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In this Rapid Communication we report the first time-resolved measurements of confined acoustic phonon 
modes in free-standing Si membranes excited by fs laser pulses. Pump-probe experiments using asynchronous 
optical sampling reveal the impulsive excitation of discrete acoustic modes up to the 19th harmonic order for 
membranes of two different thicknesses. The modulation of the membrane thickness is measured with fm 
resolution. The experimental results are compared with a theoretical model including the electronic deforma-
tion potential and thermal stress for the generation mechanism. The detection is modeled by the photoelastic 
effect and the thickness modulation of the membrane, which is shown to dominate the detection process. The 
lifetime of the acoustic modes is found to be at least a factor of 4 larger than that expected for bulk Si. 

Free-standing thin semiconductor membranes have a wide 
range of applications, for example, as key elements in nano-
mechanical systems, I sensors,2 or optomechanical systems.3 

Thorough understanding of the mechanical and elastic prop-
erties in these structures is crucial for the design and engi-
neering of the desired performance of these potential 
devices.4 When the dimension of these structures is reduced 
to the order of magnitude of the phonon wavelength, the 
confinement of acoustic modes leads to a discretization of 
the acoustic spectrum. These effects have been studied via 
continuous wave light scattering techniques such as Brillouin 
and Raman scattering in supported and free-standing thin 
films.5- 9 Recently time-resolved experiments have contrib-
uted significantly to the understanding of phonon dynamics 
in nanoscale systems and nanopartic1es.4,10-13 

In this Rapid Communication we present results of fem-
tosecond time-resolved pump-probe experiments performed 
on free-standing Si membranes with a thickness of a few 
hundred nanometers. A superposition of oscillations corre-
sponding to frequencies of a fundamental mode and its 
higher odd harmonics up to the 19th order with lifetimes 
exceeding 1 ns is observed in the time domain. The results 
are successfully modeled using a combined elastic and elec-
tromagnetic model. It is shown that the detection process is 
dominated by the dynamic change in the membrane thick-
ness. Our analysis demonstrates that free-standing Si mem-
branes are a model system, which allows disentanglement of 
basic phonon-photon interaction processes. 

The pump-probe experiments were performed using high-
speed asynchronous optical sampling (ASOPS) described in 
detail before. 14 Two femtosecond Ti:Sapphire oscillators are 
used to generate the pump and probe pulses with a duration 
of less than 100 fs. The repetition rates Irep of about 800 

PACS number(s): 78.66.Db, 62.2S.Jk, 63.22.Dc, 78.47.jc 

MHz are stabilized in order to fix the difference of the rep-
etition rates at ~/rep= 10 kHz. This offset allows for an au-
tomatic scan of the measurement window lfre~= 1.2 ns) by 
the probe pulse in ~.t;e~= 100 }Ls without mechanical delay 
line. The time resolution achieved by this technique lies be-
low 150 fs. Experiments are performed in reflection geom-
etry. The average pump and probe powers did not exceed a 
total of 110 mW, with typical probe powers of about 10 m W. 
The spot sizes on the membrane were about 25 }Lm in di-
ameter, and the wavelength used for pump and probe beams 
was 810 nm. The samples were made from the [100]-
oriented standard silicon-on-insulator (SOl) wafers produced 
via the smart cut process.15 To obtain the free-standing mem-
brane the substrate of the wafer was etched away. The ther-
mal Si02 was also removed and only the native oxide re-
mained on the membrane. 16 Two rectangular membranes 
(about 1 X 1 mm2) with thicknesses of 221 and 346 nm were 
studied. 

The acoustic dynamics of a free-standing membrane can 
be described by the following picture. The small thickness of 
the membrane leads to a confinement and thus a discretiza-
tion of the longitudinal acoustic modes much like in an op-
tical resonator. After the excitation of the membrane the 
boundary conditions given by the free surfaces lead to the 
formation of standing waves with the relationship between 
the discrete frequencies Im and the film thickness d: Im 
=mvsI2d, Vs is the longitudinal sound velocity, and m 
= 1 ,2,3 , ... is an integer denominating the order of the mode. 

Figure 1 shows membrane oscillations which have been 
obtained by subtracting the electronic part of the reflectivity 
change ~RI R. Figures 1 (a) and 1 (b) show the oscillations for 
the 221-nm (346-nm)-thick sample. In both cases an almost 
undamped saw-tooth-like characteristic of the transients is 
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FIG. 1. (Color online) Extracted oscillations from the transients 
for the (a) 221 nm sample and (b) the 346 nm sample. These oscil-
lations have been extracted via subtraction of a multiexponential fit 
to the original transient. 

immediately apparent with the fundamental frequency of the 
thinner sample being higher than that of the thicker sample. I? 

In Figs. 2(a) and 2(c) the numerical Fourier transforma-
tions of the transients are depicted on a log scale. In both 
cases a series of equidistant peaks with decreasing ampli-
tudes can be observed. A detailed evaluation leads to the 
conclusion that in both cases the peaks are located at odd 
harmonics of the fundamental mode at 19.15 GHz (221 nm 
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FIG. 3. (Color online) In panel (a) the frequency of the peaks 
from the measured spectra in Fig. 2 is plotted over the mode num-
ber n. The respective linear fits for the 221 nm sample (dotted red 
line) and the 346 nm sample (solid blue line) are shown as well. 
Panel (b) shows the amplitude of the peaks over the mode number 
n. The solid line represents a 1/ m2 dependence. 

sample) and at 12.17 GHz (346 nm sample). This is evident 
in Fig. 3(a), where the frequencies of the peaks taken from 
the spectra are shown as a function of the respective mode 
number. The values obtained agree very well with the 
simple picture introduced above. A linear fit yields 
19.10:t0.05 GHz (221 nm sample) and 12.17:t0.005 GHz 
(346 nm sample) using a sound velocity of vs=8430 m/s.s 

We compare the experiments to a theoretical model to 
determine the physical mechanisms involved in the optical 
excitation and detection steps. The optical excitation of 
acoustic vibrations in nonpiezoelectric cubic semiconductors 
arises from the electronic and thermal stresses generated by 
the pump beam. IS After the fast relaxation (~1 ps) of the 
electron-hole (e-h) plasma, the total stress along the [100] 
direction is given byl9 
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FIG. 2. (Color online) Panels 
(a) and (c) show the spectra from 
the respective transients of Fig. 1. 
In panels (b) and (d) the results 
from the transfer matrix simula-
tions are shown. 

frequency (GHz) frequency (GHz) 

201307-2 



BE 
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(1) 

where the first tenn is the electronic contribution (TVp arising 
from the hydrostatic deformation potential (JEgI (JP. It is pro-
portional to the generated electron-hole pair density N and to 
the bulk modulus B. The second tenn is the thermal stress (iT 
due to the temperature rise and the subsequent lattice defor-
mation «(3 being the dilation coefficient). Nand t1T are de-
termined by the characteristics of the pump beam, and the 
absorbance A of the membrane 

AE-N =_-1. 
Sdhv 

A E-hv-E and t1T= _-1.~. 
Sdhv C 

(2) 

Here S is the area of the pump beam, E; is the incident 
energy per pulse, and h v is the photon energy of the pump 
light. Eg is the band-gap energy and C is the volumetric heat 
capacity. Using the physical parameters of bulk silicon20 one 
gets (iVpl(iT~-7.4; i.e., the two contributions have different 
signs and the electronic stress dominates the excitation 
process. 19 The large penetration depth of the exciting laser 
pulse (a-I ~ 8 ,urn) (Ref. 20) compared to the membrane 
thickness and the fast diffusion of the excited carriers leads 
to a homogeneous carrier distribution within a few 10 ps so 
that the electronic stress (ivp can be considered as homoge-
neous on the experimental time scale (1.2 ns). 

After a time-domain Fourier transfonn, the equation of 
motion for the displacement field of longitudinal acoustic 
vibrations along the confinement direction z reads as 

(3) 

where the phonon wave vector q is related to the Fourier 
angular frequency through: q=wlvs' In order to avoid diver-
gences of the simulated pump-probe spectra, we included a 
finite relaxation time 7 for the acoustic vibrations from which 
the coherence length A=vslTcan be calculated.21 A value of 
7=225 ps was calculated for room-temperature LA phonon 
relaxation in bulk silicon.22 Using the stress-free boundary 
conditions at the membrane surfaces, one obtains for the 
Fourier components of the displacement field 

( ) 
_ () cos(Qz) - cos[Q(d - z)] 

u z, w - l70H w Q sin(Qd) , (4) 

with 

(5) 

170 is a dimensionless parameter that describes the deforma-
tion amplitude. Since the pump-pulse duration is very short 
compared to the electron-hole pair lifetime, which is much 
larger than the 1.2 ns measurement window (typical values 
range between 10-100 ,us for crystalline silicon23,24), the 
temporal profile of the stress can be described by a Heaviside 
function, with its Fourier transfonn being 

H(w) = _l_[1TO(W) + i]. & w 
(6) 

The Fourier components of the reflectivity change are evalu-
ated as 

dR«u) = r*drlu=u({,» + r(drlU=U({dY)*' (7) 

where drlu=u(w) is the difference between the optical reflec-
tion coefficient r of the membrane at rest and in the presence 
of a displacement field u(w) given by Eq. (4). This approach 
is mathematically sound because r is a holomorphous func-
tion of the displacement field (in contrast to R). The reflec-
tion coefficients are obtained using the transfer matrix 
fonnalism.25 Equation (4) is used (i) to detennine the modu-
lation of the membrane thickness t1d through the displace-
ment of the surfaces as given by t1d=u(z=O)-u(z=d) and 
(ii) to detennine the strain field l7(z)=(Jul Bz from which the 
modulation of the optical index by the photoelastic effect is 
evaluated as on=-(3/2)npI217. PI2 is the photoelastic coeffi-
cient of bulk silicon for modulation by a [100] uniaxial 
strain. Thus, the thickness of the vibrating optical cavity is 
modulated and its optical index is nonunifonn. These are the 
two modulation mechanisms considered for the detection 
process and named optical cavity thickness (OCT) modula-
tion and photoelastic (PE) modulation, respectively. The re-
flectivity modulation spectra were generated numerically by 
first subdividing the acoustically defonned membrane into N 
elementary layers. The overall reflection coefficient is ob-
tained using the transfer matrix fonnalism.26 

Lower panels (b) and (d) of Fig. 2 show the Fourier spec-
tra calculated for the two investigated membranes. An analy-
sis of the results of the simulations points out that the con-
tribution of the PE mechanism to the reflectivity modulation 
is negligible, when compared to the OCT contribution. As a 
matter of fact we found that, because of the rather small PE 
coefficient of silicon, the PE contribution is more than 1 
order of magnitude smaller than that of the OCT. 

As seen in Fig. 2, all calculated peaks correspond to odd 
acoustic eigenmodes. This can now be understood by evalu-
ating the generation and detection processes. Since we as-
sumed a homogeneous stress, Eq. (4) actually leads to a 
strong excitation of odd modes. Only a strong stress gradient 
in the membrane would allow for the efficient generation of 
even modes. This would occur for example in stronger ab-
sorbing membranes (e.g., GaAs) where the generated stress 
would be inhomogeneous.27 But also the detection process is 
selective because of the dominance of the OCT contribution. 
Even modes lead to the same displacement on both surfaces 
so that there is no modulation of the optical cavity thickness. 
The contribution of odd modes only to the reflectivity modu-
lation is in agreement with our experimental results. It is 
worth mentioning that from the magnitude of the change in 
reflectivity this thickness modulation is estimated to be on 
the order of 10 fm, measured with a resolution given by the 
signal-to-noise ratio of 10-7 and calculated to be below I fm. 

From the simulations, the Fourier peak intensities de-
crease as 1 I w2 with increasing frequency. According to Eq. 
(6) this decay reflects the Fourier transfonn of the pump 
beam on the one hand and, on the other hand, the fact that 
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shorter wavelength phonons are less excited by the uniform 
stress. This dependence is reproduced by the experiments as 
seen in Fig. 3(b). It is worth mentioning that the good agree-
ment with the experiments corroborates the assumption of a 
uniform distribution of the electronic stress generated by the 
pump pulse. Indeed, in the case of a non uniform stress, the 
decay of the reflectivity modulation peaks with frequency 
would reflect both the Fourier transform of the pump pulse 
and the non uniformity of the stress. Similarly, strong varia-
tion in the acoustic coherence length or lifetime with fre-
quency would impact the peak intensities. From the experi-
mental data we cannot determine a strong dependence of the 
lifetimes on the frequency since all the linewidths are limited 
by the finite measurement window of 1.2 ns. In contrast the 
linewidths of the theoretical peaks are given by the assumed 
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