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There are several classes of coherent phonons whose generation mechanisms are completely different:
impulsive stimulated Raman scattering, Brillouin oscillations, and coherent longitudinal-acoustic-phonon
Bragg reflection. All of these are investigated in Si/ SiGe superlattices using a picosecond ultrasonics technique
at room temperature. Bragg reflection for a single vibrational mode is related to gaps in the phonon-dispersion
relation at the center and the boundary of the folded Brillouin zone. The two lowest minigaps are observed at
283 and 527 GHz. Theoretical calculations of phonon-dispersion relation and phonon reflection rate are given
to explain experimental results.
DOI: 10.1103/PhysRevB.75.195309

PACS number共s兲: 68.35.Ja, 63.20.Dj, 68.65.Cd, 68.35.Iv

I. INTRODUCTION

Periodic multilayers and superlattices 共SLs兲 have been extensively investigated in semiconductor devices for their
electronic, optical, thermal, and acoustic properties. The artificial periodicity of these structures drastically alters the
bulk physical properties.1 In addition to extensive investigation of electronic quantum states and transport properties,
there have been a number of studies which explored the vibrational characteristics of SLs.2 Vibrational properties of periodic multilayers and SLs have been investigated as a possible mechanism that could reduce thermal conductivity of
such structures.3 The vibrational modes of periodic multilayers are theoretically described by the superlattice dispersion
curve which exhibits folding of the phonon branches into a
mini-Brillouin-zone 共mini-BZ兲 of dimension  / D, where D
is the period of the structure.4 One of the most fundamental
acoustic properties of a SL is the Bragg reflection of longwavelength phonons. The Bragg condition requires
2D cos共兲 = n, where  is the angle of incidence of the phonon wave vector measured from the normal of the interfaces,
 is the phonon wavelength, and n is an integer.2 Each phonon satisfying this condition is Bragg reflected and cannot
propagate through the SL. This is analogous to electronic
energy gaps; band gaps in the phonon-dispersion relation are
formed at the center and at the boundary of the folded
mini-BZ as a direct consequence of the Bragg reflection process.
Since the first works of Narayanamurti et al.5 and Colvard
et al.,6 the acoustic properties of SLs have been widely studied using Raman scattering and phonon transmission
spectroscopy.2,5–13 A considerable amount of literature has
been published on the acoustic properties of semiconductor
superlattices and the majority of works have been concentrated on GaAs/ AlAs and GaAs/ AlxGa共1−x兲As superlattices.1
These materials were chosen because they are easy to grow
1098-0121/2007/75共19兲/195309共12兲

and lattice matched. The acoustic impedances of different
layers are quite similar.
In recent years, a number of experiments have been reported, in which coherent phonons have been generated in
semiconductor structures using ultrafast laser pulses.4,14–24 It
has been shown that coherent zone folded longitudinalacoustic phonons are excited when a femtosecond laser pulse
is absorbed by the SL. The excitation process has been attributed to impulsive stimulated Raman scattering, in which
the formation of an electron-hole pair is accompanied by the
creation of a longitudinal-acoustic phonon.
In this paper, the picosecond ultrasonics 共PU兲 technique is
used to characterize vibrational characteristics of Si/ SiGe
SLs at room temperature. Several classes of coherent
phonons are observed as having distinct generation mechanisms: impulsive stimulated Raman scattering 共ISRS兲, Brillouin oscillation, and coherent longitudinal-acoustic-phonon
Bragg reflection. Recently, Si/ SixGe共1−x兲 SLs have received
considerable attention. This is mainly due to the achievement
of high-quality pseudomorphic growth of multilayer structures by silicon molecular-beam epitaxy.25,26 The modified
electrical and thermal properties of these structures are promising for the design of novel electronic, optoelectronic, and
thermoelectric devices based on Si/ SixG共1−x兲 SLs.26
The paper is organized as follows: in Sec. II, we first
present the PU experimental setup and describe the sample
structure. In Sec. III, we revisit the theory of folded acoustic
phonons and use the Rytov elastic model to calculate both
phonon-dispersion relation and phonon reflection rate.27 Finally, in Sec. IV, we compare the experimental results with
the theoretical calculations.
II. SAMPLE DESCRIPTION AND EXPERIMENTAL SETUP

The structure studied in this work is a 3 m Si/ Si0.4Ge0.6
SL, grown on top of a 1.6-m-thick buffer layer on a silicon
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FIG. 1. 共Color online兲 Schematic diagram of 共a兲 the experimental setup and 共b兲 the studied
superlattice structure.

substrate which is approximately 500 m. The buffer layer
is needed to reduce mechanical stress between the substrate
and the active SL caused by the lattice mismatch between Si
and Si0.4Ge0.6, which is about 4.2%.26 The buffer layer was
graded in order to achieve a strain-balanced SL. On top of
the SL, a 165-nm-thick Si0.8Ge0.2 cap layer was grown. Finally, a 15-nm-thick Al film was deposited on the surface
using electron-beam evaporation. Figures 1共a兲 and 1共b兲 show
schematic diagrams of the experimental setup and the
sample, respectively.
A pulsed laser beam from a 80 MHz Ti:sapphire laser
with a pulse duration of 100 fs at  = 780 nm is separated
into two beams with an intensity ratio of 10:1 by a polarizing
beam splitter combined to a zero order  / 2 plate. The intense
“pump” beam is used to heat the metallic film, while the
weaker “probe” beam is used to monitor the reflectivity
variation of the film surface. The pump beam passes through
an acousto-optic modulator that creates a pulse train modulated at a frequency of 700 kHz. The pump beam is focused
to ⬃20 m. The probe beam is reflected off a retroreflector
mounted on a mechanical translation stage to increase the
optical path length of the probe beam and hence to modify
the time delay between the pump and the probe pulses. The
probe, which is centered in the heated area created by the
pump pulse, is focused to ⬃6 m at near normal incidence.
A polarizer, oriented in such a way that only the probe beam
can cross it, is positioned before the photodiode which monitors the probe beam reflection off the sample. To improve the

signal-to-noise ratio, the detector response at 700 kHz is then
monitored by a lock-in amplifier.
III. THEORY
A. Longitudinal-acoustic-phonon dispersion relation

In these calculations, we focus on phonons propagating
perpendicular to the SL interfaces. Phonons are considered in
normal incidence with respect to the SL interface. In this
case,  = 0, and the Bragg reflection condition becomes 2D
= n. The basic reciprocal vector of the SL is defined by
G0 = 2 / D, and an equivalent form of Bragg reflection condition is
2Q = nG0 ,

共1兲

where Q = 2 /  is the phonon wave vector in the SL, which
describes the modulation of waves in the SL as a whole.
The interfaces of the SL are assumed to be mirrorsymmetry planes of the crystal, and therefore all three modes
of phonons are decoupled from each other for normal
propagation.2 The dispersion relation of folded acoustic
modes in a SL made of stacking of two layers of different
materials with abrupt interfaces, including the splitting at the
center and the boundary of the mini-BZ, can be easily calculated in the so-called elastic limit, which corresponds to
the frequency range in which the dispersion relations of the
constituents can be assumed to be linear.1 The exact well-
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known solution is given by Rytov,27 and is considered as the
elastic version of the electronic Kronig-Penney model, in
which the mass modulation along the growth direction can
be considered as the counterpart of the periodic electrical
potential. Afterward, we use the analogy with the electromagnetic wave propagation in a stratified media to calculate
the phonon-dispersion relation of the SL using the transfermatrix method.
The SL structure is described in Fig. 1共b兲. First, we consider the SL consisting of an infinite repetition of alternating
layers of material A with thickness dA and material B with
thickness dB; thus, the SL period is D = dA + dB. The interfaces
are parallel to the 共x , y兲 plane and the z axis 共growth axis兲 is
normal to the interfaces. The equation of motion for propagation along the growth axis z of longitudinal elastic waves
in each layer of the SL is given by

i

2Ui i
.
=
t2
z

共2兲

Ui and i are the displacement and the stress of a given
acoustic mode, respectively, in each SL layer i = A, B. i
= Ci共Ui / z兲, where Ci is the z component of the elastic constant tensor in layer i. The solution of Eq. 共2兲 can be put in
the form
Ui共z,t兲 = 共aie jqiz + bie−jqiz兲e−jt ,

兩UA,B兩z=dA,dB = 兩UB,A兩z=0,0 ,
共4兲

At this stage, it is convenient to introduce a 2 ⫻ 2 matrix
defined by
Mi =

冉

e jqidi
Ciqie jqidi

冊

e−jqidi
.
− Ciqie−jqidi

It results from Eqs. 共3兲 and 共4兲 that

冉 冊

冉 冊

aA+1
aA
= PAA,B PBB,A
,
bA
bA+1

B,A

共5兲

共6兲

B,A

B,A

and

0

0

e jqA,BdA,B

冊

B,A

冣

.

共7兲

2ZA,B
ZA + ZB

and

rA,B =
B,A

ZA,B − ZB,A
,
ZA + ZB

共8兲

where Zi = ii is the acoustic impedance of layer i.
The acoustic transfer matrix of the SL is defined by Tac
= PAA,B PBB,A. Det共Tac兲 = 1, which means that Tac is an orthogonal matrix, and hence the eigenvalues of Tac must be
expressible in the form 共e j , e−j兲. Then, it is natural to define
the SL wave number Q by the relation14

 = QD.

共9兲

The phonon-dispersion relation of the SL is then given by
1
cos共QD兲 = Tr共Tac兲 = cos共qAdA兲cos共qBdB兲
2
−

1 − rA,BrB,A
sin共qAdA兲sin共qBdB兲.
tA,BtB,A

共10兲

We should note here that we find exactly the well-known
Rytov relation.27 In fact,
1 − rA,BrB,A 1 + ␦2
=
.
tA,BtB,A
2␦

共11兲

␦ = ZA / ZB is the ratio of the acoustic impedances of the first
and the second layer of the SL, respectively.
The right side of Eq. 共10兲 is a continuous function of ,
and its modulus exceeds unity for some ranges of . On the
other hand, the modulus of the left side is bounded by 1.
Therefore, frequency gaps exist for the general -versus-q
relation.2,7 These gaps occur for Q = n / D, which is exactly
the Bragg reflection condition at normal incidence 关Eq. 共1兲兴.
Several authors have investigated in detail the frequency
gaps at the center and the boundary of the mini-BZ.2,4 The
frequencies at the center and the boundary of the mini-BZ
and the width of the frequency gaps may be derived from a
simple perturbation calculation as was pointed out by
Tamura et al.2 In this case, it is more convenient to write Eq.
共10兲 in the form
cos共QD兲 = cos共qAdA + qBdB兲 − ␥ sin共qAdA兲sin共qBdB兲,

B,A

e−jqA,BdA,B

B,A

1

B,A

tA,B =

共12兲

interface acoustic matrices, given by

冉

B,A

tA,B r A,B

tion coefficients of longitudinal-acoustic phonons at normal
incidence at the interfaces A / B and B / A. They are defined by

where PA,B and  A,B represent, respectively, the layer and

PA,B =

冢

r A,B

1

t A,B and r A,B are, respectively, the transmission and reflec-

共3兲

where ai and bi are the amplitudes of the transmitted 共+z
propagating兲 and the reflected 共−z propagating兲 waves, respectively. qi =  / i, where i is the sound velocity in layer i.
The time dependence e−jt of Ui will be removed in the
subsequent analysis to simplify the notation.
Ui and i must satisfy the continuity condition at the
boundaries:

兩A,B兩z=dA,dB = 兩B,A兩z=0,0 .

A,B =

1

where ␥ = 共1 − ␦兲2 / 2␦. For most SL, ␦ is close to unity, and
the second term of Eq. 共12兲 can be regarded as a small perturbation. Then, for normal incidence the center of the
pth-order frequency gap is given by
195309-3
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p = p

vef f
.
D

共13兲

The integer p is even at the center of the mini-BZ, and odd at
the boundary. ef f is the effective sound velocity in the SL
given by
D
dA dB
=
+ .
ef f A B

共14兲

The latter equation simply means that the transit time
through a period is the sum of the transit times through each
layer.
Using a similar method, the widths of the frequency gaps
are given by
⌬ p = 2

冏 冋

p  d A/  A − d B/  B
ef f
 sin
D
2 d A/  A + d B/  B

册冏

冏 冋

ef f
p  d A/  A − d B/  B
 cos
D
2 d A/  A + d B/  B

冋冉 冊 冉 冊
dA
A

2

+

dB
B

2

+

册冏

1 + ␦ 2 d Ad B
␦  A B

共17兲

I is the 2 ⫻ 2 identity matrix. The next step is to relate the
a
兲 into the cap layer to the vector 共 basusu 兲 into the
vector 共 bCL
CL
substrate. The substrate is considered to be a semi-infinite
medium, and then bsu = 0. After some easy algebra, we find
that

冉 冊

册

共18兲

where CL,A and A,su are the acoustic transfer matrices of the
cap layer/first SL layer A interface and that of the SL layer
A/substrate interface, respectively. These are given by
共15兲

From Eq. 共15兲, we can see that the width of the frequency gap is proportional to the acoustic modulation
 = 共ZA − ZB兲 / 冑ZAZB and inversely proportional to the SL period thickness D.4 We should note here that for our studied
Si/ Si0.4Ge0.6 SL, ␦ ⬇ 1.25 and  ⬇ 0.23. The acoustic impedance of Si0.4Ge0.6 is estimated using average values of density and sound velocity of Si and Ge. The center of the first
two order frequency gaps are then given, respectively, by
1 ⬇ 270 GHz and 2 ⬇ 540 GHz, and their corresponding
widths are given, respectively, by ⌬1 ⬇ 29 GHz and ⌬2
⬇ 40 GHz. The values of 1 and 2 are in very good agreement with the observed experimental frequencies, as we will
see in Sec. IV.
At the limit  → 0, the phonon wavelength becomes much
longer than the SL periodicity, becoming a bulk sound wave
with a linear dispersion relation given by2,7


=D
Q

N−1 − N−1
N1 − N2
2
M −  1 2 1
I.
1 − 2
1 − 2

asu
aCL
SL
= CL,ATac
A,su
,
0
bCL

at the mini-BZ boundary,and p is odd.

SL =

MN =

冉 冊

at the mini-BZ center,and p is even,
⌬ p = 2

To calculate the SL phonon reflection rate, we began by calculating the entire SL acoustic transfer matrix which is given
SL
by Tac
= 关Tac兴N. Fortunately, this is possible analytically using
the well-known Cailey-Hamilton theorem: If M is a 2 ⫻ 2
matrix which has two distinct eigenvalues 1 and 2, the N
power of the matrix M is then obtained by

−1/2

CL,A =

1

冉

1

tCL,A rCL,A

The reflection rate of phonons propagating along the
growth direction z in a finite SL is calculated following the
method proposed by Tamura et al. to calculate the transmission rate of phonons.2 In this situation, phonons of a given
mode are incident from the phonon generator 共the metallic
film+ cap layer兲 toward N periods of the SL, as illustrated in
Fig. 1共b兲. All phonons which satisfy Bragg reflection condition are reflected off the SL and cannot propagate through it.

and A,su =

1

冉

1

tA,su rA,su

rA,su
1

冊

.

The solution of Eq. 共18兲 yields the amplitude bCL of the
reflected wave in the cap layer and the amplitude asu of the
transmitted wave in the substrate.
The reflection rate is defined as the energy flux of the
phonons reflected off the SL normalized by the energy flux
of the incident wave in the cap layer. The energy flux is
given by2
1
⌽i = i2Vi兩ai兩2 .
2

共20兲

Vi is the group velocity of the acoustic wave. For normal
incidence and in the continuum approximation, we can take
Vi = i.2
From Eqs. 共18兲 and 共20兲, we can get the expression of the
reflection rate of phonons as
⌶=

B. Longitudinal-acoustic-phonon reflection rate

1

冊

共19兲

. 共16兲

This is exactly the same formula given the sound velocity of
the SL considered as an effective acoustic media.28
Now, after the discussion about the dispersion relation, let
us examine the acoustic-phonon reflection rate.

rCL,A

冏

SL
共CL,ATac
A,su兲21
⌽CL,b
=
SL
⌽CL,a
共CL,ATac A,su兲11

冏

2

.

共21兲

SL
SL
共CL,ATac
A,su兲21 and 共CL,ATac
A,su兲11 are, respectively, the
SL
共2,1兲 and the 共1,1兲 element of the matrix CL,ATac
A,su. In
Figs. 2共a兲 and 2共b兲, we presented the calculated reflection
rate for longitudinal-acoustic phonons propagating from a
Si0.8Ge0.2 cap layer through a Si/ Si0.4Ge0.6 20 periods and
the corresponding phonon-dispersion relation, respectively.
In this calculation, we have used the data concerning the SL
structure studied experimentally, except for the number of
periods which is in reality 246, and dA = 2dB = 8 nm. In fact,
within 20 periods the reflectivity coefficient reaches already
99% at both the center and the edge of the mini-BZ, and
using a higher number of periods this value slowly increases
up to the perfect value of 100%. In Fig. 2共b兲, we show the
dispersion relation for both configurations 共A / B / A / B / . . . 兲
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FIG. 3. Experimental reflectivity relative change as a function of
time delay; the inset shows the acoustic contribution to the signal
after subtraction of the thermal background.

structure: Al film, cap layer, SL, and the substrate used in the
simulations.
Figure 2共a兲 reveals the same characteristics as the transmission rate curves,2,5,8 except that we have peaks instead of
dips. The same correlations between the width of the frequency gaps and the magnitude of the reflection peaks can be
seen. Increasing the number of the SL periods increases the
magnitude of the reflection peaks as well as the number of
small oscillations. Additional oscillations can be understood
as resulting from interferences between reflected and transmitted phonon waves.
FIG. 2. 共Color online兲 共a兲 Calculated phonon reflection rate for
an A / B / A / B. . . configuration of the SL, and 共b兲 phonon-dispersion
relation for both A / B / A / B. . . and B / A / B / A. . . configurations of the
SL, with A ⬅ Si0.4Ge0.6 and B ⬅ Si.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

and 共B / A / B / A / . . . 兲, with A = Si0.4Ge0.6 and B = Si. The comparison with experiment will allow us to identify the first
layer of the SL and its exact configuration. Table I recapitulates all geometrical and physical properties of the entire

Figure 3 shows the relative change in the SL sample reflectivity as a function of the time delay. Room-temperature
measurements were performed using PU at a wavelength of
780 nm. The inset shows the acoustic contribution to the
signal after subtraction of the thermal background.

A. Whole acoustic contribution

TABLE I. Geometrical and physical properties of the Al layer, the Si0.8Ge0.2 cap layer, the Si/ Si0.4Ge0.6
superlattice, and the substrate used in the simulations.

Layer
Al
Si0.8Ge0.2
cap layer
Si0.4Ge0.6 共A兲
Si 共B兲
Si substrate

Thickness
共nm兲

Density
共kg/ m3兲

Sound
velocity
共m/s兲

Refraction
coefficient n⬘
at  = 800 nm

Extinction
coefficient n⬙
at  = 800 nm

15
165

2700
3007

6422
7262

2.685
3.76

2.699
0.0099

8
4
⬃500 000

4245
2329
2329

5818
8427
8427

4.07
3.69
3.69

0.028
0.0065
0.0065
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A modeling program was used to analyze the acoustic
data. Details of the model are described in Refs. 28 and 29.
Rigorous physical models for both the optical and acoustical
properties of the samples are used for this simulation. First,
the deposited heat is calculated using the optical constants in
each layer of the structure. From this heat distribution, the
initial photothermal stress in the whole multilayer is determined. Then, the acoustic field in all layers of the sample is
determined in the frequency domain. Finally, time-dependent
amplitude and phase perturbations of the laser pulse probe
reflection induced by the elastic field are calculated by fast
inverse Fourier transform. Acoustic attenuation, adhesion,
and roughness of the interfaces have also been considered in
this model. This simulation program is easy to use and provides very fast results 共about 10 s on a personal computer兲.
In the experiments described here, the pump beam was
focused onto a spot having a diameter of roughly 20 m,
which is much larger than the whole explored depth inside
the multilayer structure. Consequently, a one-dimensional
model 共along the stacking direction z兲 can be used to describe both the elastic wave generation and the detection processes; only longitudinal waves have to be considered,30 as
we have seen in Sec. III.
The relative change in reflectivity was calculated in a previous article31 and the main results are reviewed here. The
structure is modeled as 2N layers indexed by i, with the cap
layer corresponding to i = 0 and the substrate to i = 2N + 1. di
is the thickness of the layer i. A local coordinate z, defined
within each layer, runs from 0 to di. The electromagnetic
field in layer i can be written as the sum of two counter
propagating plane waves:
Ei共z兲 = ␣ie jkiz + ␤ie−jkiz ,

共22兲

where ki = 冑ik0, i is the dielectric constant, and k0 is the
optical wave vector in vacuum. The reflection coefficient
R0 = ␤0 / ␣0 of the entire structure can be related to the amplitudes 共␣i , ␤i兲 of the forward and backward electromagnetic
fields. These can be calculated using transfer-matrix formalism. The probe pulse is affected by the acoustic field propagating within a layer in two ways: on the one hand, each
interface is displaced by the acoustic wave; on the other
hand, the dielectric constant is modified by the elastic strain
. The relative change of reflectivity is thus the sum of these
two contributions and it can be written as
jk0
⌬R
共t兲 =
R0
n 0␣ 0␤ 0
+

1 i
2 

2N+1

兺
i=0

冕

di

0

再

2i␣i␤i关Ui共t兲 − Ui−1共t兲兴

冎

dzi共z,t兲关␣ie jkiz + ␤ie−jkiz兴2 , 共23兲

with d2N+1 → + ⬁ and U−1共t兲 = 0; i /  and Ui are the photoelastic coefficient and the normal acoustic displacement in
the layer i, respectively. The relative change in reflectivity is
a complex quantity which can be expressed as ⌬R共t兲 / R0
= P共t兲 + j⌽共t兲. Since 10−7 艋 ⌬R共t兲 / R0 艋 10−5, P共t兲 and ⌽共t兲
stand for the relative change in the amplitude and in the
phase of the reflected electromagnetic beam, respectively.

FIG. 4. 共Color online兲 Comparison between experimental
共dashed line兲 and theoretical 共solid line兲 relative changes in reflectivity for the acoustic signal in the inset of Fig. 3.

Both the real and the imaginary parts, P共t兲 and ⌽共t兲, can be
obtained through interferometric detection.32
To use Eq. 共23兲, the acoustic fields, namely, Ui共t兲 and
i共z , t兲, must be determined within each layer. This is a complex task since each individual layer acts as an acoustic
source as far as the pump beam penetrates in the structure,
and the fields generated by these many sources propagate
and superimpose. The problem can be solved in the frequency domain expanding the acoustic field in terms of stationary waves within each layer as we have seen in Sec. III:
Ui共z, 兲 = aie jqiz + bie−jqiz ,

共24兲

where ai and bi are the complex amplitudes of counterpropagating acoustic waves in the layer i and qi =  / i is the
acoustic wave vector. As we have seen in detail in Sec. III,
using transfer-matrix formalism, ai and bi can be expressed
in terms of ai−1 and bi−1 and also as a function of the acoustic
source in the layer i due to the absorption of the pump pulse.
We have performed numerical simulations according to this
scheme and the results will be described later on.
The problem of acoustic propagation in multilayers when
the acoustic sources are neglected is much simpler and the
main results were given in Sec. III.
We have plotted in Fig. 4 the real part of the simulated
relative change in reflectivity of the studied sample including
the Al film, the cap layer, the Si/ Si0.4Ge0.6 SL, and the Si
substrate, in comparison with the experimental acoustic contribution 共inset of Fig. 3兲. The thermal background was subtracted in order to allow comparison with numerical simulations. The relative change in reflectivity, calculated using the
values in Table I, perfectly fits our experimental data. Only
20 periods were used in the calculations. Including the additional layers only increases the computational time without
affecting the physical conclusions.
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FIG. 5. 共a兲 Brillouin oscillation and 共b兲 Bragg reflection oscillation after Bessel numerical filtering of the curve in the inset of
Fig. 3.
B. Oscillation types and their origins

As we can see in the inset of Fig. 3, in the acoustic contribution three essential oscillations are clearly shown: a
slow oscillation and two fast oscillations. In order to separate
them, a Bessel bandpass numerical filter was used; the high
and low frequencies of the filter were varied to distinguish
each type of oscillation. The result is shown in Figs. 5共a兲 and
5共b兲.
1. Brillouin oscillation

The optical penetration length of the Al film at the wavelength of the experiment is about 7 nm, and almost 80% of
the pump-laser pulse energy is absorbed within the Al film.
The remaining 20% reaches the Si0.8Ge0.2 cap layer directly.
In the metal layer, light is first absorbed by electrons; these
electrons then transfer their excess energy to the lattice
through electron-phonon collisions. They may diffuse along
a significant distance before they lose all their energy, but
ultimately remain confined in the metal layer due to the

Schottky barrier. The energy gap of the cap layer is Eg
⬇ 1.04 eV at room temperature 共300 K兲.33 The optical properties of the SL should be close to those of the cap. The
pump pulse at  = 780 nm has energy of E p ⬇ 1.59 eV. Not
only is the pump light absorbed by the cap layer, it also
reaches the SL structure and then produces electrons and
holes in both structures. These electrons and holes relax to
the band edge by emission of phonons of energy E p − Eg. In
the metal film and in both semiconductor structures 共the cap
layer and the SL兲, absorption of the pump-laser pulse generates a coherent acoustic-phonon wave packet 共acoustic strain
field兲 that propagates through the sample and causes a spatiotemporal modulation in the dielectric constant. This
change is responsible for the first oscillating behavior seen in
the probe field reflectivity signal and confirmed with numerical simulation 共Fig. 4兲. This type of slow oscillation is called
the Brillouin oscillation. Oscillations result from the interference between the probe beam reflected off the moving strain
pulse and the incident probe beam.34 The idea of the Brillouin oscillation can be well captured by forming an analogy
to a Fabry-Pérot cavity with a variable length; the cavity
would be formed by the moving acoustic strain pulse and the
sample free surface. A good analysis of this type of oscillations is given by Liu et al.22 It was shown that carrier generation is essential in observing these oscillations and both
amplitude and period of these oscillations are strong functions of the laser probe energy and the thickness of the semiconductor sample.22 Since the optical and acoustical properties of the cap layer and the SL structure, considered as an
effective medium, are quite similar, there is no change in the
observed Brillouin oscillation. We can affirm, however, that
the major contribution comes from the cap layer, as it is the
first semitransparent layer where light enters. In the case of
normal incidence, which is our case, the frequency of the
Brillouin oscillation is given by f Brillouin = 2CLnCL / ,30 where
vCL and nCL are the longitudinal-acoustic sound velocity and
the index of refraction of the cap layer, respectively, and  is
the probe beam wavelength. The measured frequency of
Brillouin oscillation is f Brillouin ⬇ 73 GHz. The combination
of this value with the value of the wavelength of the probe
beam  = 780 nm, and the estimated value of the
longitudinal-acoustic sound velocity of the cap layer CL
⬇ 7262 m / s,28 gives the value of the index of refraction of
the cap layer Si0.8Ge0.2 at the wavelength of the experiment;
we find nCL ⬇ 3.92. This value is quite comparable to values
of index of refraction of semiconductors at this wavelength
and at room temperature.35
2. Phonon Bragg reflection

As mentioned in the Introduction, the artificial periodicity
of SLs allows them to behave like an interference frequency
filter for phonons.5 In fact, at normal incidence, each phonon
whose wave vector satisfies the Bragg condition 关Eq. 共1兲兴
will be reflected off the SL and will be unable to propagate
through it.
In the experiment, the coherent acoustic-phonon wave
packet generated within the metal film can be considered to
be produced without thermal diffusion since the temperature
distribution in the metal film is uniform. Hence, in the ap-
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FIG. 6. Modulus of the spectrum of the acoustic strain field
generated in semi-infinite Al film; the hatched bands indicate the
frequency gaps in the dispersion relation of the superlattice.

proximation of semi-infinite medium in the growth direction
共z axis兲, the Fourier transform of the acoustical deformation
33 is proportional to 2 f / 关42 f 2 + 共Al / Al兲2兴,36 which has a
maximum for a frequency f = Al / 2Al, where Al and Al
are the sound velocity and the optical penetration length of
the Al film, respectively. As we can see in Fig. 6, the spectrum exhibits a maximum at f ⬇ 145 GHz and has components extending up to about 1 THz. On the other hand, as
demonstrated by Thomsen et al.,30 due to thermal diffusion
within the semiconductor cap layer, the acoustic pulse exhibits a temporal broadening; as a consequence, the spectrum of
the coherent acoustic-phonon wave packet generated within
the cap layer is narrow. The association of both spectra gives
a large coherent acoustic-phonon wave-packet spectrum,
within which some frequencies are forbidden for propagation
through the SL as qualitatively illustrated by the three
hatched bands on the curve of Fig. 6. We note here that only
the first two bands are observed experimentally. The phonons
corresponding to these frequencies are then reflected back in
the cap layer. For each frequency gap, the SL behaves like a
band stop filter; in other words, the SL can be considered as
a sum of many band stop filters.
Figure 7共a兲 shows the measured oscillations due to the
reflected phonons at the Si/ Si0.4Ge0.6 SL after separation
from the Brillouin oscillation. A direct fast Fourier transform
共FFT兲 of the temporal response in the dashed square yields
the spectrum modulus shown in Fig. 7共b兲, where we can see
some fringes, a consequence of the spectral interferences,
with an average frequency step of about 15 GHz. The inverse of this frequency step is equivalent to the flight time
between the middle of both acoustic bursts 共coherent acoustic phonons兲, as shown in Fig. 7共a兲.
To get good frequency information, we make FFT of both
acoustic bursts separately 共solid and dotted squares兲; the
spectra modulus are shown in Fig. 7共c兲, where a perfect superposition is obtained, which means that the two acoustic
bursts correspond, in fact, to two successive coherent
acoustic-phonon reflections. The flight time between them is
the time necessary for the coherent zone folded longitudinal-

FIG. 7. 共Color online兲 共a兲 Bragg reflection oscillation, 共b兲 the
corresponding direct FFT modulus of the time response in the
dashed square, and 共c兲 the FFT modulus of both acoustic bursts
separately in the solid and dotted squares.

acoustic-phonon wave packet to make one round-trip in the
cap layer, from which we had extracted the cap layer thickness. The frequencies of these acoustic coherent phonons,
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283 and 527 GHz, correspond to the first- and second-order
zone folded modes in the dispersion relation, as shown in
Fig. 7共c兲. We note here the excellent agreement between experimentally measured frequencies and the calculated ones
based on approximated formula 关Eq. 共13兲兴. The approximation is valid due to the small value of ␥ ⬇ 0.026 as we have
discussed in Sec. III A. We should also note that the comparison with experimental results allows us to get the exact
configuration of the SL, A / B / A / B . . . ⬅ Si0.4Ge0.6 / Si/
Si0.4Ge0.6 / Si/ . . ., which means that the top SL layer is A
⬅ Si0.4Ge0.6. The observed oscillations are the consequence
of the temporal convolution between the coherent acousticphonon wave packet, generated inside both the metal film
and the cap layer, and the acoustic pulse response of the SL,
by analogy to the action of an electronic linear filter. In the
frequency space, the temporal convolution becomes a multiplication of the coherent acoustic-phonon wave-packet spectrum and the SL acoustic transfer function, as illustrated in
Fig. 6.
3. Impulsive stimulated Raman scattering

A thorough analysis of the response at very early times
共t ⬍ 50 ps兲 in Fig. 7共a兲 shows a very fast oscillation of frequency of 527 GHz, as shown in the spectrum modulus of
Fig. 8共a兲. This is the same oscillation which persists along
the entire curve as we can see in Fig. 3. We find this frequency in the spectra modulus of both acoustic bursts in
Figs. 5共b兲 and 7共c兲. Since this frequency corresponds to the
center of the folded mini-BZ, we deduce that the oscillation
is due to direct excitation of folded phonons by residual
pump light reaching the SL; this is illustrated schematically
in Fig. 8共b兲.
This phenomenon was already observed by Bartels et al.
in similar experimental conditions,15,16 and it was proved that
the mechanism responsible for this oscillation is a forward
ISRS in which light couples to zone folded acoustic modes
of the SL. These authors observed, in fact, a triplet of modes:
a central mode excited via forward ISRS and two side modes
excited via backward ISRS. In our case, it seems that the two
side modes are hidden by coherent acoustic-phonon Bragg
reflection since the acoustic pulse spectrum is extending up
to 1 THz, as shown in Fig. 6. As for Brillouin oscillation,
ISRS and Bragg reflection create a spatiotemporal modulation in the dielectric constant, which is responsible for the
observed reflectivity change.
We should mention that the phonon frequency gap position and width are strongly dependent on the geometrical and
physical properties of the studied structure. Calculations
show that a small variation in the thickness or in the
longitudinal-acoustic sound velocity of one of the layers A or
B leads to a strong variation in the position and the width of
the phonon frequency gaps. This high sensitivity confirms
the possible identification of the SL acoustic and geometrical
properties from the observed experimental data.
4. Acoustic attenuation into the cap layer

One of the essential pieces of information we can get
from experimental results is related to the attenuation of the

FIG. 8. 共Color online兲 共a兲 FFT modulus of the signal at the
beginning of the curve in Fig. 7共a兲 共⬍50 ps兲. 共b兲 Schematic diagram of the studied structure illustrating absorption of the pump
pulse and generation of coherent longitudinal-acoustic phonons in
the superlattice.
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FIG. 9. 共Color online兲 Bragg reflection oscillation after Bessel
numerical filtering of the experimental result obtained in the same
conditions as those in Fig. 3, but on a larger pump-probe delay. The
solid and dashed exponential decays are the best fit corresponding
to ACL exp共−␣CLt兲 and −ACL exp共−␣CLt兲, respectively, where ␣ is
the attenuation of coherent longitudinal-acoustic phonons in the cap
layer.

coherent longitudinal-acoustic phonon wave packet within
the cap layer. In Fig. 9, we show oscillations resulting from
Bragg reflection after filtering the experimental results obtained in conditions the same as those in Fig. 3, but with a
larger time delay between the pump and the probe. Since the
Bragg reflection concerns only phonons which satisfy the
Bragg condition, i.e., phonons with a defined frequency, their
attenuation will be defined only at this frequency and a temporal picture will be a good description. If we assume that
there is no acoustic attenuation in the Al transducer film, then
it must be correct to relate two successive acoustic strains
by37

2共z,t兲 = 1共z,t兲rCL/SLe−␣vCLt ,

冕

dCL

f共z兲共z,t兲dz,

␣=

共26兲

冊

共27兲

5. Reflection and transmission rates
and the phonon phase-coherent length

As mentioned in the Introduction, many authors have
studied the transmission of coherent acoustic phonons in several superlattices.2,5,8–13 In this work, we have discussed the
reflection of coherent acoustic phonons. To show the similitude of the interpretations, we report both calculated reflection and transmission rates of coherent longitudinal-acoustic
phonons in Fig. 10. The transmission rate of coherent
longitudinal-acoustic phonons is given by

0

where dCL is the cap layer thickness and f共z兲 is the optical
sensitivity function, which determines how acoustic strain
variations at different depth values below the free surface
contribute to the reflectivity change. The general form of f共z兲
is an exponentially damped oscillation with non zero phase
at the free surface z = 0. The periodicity of f共z兲 is equal to the
half wavelength of light in the material. The range of f共z兲 is
determined by the optical penetration length  as it was calculated by Thomsen et al.30 and Zhu et al.37 From Eqs. 共25兲
and 共26兲, we obtain

冉

1
⌬R共t = 2dCL/CL兲
ln
.
2dCL
⌬R共t = 4dCL/CL兲

We then fitted the maxima and the minima of the acoustic
bursts with ACL exp共−␣CLt兲 and −ACL exp共−␣CLt兲, respectively, and optimized both ACL and ␣ to get the best fit. The
result is shown in Fig. 9. With this method, we obtain an
average value for the attenuation of the coherent
longitudinal-acoustic-phonon wave packet, satisfying Bragg
reflection condition, in the cap layer. This attenuation is ␣
⬇ 2 ⫻ 106 m−1, which is very high considering the small
thickness of the cap layer. The acoustic echoes are damped
by a factor of 2 along the 165 nm cap layer thickness. The
large attenuation may be explained by the nature of the Al
film which is likely to have plenty of grains.

共25兲

where ␣ is the attenuation per unit distance in the cap layer
and rCL/SL is the acoustic reflection coefficient at the cap
layer/SL interface. As shown in Fig. 2共a兲, for both frequency
modes, the acoustic-phonon reflection rate is almost 100%;
this is why we take rCL/SL = 1. The reflectivity change resulting from the acoustic strain is given by30,37
⌬R共t兲 =

FIG. 10. 共Color online兲 Calculated coherent longitudinalacoustic-phonon reflection rate 共solid line兲 and transmission rate
共dashed line兲 in the Si/ Si0.4Ge0.6 superlattice for an A / B / A / B. . .
configuration with A ⬅ Si0.4Ge0.6 and B ⬅ Si.

⌿=

1
⌽su,a Zsu
=
= 1 − ⌶,
SL
⌽CL,a ZCL 兩共CL,ATac
A,su兲11兩2

共28兲

where Zsu and ZCL are the acoustic impedances of the substrate and the cap layer, respectively.
Increasing the numbers of SL periods increases the magnitude of the reflection peaks and transmission dips as well
as the number of small oscillations. These oscillations result
from the interference of reflected and transmitted phonon
waves, and they show nicely the reduction of the phonon
phase-coherent length in the framework of the wave descrip-
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tion. Since the phonon mean free path in semiconductors is
in the range of 100 mm,1 and largely exceeds the SL period,
a particle motion description is no longer appropriate. The
phonon phase-coherent length decreases with an increasing
number of SL periods due to the incoherent scattering at
interfaces. From the inverse of the frequency period of these
oscillations, one could obtain information on the lifetime of
the coherent phonon inside the SL.

pletely different mechanisms. The frequency of Brillouin oscillation is determined by the probe wavelength, while the
frequencies of Bragg reflection and impulsive stimulated Raman scattering are functions of the sample geometrical and
physical properties. The latter types of oscillations are a result of coherent zone folding longitudinal-acoustic phonon,
and are well explained by the elastic continuum theory of
acoustic modes.

V. CONCLUSION
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