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We describe experiments in which the vibrations of a-Ge:H/a-Si:H multilayer structures on silica
substrates are studied in real time. The vibrations are generated when a picosecond light pulse is
absorbed in the structure, thereby setting up an elastic stress. The resulting motion is studied
through a measurement of the change in the optical reflectivity as a function of time. We analyze
the results in terms of the spectrum of normal modes of the multilayers and show that there exist

surface modes at the free surface of the multilayer.

I. INTRODUCTION

Multilayer structures (crystalline or amorphous) have
interesting vibrational properties that have been studied
by Raman? and phonon transmission spectroscopy.>*
The Raman studies’? confirm the theoretically expected
folding of the acoustic branch of the phonon spectrum.
Phonon transmission spectroscopy>* gives clear evidence
of band gaps, i.e., frequency intervals in which phonon
propagation cannot occur. In this paper we use a new
method which enables us to study in the time domain the
vibrations of a multilayer structure (or any other micros-
tructure). We will show that this new method gives ex-
tra, and interesting, information about the modes of the
multilayer, particularly the surface modes.

II. EXPERIMENTAL METHOD

The basic idea of our method is shown schematically in
Fig. 1. The vibrations of the multilayer structure are ex-
cited when a short light pulse (the “pump’ pulse) is ab-
sorbed. As a light source we used a passively mode-
locked colliding-pulse ring dye laser® operating at 6180 A
(2 eV). The pulse width is 0.1 psec, the energy per pulse
0.2 nJ, and the repetition rate 108 MHz. When the light
pulse is absorbed in the multilayer a stress distribution is
set up, and the structure is set into vibration. According
to the simplest picture of this process we can imagine
that the absorption of the light raises the temperature,
and so the stress is just due to thermal expansion. In
fact, as we have shown in earlier work,® there may also be
an electronic contribution to the stress which is of the
same order of magnitude as the thermal stress. Because of
the different optical properties of Ge and Si, the spatial
dependence of the initial stress distribution is rather com-
plicated. We will discuss the theory of this in a later sec-
tion.

When the multilayer structure begins to vibrate, there
is a time-varying elastic strain in each layer. The strain
changes the optical constants (n and a), and this, in turn,
leads to a variation of the optical reflectivity of the struc-
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ture with time. In our experiment we use a measurement
of this change in reflectivity, AR (), to study the vibra-
tional modes. We measure AR(t) by means of a time-
delayed optical probe pulse (pump-and-probe method).
This probe has the same characteristics as the pump
pulse and the reflected probe pulse is detected by a photo-
diode. To improve the signal-to-noise ratio the pump-
pulse chain was modulated at 4 MHz, and the photo-
diode output fed into a phase-sensitive amplifier locked to
this modulation frequency. The observed changes in
reflectivity had magnitudes in the range 10~5-10~%,

The multilayers were prepared by plasma-assisted
chemical-vapor deposition.” The ratio of the silicon layer
thickness to the germanium layer thickness was kept con-
stant at 1.13 to 1. The repeat distance d, covered the
range 19-1134 A. The first and last layers were always
silicon, but they did not necessarily have the same thick-
ness as the silicon layers inside the multilayer. The total
thickness of the multilayers varied between 0.5 and 1 pm.
The number of bilayers varied from 5.5 for d,=1134 A

PUMP [ 2 [ 2 [
PROBE
d, d,
dl’
FIG. 1. Schematic diagram of the experimental

configuration. Layers 1 and 2 refer to Si and Ge, respectively.
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FIG. 2. Photoinduced reflectivity changes observed in a mul-
tilayer with a germanium layer thickness dg of 190 A and assil-
icon layer thickness ds of 215 A.

to more than 100 for the smallest repeat distance.

In Fig. 2 we show as typical results the response AR(?)
for a multilayer with d, =405 A. It consists of two su-
perimposed terms. The first term is a rapid decrease of
AR immediately after ¢t =0 followed by a decay. The
second term consists of a weakly damped oscillation of
frequency 91.3 GHz, together with some irregular oscilla-
tory components which persist only for a short time.
(The existence of these components is not evident to the
eye from Fig. 2, but we mention them at this point for the
sake of completeness.) The first term is %ualitatively
similar to results we have obtained in studies® of a single
film of a-Ge:H. It is the result of the change in optical
properties due to photoexcited carriers. The second term
(oscillatory component) is clearly a result of the vibration
of the multilayer structure.

III. THEORY OF MULTILAYER EIGENMODES

In this section we study the normal modes of a multi-
layer structure. We consider a multilayer structure made
up of alternating layers of thicknesses d, and d,, densi-
ties p; and p,, and sound velocities v; and v,. The repeat
distance d, equals d, +d,. In our experiments the diam-
eter of the region which is illuminated is roughly 10 um,
and is therefore much larger than the thickness of the
multilayer structure. Consequently, we only to need con-
sider motion of the multilayer in the direction normal to
the layers, i.e., in the z direction.

A. Modes of an infinite multilayer

The equation of motion is
Q*ul(z,t) _do

ar? oz

where u is the displacement in the z direction, and o is

the zz component of the elastic stress tensor which is re-
lated to u by

(z,0), (1)

1—v
o(z,t)=3B 1+v77(z’t) , (2)

where B is the bulk modulus, v is Poisson’s ratio, and 7 is
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the zz component of the elastic strain tensor (=0du /9z).
Combining (1) and (2) gives the usual result for the sound
velocity v,

, 3B l—v

Vo= (3)
p l1+v

We look for a solution in the form
u(z,t)=w(z)e ", 4)

Let the mth layer of the multilayer begin at z=z,,. We
can write the general solution of the wave equation in this
layer in the form

w(z)= A,, sin[k, (z —z,,)]+B,, cos[k,,

where A4,, and B, are amplitudes, and k,, is equal to
/v, or @/v, depending on the layer. At the interface
between two layers the displacement and the stress must
be continuous. These conditions relate 4,, ., and B, |,
to 4, and B,,. To determine the dispersion relation of

the layered medium, we use a transfer matrix T defined
by

(z-2z,)], (5)

Am
B,

Am +2

B, . ©6)

The elements of T are
T, =cos(k,d,)cos(k,d,)—p ~'sin(k,d,)sin(k,d,) ,
(7
cos(k,d,)sin(k,d,) ,
8
T,,=sin(kd)cos(k,d,)+p cos(k,d,)sin(k,d,) , (9)
T,,=cos(k,d,)cos(k,d,)—p sin(k,d,)sin(k,d,) ,

(10)

Ty = —sin(k,d;)cos(kyd,)—p "

where p =p,v,/p,v,. These elements are based on the as-
sumption that layer m is a type-1 layer. From (7)-(10)
we find that detT =1, and hence the eigenvalues of T
must be expressible in the form (e e —%9). Then it is nat-
ural to define the wave number g by the relation

6=gqd, . 1y
The trace of T is
T“+T22=ei9+e_i6=2COS(qd,) . (12)

This gives the dispersion relation
cos(gd,)=cos(wd, /v,) cos(wd, /v,)

2
—(—‘—“zipf’——)sin(wd,/u,)sinmdz/vz), (13)

in agreement with the result first derived by Rytov.> The
folding of the acoustic branch of the spectrum in
GaAs/Ga;_, Al As superlattices has been shown to be
well described by this formula.’ In Fig. 3 we show the
calculated dispersion curve for a Ge/Si multilayer with
Ge and Si layer thicknesses of 200 and 226 A respective-
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FIG. 3. Calculated dispersion relation for longitudinal-
acoustic phonons in a Ge/Si multilayer with dg =200 A and
ds=226 A. d, is the repeat distance of the multilayer. The
densities and sound velocities are given in the text.

ly (dg/dgz=1.13). The density and sound velocity in
these materials are not accurately known and depend
upon the conditions of preparation.®!°~12  For the mo-
ment, we take the values p;=4.85 gem ™3, pg=1.76
gem ™}, v;=4.6X10° cmsec”!, and vg=7.9%10°
cmsec™!. In Table I we list the phonon frequencies of

the band edges.

B. Local modes at a free surface

Consider now a semi-infinite multilayer with a free sur-
face at z =0. The first layer is composed of the material
labeled 1. In this situation the spectrum may contain sur-
face modes, in addition to the bulk modes of the infinite
system. The theory of such modes has been discussed ex-
tensively, both for discrete and continuum models.* To
derive the conditions for a surface mode let us suppose
that the eigenvectors of T are ¢'" and ¢'?. The pair of
amplitudes 4,B, in the first layer can be written as a
linear combination of ¢'! and ¢'?, viz.,
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FIG. 4. Spatial dependence of the strain for the surface
modes in (a) the lowest zone-boundary and (b) the lowest zone-
center gap for a Ge/Si multilayer beginning with a Si layer. d,
is the repeat distance of the multilayer. Parameters are as given
in the text.

4,
B, =Cl¢(l)+cz¢(2) . (14)
Then in the (27 + 1)th layer the amplitudes are
Az 11 np(1) n(2)
By =C\Aj¢ " +CrA8 7, (15)
6

when A, and A, are the eigenvalues of T, i.e., ¢ and
e % It is clear that for these amplitudes to become very
small for large n we must have 6 complex. If we choose
Im(6)>0, then |A;| <1 and |A,| >1. From (15) we

TABLE 1. Frequencies of the lower (v_) and upper (v, ) band edges and surface modes (vg) for the
four lowest gaps for a Ge/Si multilayer with d; =200 A and ds=226 A. The eigenvalue A, and the
spatial decay length / in units of d, are also listed. Parameters used in the calculation are given in the

text.
v_ v, Vs
Gap (GHz) (GHz) (GHz) Ay l/d,
1 59.4 79.0 72.6 —0.66 24
2 132.8 145.2 133.8 0.85 6.2
3 202.1 213.7 212.8 —0.87 7.2
4 267.6 287.5 274.7 0.65 2.3
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then need C,=0, which means that the amplitudes
(A,B,) in the first layer must be an eigenvector of T
corresponding to the eigenvalue A;. An additional re-
quirement is the condition that the stress vanishes at the
free surface. From (5) we see that this gives A,=0.
Hence, the conditions for a surface mode are that the
transfer matrix has an eigenvector (0,1), and the eigenval-
ue associated with this eigenvector must have a magni-
tude less than 1. The eigenvector requirement is
equivalent to the condition T';, =0, which gives'*

p tan(wd, /v,)+tan(wd, /v,)=0 . (16)
The eigenvalue condition is

cos(wd, /v,)

Al = <l. 17

cos(wd, /v,)

If p <1 it is straightforward to show that for all frequen-
cies which are solution of Eq. (16) |A,| is <1, and so
Eq. (17) is unnecessary in this case. On the other hand, if
p>1, |A;| is always > 1, and so there are never any sur-
face modes. Thus, surface modes only exist if the first
layer of the multilayer has a smaller acoustic impedance
(p;v1) than the second. The eigenvalue is related to the
exponential decay length / of the mode by

I=—d, /In(| A ]) . (18)
|
od od
tan 2 | 4ptan |—= | |cos? od +—15s 2| od
2 Uy 5] p 2

The eigenvalue is

wd wd . | od . | wd,
Aj=cos cos |—— [—psin |— |sin
v 2 1 V2
1 . ﬁ)dl wd
——tan |— | |s1 COS |— | +p cos
p Uy vy 2

The thickness of the surface layer of silicon is d. In Fig.
5 we show the frequency and the damping length of the
zone-boundary gap mode as a function of the silicon sur-
face layer thickness. The surface mode exists for d in the
range d'!) =0.5dg to d'! =2.0dg (dy is the thickness of
the silicon layers in the interior of the multilayer), and
reappears and disappears repeatedly as d is increased.
The physics of this process is very simple. Whend =d'!
the mode has a frequency equal to the frequency w, at
the upper limit of the band gap. Thus the wavelength in
the silicon is
27mv,

A= 1)

Hence, when

n
d=dP=d'}+ (22)

2 )
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We have calculated the frequencies of the surface modes
from Eq. (16) for a Ge/Si multilayer using the parameters
given above. For a semi-infinite multilayer starting with
a Si layer, we find that each gap contains one localized
surface mode. The frequencies of these modes, their ei-
genvalues, and corresponding decay lengths are listed in
Table I. The closer the surface-mode frequency is to a
band edge, the larger the decay length /, as expected on
physical grounds. The location of the frequencies within
the band gap varies irregularly from band gap to band
gap.

In Fig. 4 we show the spatial dependence of the strain
associated with the surface modes in the lowest two band
gaps. For the surface mode in the lowest zone-boundary
gap the strain changes sign after each bilayer. In the first
gap at the zone center the surface mode has the same sign
after each bilayer.

The spectrum of a semi-infinite multilayer in which the
first layer is germanium does not have any surface modes,
because pgvs is greater than pgvg, and hence p > 1.
Given the result, it is clear that if we start from a multi-
layer in which the first layer is germanium and then add
an increasingly thick layer of silicon at some point sur-
face modes must appear. It is straightforward to show,
again using the transfer-matrix technique, that the fre-
quencies are a solution of'*

2

2
:f— tan sin |— | cos od =0. (19)
P Uy Uy 12p)
.| wd,
sin (20)
Uy

where n is any integer, one has a surface mode which is
similar to the mode for d =d'!’, but which has n /2 extra

wavelengths in the silicon surface layer. This mode
disappears when d is increased to
nA_
d"W=d'l+ 5 (23)
where
2mv
== 24)
©

and o_ is the frequency at the bottom of the gap. The
fact that A, is less than A_ means that when d is
sufficiently large there may be more than one mode in the
gap.
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FIG. 5. Frequency and damping length / of the lowest zone-
boundary gap mode as a function of the silicon surface layer
thickness d. The thickness of the silicon layers in the interior of
the multilayer is ds, and d, is the repeat distance of the multi-
layer. Parameters are as given in the text.

IV. COMPUTER SIMULATIONS

In this section we describe computer simulations which
predict the form of AR(¢) to be expected in the experi-
ment. This involves a calculation of the spatial depen-
dence of the stress produced when the pump light pulse is
absorbed, computation of how the resulting strain in the
multilayer develops as a function of time, and the change
in the optical reflectivity caused by this strain.

A. Stress generation

We consider the experimental configuration shown in
Fig. 1. The effective absorption length is assumed to be
much smaller than the total thickness of the multilayer.
The energy W (z) deposited per unit volume at a distance
z from the surface of the multilayer is

E(z) 2
E, ’

Wi(z)= a(Z)';(Z)Q 25)

where a and n are the absorption coefficient and refrac-
tive index, Q is the pulse energy, A is the illuminated
area, and E (z) and E are the electric fields at distance z
in the multilayer and of the incident light wave, respec-
tively. As before, we can consider all quantities to de-
pend just on the space variable z. The field amplitude
E(z) is calculated in a straightforward way by using the
transfer-matrix method applied to electromagnetic waves.
One can show that

E(Z)=E0[M11+M21+r0(M12+M22)] . (26)
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The matrix M (z) is a transfer matrix for traveling light
waves (as distinct from standing waves used in Sec. III A)
between a point just outside the surface of the multilayer
and the point z, and r, is the amplitude reflection
coefficient of the multilayer.

For the optical properties of amorphous germanium
and silicon, we used the values ag=3.3Xx10° cm™,
ng=5," ag=2.5x10* cm~!, and n,=4.5.'7 In Fig. 6
we show the deposited energy as a function of z for a
multilayer with d; =200 A. Since ag >>ag most of the
energy is deposited in the germanium layers. The depos-
ited energy leads to a temperature rise in the multilayer
which sets up a thermal stress (isotropic stress tensor) of
magnitude

—3BBW(z)

O'(Z)z C ’

(27
where [ is the linear expansion coefficient and C is the
specific heat per unit volume. As noted earlier, there
may also be an electronic contribution to the stress.
However, this is unlikely to change the spatial distribu-
tion of the stress in a significant way, i.e., the stress will
be set up primarily in the germanium layers, and will fall
off with distance at a rate determined by ag;.

B. Sensitivity function

The oscillating elastic strain in the multilayer causes a
change AR (?) of the optical reflectivity. Since the strain
is always small, we can define a “sensitivity function”
f(z) such that

AR(t)= [ f(z)n(z,0dz . (28)

The problem is to calculate f(z) for a multilayer struc-
ture. Let N, be the transfer matrix (for traveling elec-
tromagnetic waves) of the mth bilayer. Then, the optical
reflectivity of a semi-infinite multilayer is

R=1im [(N, " NyN{)y3/(N, - NNy )pl|?. (29

n— oo

Now suppose that the strain has a form

Deposited Energy (arb units)

0 2 4 6
z/d

r

FIG. 6. Energy deposited by the pump pulse as a functoion of
the distargce z into a Ge/Si multilayer with d; =200 A and
ds=226 A. Other parameters are given in the text.
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n(z)=8(z -z'), (30)

where z’ lies in the mth bilayer. This causes a discon-
tinuity in the optical properties at z’, and an amplitude
coefficient r’ at this point given by

on a
TR

’

r=

k (31

where A is the light wavelength in vacuum, and « is
al /4w, Tt is then straightforward to calculate (to first or-
der in r') the change 8N,, in the transfer matrix of the
mth bilayer which contains the point z’. The change in R
can then be found by differentiation of Eq. (29), and this
change is f(z’) [see Eq. (28)].

For the purposes of this paper we only need the spatial
dependence of f(z), not the absolute magnitude. In oth-
er experiments performed previously,®'® we have found
that in a-Si:H the strain-induced changes in the optical
reflectivity are much smaller than in other materials (this
is presumably because of the small value'’ of 3E, /3P for
a-Si:H). We therefore assume that dn /97 and 3« /37 are
negligibly small in silicon. To determine the spatial
dependence of f(z), it is then sufficient to know the ratio
of dn /37 to Ak /9n for germanium. For this ratio we use
the model?® described in Ref. 6. An example of the sensi-
tivity function obtained in this way is shown in Fig. 7 for
a multilayer with d; =200 A. When the repeat distance
is very small compared to the absorption length in ger-
manium, the range of the sensitivity function extends
over many bilayers; for large repeat distances, on the oth-
er hand, the change in optical reflectivity is determined
entirely by the strain in the first germanium layer. De-
pending on the layer thickness, the sensitivity function
can be positive or negative in a particular layer, or it can
change sign within the layer.

C. Calculation of AR

To calculate AR(t) for a particular multilayer, we first
calculated the initial stress o(z). We assumed that this
stress was set up instantaneously. The initial strain is

»
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FIG. 7. Sensitivity function f(2) for a Ge/Si multilayer with
dg=200 A and dg=226 A. Other parameters are given in the
text.
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FIG. 8. Computer simulation of AR(z) for a Ge/Si multilay-
er with dg=200 A and dg=226 A beginning with (a) a silicon
layer and (b) a germanium layer. Other parameters are given in
the text.

zero. The equations of elasticity (1) and (2) were then in-
tegrated numerically to give the strain at later times, and
AR(t) was found from Eq. (28). As an example, we show
AR (¢) for a multilayer with d; =200 A in Fig. 8(a). The
response is dominated by an undamped oscillatory
response with a frequency of 72.1 GHz. This is the fre-
quency of the surface mode in the lowest zone-boundary
gap (see Table I). There is also extra structure in AR (?),
which becomes less important as time increases. This ex-
tra structure is due to the bulk modes of the multilayer.
Since these have a continuous spectrum (apart from the
band gaps), when they are excited they produce a
response which may be oscillatory, but which will decay
with time. As time progresses these bulk modes become
increasingly out of phase with each other, and so inter-
fere destructively. To illustrate this effect we show in
Fig. 8(b) a simulation for a Ge/Si multilayer that begins
with a germanium layer (d;=200 A and dg=226 R).
According to the results of Sec. III B, surface modes do
not exist for this configuration. The simulated AR(z)
shows that the surface mode in the lowest zone-boundary
gap has completely disappeared, but a damped oscillatory
response with a frequency close to the lower band edge of
the first zone-center gap is visible under these conditions.
This response is due to the dephasing bulk modes.

V. RESULTS AND DISCUSSION

The characteristics of the samples studied are listed in
Table II. The accuracy of the layer thickness is estimated



6072 H. T. GRAHN, H. J. MARIS, J. TAUC, AND B. ABELES 38

TABLE II. Characteristics of the samples studied. d is the germanium layer thickness. d /dy is the
ratio of the thickness of the first silicon layer to the silicon layer thickness in the interior of the multi-
layer. v is the experimentally observed frequency of the oscillations in AR(t) and vy, is the

theoretical frequency discussed in the text.

d,G Numbers Vexpt Viheor
(A) of bilayers d/dg (GHz) (GHz)

89 50.5 1 163.0
134 345 0.97 124 109.0
190 19.5 0.6 91.3 82.8
534 5.5 1 323 27.2

to be £5%. Results obtained for samples with d of 134,
190, and 534 A are shown in Fig. 9. The smoothly vary-
ing background has been subtracted out (compare with
Fig. 2). The change in reflectivity AR (¢) is dominated by
a persistent oscillatory response with frequency as listed
in Table II. The observed frequencies indicate that the
oscillations are due to the surface mode in the first zone-
boundary gap. The theoretical frequencies are about
10-15% lower than the experimental results. This
discrepancy is not surprising considering the uncertainty
in the layer thickness, and the large variation of the
sound velocity and density of a-Si and a-Ge depending on
the preparation method.
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FIG. 9. Experimental results for AR as a function of time for
Ge/Si multilayers. A smoothly varymg background has been
subtracted from the data. (a) dg=534 A, (b) dg=190 A, and
(© dg=134 A.

For each of these three samples some damping of the
oscillatory part of the response is observed. We believe,
however, that the origin of this damping is different for
different multilayers. The multilayer with dg;=534 A
consists of only 5.5 bilayers, and consequently the surface
mode still has an appreciable amplitude at the substrate
interface. Thus, damping can occur due to radiation of
sound into the substrate. We have performed a computer
simulation for this multilayer on a silica substrate, and
have found that the damping is roughly of the magnitude
we observe.

For the two thinner multilayers the effect of leakage of
the surface mode into the substrate is negligible. The
damping in these multilayers is probably due to acoustic
attenuation. For the 190-A multilayer one can measure
the decay time of the oscillations with reasonable accura-
cy, and the result is ~ 150 psec. This implies an acoustic
attenuation of 0.06 dBpsec™! at the frequency of 91
GHz. This is very similar to the attenuation we have
measured21 in the same frequency range in a-SiO,. For
the 134-A multilayer we cannot measure the attenuation
because the oscillations are not so strong.

As can be seen from Fig. 9(c) the magnitude of AR(¢)
for d; =134 A is very small. We have also measured AR
for several multilayers with even smaller repeat distances.
For dg =89 A we can just manage to detect an oscillato-
ry signal, but for d; =60 A or less we can see no oscilla-
tions. We have examined several possible explanations
for this. The first possibility is that because of the spatial
form of the initial stress or the sensitivity function sur-
face modes are not appreciably excited or detected. To
test this idea we performed computer simulations of
AR(r) for multilayers with d;=134 and 40 A. For
d;=134 A we found that there should still be a strong
signal due to the surface mode in the first zone-boundary
gap. For d;=40 A the dominant contribution is from
the surface mode in the first zone-center gap, and the size
of the oscillation is still of the same order of magnitude as
for the thicker multilayers. Thus, this explanation is not
sufficient to explain the absence of oscillations. It is also
clear that one cannot explain the effect in terms of acous-
tic attenuation. From Fig. 9(c) we can see that the ampli-
tude is very small, but nevertheless several oscillations of
approximately the same amplitude occur.

We think a promising possibility is to consider at a
more microscopic level the way the stress is generated by
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the incident pump pulse. In our calculations so far we
have assumed that the stress is produced instantaneously
and has a spatial distribution following the absorption
profile of the light. If, in fact, the stress takes a certain
time 7, to increase to its full value, the generation of
high-frequency vibrations (such that w7,~1) will be
greatly reduced. For example, if we assume that o has
the time dependence

0, t<0

9= lo tanh(z /7,),

t>0 (32)

one can show that the generation is reduced by a factor
of 3 when w7, ~4. The zone-boundary surface mode for
dg=134 A has a frequency of 124 GHz. Thus, for this
mechanism to reduce the amplitude by a factor of 3, we
would need 7, to be ~5 psec. To understand at the mi-
croscopic level how the stress develops with time, one
must consider how energy is transferred from the hot car-
riers to the thermal phonons (acoustic and optical). Ini-
tially, hot carriers lose their energy through emission of
optical phonons (in ~1 psec), and these convert into
acoustic phonons subsequently (time 3-10 psec). Thus,
to explain a time constant for the stress of ~5 psec we
would have to propose that the major contribution to the
stress is not produced until the thermal acoustic phonons
appear. This would require that in a-Ge and a-Si the
acoustic thermal phonons have significantly larger
Griineisen constants than the optical phonons.??

The spatial variation of the initial stress may also be
different from what we have assumed. The hot carriers
excited by the pump pulse have a very large diffusion
coefficient. For an excess energy of 0.5 eV the carrier ve-
locity is 4200 Apsec‘1 (if m*/m=1). If we assume a
mean frec path of 10 A, the diffusion coefficient D is then
14000 A? psec™!. The carriers cool to close to the band
edge in a time 7, ~ 1 psec, and therefore can diffuse a dis-
tance x given by

x=(D7,)?=118 A . (33)

Thus, in a multilayer with a small layer thickness some
carriers can diffuse from the germanium where they are
generated into the silicon, and can therefore deposit ener-
gy in the silicon. Hence, the spatial dependence of the
deposited energy can be appreciably different from what
we have assumed. The difference in the stress between
adjacent germanium and silicon layers will be reduced by
this diffusion, and this clearly will decrease the amplitude
of the generated surface modes.

We have also measured the photoinduced reflectivity
changes for the substrate-multilayer interface. The time
dependence of AR(t) for this configuration is shown in
Fig. 10 for a Ge/Si multilayer with dG—190 A and
dg=215 A. The oscillatory response is now strongly
damped with a time constant of about 10-20 psec. This
is expected since energy can be radiated into the sub-
strate. The frequency of the oscillations is very similar to
the frequency of the free surface response of AR(t) as
shown in Fig. 2. We also performed a computer simula-
tion for this configuration with a result similar to the ex-
perimentally observed response.
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FIG. 10. Photoinduced reflectivity changes of the

multllayer-substrate interface for a multilayer with d; =190 A
and dg =215 A.

We have two additional pieces of evidence that the
generation process is more complicated than we have as-
sumed. The first of these comes from the details of AR ()
at short times, i.e., during the first few oscillations. We
made a detailed experimental study of AR(#) during the
first 30 psec for the multilayer with d; =190 A. We have
performed extensive computer simulations to try to
reproduce the experimentally observed response. In
these simulations we varied the sound velocities v; and
vg, the thickness d (keeping dg /d fixed), and the thick-
ness d of the first silicon layer over a reasonable range. It
was not possible to find parameters such that the simulat-
ed response was in agreement with the experimentally ob-
served AR(t), suggesting that our assumption that the
generation process is instantaneous may not be correct.

The second piece of evidence is the phase of the oscilla-
tions at long times, i.e., after 10 or more periods. We can
write the contribution to AR(?) from the surface mode in
the form

A cos(2mvt —¢) , (34)

where the amplitude A4 is taken to be positive. It is
straightforward to show that if the stress is produced in-
stantly the phase ¢ must always be 0 or 7. From the data
shown in Fig. 9, one can determine the phase of the oscil-
latory signal for the multilayers with d; =534 and 190 A.
For the 534-A sample the phase ¢ was found to be 0.97,
to within the experimental accuracy of *+0.1m. For the
190-A sample ¢ was ~ 1.57, which is consistent with a
sudden turn on of the stress. To explain this we have to
assume that there is a phase shift of ~0.57 due to the
finite time for the stress to be produced. Using the model
in Eq. (32), we have calculated the phase shift as a func-
tion of wr,. If we assume 7,~5 psec (as required to ex-
plain the drop in the amplitude for the thin multilayers),
the phase shift at a frequency of 90 GHz is 0,42, and
can thus explain the phase shift for the 190- A sample
The phase shift at 32 GHz (surface-mode frequency in
the 534-A sample) is calculated to be 0.27, which is not
consistent with the experimental result. We are planning
to carry out other experiments to test directly the hy-
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pothesis that there is time delay in the generation of the
elastic stress.

VI. CONCLUSIONS

In this paper we have shown how to use the picosecond
pump-and-probe technique to study the mechanical vi-
brations of microstructures. The technique has the ad-
vantage that the vibrations are time resolved, and so one
is able to make measurements that are equivalent to ob-
servations of the motion of the structure in “real time.”
For the particular microstructures we have studied (mul-
tilayers of a-Ge:H/a-Si:H), the response of the structure
to the pump light pulse is dominated by a surface mode
polarized normal to the free surface of the structure. A
study of this type of mode is of interest for two reasons.
In the first place the frequency of the mode is a sensitive
probe of the acoustic properties of the components of the
microstructure, and of the geometry. We have shown,
for example, that the frequency of the mode varies rapid-
ly with the thickness d of the first layer of the multilayer,
and that the mode disappears unless d lies in a certain
range. The second point is that a measurement of the
rate of damping of the surface-mode oscillations could be
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used to give accurate information about acoustic attenua-
tion in the frequency range 10-100 GHz, i.e., above the
upper limit of ordinary ultrasonic techniques. The ad-
vantage of the method is that since the mode is trapped
at the surface there is a negligible damping due to acous-
tic radiation into the substrate (at least for multilayers
with a sufficient number of bilayers). Of course, the mea-
sured attenuation is some combination of the attenuation
in the two components of the multilayer. However, this
is not a significant drawback if one is primarily interested
in the temperature and frequency dependence of the at-
tenuation in some class of materials (for example, amor-
phous semiconductors). We plan to make measurements
of this type in the near future.
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