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Acoustic phonon nanowave devices based on aperiodic multilayers: Experiments and theory
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We describe multilayer acoustic nanowave devices based on aperiodic stacks of GaAs and AlAs layers and
achievable with standard molecular beam epitaxy (MBE) technology. These nanostructures were designed to
display optimized acoustic reflectivity curves in the terahertz range. We discuss the use of different techniques
for the design, optimization, and characterization of such acoustic phonon devices. Three optimized acoustic

phonon devices were grown by MBE and characterized structurally by x-ray diffraction and photolumines-
cence: a broadband mirror, a color filter, and an edge filter. The acoustic phonon spectra were studied by
Raman scattering in forward and backscattering geometries. We contrast the experimental results with simu-
lations of the Raman spectra using a photoelastic model. We show that Raman spectroscopy provides a
powerful tool to acoustically characterize complex aperiodic devices.
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I. INTRODUCTION

Acoustic phonons play a central role in the thermal energy
transport and recombination processes, and limit the electri-
cal conductivity in technologically important semiconduc-
tors. In addition, they can be used as sensitive nanoscopic
probes of thermodynamic phases, piezoelectric fields, and
electronic states, and for nanostructure characterization. Pho-
non engineering,"? i.e., the control and manipulation of
acoustic reflectivity, phonon group velocity, density of states,
polarization, etc., has implications in the control of sound,
light, and charge at high frequencies in the nanoscale.

A periodic stack of two materials with contrasting acous-
tic impedances reflects sound.? The first k=0 folded phonon
minigap in a superlattice (SL) is maximum, with the layer
thickness (d) ratio given by d,/v,=d,/3v,. The width of the
stop band and the reflectivity of such a phonon mirror are
determined by the acoustic impedance mismatch Z
=p,v;/p,v, and the number of SL periods.* Periodic pho-
non mirrors represent the simplest example of a phonon de-
vice. The effects of inhomogeneities on the propagation of
acoustic waves in periodic, elastic multilayered structures
have been extensively studied.>’~!2 Particularly, the presence
of a cavity layer in a regular SL has been studied both
theoretically®® and experimentally by Raman scattering>’
and picosecond acoustics.'® More complex nonperiodic de-
vices like Bloch resonators'? based on cavity structures have
theoretically been studied in the terahertz range, and demon-
strated in the domain of acoustics.'3

Another kind of nonperiodic multilayers is represented
by the quasiperiodic (Fibonacci), Thue-Morse and random
SLs.'* These systems have been studied theoretically's
and experimentally by x-ray diffraction,'"'® photo-
luminescence,'® and Raman scattering.!*17:18.20

Recently, in the kilohertz domain, a series of acoustic de-
vices based both on two-dimensional and three-dimensional
phononic crystals were designed and studied, e.g.,
mirrors,”'?2  phononic  lenses,”>  waveguides,>*  and
demultiplexers,?2° to name a few. However, the implemen-
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tations of their equivalent in the terahertz range posses addi-
tional and specific challenges. In this work, we address the
problem of designing, growing, and characterizing optimized
nanowave devices with tailored acoustic reflectivities for the
terahertz range based on nonperiodic one-dimensional mul-
tilayers.

Optimized acoustic phonon filters and mirrors in the tera-
hertz range,! i.e., devices which have a specific spectral re-
flectivity, have potential applications in picoseconds acous-
tics, coherent phonon generation, phonon optics,
nanostructure characterization, and in optoelectronic devices
where simple periodic structures do not satisfy the required
acoustic response. Optimized phonon filters are the acoustic
equivalent to the already developed multilayer optical thin-
film filters.?” These phononic devices, in the terahertz range,
are designed to control “sound” wavelengths of a few na-
nometers. The required variations in the thicknesses are thus
of the order of a few monolayers, lying in the practical limit
of construction of multilayered structures.

The strong development of different growing techniques
such as molecular beam epitaxy (MBE) provides the high
standard requirements for the development of phonon mir-
rors, filters, and other acoustic analogs of classical optical
elements in semiconductor and in oxide systems.%3

Phononics has profited and obtained inspiration from pre-
vious work in the domain of photonics. Though a clear par-
allel exists between optics and phononics, there are some
issues that are specific to phononics in the terahertz range
and that pose exigent challenges for its implementation in
technology. An important difference between optics and hy-
peracoustics in the terahertz range is the characterization of
samples. In fact, the access to spectral and time domain
probes with sufficient resolution to test hyperacoustic multi-
layered devices represents today an active research
field."!%!" For example, the lack of monochromatic sources
and detectors is one expression of this limitation.

We focus our work on artificial GaAs/AlAs nonperiodic
multilayers. We address the problem of obtaining acoustic
filters and mirrors which have specific spectral reflectivities
by using multivariable optimization techniques, and we dis-
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cuss different strategies for their structural and acoustic char-
acterizations.

In a previous short communication, we presented prelimi-
nary results on the design and characterization using Raman
scattering of two phononic filters.! In this paper, we discuss
in more detail the optimization procedure and we present a
full set of characterization results and the complete analysis
of complex nonperiodic multilayers through Raman scatter-
ing in different geometries. Three optimized phonon devices
were grown by MBE: a broadband mirror, a color filter, and
an edge filter. These devices were structurally characterized
through x-ray diffraction and photoluminescence, and acous-
tically through high resolution Raman scattering. Finally, we
contrast the experimental results with simulations. The paper
is organized as follows. In Sec. II, we present the design and
optimization techniques and a series of examples of nonpe-
riodic acoustic phonon devices. Structural characterization of
the three grown devices through x-ray diffraction and photo-
luminescence is discussed in Sec. III. Section IV presents the
motivation and a theoretical analysis on the use of Raman
scattering as a characterization tool for phononic devices and
its use as input for an inverse engineering process. Section V
presents the results on high resolution Raman scattering ex-
periments and simulations. Finally, the discussion and con-
clusions are presented in Sec. VL.

II. DESIGN AND OPTIMIZATION OF PHONONIC
DEVICES

In this section, we present the results on the design and
optimization of acoustic phonon devices in the terahertz
range that have an equivalent in the field of optics. Devices
such as broadband mirrors, edge filters, notch filters, and
color filters are discussed in this section to illustrate different
criteria to design complex phononic structures.

Different optimized acoustic devices can be conceived,
depending on the nature of the application they would be
implemented in. A device that will surely be required if only
broadband sources are available is the broadband mirror.
That is, mirrors with a high-reflectivity stop band much
wider than that of periodic phonon Bragg mirrors. It turns
out that a superstructure with GaAs/AlAs layers that de-
crease in a fixed amount as a function of the period number
(0.3% in the present case) leads to reflectivity stop bands
much larger than those of periodic structures with the same
acoustic impedance mismatch.?® From now on, all the reflec-
tivity calculations are made using a transfer matrix
method.'?>3% It is worthwhile to underline that acoustic at-
tenuation effects are not addressed in this paper. We present
in Fig. 1 the calculated phonon reflectivity and correspond-
ing layer thicknesses for a 160 layer GaAs/AlAs broadband
phonon mirror. For comparison, the reflectivity and layer
thicknesses of the periodic mirror are also shown. Note that
the reflectivity is above 97% throughout the whole spectral
region that extends between 18.5 and 23.5 cm™!, a stop band
more than five times broader than that of the corresponding
GaAs/AlAs periodic structure.

The reflectivity curve of the broadband mirror is a rela-
tively simple one, and the designing parameters are easily
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FIG. 1. (Color online) (Top) Calculated acoustic reflectivity for
a broadband mirror made with 160 GaAs/AlAs layers (thick line).
For comparison purposes, the reflectivity of a periodic array is also
shown (thin line). (Bottom) Layer thicknesses corresponding to the
optimized broadband mirror (full dots) and the corresponding peri-
odic phonon mirror (empty circles).

identified: number of layers, materials, and thickness gradi-
ent. Notwithstanding the relevance and adaptability of this
device, more complex acoustic filters will be required in
phononic applications, e.g., edge, notch, and color filters, to
name the most common ones. The conception of these de-
vices cannot be achieved by just piling up periodic structures
or by introducing a gradient in the thicknesses as in the case
of the broadband mirror. The design of these aperiodic de-
vices requires solving an inverse problem.

An inverse problem consists of the reconstruction or op-
timal design of a set of parameters in a system to achieve a
desired state. In our case, the set of parameters is given by
the distribution of the layer thicknesses in a nonperiodic
multilayer, and the goal is to achieve a specific acoustic re-
flectivity. To address the inverse problem, it is a requirement
to know an efficient way to solve the associated direct prob-
lem, which consists, in our case, in the simulation of the
acoustic reflectivity when the thickness distribution is
known. To calculate the acoustical reflectivity, as already
stated, we used a transfer matrix method.!23° As multidimen-
sional optimization tool, we used the Nelder and Mead (NM)
downhill simplex routine.?!

The NM method is based on geometrical transformations
of a simplex, a nonplanar figure which has N+1 vertices in
an N-dimensional space.3'-3* The coordinates of each vertex
of the simplex represent a possible solution of the inverse
problem, and in this case, they are the layer thicknesses of a
potential nonperiodic solution.' The full set of coordinates of
the simplex is represented by an (N+1) X N matrix, where
each component is a thickness value (in nanometers and
without taking into account any correspondence with the
number of layers). Each vertex has an associated value of
objective function, given by the standard Euclidean distance
between the acoustic reflectivity of the candidate structure
and the target acoustic reflectivity. The algorithm operates by
moving an n-dimensional simplex through R", replacing the
current worst vertex (which has the highest objective func-
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FIG. 2. (Color online) (Top) Calculated acoustic reflectivity for
an edge filter made with 80 GaAs/AlAs layers (thick line). For
comparison purposes, the reflectivity of a periodic array is also
shown (thin line). (Bottom) Layer thicknesses corresponding to the

optimized edge filter (full dots) and the corresponding periodic pho-
non mirror (empty circles).

tion value) at each iteration, and changing the shape and/or
the size of the figure. The process continues until an accept-
able solution has been reached or until the algorithm has
converged.31 At each iteration, the algorithm reflects,
stretches, and/or shrinks the simplex by applying algebraic
operators between the rows of the matrix. All the vertex co-
ordinates in the initial simplex are taken as random thick-
nesses between 0 and 10 nm. When indicated, a seed is used
in the initial simplex. That is, the coordinates of a vertex are
specifically chosen, and not randomly like the rest of the
vertices. The problem we address is characterized by having
several feasible solutions, along with multiple local minima.
Both the feasible solutions and local minima can be defined
as continuous regions in the parameter space that satisfy the
following convergence criteria for all the vertices X of the
simplex:

fX) - f(X)) <K, (1)

where f(X) is the objective function evaluated in X, and K is
a constant real value. To consider a structure as a feasible
solution, it must satisfy an additional condition:

fX)<c, ()

where C is again a real value.

Using the NM optimization scheme, we focus on the de-
sign of an edge filter. An edge filter is a device that has a
high transmission below (above) a well defined energy edge
and a high reflectivity above (below) it. In Fig. 2, we show
the calculated reflectivity for an optimized edge filter. From
now on, we will call this device basic edge filter to distin-
guish it from a more complex edge filter that we will analyze
later in this section. The acoustic reflectivity of a periodic
superlattice is shown in the same figure for comparison pur-
poses. Note that in the low energy region, the reflectivity
practically reaches zero in all the optimized range, and that
in the high energy region, the stop band is the same as in the
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FIG. 3. (Color online) (Top) Calculated acoustic reflectivity for
an optimized notch filter made with 80 GaAs/AlAs layers (thick
line). For comparison purposes, the reflectivity of a periodic
(N/4,3N\/4) array is also shown (thin line). (Bottom) Layer thick-
nesses corresponding to the optimized notch filter (full dots) and the
periodic phonon mirror used as seed (empty circles).

case of a periodic superlattice. The optimization was per-
formed using a periodic 80 layer GaAs/AlAs 6.56/2.61 nm
SL seed to obtain a basic edge filter F,. F, was conceived to
have a high transmittance from 15.30 to 17.46 cm™' and
high reflectivity in the 17.60—18.54 cm™! region. The value
reached for the constant C was 1.21 X 107>, Outside the op-
timization region (not shown in the figure), the acoustic re-
flectivity displays interference oscillations that may need to
be taken into account when using these optimized devices. In
the lower panel of Fig. 2, the thickness distribution of the
optimized edge filter (full dots) and the corresponding peri-
odic structure (empty circles) are shown. Note that the at-
tenuation of the low energy oscillations requires only small
variations in the thicknesses of the periodic SL, variations
that are concentrated mostly at the edges of the device.

The second optimized sample is a notch filter. A notch
filter is a device which blocks a narrow band of frequencies
and passes all frequencies above and below the band. The
target reflectivity can be thought of as that of a periodic SL
without the characteristic oscillations in both sides of the
stop band. This led us to consider the use of a periodic SL as
seed, as in the previous case. The spectral position and width
of the high-reflectivity region are then determined by the
stop band of this SL. Figure 3 shows the calculated reflec-
tivity for the optimized notch filter. The acoustic reflectivity
of the seed is also shown. In the lower panel of Fig. 3, the
thicknesses of the corresponding layers, compared to those
of the periodic GaAs/AlAs 5.56/2.61 nm phonon mirror
(optimized 3\/4—\/4 ratio), are also shown. It can be ob-
served, again, that the main changes with respect to the pe-
riodic array occur at the beginning and at the end of the
device. However, in comparison with the edge filter, the
modifications are more important, and extend throughout the
whole structure. With the exception of two strongly reduced
oscillations that remain at both sides of the high-reflectivity
region, all oscillations are almost completely suppressed.
The reflectivity within the forbidden region is not altered,
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FIG. 4. (Color online) (Top) Calculated acoustic reflectivity for
an optimized notch filter made with 160 GaAs/AlAs layers (thick
line). For comparison purposes, the reflectivity of a periodic
(0.55),0.45\) array is also shown (thin line). (Bottom) Layer thick-

nesses corresponding to the optimized notch filter (full dots) and the
periodic phonon mirror used as seed (empty circles).

though the edges have been slightly rounded. As already
mentioned, the width of the stop band depends on the acous-
tic impedance mismatch between the materials used and the
thickness ratio. To change this width, it is possible either to
change materials (e.g., using Al,Ga,_,As alloys) or to change
the relative thicknesses of the two layers in the period of the
seed SL.* Using the second option, the design of a second
phononic notch filter was performed obtaining a smaller
high-reflectivity band. First, we selected the layer thick-
nesses of a periodic SL that has the desired stop-band width.*
Afterwards, this structure was used as seed in an optimiza-
tion process, with the goal of eliminating all the oscillations
above and below the stop band. Figure 4 shows the reflec-
tivity curve for an optimized nanowave notch filter. The re-
flectivity of a periodic (0.55\,0.45\) phonon Bragg mirror is
also included. The latter has a width reduced to ~30% of the
first notch filter. In the bottom panel, the thickness distribu-
tions for the periodic structure with a narrow stop band and
the optimized version are shown. Again, the steepness in the
stop band is slightly affected by the optimization process. A
high-reflectivity region of ~0.32 cm™ wide was obtained.
With the exception of small features at the edges of the high-
reflectivity zone, all oscillations have been completely re-
moved. The steepness in the stop-band edges is affected by
the optimization process. It can be seen that important devia-
tions in the thicknesses from the periodic mirror are present
in the whole structure.

The NM optimization method, in general, reaches a mini-
mum within or nearby the initial simplex volume. Due to the
characteristics of the reflectivity function, there are several
minima and multiple feasible solutions. Notwithstanding this
fact, there are some target reflectivities where the use of a
seed is required to avoid falling in local minima that do not
meet the condition stated in Eq. (2) or to significantly accel-
erate the optimization process.

In what follows, we analyze two devices where the selec-
tion of a seed requires a preliminary optimization process.
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FIG. 5. (Color online) Design of a phononic color filter. (A)
Acoustic reflectivity of a first optimized edge filter Fg. The reflec-
tivity of the selected seed is also shown (thin line). (B) Acoustic
reflectivity of a first optimized edge filter F, and the corresponding
reflectivity of the periodic seed. (C) Calculated acoustic reflectivity
for a color filter made with 160 GaAs/AlAs layers. (D) Layer thick-
nesses corresponding to the optimized color filter (full dots) and the
corresponding periodic phonon mirror (empty circles).

The first complex device is a color filter. Color filters are
devices with characteristics of selective transmittance, ca-
pable of passing a certain part of the spectrum while being
highly reflective to the other portions. They are basically the
opposite to a notch filter. Figure 5(c) shows the calculated
phonon reflectivity and corresponding layer thicknesses for
an optimized 160 layer GaAs/AlAs structure [shown in Fig.
5(d)]. The transmission band was set in the
16.95-17.45 cm™! region. The design of the optimized color
filter was performed in a two step optimization process.! The
first step consisted of two optimizations: a periodic 80 layer
GaAs/AlAs 6.56/2.61 nm SL was used as a seed to obtain a
filter F, [Fig. 5(b)], the same as in the case of the basic edge
filter. A second periodic 80 layer GaAs/AlAs 7.19/2.85 nm
SL was used as a seed to obtain a filter Fz [Fig. 5(a)]. Fg was
optimized to have a high transmittance region in the desired
band, but a high-reflectivity band between 15.98 and
16.85 cm™!. For comparison purposes, the reflectivity of the
associated periodic mirrors is also shown. The optimized
color filter is then a 160 layer structure formed by the con-
catenation of Fpz+F,. A second optimization stage can be
implemented to refine details that arise from the coupling of
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FIG. 6. (Color online) Calculated acoustic reflectivity for (a) an
optimized color filter and (b) an optimized edge filter made with
160 GaAs/AlAs layers (thick line). For comparison purposes, the
reflectivity of a periodic array is also shown (thin line). (c) and (d)
show the layer thicknesses corresponding to the optimized color
filter and edge filter, respectively (full dots). The corresponding
periodic phonon mirror thicknesses (empty circles) are also shown.

the two initial filters. In this particular device, we have not
performed such optimization.

To illustrate the diversity of feasible solutions, we gener-
ate a similar color filter, changing the initial seed. We de-
signed a second filter F- with similar requirements to those
imposed on Fg. In the first stage of the optimization, to gen-
erate F, we used no seed, i.e., all vertices in the simplex
were random structures. The second step consisted in the
optimization of the desired color filter using the F-+F, 160
layer structure as seed. In Fig. 6(a), we show the reflectivity
curve of the optimized device along with the corresponding
160 layer periodic SL. In Fig. 6(c), the thickness distribution
of the optimized color filter and the periodic mirror are
shown. The highly disordered region corresponds to the part
of the sample related to the random based filter F. Using the
outlined optimization scheme, it is easy to fix the transmis-
sion region in the color filter, just setting the positions of the
individual seed filters F4 and F (or F4 and Fp).

The last designed sample is an extended edge filter (edge
filter from now on), shown also in Fig. 6, where the target
reflectivity curve presents a high-reflectivity region twice
wider than that corresponding to the periodic superlattice. It
can be seen that the target reflectivity is excellently well
reproduced. The design of the optimized edge filter was per-
formed in a two step optimization process.' The first step
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consisted of two optimizations: a periodic 80 layer
GaAs/AlAs 6.56/2.61 nm SL was used as a seed to obtain
two different filters F, and Fp. While F4 is the same filter
analyzed in the basic edge filter, F;, was meant to have the
same high-transmittance region, but to meet the high reflec-
tivity condition in the 18.5-19.5 cm™! band [see Fig. 6(b)].
As in the case of Fy, to optimize Fp), it could also be possible
to use random structures, or another seed, with the minigap
located in the desired high-reflectivity region. The second
step consisted in the optimization of the desired edge filter
using the Fp,+F, 160 layer structure as a seed. In Fig. 6(d),
the thickness distribution of the optimized edge filter (full
dots) and the corresponding periodic structure (empty
circles) are shown. Note how the more intense deviations
from the periodic case are in the Fj related part of the
sample, suggesting that the target reflectivity does not have
an associated real structure “near” the chosen periodic seed.
The last optimization step is just a refining stage, and minor
variations where introduced in the distribution of the filters
F, and Fp. The relevance of this last optimization depends
principally on how well designed are the seeds Fj, and F,.

Though in all the presented devices the target reflectivities
are excellently reproduced, it must be noted that some arbi-
trary reflectivity curves cannot be achieved even with the use
of ad hoc seeds during the optimization process.?” The steep-
ness of the stop bands and the cavity mode widths, for ex-
ample, are limited by the number of layers considered in the
structure.

In what follows, we will focus our attention on the experi-
mental characterization of three devices described in this sec-
tion: the broadband mirror (Fig. 1), the color filter, and the
edge filter (both corresponding to Fig. 6).

III. CHARACTERIZATION OF THE SAMPLES

We selected three samples to grow and characterize: the
broadband mirror, the color filter, and the edge filter. The
samples were grown on (001) GaAs substrates using MBE.
High resolution x-ray diffraction (HRXRD) and photolumi-
nescence (PL) were used as structural probes of the
GaAs/AlAs nonperiodic multilayer structures.

A. High resolution x-ray diffraction

Previous studies of nonperiodic structures were performed
using HRXRD, in particular, on Fibonacci arrays and ran-
dom SLs, showing the usefulness of this technique even in
samples where the Bloch theorem is not valid.'*!6-13 A §-26
HRXRD scan of the three studied devices using the Cu Kal
radiation is shown in Fig. 7. Both experimental (thick black
lines) and simulated curves (thin red lines) are shown for the
color filter (top), the edge filter (center), and the broadband
mirror (bottom).

Despite of the complexity of the layer thickness distribu-
tions in the studied devices (shown in Figs. 1 and 6), some
peaks can be directly assigned in the diffractograms. In both
the edge filter and the color filter diffractograms, several sat-
ellite peaks can be distinguished (labeled by arrows in Fig.
7). The positions of these regular satellite peaks correspond
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FIG. 7. (Color online) High resolution x-ray data in black
(thick) lines and calculated diffraction profile in red (thin) lines for
the three studied phononic devices: color filter (top), edge filter
(center), and broadband mirror (bottom).

to a periodicity of 9.2 nm (+0.1 nm). It means that these
peaks come from the most regular part of the samples (Fy).
In the case of the broadband mirror, besides the substrate
peak, four satellite square features can be seen. They can be
associated with the characteristic peaks present in a periodic
SL, and broadened because of the gradient in the layer thick-
nesses. The general agreement is excellent between the ex-
perimental results and the simulations for the three nano-
wave devices using the nominal values for the layer
thicknesses. We have verified that rigid shifts of the thick-
nesses did not improve the agreement between experiments
and simulations. Although previous studies reflect that many
of the diffraction patterns are largely unaffected by even sub-
stantial amounts of random disorder, HRXRD still represents
an important tool for a basic structural characterization of the
samples.

B. Photoluminescence

Photoluminescence provides additional information to
that obtained from x-ray diffraction studies by probing the
electronic levels, which are determined by the confinement
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in the GaAs layers. This characteristic can be used, in prin-
ciple, to determine the layer thicknesses. In this section, we
present the results of PL experiments and simulations that
provide information to identify and characterize the opti-
mized nonperiodic phonon devices.

PL can be used as a rapid characterization technique on
this kind of samples. In our case, PL experiments were per-
formed at 80 K using a triple T64000 Jobin-Yvon Raman
spectrometer equipped with a liquid-N,-cooled charge
coupled device (CCD), using as excitation the 514.5 nm line
of an Ar-Kr laser.

To simulate the photoluminescence process in the
phononic devices, we considered the sum of the emissions of
individual GaAs quantum wells, each one contributing an
emission that was modeled as a Gaussian distribution cen-
tered in the calculated fundamental gap energy E,. Two ab-
sorption processes in the sample were taken into account: (1)
the absorption of the incident light which affects the excita-
tion of each quantum well, and (2) the absorption of the
photoluminescence signal emitted by each quantum well. We
neglect the emission following this absorption. Both pro-
cesses were introduced in the simulation as exponential de-
caying factors, setting that the light emitted by a specific
quantum well (QW) could only be absorbed by thicker QWs
present between the emitting QW and the surface of the
sample. E, for each QW was computed using the transfer
matrix method, modeling each QW by an effective finite SL
with infinite potential barriers as boundary conditions at both
ends of the structure. The program performs a scan in energy
until it reaches a value for which the wave function fulfills
the boundary conditions. For heavy holes, we used parabolic
bands, and for Gamma electrons, the nonparabolicity was
described by a two-band envelop function model. The band
potential was taken as E,=1519 meV for GaAs and
2577 meV for AlAs. The effective masses (in units of free
electron mass) used were mp.guas=0.067, mr_oas=0.130,
Myp.Gaas=0.38, and my;, A1as=0.70; the dielectric constant
used was 12.83.

The three aperiodic devices present a different PL spec-
trum, and the main characteristics compare quite nicely with
the simulations. As examples, in Fig. 8 we present the mea-
sured (upper panels) and simulated (bottom panels) PL spec-
tra for the edge filter (left) and the broadband mirror (right).
The peak present at 825 nm (labeled with an asterisk) corre-
sponds to the bulk GaAs substrate. By comparing the experi-
mental results with the simulations, it is possible to identify
the contributions to the complex PL spectra. The broadband
mirror presents the simplest structure of the three studied
devices: a constant varying distribution of layer thicknesses.
This variation produces a broadening of a single PL peak
centered at 765 nm. The higher energy luminescence pro-
cesses are produced in the inner parts of the sample, so the
inner QWs are less efficiently excited, and the emission is
absorbed all the way back until the photons reach the sample
surface. This is reflected as a strong asymmetry of the peak.
The simulation reproduces quite well both the position and
the shape of the peak. It must be noted that the PL model
does not include re-emission processes and, more impor-
tantly, the thermalization within and among quantum wells,
which falls beyond the scope of this work. These processes
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FIG. 8. Measured (upper) and simulated (bottom) photolumines-
cence spectra for the edge filter (left) and broadband mirror (right).
The simulated spectra consider no thermal relaxation. The asterisk
labels the GaAs substrate emission.

are very complicated to include in a realistic simulation, pos-
ing a strong limitation in the use of PL to fully characterize
the structural properties of the samples.

We have characterized the three grown samples, obtaining
good agreement between experiments and simulations. These
results, together with the HRXRD, allow us to use the nomi-
nal thickness values in the following simulations. In the next
section, we will focus on the Raman scattering vibrational
study of the phononic devices.

IV. RAMAN SCATTERING AND THE INVERSE PROBLEM

Contrary to the field of optics, where light sources and
detectors allow the characterization of filters and mirrors, in
the terahertz phonon frequency range there are still no acous-
tic sources and detectors with the required tunability and
resolution. Previous studies demonstrate that Raman scatter-
ing represents a powerful tool to study the acoustic phonon
spectra of periodic,* quasiperiodic, and nonperiodic
superlattices.”'>1420 In nonperiodic samples, the Raman
spectra display a complex series of peaks in the acoustic
phonon energy region. Such rich spectra are a kind of sample
fingerprint that can be used as a characterization tool."! The
Raman spectra could be used, in addition, to solve the in-
verse problem, that is, to derive the layer thicknesses from
the Raman data. An implementation of the NM algorithm
with multiple objective functions and the nominal structure
as initial seed would be a potential tool to characterize the
phononic devices directly through their acoustic properties.
In this work, we analyze two experimental geometries,
namely, backscattering (BS, kg~ —k;, g= ~ 2k;) and forward
scattering (FS, kg~k;, ¢~0). Here, k refers either to the
scattered (S) or laser (L) wave number, and ¢ is the trans-
ferred wave number.

In order to evaluate Raman cross sections by acoustic
excitations, typically a photoelastic model is used. The ex-
pression for the Raman efficiency for a one-dimensional sys-
tem is given by
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au(z) |*
oz ’
(3)

where n(w) is the Bose-Einstein statistical factor, p(z) is the
material dependent photoelastic constant, u(z) is the atomic
displacement within the structure, and E; and Eg are the
incident and scattered electric fields, respectively. The pho-
non displacements are obtained using a matrix method
implementation of a continuum theory that includes zero-
strain boundary conditions at the sample-air interface."3
Complex values for the photoelastic constant of GaAs and
AlAs valid at 514.5 nm are used.’®3? Absorption is included
through the bulk materials’ complex index of refraction for
the light wavelength used.

Due to absorption effects, from Eq. (3) it can be inferred
that the main contribution for the spectra taken under BS
configuration is from the layers that are near the excitation
surface. On the contrary, in a FS geometry, Eq. (3) becomes

Jﬁwwﬂﬁﬁ
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2

, (4)

o(w) « e=P

where D is the total thickness of the sample. Thus, the ab-
sorption attenuates the signal in exactly the same way for
every layer in the sample and so a FS spectrum has informa-
tion about the whole structure. It is clear that the FS spectra
provide not only additional but also complementary informa-
tion to that accessible in a BS geometry, reflecting the im-
portance of the different studied geometries.

In order to illustrate the problem of inverse engineering,
i.e., to determine the layer thicknesses of a structure given
the experimental Raman spectra, we will analyze the case of
the color filter introduced in Sec. II (Fig. 6(a), 160 layers). To
simplify the problem, we will consider only two parameters:
a variation of the layer thicknesses between 0.90 and 1.10 of
the nominal value for each material (GaAs and AlAs). After
the conception, design, and optimization of the color filter,
we obtain a nominal thicknesses distribution [Fig. 6(c)]. To
continue with our example, suppose that such a sample is
grown by MBE, and all the GaAs layer thicknesses are re-
duced by 2% and all the AlAs layer thicknesses are increased
by 1%. In our gedanken experiment, we perform Raman
scattering from different geometries and compare the spectra
with simulations. The task is to find the point (0.98, 1.01) by
comparing Raman spectra simulations using different
GaAs/AlAs layer thicknesses with the measured spectra.

In Fig. 9, we plot the objective function as a function of
the two parameters. Two experimental resolutions were
simulated, 0=0.01 cm™' (left side panels), corresponding to
an ultrahigh resolution Raman setup, and ¢=0.20 cm™
(right side panels), reachable with a triple spectrometer as the
one described in the next section. Typical Raman spectra are
illustrated in Figs. 10-12. Top (center) panels illustrate the
use of a BS (FS) spectrum as a target, while bottom panels
use both the BS and FS spectra (BS+FS case). The white
cross indicates the absolute minimum location. It is worth-
while to note that the topology is smoother in the BS+FS
case, and the absolute minimum better defined. By decreas-
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FIG. 9. (Color online) Color filter objective function evaluated
for structures with layers modified by a constant factor between 0.9
and 1.1 for each constituent material. Two experimental resolutions
were simulated: 0=0.01 cm™" (left side panels) and 0=0.20 cm™!
(right side panels). Top (center) panels illustrate the use of a BS
(FS) spectrum as a target, while bottom panels use both the BS and
FS spectra. The white cross indicates the absolute minimum
location.

ing the working resolution, all the parameter space is “flat-
tened,” and minima spaces are broader and more extended.
For the six cases, absorption was considered through the
bulk materials’ complex index of refraction for a 514.5 nm
wavelength.

The efficient solution of the inverse problem, i.e., the de-
termination of the actual thickness distribution from the re-
sults of a Raman scattering experiment, must deal at least
with two basic problems: the uniqueness of the solution and
the development of a reliable model of the Raman scattering
process. From a theoretical point of view, a broadband Ra-
man scattering complex signal would provide enough infor-
mation to solve the inverse problem. However, in real Raman
scattering experiments, what is measured is an intensity over
a reduced spectral band. There are multiple solutions that
give practically the same Raman spectrum in a particular
spectral window. In addition, the strong light absorption in
the samples, which are thicker than 300 nm, limits the layers
that are probed in a BS Raman experiment excited with vis-
ible light. The main contribution for the spectra taken under
the BS configuration is from the layers that are near the
excitation surface within the penetration depth (typically
~55 nm at 514.5 nm for bulk GaAs). The use of near infra-
red excitation, for which the penetration depth is larger, is
limited due to the related small Raman intensities. Using
only one BS spectrum for such a complex inverse problem

PHYSICAL REVIEW B 76, 174301 (2007)
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FIG. 10. (Color online) Raman spectra of the broadband mirror
using different geometries: (a) and (b) correspond to backscattering
Raman spectra taken from different sides of the sample (see text for
details), while (c) corresponds to forward Raman scattering. T, G,
and M indicate the simulated spectra using a photoelastic model,
the simulation Gaussian convoluted to take into account the experi-
mental resolution, and the measured Raman spectra in additive
mode, respectively.

leads to multiple feasible solutions (see top panels in Fig. 9).
The use of additional excitation lines provides an increasing
number of constraints that would limit the number of feasible
solutions. Nevertheless, all these additional constraints have
a limited contribution from the inner layers, thus only pro-
viding complementary information about the first layers. An
alternative way to reduce the solution space is through the
use of alternative geometries. In this work, we study two
possible solutions: to perform BS from the backside of the
samples, the contribution of the substrate side layers being
the most important; and FS, where absorption effects affect
all the layers in the same way. The determination of the real
structure, using both the BS and FS spectra, represents a
possibility toward the definition of a well posed inverse
problem. The increase of the working resolution uncovers
details in the spectra that help to reduce the minima area in
the parameter space (compare the minima for the two con-
sidered resolutions in Fig. 9). High resolution Raman setups
working in the visible region can discern spectral features
with resolution better than 0.02 cm™!,%° allowing us to probe
the required details in the spectra. The second point in order
to solve the inverse problem is the selection of the model.
The photoelastic model may not be valid close to electronic
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FIG. 11. (Color online) Same as Fig. 10, but for the color
filter.

resonances, and it is well known that the photoelastic con-
stants strongly depend on energy. In addition, recent studies
demonstrate that taking a constant value within each layer is
not a good approximation to match the peak intensities.*!*?
It is clear that new developments in these lines are required.
In this section, we have illustrated what is the motivation
for the use of Raman scattering in the solution of the inverse
problem, and what are the present experimental and theoret-
ical limitations that require further research and develop-
ment. In the next section, we present the results on Raman
scattering experiments and simulations, using different ge-
ometries and a resolution of 0.4 cm™', where information
about the acoustic excitations can be directly obtained.

V. RAMAN SCATTERING CHARACTERIZATION OF
PHONONIC DEVICES

We performed Raman scattering experiments on the three
grown samples in three different geometries: FS, and BS
from the sample and from the substrate sides. The experi-
ments were performed at room temperature using the
514.5 nm line of an Ar-Kr ion laser. The collected spectra
were dispersed using a triple T64000 Jobin-Yvon Raman
spectrometer equipped with a liquid N, CCD in the subtrac-
tive (1.2 cm™") and additive (typical resolution of 0.4 cm™')
modes. The spectra were modeled on the basis of a photo-
elastic interaction [see Eq. (3)]."** Published data of the
photoelastic constants, sound speed, and density values for
GaAs and AlAs were used.’®%
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FIG. 12. (Color online) Same as Fig. 10, but for the edge
filter.

To perform the Raman scattering experiments in FS and
BS from the backside of the samples, it is necessary to re-
move the GaAs substrate. The preparation of the samples for
these experiments was first done by mechanically thinning
the substrate to a thickness of approximately 70—130 um.
The sample was then mounted on a sapphire crystal with
cyanoacrylate glue. The area thinned was approximately
9 mm?. The remaining substrate was then selectively chemi-
cally etched. The etching solution was a mixture of 30%
concentrated hydrogen peroxide (H,O,) and 30% concen-
trated ammonium hydroxide (NH,OH).3¢*” The composition
of the solution was 60:1 and it was held at 0 °C using an ice
bath to keep it from overheating. The chemical etching stops
in the first few layers of AlAs, leaving a smooth surface and
the sample almost unaltered.

Figure 10 shows both the calculated (T) and the measured
(M) Raman scattering spectra of the broadband mirror
sample in additive mode. A Gaussian convolution of the cal-
culated curve (G) is also included to take into account the
finite experimental resolution. Figure 10(a) [Fig. 10(b)] cor-
responds to the BS spectra measured from the sample (sub-
strate) side. A possible assignment of the peak positions is
indicated with dashed lines. Due to light absorption, the BS
spectra are very similar to the ones obtained with standard
periodic SLs, i.e., a series of doublets near the Brillouin zone
center. The broadband mirror has a constant gradient in the
layer thicknesses; thus, the BS Raman spectrum from the
substrate side should be very similar to the one taken from
the sample side, but with a clear shift in the position of the
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peaks, reflecting the variation in the layer widths. The deter-
mination of the peak shifts gives a direct clue on possible
differences between the nominal and actual values of adjust-
ment parameters (sound velocities, thicknesses, etc.). By
comparing the spectra taken from the two sides, a clear shift
of approximately 5 cm™' can be observed, in accordance
with the nominal gradient introduced in the sample. It must
be noted that a few periods on the substrate side could have
been removed by the chemical etching, hiding some possible
thickness shifts. Figure 10(c) shows the Raman spectrum
taken in a forward scattering configuration. In this case, the
spectrum gives information in a simple way: in the region
around 19 cm™!, one broad peak can be seen, while an al-
most constant signal is observed in the 35-45 cm™' region.
The constant signal gives evidence of the variation in the
layer thicknesses, similar to the results obtained with x-ray
diffraction. Note the overall very good agreement between
the measured and calculated data. There are, however, some
clear details in which differences are observed. For example,
note Fig. 10(a) the calculated smaller relative amplitude of
the 20 cm™' peak.

Figure 11 shows the Raman spectra corresponding to the
color filter. Figure 11(a) shows quite good agreement, al-
though not perfect between the measurements (M) and the
simulations (G). The spectrum presents a very rich spectrum
where many peaks can be observed, in contrast with the
spectra corresponding to the broadband mirror. Curve T
shows that some higher resolution details remain hidden. As
indicated in Sec. II, the backside of the sample is dominated
by an almost periodic array of layers, coming from the opti-
mization of F,. Due to the limited working resolution of the
spectrometer and the regularity of this side of the sample, we
expect to have basically the spectra of a periodic SL with
high resolution features originated by the small departure
from periodicity. In the spectra shown in Fig. 11(b), up to 3
orders of the folded phonons can be distinguished. Note the
contrast with the BS spectra shown in the upper panel, where
no SL doublets can be identified. The intense peak at
~18 cm™! in Fig. 11(c) is related to the regular part of the
sample, while the rest of the features correspond to the en-
semble of layers. Though an excellent agreement has been
reached, some differences in the relative intensities can still
be noted. The latter spectrum has information on the whole
structure; nevertheless, the BS spectra taken from the sample
side present a richer structure of peaks that could be more
sensitive to changes in the layer thickness from the disor-
dered part of the sample.

The last measured sample is the edge filter. The Raman
spectra are shown in Fig. 12. For this structure, the calcula-
tions reproduce almost every detail of the measured spectra,
and the relative intensities match quite well. Note once again
the difference between the sample side BS Raman spectrum
and those corresponding to the other samples. As in the case
of the color filter, the substrate side BS Raman spectrum
presents a series of doublets related to the quasiperiodic half
of the sample. It is evident from the spectra of the edge and
color filters the strong effects of the light absorption: the BS
Raman spectra from different sides of the sample are com-
pletely different. A strong peak in the FS spectrum can be
related to the almost periodic half of the sample.
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VI. DISCUSSION AND CONCLUSIONS

In this paper, we have shown that it is possible to extend
concepts from optics to phononics in the gigahertz to tera-
hertz range to design passive devices as, e.g., filter and mir-
rors. In addition, we have shown that optimization tools used
in other domains can be implemented for the design of these
devices. As follows from our experience, the best way to
exploit these procedures is to start with intelligent seeds and
to optimize them, using, for example, a NM based routine.
Dealing with phononic devices in the terahertz range poses a
series of challenges for their implementation in technological
applications. Firstly, one of the main challenges is the selec-
tion of materials with appropriate acoustic properties. Sec-
ondly, for their implementation as terahertz devices (i.e., in
the nanometer wavelength), it is required that they can be
grown with very high thickness control and atomically flat
interfaces. This implies that epitaxial techniques are a re-
quirement. A growing technique like MBE imposes strong
limitations over the number of materials that can be grown.
Because of the lattice mismatch, the number of useful mate-
rials for aperiodic phononic devices is, in addition, reduced.
Up to now, besides GaAs/AlAs multilayers, several materi-
als have been successfully grown using MBE, e.g., group
III-V semiconductors (GaAlAs alloys, GalnAs, AllnAs, GaP,
GaN, AIN, GaMnAs, etc.), group IV semiconductors (Si, Ge,
and SiGe alloys), group II-VI semiconductors (CdTe, MgTe,
and ZnSe), and several oxide materials such as SrTiO; and
BaTiO;. However, each pair of materials requires specific
consideration at the moment of designing an aperiodic
multilayer for phononic applications. For example, SrTiO5
and BaTiOj; have to be grown in an integer and limited num-
ber of monolayers. GaAs/AlAs represents one of the sim-
plest cases, because of the low lattice mismatch. Finally, an
important feature that differentiates optics and hyperacous-
tics in the terahertz range is the characterization of samples.
In fact, the access to spectral and time domain probes with
sufficient resolution to test hyperacoustic multilayered de-
vices represents today an open problem.

The electronic characterization of the samples, through
PL, is only qualitative mainly due to the limitations in the
simulations related to thermalization, both within the wells
and between the wells. On the contrary, the results of
HRXRD allowed us to use the nominal values in the simu-
lations of Raman scattering. The agreement between model
and experimental Raman spectra is quite good, confirming
the hypothesis that it is a good acoustic characterization tool
for acoustic nanowave devices in the terahertz range. Avail-
able ultrahigh resolution setups along with more accurate
models and material parameters can directly be used as a
spectral-domain tool able to probe the high resolution details
of the phononic devices. The development of sound trans-
ducers, sources, detectors, and new techniques capable of
working in this energy range!'*** would provide a new
means to probe the described optimized passive devices.

We have been initially motivated to use Raman scattering
as a means to solve the inverse problem, proposing the use of
different geometries to reduce the solution space. An alterna-
tive is to use different excitation energies with different ab-
sorption coefficients in a BS geometry or to use near infrared
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where the absorption is small. Note, however, that we were
unable to perform experiments in the near infrared due to
low Raman signal and high PL intensities. We observed that
there are subtle differences in peak intensities and positions
between theory and experiments, which could come from the
fact of considering a constant photoelastic factor in each
layer and the omission of electronic resonances with the ex-
citation wavelength. The use of available bulk material pa-
rameters could also contribute to these differences. All of
these require further work in the development of a Raman
scattering model and on the determination of reliable mate-
rial parameters. The development of nanophononics should
represent a new motivation to accomplish these goals.

A structure with arbitrary layer sequence could be de-
signed to act as a tailored phonon source in pump-probe
experiments. The design and optimization not only of pas-
sive devices (filters and mirrors, like the ones studied in this
work) but also of active devices like sources with a prede-
termined energy spectrum would be an interesting develop-
ment.

In conclusion, we have extended concepts previously dis-
cussed in the context of photonics to the physics of acoustic
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phonons, designing and growing nonperiodic nanowave de-
vices. We have described in detail the design and character-
ization of three semiconductor phononic devices capable of
controlling terahertz acoustic phonons. We have also shown
that Raman scattering is an excellent probe of the acoustic
excitations in the spectral domain. In this work, we have
observed that the BS geometry provides reliable information
about the layers next to the excitation side, and the FS spec-
trum complements this information since it is formed by con-
tributions from all layers identically attenuated. The de-
scribed tools represent the starting point for the conception
of new complex passive and active phononic devices in the
technologically relevant terahertz range.
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