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Elastic properties and phonon generation in Mo/Si superlattices
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Picosecond ultrasonic measurements have been carried out on molybdenum-silicon multilayers in order to
study their elastic effective-medium behavior using low-frequency acoustic echoes, and their high-frequency
response through localized surface modes. Taking into account the elastic properties of silicon and molybde-
num thin films independently measured, we show that the long-wavelength acoustic behavior of the multilayers
is well reproduced. Using an effective-medium model that includes only the two constituent layers in the
periodic cell without any interfacial zone, sound velocity, echo shape, and acoustical reflection coefficient have
been investigated. In contrast, the frequency of the acoustic-phonon surface modes could not be reproduced
unless a modification of the surface silicon layer was introduced, in good agreement with x-ray reflectivity
measurements. Finally, low-temperature experiments illustrate the potential of such wide stop-band systems for
the emission of monochromatic acoustic waves, using the tunneling of a surface-localized mode or a buried
nanocavity mode. The filtering and acoustic transduction properties of these artificial layered materials have

also been investigated.
DOI: 10.1103/PhysRevB.80.155424

I. INTRODUCTION

For over 70 years, the propagation of acoustic waves in
layered systems has received great attention. Nevertheless, in
simulations of seismic shocks the scale of the earth’s crust
structure was in the kilometer range; today, the technological
development to create alternated stackings drives the scale of
interest in the nanometer range. In artificial multilayers, the
periodicity along the direction perpendicular to the surface
strongly modifies the microstructure and the acoustic prop-
erties. Among the interesting results, folded modes,!? unex-
pected softening of the elastic constants,’ interfacial
alloying,* and interface roughness have been observed; such
superlattice structures have shown promising potential in
various fields of application.

For example, molybdenum-silicon (Mo/Si) multilayers
with a high contrast in electron density exhibit a very high
reflectivity for soft x-rays and extreme UV. They are widely
used nowadays in a variety of technological fields such as
x-ray laser cavities,’ soft x-ray lithography,® and
microscopy.” Meanwhile, the large discrepancy in acoustic
impedance of the two multilayer components gives rise to
large stop bands, which are of technological interest for op-
timizing acoustic-phonon filters, as they overcome some of
the drawbacks of semiconductor superlattices.® Special atten-
tion has to be given to the interface quality for the mirrors;
the interfaces should be as abrupt as possible and without
residual strains. Different fabrication processes have been
investigated, and magnetron sputtering seems to be the most
efficient regarding the optimization of the optical properties
of multilayers.’

Picosecond ultrasonics is nowadays considered as a pow-
erful technique to study the acoustic behavior of multilayer
systems. Femtosecond laser excitations allow the generation
of high-frequency acoustic waves with wavelengths in the
nanometer range. Such acoustical strains traveling into a lay-
ered system and interacting with all the sample interfaces
strongly interact with the acoustical features of the buried
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structures. Previous acoustical studies of Mo/Si multilayers
have shown the existence of folded modes due to the
multilayer periodicity. Moreover, nonpropagating modes
have been detected within band gaps as far as the sixth band
gap of the dispersion curves. Nevertheless, the discrepancy
between theoretical and experimental values of the frequency
of such surface-localized modes can reach around 20%, a
difference that could be related to the ill-known elastic con-
stants of the constituent materials.'%-!3

In this paper, time-resolved picosecond acoustic measure-
ments on a series of Mo/Si multilayers with thickness peri-
ods d ranging from 4.6 up to 28.4 nm are presented. The
structural and acoustic properties of each constituent layer
were obtained separately on single-layer reference samples
using both picosecond ultrasonics and x-ray reflectivity mea-
surements. The longitudinal sound velocity in the low-
frequency range is measured and compared to the predictions
of an effective-medium model, including either two or three
components per unit cell in order to describe the presence of
a mixed interfacial zone. The time-resolved shape of the
acoustic response and the reflection coefficient of the sub-
strate are also examined and satisfactorily reproduced using
the effective-medium theory.

The evolution of the localized surface mode (LSM) fre-
quency in the first gap (zone boundary) is reported versus
multilayer period and compared with theory to solve the dis-
agreement reported in the literature. Buried cavity modes
(CMs) are also investigated to distinguish any correlations
between bulk or surface modes and microstructure features.
Finally, the potential of such Mo/Si stacking for phonon fil-
tering or phonon generation will be illustrated.

II. EXPERIMENTAL DETAILS AND SAMPLE
DESCRIPTION

A. Sample preparation and physical properties

Mo/Si multilayers were deposited by magnetron sputter-
ing on Si(001) single-crystal substrates covered with a native
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oxide layer in a deposition chamber equipped with three in-
dependent planar magnetron sources. The standard back-
ground pressure in the chamber prior to deposition was
2.0 10°° Pa and the Ar sputtering gas pressure during
growth was maintained at 0.22 Pa. The deposition was per-
formed at room temperature by alternate sputtering of the
Mo (dc voltage of 370 V) and Si target (rf voltage of 460 V).
These conditions yield growth rates of 0.072 nm s~ for Mo
and 0.067 nm s~' for Si, as calculated from the deposition
time and the layer thickness measured by x-ray reflectivity
(XRR) on reference samples. Multilayers with periods d
ranging from 4.6 up to 28.4 nm were grown, the total thick-
ness being kept constant at a value of ~130 nm and the Mo

thickness ratio F=%, where ey, is the Mo layer thickness
and d is the multilayer period at I'=0.5. The topmost layer
of the stacking was always Si, except for one specific
sample. Energy dispersive x-ray analysis (EDX) were per-
formed on multilayers deposited on carbon membranes using
a JEOL JSM 5300 microscope operating at 20 keV with a
Si(Li) detector in order to determine the composition of all
deposited samples. The Mo atomic fraction was found to be
0.54*0.01 for all multilayers, which yields a corrected
value of the thickness ratio I'=0.49 = 0.01 instead of 0.5.

The structural properties of the multilayers were investi-
gated by x-ray diffraction (XRD) using a Bruker D8 Dis-
cover diffractometer in Bragg-Brentano geometry. For an ac-
curate determination of layer thickness, x-ray reflectivity
measurements were performed on a Seifert XRD 3000 appa-
ratus. For this purpose, the incident beam is formed by a
channel cut using two Ge(220) reflections followed by a 0.1
mm slit selecting the Cu Kea; line exclusively with a low
divergence; at the exit the 0.07 mm detector slit defines the
resolution and as the diffraction circle radius is 220 mm this
leads to an acceptance angle below 0.018°.

Finally, cross-section specimen of multilayers were ob-
served using a JEOL 3010 high-resolution transmission elec-
tron microscope (HRTEM) equipped with a LaBg filament
and operated at 300 keV, which offers a point resolution of
0.19 nm.

XRD experiments confirm that the Si layers are amor-
phous for the chosen growth conditions (hereafter, noted
a-Si) and reveal the (110) textured growth in Mo layers. The
thickness of the Mo crystallites, as deduced from the peak
width at half maximum and finite-thickness fringes, extends
over the whole crystalline Mo layers. The average (110) in-
terplanar spacing, as deduced from a fitting of the diffracted
intensity, is slightly reduced as compared to the theoretical
value of bulk (110) Mo (~0.222 nm instead of 0.225 nm):
this difference is possibly explained by the stress state of the
thin film or by the incorporation of some residual Si atoms
during deposition (the incomplete screening of the Si source
during the Mo growth results in a Si content <3% in the Mo
layers). Moreover, it should be mentioned that a structural
transition occurs for the Mo layers at a critical thickness of
2.2 nm; below this value Mo layers are amorphous, while
they become crystalline over the whole Mo layer thickness
as soon as the deposited thickness exceeds this critical
value.'* Needless to mention that here only multilayers with
crystalline Mo layers are dealt with.

XRR spectra were acquired in specular /26 geometry;
information was extracted from the experimental scans by

PHYSICAL REVIEW B 80, 155424 (2009)

T T T T T T T T T T T T T T T T
Experimental data
————— Best fit: 2-layer model
Best fit: idem + surface layer

Normalised intensity
5]
T

20 (degrees)

FIG. 1. (Color online) X-ray reflectivity on a 9.6-nm-period
Mo/Si multilayer (sample 10a). Symbols: experimental data; dashed
line: simulation using the simple two-layer model, the layer density,
thickness, and roughness provide the best agreement for the posi-
tion and amplitude of Bragg peaks; full line: simulation correspond-
ing to the best fit when taking into account a surface silicon oxide
layer (thickness ~1.2 nm) using the same parameters for density,
thickness, and roughness as for the dashed line.

comparison to a simulation based on an optical recursion
method. XRR analysis provides information on the layer
density, layer thickness, and an interfacial broadening param-
eter for each interface, including both interfacial roughness
and/or interdiffusion, as these aspects of interfacial mixing
cannot be distinguished in specular geometry. The simulation
model used in the Seifert “Analyze” program is based on
Parrat’s formalism'> applied on a layered model of the
sample: for each layer, the refractive index and the thickness
are the relevant parameters; whereas each interface is de-
scribed by a roughness parameter o, the root mean square of
the Gaussian distribution of interface height. Moreover, a
least-squares fitting procedure using a logarithmic criterion
allows the refinement of the layer parameters. Mo/Si multi-
layers have been studied extensively by several groups,!6-!3
and the bilayer model representing the Mo and Si layers was
improved to a trilayer model, motivated by the knowledge
that there is an interfacial silicide at the Mo-on-Si interface:
therefore, a Si/MoSi,/Mo trilayer might be more realistic
than the Si/Mo bilayer. However, we found that in our case,
the use of a trilayer model does not improve significantly on
a simple two-layer model, as on the one hand reflectivity in
specular geometry does not allow to distinguish between cor-
related and uncorrelated roughness and on the other hand the
asymmetry of the interfaces can still be taken into account,
using different o parameters for Mo-on-Si and Si-on-Mo in-
terfaces. Figure 1 shows the experimental XRR measurement
on a 9.6-nm-period multilayer (sample 10a) together with
simulated curves. The first simulation uses the simple two-
layer model and satisfyingly reproduces the peak positions
but not the decay of the intensity at very low angles. How-
ever, it is well established that Si layers, especially in the
amorphous state, can develop an oxide layer at the Si/air
interface, and as a matter of fact, by introducing such a sur-
face oxide layer the agreement between simulation and ex-
perimental data can be significantly improved. The effect,
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TABLE 1. Sample description: d is the multilayer period, d; (respectively, d,) is the Mo (respectively, Si) thickness in the bilayer, and I"
is the thickness ratio of Mo to the period d, as determined from XRR analysis. The “sample structure” column gives the number of bilayers
together with other specific data. The interfacial parameters o rms (roughness and/or interdiffusion) are given for each type of interface; the
values are replaced by—when simulation of the XRR data is not available. The last two columns display the thickness of the topmost Si layer
as well as the thickness of the surface oxide layer that forms at the top of it: however, the error on the determination of this latter parameter

is quite large (~0.4 nm).

Surface
d; d, Topmost  oxide
d (emo) (es) OSion-Mo OMo-onsi  layer — layer
No. Sample structure (nm) (nm) (nm) T'=ep,/d  (nm) (nm) (nm) (nm)
Mo/Si multilayer samples
1 28%(a-Si/Mo)/Si(100) 46 22 24 0.47 0.7 1.1 24 1.1
2 19%(a-Si/Mo)/Si(100) 6.3 3 33 0.48 0.65 0.95 33 14
3 13*(a-Si/Mo)/Si(100) 93 46 46 0.50 0.6 0.8 4.6 1.4
4a 10*(a-Si/Mo)/Si(100) 12 6 6 0.50 0.65 0.8 6 1.4
4b Mo+ 10%(a-Si/Mo)/Si(100) 12 6 6 0.50 0.65 0.8 (Mo) 1.4
5 8*(a-Si/Mo)/Si(100) 15 73 17 0.49 0.8 0.9 7.7 1.4
6 9*(a-Si/Mo)/Si(100) 189 92 96 0.49 0.7 0.8 9.6 1.2
7 8*(a-Si/Mo)/Si(100) 238 11.7 12.1 0.49 0.7 1.2 12.1 1
8 8*(a-Si/Mo)/ 284 135 149 0.48 0.75 0.95 14.9 1.4
Mo cavity samples
9a  a-Si+2*(Mo/a-Si)/Mo 5.73 nm/3*(a-Si/Mo)/Si(100) 12 26 94 0.22
9b 2*(Mo/a-Si)/Mo 5.73 nm/3*(a-Si/Mo)/Si(100) 12 26 94 0.22
Modified topmost Si layer
10a 13*(a-Si/Mo)/Si(100) 9.6 5 4.6 0.52 0.6 0.8 4.6 1.6
10b Si-2 nm/Mo/ 12*(a-Si/Mo)/Si(100) 9.6 5 4.6 0.52 0.7 0.9 2.6 1.5
10c a-Si+1.5 nm/Mo/12*(a-Si/Mo)/Si(100) 9.6 5 4.6 0.52 0.7 0.9 6.0 1.6
Generation and detection samples
11 3*(a-Si/Mo)/Si(100) 260 pwm/Al 30 nm 25 125 125 0.50
12 Si/Mo/Si 21.6 nm/Mo/Si/Mo/Si(100)260 um/Al 30 nm 16 8 8 0.50

when taking into account a silicon oxide surface layer with a
slightly lower density (~2 g cm™) than the one of the ac-
tual Si layer (2.33 g cm™), is visible especially in the low-
angle region (inset of Fig. 1). Using the two-layer model and
the Si oxide surface layer the thicknesses of the individual
dense (Mo) and light (Si) layers were determined for all mul-
tilayers: the accuracy on the multilayer period is on the order
of 0.01 nm. The experimental spectra are not shown here, as
the results were similar to the one shown in Fig. 1. An asym-
metry of the interface profile (roughness and/or interdiffu-
sion) is obvious and consistent throughout the series of
samples, yielding a o parameter of ~1.0 nm rms for the
Mo-on-Si interface, while it is only of about 0.7 nm rms for
the Si-on-Mo interface. The presence of a modified surface
layer was taken into account for all samples: however, the
precision on the thickness determination of such a surface
oxide layer is very poor.

HRTEM observations of the samples confirmed the strong
asymmetry of the interfaces with the existence of an amor-
phous silicide interfacial layer extending over up to ~2 nm
at the Mo-on-Si interface, whereas the Si-on-Mo interface is
mainly subject to roughness. It should be mentioned that
these observations are in good agreement with several previ-
ous studies on the Mo/Si system, which always point out an

interfacial diffusion and the possible creation of an amor-
phous alloyed layer with a rather well-defined stoichiometry
of Moy 33Sig.67.""

The main structural characteristics of the samples are
summarized in Table I. In particular, the good agreement
between XRR and EDX analysis for the determination of the
thickness ratio I" should be mentioned: a point that tends to
prove that the two-layer model that was employed is appro-
priate.

B. Picosecond ultrasonics

The picosecond ultrasonics technique introduced by H.
Maris'® derives from the well-known optical pump-and-
probe scheme. A femtosecond laser pulse (the pump beam) is
absorbed at the sample surface. This absorption generates, by
thermal-expansion, acoustic waves which propagate through
the system. Partly reflected and transmitted at all the inter-
faces of the sample, the acoustic wave is then probed at the
free surface by a time-delayed laser pulse called the probe
beam, which is less energetic than the excitation beam. The
real and imaginary parts of the relative change in surface
reflectivity (Ar/r) induced by such acoustical strain may be
measured either by reflectivity?? or by interferometric
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FIG. 2. (Color online) Standard time-resolved picosecond
acoustics reflectivity measurement using a Michelson interferom-
eter on a 9.3-nm-period Mo/Si multilayer (sample 3). The fast os-
cillations starting just right after the pump excitation absorption are
the signatures of the LSMs. Low-frequency acoustic waves re-
flected by the silicon substrate emerge at the sample surface peri-
odically. The inset shows a comparison between experimental data
and results obtained by a simulation based on the transfer-matrix
formalism.

measurements.?>~2’ Our experimental setup working either in

reflection’’?® or in transmission geometry? was already de-
scribed elsewhere. Briefly, we use a mode-locked Ti:Sap-
phire (MAI-TAI Spectra) laser source operating at 800 nm
with a repetition rate around 79.3 MHz. The pulse time width
is less than 100 fs at the laser output. The pump beam is
modulated at 1.8 MHz to improve the signal-to-noise ratio.
After traveling through a delay line the probe beam is fo-
cused at the location of the pump excitation beam and its
reflection is detected by a photodiode connected to a lock-in
amplifier. For measurements at room temperature a Michel-
son interferometer is used; at low temperature a Sagnac’’
configuration is mandatory since it is less sensitive to optical
disturbances induced by the helium flow in the cryostat cell.

In the following, we will consider a one-dimensional elas-
tic model to account both for the generation and detection
processes, as the laser spot size is wider than the character-
istic lengths of all related phenomena (thermal diffusion
length, optical-absorption length...).

III. RESULTS AND DISCUSSION
A. Low-frequency acoustic waves and effective-medium model

Figure 2 displays the imaginary part of the reflectivity
variation Ar(¢)/r induced by the acoustic waves into a 9.3-
nm-period Mo/Si multilayer. The time =0 corresponds to a
sharp response of the electrons in the system. After a few
picoseconds, the absorbed energy is transferred to the lattice,
giving rise to a smooth thermal background. The acoustical
features are superimposed onto this signal. The broad struc-
tures correspond to the echoes separated by a constant time
delay as in a standard sonar system. For such low-frequency
modes, the main interest of the interferometry is to be sensi-
tive to acoustic waves, which have traveled through the
whole multilayer structure and back after reflection at the
interface with the silicon substrate. The imaginary part of
Ar(r)/r although partly correlated with the surface displace-
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TABLE II. Parameters determined for the pure thin films refer-
ence: volumic mass p and longitudinal sound velocity V.

Reference sample p (gem™) V (nm ps~!)
a-Si 2.33 7.56
Mo 10.2 6.18
M00_33Si0'67 55 6.68

ment is generally more sensitive to acoustic waves with a
wavelength longer than the optical penetration depth (a few
tens of nm).

In layered structures, the transfer-matrix formalism is ad-
equate for the calculation of the acoustic wave propagation
and induced reflectivity. The generation process is then con-
sidered as the sum of multiple strain sources due to the ab-
sorption of light in different layers, and the detection process
is related to the optical penetration depth of the light probe.
In the inset of Fig. 2 a comparison between calculated and
experimental values for the imaginary part of the reflectivity
variation is shown. The acoustical response includes fast os-
cillations with a slow damping rate, a signature of vibrations
located close to the free surface (the so-called localized sur-
face modes), and additional broad structures. The nonpropa-
gating localized surface modes will be discussed in Sec. III B
of the paper.

As shown in Fig. 2, the bulk waves exhibit characteristic
pulse duration around 10 ps, which correspond to a typical
wavelength of one order of magnitude larger than the sample
periodicity. Consequently, we may assume that such waves
propagate in an effective medium.

The effective-medium model predicts an effective elastic
constant Cs3 for the superlattice given by

Loz n
Cys 77 Gy

where d is the multilayer period and d; and Cé3 are, respec-
tively, the thickness and the elastic constant of ith layer con-
stituting the elementary cell of the periodic structure.

A preliminary step for applying Eq. (1) is the determina-
tion of the sound velocity and density for a-Si and for (110)
textured Mo reference thin films grown in the same condi-
tions as the multilayer samples as they might differ from the
bulk values. The corresponding values are summarized in
Table II. The effective elastic constant Cs; of the multilayers
is obtained from the average time delay between several ech-
oes (Fig. 2) and assuming that the density of the multilayer

. . dip1+dapy
obeys a simple rule of mixture p=—"_——.

Figure 3 shows the measured effective elastic constants
compared to the values calculated for an effective-medium
model, including only the two components Mo and Si. A
good agreement is achieved between experimental values
and the effective model prediction as the maximum differ-
ence is less than 3.5%. Even for the smallest multilayer pe-
riods, which are the most sensitive to interfacial effects, no
significant divergence from the model is observable. Never-
theless, keeping in mind the possible presence of an interfa-
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FIG. 3. Evolution of the effective longitudinal elastic constant
C53 vs multilayer period in reciprocal scale. Black dots: experimen-
tal data. The size of the dots represents the experimental error.
Continuous line: calculated values in a two-component model in-
cluding equal-thickness Mo and a-Si layers in the unit cell; dashed
line: calculated values using a three-component model, namely, Mo,
Moy 3351 ¢7, and a-Si layers in the unit cell. The measured effective
elastic constants of the elementary constituents Mo and a-Si are
also indicated.

cial alloy with a composition close to Mo 33Sij 7 at the in-
terface, an elastic constant calculated using the effective-
medium model based on a cell composed by three
elementary constituents (Mo/MoSi,/Si) is also included in
Fig. 3. For these calculations, the properties of an amorphous
Moy 33Sij 67 alloy were measured independently on a refer-
ence specimen and the alloy thickness was fixed at a value of
~2 nm, as derived from HRTEM image analysis.

Eventually, as Fig. 3 confirms, taking into account the
interfacial layer in the model does not improve the agree-
ment to the experimental data; on the contrary, this leads to a
slight hardening at low multilayer periods. However, the ex-
istence of an amorphous interfacial layer was established by
HRTEM observations: we then have to assume that either
such an interfacial layer does not follow the behavior of the
corresponding higher-thickness reference sample or the ex-
pected interfacial hardening effect is counterbalanced by an-
other effect. Again based on HRTEM observations, it may be
inferred that the roughness at the Si-on-Mo interface induces
an elastic softening. In any case, the experimental effective
sound velocity in Mo/Si multilayers is satisfactorily repro-
duced by the two-constituent model.

Using the signature of consecutive echoes, we can extract
another acoustic parameter, which is related to the interface
between the Mo/Si stacking and the silicon substrate. Indeed,
each acoustic echo detected at the free surface undergoes at
least one reflection at that interface. Assuming a perfect ad-
hesion and neglecting sound absorption, the reflection coef-
ficient of the acoustic waves has been deduced from the am-
plitude decay of the first three echoes. This reflection
coefficient determination was applied mainly for the sample
with smallest period (sample 1) as the effective-medium as-
sumption is here the most adequate. The experimental value
was found to be around 0.30, in good agreement with the
expected value of 0.27 calculated using the sound velocity
and density measured on the pure Mo and a-Si reference
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FIG. 4. Real and imaginary parts of the relative change in re-
flectivity induced at the first echo in the 4.6-nm-period Mo/Si
multilayer (sample 1). Open circles: real part of the relative change
in reflectivity on the left side and imaginary part on the right side.
Dashed line: results of the fitting with an effective model for the
echo shape.

films. As can be noted in Fig. 2, for the sample with d
=9.6 nm, the amplitude decay of the echoes is well repro-
duced with a reflection coefficient of about 0.30 also for
samples with larger periods.

The assumption of effective-medium behavior, which has
been shown to be adequate for describing the amplitude and
time delay of the echoes, can also be tested on the shape of
the first echo.

In the effective-medium model, and assuming that genera-
tion and detection take place in an opaque and homogeneous
layer, the relative variation in the reflectivity is given by the
following equation?

Ar oo _q . 0 n i .
—=-—¢ oS 4 yel i ettt _ (2)

r n'

with the sound velocity v, the photoelastic coefficient g—’:y ,and

the optical index n=n'+in", a=4mn"/\, and ve'?

_ "2 n

- n'(1-n%)(2n-n") 7’ . . X
Full information on this complex quantity can be obtained

using both interferometric and reflectivity measurements; the
real and imaginary parts of the reflectivity induced at the first
echo in sample 1 are displayed in Fig. 4. The experimental
data were fitted with the aid of Eq. (2) using a least-squares
method. A good agreement between model and experiment
was found with an effective optical index of n=5.2+3.4i and
a photoelastic coefficient 1.1-1.2i.

As a conclusion, the overall good agreement between ex-
perimental results and effective-medium model predictions
covers all acoustic features: sound velocity, sound reflection,
amplitude, and shape of the acoustic echo. This is a strong
support to the fact that the properties of the two constituent
layers in the Mo/Si system are well understood and deter-
mined accurately enough to reproduce adequately the low-
frequency behavior of Mo/Si multilayers. Moreover, the
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FIG. 5. (Color online) Thick line: (frequency wave-vector dia-
gram) dispersion curve in an infinite multilayer with a period d
=12 nm and a thickness ratio I'=0.5. Note the large stop band at
the BZ boundary. Dashed line: (frequency Fourier transform ampli-
tude diagram) experimental spectra obtained for a sample with top-
most Si layer (sample 4a, dash-dotted curve) and with topmost Mo
layer (sample 4b, dashed curve), respectively. The LSM disappears
when the topmost layer has the higher acoustical impedance. Fine
red line: calculated spectrum using transfer-matrix formalism; the
predicted surface mode frequency is systematically higher than the
experimental value.

presence of an alloyed Mo/Si interface was clearly not de-
tectable from the low-frequency acoustic behavior.

B. High-frequency range: Localized surface modes

One of the main targets of the above-mentioned effective-
medium model focused on the low-frequency multilayer re-
sponse was to obtain realistic acoustic parameters for Mo
and Si layers with thicknesses in the nanometer scale without
referring to their bulk properties. These parameters being
determined, they can now be used for a better understanding
of the high-frequency features.

In a superlattice the layers stacking periodicity in the di-
rection perpendicular to the layers modifies deeply the
propagation of acoustic phonons, leading to the backfolding
of the acoustic dispersion into minibranches in the Brillouin
zone (BZ) and the opening of energy gaps in the Brillouin-
zone center and boundary. For these energies, no propagating
modes are allowed and superlattices behave as Bragg mirrors
with an efficiency determined by the number of periods and
the acoustic impedance contrast between the two constitu-
ents. Surface-localized modes can be confined in superficial
layers of the mirror since the interface with air is a perfect
reflector provided that the topmost layer has the smallest
acoustic impedance. An acoustic cavity can also be obtained
if any layer is sandwiched between two such mirrors, leading
to a so-called cavity mode centered on the cavity layer.

We show in Fig. 5 the dispersion curve obtained for a
period d=12 nm and a thickness ratio '=0.5, which corre-
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sponds to samples 4a and 4b, which only differ by the nature
of the topmost layer of the sample being either Mo or Si. For
a constant thickness ratio Mo:Si close to 1:1, the first band
gap is the largest at the Brillouin-zone boundary. The fre-
quency width of the stop band is directly related to the
acoustical impedance contrast of the two constituents. In our
case, the very large stop bandwidth (wider than 200 GHz) is
mainly due to the higher Mo density as compared to the Si
one. For comparison, in semiconductor superlattice systems
such as GaAs-AlAs,’ the stop band does not exceed a width
of 10 to 20 GHz. Such properties of metal-semiconductor
multilayers may be in the future a real advantage for tailor-
ing specific filter devices.

After subtracting the decreasing background due to ther-
mal and electronic effects in the reflectivity change we per-
formed a Fourier transform to get the acoustic spectrum re-
sponse of the multilayer. The result obtained on samples 4a
and 4b are shown in Fig. 5.

The sharp peak observed within the band gap (at
~250 GHz) is related to nonpropagating localized surface
modes. It is well known that such modes can exist only if the
topmost layer has acoustical impedance smaller than the un-
derlying layer one. Consequently, the spectrum on sample 4b
(topmost layer Mo) does not show any structure within the
first band gap. The second structure, which is wider, is at-
tributed to a band of folded modes in the vicinity of the
almost-closed Brillouin-zone-center gap. Both localized sur-
face modes and folded modes frequencies increase when the
multilayer period decreases. In semi-infinite multilayers, the
frequency position of the localized surface modes satisfies
the equation®”

tan(m> +Mtan<ﬂ> =0, (3)

(%] P22 C

where d;, p;, and c; are the thicknesses, densities, and longi-
tudinal sound velocities of the constituents (i=1 for Si and
i=2 for Mo). Thus the surface-localized frequency should
vary as the inverse of the period while keeping the same
thickness ratio.

In Fig. 6 the plot of the localized surface mode frequency
versus the inverse of the superlattice period is shown. The
results are in rough agreement with the expected linear evo-
lution but a substantial discrepancy between the theoretical
and experimental values is obvious especially for the small-
est multilayer periods, as already reported in the
literature.!®!! As in the effective-medium model, the possi-
bility of the influence of an interfacial alloy on the frequency
value of the surface modes was investigated. Nevertheless,
the influence of an amorphous interfacial alloy on the local-
ized surface modes is to produce a frequency shift in only a
few GHz, which is insufficient to explain the discrepancy
observed in Fig. 6. In fact, this is not surprising and may be
explained by a strong confinement of such acoustic vibra-
tions at the vicinity of the surface. Then, buried structures
have no significant influence on the localized surface mode
frequency. On the contrary, the vibrational response would
exhibit a very strong correlation to the thickness of the top-
most Si layer. Such an effect might be considered as it has
been shown that the formation of a silicon surface oxide is
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FIG. 6. Evolution of the surface mode frequency vs inverse of
the period. Black dots: experimental data; bold line: calculated val-
ues in a simple two-constituents Mo and Si, model; dashed line:
calculated values with the same model but taking into account an
additional 1-nm-thick Si surface layer.

not negligible in these multilayer samples, and it actually
leads to an additional oxide “cap layer” on top of the topmost
Si layer (see Table I). In order to validate this assumption,
three identical multilayers with different thicknesses of the
topmost Si layer were grown (samples 10a, 10b, and 10c),
and Fig. 7 presents the corresponding experimental power
spectra. As expected we observe a shift to the low frequen-
cies for samples having the thickest silicon topmost layer.

Such high sensitivity of the localized surface mode fre-
quency to the topmost layer thickness has been explained by
Chen et al.3! through the following equation

sin( @) * cos(@yp) * sin(ay) * sin(ay) * (r = 1/r)
+ cos(amp)2 # [r# sin(a;) * cos(ay) + sin(ay) * cos(a;)]
+ sin(amp)2 * [sin(a;) * cos(a,)/r + sin(ay) * cos(a;)]

=0 4)

with a,-:zwc‘—)“li, where d;, p;, and c; are the thicknesses, den-
sities, and fongitudinal sound velocities of the constituents
(in that case i=1 for Mo and i=2 for Si, and i=cap corre-
sponds to the topmost Si layer), and r is the ratio of the
acoustical impedance of Mo on the one of Si.

In the case illustrated in Fig. 7, where the ratio between
the layer thicknesses is equal to one, we get a maximum shift
in frequency versus the topmost layer thickness.

In order to obtain structural data about these multilayers,
the same set of samples was studied using XRR and the
corresponding data for samples 10b and 10c are shown in
Fig. 8. Here again, the small change in the topmost Si layer
has clear effects on the experimental spectrum, especially at
the very low angles. The best fit between simulation and data
is obtained when the topmost Si layer thickness is decreased
by 2 nm (respectively increased by 1.4 nm) compared to the
reference multilayer, in perfect agreement with the nominal
values, but taking into account the surface oxide cap layer.
This comparative study on a series of very similar samples
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FIG. 7. (Color online) Spectra measured on three identical mul-
tilayers for which only the topmost Si layer has been modified. The
multilayer period is d=9.6 nm, and the topmost layer thickness is
6.0 (blue), 4.6 (red), and 2.6 nm (black) (samples 10c, 10a, and 10b,
respectively).

confirms that a careful analysis of the XRR spectra can de-
tect such small surface layer thickness variations although
they are at the sensitivity threshold of the technique. At this
purpose picosecond acoustics measurement seems to present
a better sensitivity compared to x-ray reflectivity.

These observations coupled with the accurate prediction
of the position of the broad folded mode bands in the zone-
center gap (Fig. 5) lead to the conclusion that the acoustic
behavior of Mo/Si multilayers is well reproduced with the
exception of the acoustic vibrations located on the surface. In
order to investigate this point further, we designed specific
Mo/Si multilayered structures including a buried Mo cavity.
In the present case, the thickness of Mo and Si layers (I
=0.22) have been chosen to open a band gap in the boundary

Normalised intensity

o Experimental data
Best fit: modified topmost Si thickness

— — -Reference multilayer d = 9.6 nm
1 1 L n 1 n L n 1

0.8 1.2 1.6 2.0
20 (degrees)

FIG. 8. (Color online) X-ray reflectivity on identical multilayers
for which only the topmost silicon layer thickness has been modi-
fied (samples 10c and 10b). The multilayer period is 9.6 nm and the
topmost layer thickness is (a) 2.6 nm and (b) 6.0 nm. The best fit
simulations were obtained for the modified topmost layer thickness,
while always keeping the same surface oxide “cap layer.” Also, for
comparison, the spectrum for the reference multilayer without sur-
face layer modification is given.
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FIG. 9. Bottom: experimental spectra for structures with buried
Mo cavities (sample 9a with topmost Si layer and sample 9b with
topmost Mo layer). Top: corresponding calculated power spectrum,
the LSM frequency is 604 GHz and the Mo CM frequency is 569
GHz. The agreement between theory and experiment is satisfying
for the CM (experimental value 550 GHz), whereas for the LSM
frequency the experimental value (497 GHz) is much lower than the
prediction, a discrepancy of around 17%.

and in the center of the Brillouin zone, then localized surface
modes at least in the two first band gaps are observed. The
experimental spectrum around the second stop band is com-
pared to the calculated spectrum in Fig. 9. In order to unam-
biguously distinguish the localized surface mode signature
from the signal originating from the Mo cavity, we have
compared two otherwise identical stacking with either Si or
Mo topmost layer (samples 9a and 9b, respectively). As pre-
viously mentioned, for a Mo topmost layer the localized sur-
face modes disappear, leaving only the cavity mode signal.
As compared to simulations, a shift toward lower frequencies
for the surface-localized modes is visible. On the contrary,
the experimental resonance frequency of the buried Mo cav-
ity is very close to the predicted one as the difference is less
than 4%.

For these reasons, it is clear that the disagreement re-
ported in Fig. 6 can definitely not be attributed to incorrect
elastic and structural parameters determination. Hence, the
main contribution to the localized surface modes’ frequency
shift must be related to the surface or topmost layer proper-
ties. Figure 6 also displays the predicted frequency values
calculated when taking into account an additional silicon sur-
face layer of 1 nm thickness for the whole series of multi-
layers. In the latter case, a nearly perfect agreement with the
experimental values is obtained. It should be emphasized that
this modification of the topmost silicon layer consistent with
the acoustic surface modes is in full agreement with x-ray
reflectivity analysis (Table I).

Finally, we achieved a very consistent description of the
acoustic properties of these Mo/Si multilayers both in the
low and the high-frequency ranges. Consequently, it is now
possible to tailor active or passive sensors in order to ma-
nipulate phonons.
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FIG. 10. Acoustic transmission spectroscopy at low temperature
(15 K) obtained for a d=25 nm period multilayer mirror deposited
on a 260 wm Si substrate (sample 11): there is no transmission in
the first band gap except at the LSM frequency. Inset: transmission
of the sample containing a Si cavity (sample 12), same trend with
an additional selective transmission located at the CM frequency.

C. Potential applications of large band-gap structures

Recently it has been shown that semiconductor superlat-
tices have a great potential for monochromatic acoustic wave
generation or detection.®3? Such properties coupled with
their optical and electrical behaviors correspond to a large
window of industrial applications in the range of subtera-
hertz to terahertz phonon manipulation. Mo/Si multilayers
could be an alternative system to produce passive or active
devices as their growth is not limited by epitaxial conditions
as for semiconductor systems. To illustrate the validity of
this argument, we additionally performed acoustic transmis-
sion spectroscopy.

In a first configuration we investigate the detection prop-
erties of the multilayer: the pump beam is focused on an Al
film deposited on the backside of the silicon substrate, which
is used as a coherent broadband phonon generator. The gen-
erated acoustic pulse, containing frequencies up to 0.35 THz,
propagates through the substrate before reaching the
multilayer where the probe beam is focused on. In order to
prevent acoustic attenuation in the 260 um-thick Si sub-
strate, the sample is cooled down to 15 K. The transmitted
signal detected on a 25-nm-period multilayer (sample 11) is
shown in Fig. 10: between 0.09 and 0.18 THz an opening can
be observed into the transmitted spectrum corresponding to
the first gap induced by the sample periodicity. The acoustic
waves within that frequency range are totally reflected by the
Mo/Si multilayer stacking, demonstrating a huge filtering ef-
ficiency even for a small number of periods (only three rep-
etitions). Within the stop band we can observe a sharp peak
related to the excitation of the surface-localized mode by
tunneling through the stacking. For the sample containing a
Si cavity (sample 12), we also observe a selective filtering at
the cavity frequency mode as shown in the inset of Fig. 10.

In a second configuration, we aim to observe the genera-
tion properties of the same Mo/Si samples by reversing the
experimental geometry. Now the pump excitation is directly
absorbed in the superlattice and we measure the acoustic
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FIG. 11. Acoustic generation spectrum from a d=25 nm
multilayer mirror deposited on a 260 um Si substrate detected
through a backside Al layer (sample 11). The broadband of the
low-frequency branch stops abruptly at the first band gap. The well-
defined peak at about 130 GHz is induced by the tunneling of the
surface mode across the multilayer stack.

response at the opposite side by measuring the change in the
reflected probe, which is focused on the aluminum film. In
the case of a multilayer mirror system (sample 11), the Fou-
rier transform of the reflectivity change is shown in Fig. 11.
At low frequencies, a broadband appears in the spectrum,
corresponding to the low-frequency branch of the dispersion
curve. The spectrum is then abruptly cut at the low-
frequency edge of the first gap (80 GHz). An additional sharp
structure emerges into the gap (at 127 GHz) and corresponds

PHYSICAL REVIEW B 80, 155424 (2009)

to the localized surface mode vibration excited by the pump
pulse and which tunnels through the multilayer up to the
substrate. This generation process is also observed in the
systems containing a phonon cavity. These preliminary re-
sults support the assumption that Mo/Si multilayers grown
by magnetron sputtering are adequate as detectors or genera-
tors at least in the range of 100 to 200 GHz.

IV. CONCLUSION

In this paper we have investigated microstructural and
acoustic properties of Mo/Si multilayers. In the low-
frequency range the elastic behavior of Mo/Si multilayer is
well explained by an effective model, including only two
layers into the periodic cell and using elastic and structural
parameters deduced from measurements performed on pure
reference Mo and a-Si single-layer thin films deposited in the
same conditions. The high-frequency response including lo-
calized surface mode or cavity modes has also been studied.
The frequency of buried cavity structures are well repro-
duced using the nominal multilayer thickness, whereas the
localized surface mode frequency is systematically lower
than the predicted value. We have explained this discrepancy
by an increase in the topmost Si layer thickness due to an
oxide cap layer, which is in agreement with x-ray reflectivity
analysis. Finally, the potential of such layered structures for
phonon filtering, generation, or detection has also been evi-
denced. In the near future, such versatile multilayer systems
could be used to study the phonon propagation into a very
large panel of systems even in the higher-frequency range
provided that there is a better control on the interface quality.
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