plane mirror symmetry, i.e., made of the lattice

pubs.aip.org/aip/apm

of cylindrical holes. In this case, the cylinder diameter was set to

d=+/ (d% +didy + d%)/3 = 174 nm, keeping the same porosity of

the structure in this way.
Eigenfrequencies, given as f = w/2m, where w is the angular
frequency, were calculated from the elastic wave equation,

Jo; ij
>
8x,-

(1

2
- pwui =

where p is the mass density, u; are components of the displacement
vector, and oj; (summation for i, j = 1, 2, 3) is the Cauchy stress
tensor. This stress tensor is defined by Hooke’s law as 0;; = Cjjiex,
where & is the strain tensor, and Cjj; is an order elastic tensor
(i, j, k, I = 1, 2, 3) that can be expressed as a 6 x 6 matrix in the
Voigt notation, Cxr (ij > K, kI - L; K, L = 1, 2, ..., 6). Since sili-
con has cubic symmetry, its elastic properties are defined by three
non-zero independent elastic constants, namely, Ci; = 165.7 GPa,
Ci2 = 63.9 GPa, and Cy4 = 79.9 GPa. Considering the orientation of
the unit cell following the crystallographic orientation of the sample,
the elastic properties were defined with elastic constants after a rota-
tion of 45° around the x;3 axis: C;; = Cj, = 194.7 GPa, C3; = Cy1, Ciy
= C§5 = Cy, Cé5 =50.9 GPa, C{z =34.9 GPa, and Ci3 = C£3 = Clz.jﬁ
The mass density was p = 2331 kg/m>.*

To obtain the dispersion relation in the form of f(q), we cal-
culated frequencies of eigenmodes with g swept with 500 equally
spaced steps in the T —X direction (0-10.47 um™). To distin-
guish symmetric and antisymmetric modes, we calculate the surface
integral,

Xz = 1 f % ds, 2)
N s u3|x3=h

where the integral is normalized with the upper (or lower) surface S
of the unit cell. The mode-dependent parameter x, gives +1 or —1
for antisymmetric or symmetric modes, respectively. In the case of
conical holes, the broken mid-plane symmetry partially lifts the dis-
tinction between symmetric and antisymmetric modes, and the |yz|
is not properly normalized (for some modes, x| > 1). However, cer-
tain parts of the band structure retain the symmetric/antisymmetric
character even for conical holes, such as the three lowest branches
in the long-wavelength limit. Finally, we also employed FEM to cal-
culate the dispersion relation for the effective medium of different
porosities when compared to the pristine silicone membrane. In this
simulation, we assumed a transversely isotropic material with elastic
constants for bulk silicon.

lll. RESULTS AND DISCUSSION

A. Influence of broken mid-plane symmetry
on the band structure

In pristine membranes, 1D confinement results in the appear-
ance of the family of symmetric (S), antisymmetric (A), and shear
horizontal (SH) Lamb waves, as illustrated in Fig. 1(a). Introducing
the ordered lattice of holes leads to the appearance of Bloch waves
and, hence, the formation of the second-order BZs and band fold-
ing at the edges of the BZs. This can lead to the Bragg gap opening
for all branches (full) or specific symmetries of the modes (A, S, or
SH), as illustrated in Fig. 1(a). In the case of an imperfect lattice, the
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FIG. 2. Calculated phononic dispersion in the I'X direction for PnC with (a) cylin-
drical holes and (b) truncated cone holes. The band gaps are indicated by the
shaded area. Blue and red lines denote antisymmetric A and symmetric S modes,
respectively. Insets in (a) and (b) show zoom-in depicting the transition from cross-
ing to avoided crossing of A and S branches. Circles in (b) denote experimental
BLS data.

phonon coherence gradually vanishes while the disorder # increases.
First, this leads to the BZ edges blurring and vanishing of the zone
folding. A sufficient level of non-correlated disorder results in the
phonon dispersion of a randomly porous membrane resembling an
effective medium.

Before discussing the effect of symmetry-lowering in 2D PnCs,
we considered an ideal case of PnC maintaining translational and
mid-plane mirror symmetries as a reference. Figure 2(a) demon-
strates the calculated dispersion for the I'X direction of the PnC with
an ordered lattice and cylindrical holes. Here, the branches corre-
sponding to S and A modes are denoted with red and blue lines,
respectively. In the case of an ideal PnC, both A and S modes may
contain the SH component of the displacement. However, A and S
modes are orthogonal and do not interact, i.e., their branches can
cross in the band diagram. In Fig. 2(a), we notice only two partial
Bragg band gaps for the antisymmetric modes at the X point of BZ,
indicated with shading.

However, the experimental dispersion relation plotted in
Fig. 2(b) (circles) did not match that of the ideal case of PnC
described above and depicted in Fig. 2(a). Only after adjusting the
hole shape to the truncated cone (thimble), as in Fig. 1(c), do we
obtain good agreement between the calculated dispersion relation
for the I'X direction and the BLS data [Fig. 2(b)]. The calculated dis-
persions for XM and MT directions are shown in the supplementary
material (Fig. S4). Here, we focus the discussion on the I'X direc-
tion, and we identify different band gaps in PnC with thimble-like
holes. Partial Bragg gaps at the X point of BZ remained unaffected
compared to PnC with cylindrical holes. More interestingly, the dis-
persion of PnC in the thimble-like holes revealed two full bang gaps
denoted by shaded areas in Fig. 2(b). They are centered at about 7.75
and 10.35 GHz, with widths of about 0.50 and 0.20 GHz, respec-
tively. This type of acoustic stop-band was predicted theoretically for
one-dimensional PnCs*’ and can be attributed to the anticrossing
of branches due to the broken mid-plane symmetry of PnC. In this
case, modes can no longer be separated into purely antisymmetric

pubs.aip.org/aip/apm

and symmetric, as illustrated in Fig. 2(b). Consequently, the quasi-
antisymmetric and quasi-symmetric modes can interact, enabling
the gap to open at arbitrary wavenumbers. This feature makes the
anticrossing bandgaps similar to the local resonance gaps, although
there is no resonant element in the structure. This also emphasizes
their difference with the Brag gaps localized at the high symmetry
points of BZ. The insets in Fig. 2 display zoom-in fragments of the
band diagrams that depict the transition of the dispersion relation
from the ideal (cylindrical hole) to the real (thimble-like hole) struc-
ture. Here, FEM displacement fields show that mid-plane symmetry
breaking is localizing the elastic energy either on the upper or lower
membrane surface, and this localization leads to the bandgap open-
ing. Our calculations also show the possibility of tuning the width
of avoided crossing band gaps by the degree to which the PnC is
away from mid-plane symmetry. The influence of the cone angle on
these band gaps is shown in Fig. S5. In perspective, this type of tun-
able bandgap could be found in 1D, 2D, and 3D PnCs with different
asymmetric motives that break their mirror symmetry.

B. Broken translational in-plane symmetry

We examined nine samples to reveal the effect of the transla-
tional disorder in 2D PnCs on the phononic dispersion relation, with
a particular focus on the band gaps. The samples had thimble-like
holes and the same porosity, although they differed in the level of
pre-designed disorder, # ranging from 0% to 33.3%. Figure 3 displays
experimental band diagrams obtained for two extreme cases of the
lattice disorder. Here, BLS data are displayed as a color map show-
ing the scattered light intensity and compared to band diagrams
calculated by FEM. As we can notice, BLS does not probe all the
phononic modes. In general, in this particular experimental configu-
ration, the BLS-active modes are those of out-of-plane displacement
due to the dominant role of the surface-ripple (moving interface)
mechanism. At first glance, comparing the band diagrams in Fig. 3,
we notice a significant decrease in the number of branches due to the
disorder.
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FIG. 3. Experimental phononic dispersion relation in TX direction for the (a)
ordered PnC and (b) PnC with the highest considered level of disorder, # = 33.3%.
In (a), the color plot and lines denote experimental data and calculated dispersion,
respectively. In (b), the color plot and lines denote experimental data and calcu-
lated dispersion for the effective medium (the plane membrane of a corresponding
porosity). Band gaps of importance are indicated on the right side of each panel.
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On the other hand, the dispersion of the disordered PnC
does not match the predictions of the FEM model for the effective
medium and reveals the remaining features of the ordered PnC. In
particular, the low-frequency partial (quasi-antisymmetric) bandgap
is preserved. In addition, two flat branches at about 12-15 GHz
are a common feature of ordered and disordered systems, despite
not being predicted for the latter in the effective medium model.
This feature is somewhat surprising, considering that the literature
reports the strong influence of disorder on the Bragg gap in pho-
tonic crystals."”"" Contrarily, the preservation of band gaps in PhCs
and PnCs with correlated disorders was previously reported for
hyperuniform structures.'*'®*? However, this is not the case in our
study, as the design and fabrication were based on the uncorrelated
disorder and not aimed at hyperuniform PnCs.

To shed more light on the lattice order-disorder transition and
its consequences for phonon propagation, we examined all nine
PnCs with gradually changing levels of disorder. In this case, we
probed BLS spectra only at the scattering angle set to 6 = 26°, which
corresponds to the X high symmetry point of BZ. Nevertheless,
we did not discriminate the scattered light cone by any additional
aperture before the spectrometer in this experiment. Therefore, the
scattered wave vector was ill-defined, spanning a broad area of the
BZ around the X-point. In this way, the recorded spectra resem-
bled the phononic Density of States (DOSs), with singularities and

Q

Logarithm of BLS intensity (a.u.)

Frequency GHz
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gaps being fingerprints of the coherent effects in PnCs. For instance,
the BLS spectrum in Fig. 4(a) shows sharp peaks corresponding to
singularities typical for the ordered sample (# = 0%). Increasing the
disorder leads to reduced coherence, as evidenced by the disappear-
ance of peaks in the spectra starting at higher frequencies. However,
some peaks remain even at the highest level of disorder, especially in
the low-frequency region below about 25 GHz. Figure 4(b) displays
the SEM and corresponding fast Fourier transform (FFT) images
for the exemplary samples with different levels of disorder. The
FFT of the ordered sample shows a crystalline structure character-
ized by translational order. The increase in the disorder to 6.7%
leads to a structure that can be classified as a defective crystal. Fur-
thermore, some crystallinity prevails at 13.3%, but it is finally lost
at 20% of the disorder. Therefore, we can see that for the level
of disorder >20%, our samples are neither crystalline nor hyper-
uniform; they exhibit uncorrelated disorder. Figure 4(c) displayed
BLS spectra gathered as a colormap limited to the low-frequency
spectral range. Interestingly, the partial Bragg gap is present in
all the samples, even for the highest level of uncorrelated disor-
der. The increase in disorder impacts the width of the bandgap,
which slightly decreases and blueshifts. In addition, we notice that
the influence of disorder is more substantial on the anticross-
ing bandgap. Nevertheless, it prevails for relatively high disorders,
ie., (7=20%).

Level of disorder (%)
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FIG. 4. (a) Broad wavenumber experimental BLS spectra obtained at 6 = 26° resembling DOS obtained for PnCs with increasing levels of disorder. (b) SEM images (top) and
corresponding fast Fourier transform images (bottom) of exemplary PnCs with different levels of disorder #. Scale bars are 1 ym and 0.1 um~", respectively. (c) Measured
(BLS spectra map) evolution of the partial Bragg gap and the anticrossing gap with the disorder. Dashed lines indicate the guide to the eye for the bandgap.

APL Mater. 12, 041108 (2024); doi: 10.1063/5.0189694
© Author(s) 2024

12, 041108-5

L¥*€1:2L ¥20T dunf 90


https://pubs.aip.org/aip/apm

APL Materials

IV. CONCLUSIONS

In this work, we presented an experimental study of the impact
of two types of structural imperfections on GHz phonon propaga-
tion in 2D PnCs made of porous Si nanomembranes. We showed
that the periodic perforation of the membrane by thimble-like
holes breaks its mid-plane mirror symmetry. Consequently, it leads
to a forbidden propagation band due to anticrossing. This sort
of phononic bandgap has been demonstrated theoretically before.
However, it has not been reported in any experimental work. In
contrast to the Bragg gaps, the anticrossing gaps appear away from
the high-symmetry points. Notably, breaking the mirror symmetry
provides new geometrical means for the tunability of PnCs by the
holes’ cross-sectional shape in addition to their size and periodic
arrangement.

The second type of structural imperfection of PnCs, i.e., pre-
designed perturbation of the square lattice, was studied on nine
samples, differing only in the level of uncorrelated disorder. Inter-
estingly, the phononic dispersion relation of the most disordered
PnC (1 = 33.3%) did not transform into the dispersion of an effec-
tive medium, and even more, it kept some features of the ordered
PnC. While the increased disorder is expected to destroy phonon
coherence starting at higher frequencies, the low-frequency spec-
tral features are more robust. Foremost, the low-frequency Bragg
bandgap was preserved despite the high uncorrelated disorder, while
the anticrossing gap was maintained up to 7 = 20% disorder.

Our findings showed that the structural imperfections do not
spoil selective sound propagation via Bragg gaps and can pro-
vide a new PnC tuning scheme that is also robust to some extent
of disorder via anticrossing gaps. Thus, PnCs with uncorrelated
disordered lattices due to pre-design or fabrication imperfections
can be utilized in the free-form acoustic waveguides. Furthermore,
the results presented can have implications in low-temperature
nanoscale thermal transport studies where disordered PnCs are
assumed to be model systems with no coherent effect on phononic
heat propagation.””** Finally, we demonstrated the possibility of
experimental studies of phononic properties in highly disordered
PnCs, which, to date, have been incredibly challenging for numer-
ical models. Similar experimental studies can be carried out to
study highly disordered systems with a focus on acoustic Anderson
localization, phononic quasicrystals, moiré patterns, or Fibonacci
structures.

SUPPLEMENTARY MATERIAL

Histogram of the holes’ random distribution. Maximum holes’
shift, corresponding disorder level #, and porosity. Schematic illus-
tration of Brillouin light scattering geometry and samples’ design.
Calculated phonon dispersion of ordered PnC.
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