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1 Introduction

Lasers, Semiconductors and Nanoscale Heat Transfer
The invention of the microprocessor in the early 1970s and the rise of the semiconductor
industries have been among the most influencing developments to human life since the
industrial revolution, changing almost all aspects of daily life by introducing global
and mobile communication and world wide, quasi instantaneous information transfer
and access through the internet. To pick one example out of many others, advances
in medical treatment, such as magnetic resonance therapy or genetic decoding would
have been impossible without modern data processing. Alongside this development and
alongside the rise of the semiconductor industries it became more and more important
to understand the physics and the physical properties of semiconductors in order to push
the limits, capabilities and technological advances further and further.
The invention of the laser in 1960 provided the research community with a powerful tool
of nondestructive testing of light-matter interaction and material properties [2]. Parallel
to the invention of the laser, and the establishment of the latter as a research tool, the
technological advances in fabrication of semiconductor devices, i.e. microprocessors, led
to a rapid decrease in the dimensions of the structures, eventually described by Moores
Law, which states that the structure density on a chip doubles every two years.
The advance in fabrication possibilities also led to the establishment of the field of research in, and application of micro- and nano-electro-mechanical systems (MEMS/
NEMS) [3]. In this field, µm- and nm-sized vibrating structures are used as ultrafast
and high precision sensors, e.g. accelerometers, bolometers, etc., for fundamental science (quantum mechanical behavior of nm-sized objects [4–6]) or applied science (mass
detection in the attogram regime [7], biomolecular (mass) detection [8, 9] or mechanical,
narrowband high frequency filters [10]).
Given this development it became apparent that the understanding of the thermal properties, i.e. the thermal transport at the nanoscale, becomes more and more important as
the structure sizes approach the dimensions of the phonon’s mean free path [3, 11, 12].
In this regime, namely the nm-range and ps-time scales, it is to be expected that the
fundamental thermal properties as known from bulk might vary due to size effects, e.g.
surface to volume ratio, increasing influence of surface roughness and so forth. These
assumptions are supported by the fact that, at the nanoscale, thermal transport is influenced strongly by the transport properties of phonons, i.e. their life times, boundary
scattering, ballistic or coherent transport and so on. In addition, the decoupling of
elastic and thermal properties, which is valid on long time scales, is not valid at the
nanoscale [3], making the study of thermal or phonon transport at the nanoscale particularly interesting.
Employing a laser as excitation source, in 1986 Thomsen et al. [13] demonstrated the
possibility to excite and detect acoustic pulses with GHz frequencies in semiconductors
and metals, and to use these pulses as a tool to investigate the mechanical (acoustic)
properties of solids with a nondestructive, all-optical pump-probe method. The method
proposed by Thomsen et al. [13] allows for the generation and detection of high frequency
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coherent acoustic phonons (GHz-THz range). This is important, as coherent phonons
provide a powerful tool in investigations of phonon properties, i.e lifetimes and damping
mechanisms [14]. As phonon lifetimes are directly related to the properties of nanoscale
thermal transport, it is important to understand the parameters that influence their
damping and the related heat dissipation [15].
Luckyanova et al. [11] investigated the influence of boundary scattering onto high frequency coherent phonon propagation in superlattices, and identified the contribution of
coherent phonons to the overall thermal transport in such structures. They also identified
interface roughness as an effective mechanism for damping of the high frequency phonons,
resulting in a reduced thermal conductivity in the investigated superlattices [11].
Phonons in Confined Geometries
The use of superlattices for the investigation of phonon properties has led to studies
of confined phonons in cavities formed by two superlattices, acting as acoustical Bragg
mirrors, see for example References [16, 17]. By placing two mirrors on each side of
a spacer layer, it is possible to confine the phonons inside this cavity. Strong opticalmechanical coupling has been demonstrated [17]. The drawback of this technique of
using superlattices as mirrors is, that the interface/-surface roughness or cavity length
is not fully under control.
Alternatively, free-standing membranes can also form a confinement for longitudinal
acoustic phonons, traveling perpendicular to the membrane’s surfaces [18]. A thin (nmrange) semiconductor membrane acts as acoustical cavity, as the environment (air, vacuum) on both sides of the membrane provides an almost perfect acoustic mirror. The
use of a membrane is an interesting alternative to a cavity formed by two superlattices,
because membranes are fairly easy to produce in a wide range of thicknesses, and the
thickness and surface roughness can be directly measured and controlled. Two previous
studies by Hudert et al. [18] and Bruchhausen et al. [19] on confined acoustic phonons in
thin silicon membranes form the starting point for this thesis. The thesis starts out with
an investigation of the frequency dependent damping in ultra-thin silicon membranes,
in continuation of their work.
This thesis focuses not only to one dimensionally confined structures, but as well on
higher dimensional confinements. The outline of this thesis follows the degree of confinement of acoustic phonons in various nanostructures. This allows for the demonstration
and the discussion of typical effects of the confinement on the vibrational properties of
the investigated structures.
The concept of the higher degrees of confinement is illustrated in Figure 1.1. The case
of bulk material, which is typically considered to be infinitely extended in all directions
in space, represents the case of no confinement. By reducing the bulk material along
one dimension into a membrane, which can be considered to be infinitely extended along
the two in-plane directions, acoustic phonons can be considered as being confined in one
dimension, when the thickness of the membrane is in the order of the mean-free-path of
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bulk

membrane

beam

disk

Figure 1.1: Illustration of different degrees of confinements. The red arrows indicate the directions of confinement. From left to right: no confinement: bulk; one dimensional confinement:
membrane; two dimensional confinement: beam; three dimensional confinement: disk.

the phonons, or exhibits an influence onto the vibrational properties of the membrane.
In Chapter 4, the effect of such a confinement is demonstrated using the example of
confined acoustical modes in membranes, when the phonon spectrum becomes discretized
due to the confined character of the membrane. In Chapter 5, the influence of higher
confinements, i.e. two and three dimensional confinements, are discussed. By adding a
second confinement, a membrane is transformed into a beam structure. This beam be
considered infinitely long for phonons, which are traveling perpendicular to beams long
axis. Such a beam structure has altered vibrational properties, when compared to the
membrane or bulk. In case the length of the beam influences the vibrational properties
of the beam, it is strictly speaking a three dimensionally confined system, as this would
be the case for classical Euler-Bernoulli-Beam-Theory, e.g. string like vibrations of the
beam, a case which is not considered in this thesis. The highest degree of confinement
is found, when a third confinement is added. This will be discussed on the example of
free-standing disk resonators, where a quasi three dimensional confinement is present.
Outline of the Thesis
This thesis is divided into three parts, which are ordered following the above presented
scheme of reduced dimensions or, increasing confinement.
The first part of the thesis, Chapter 2, covers the experimental set-up, the sample
fabrication and derives the theoretical framework to understand the experimental results. The theoretical framework is limited to the basic principles, which are needed for
the understanding of all parts of the thesis. In the experimental chapters, some additional theoretical considerations are added, where crucial for understanding additional
aspects.
The second part of the thesis, Chapter 4, discusses the experimental results of phonon
propagation in one dimensional confined structures, i.e. membranes. Different material
systems will be discussed, covering single layer semiconductor membranes, e.g. silicon
and gallium arsenide, and also two layered membranes, e.g. semiconductor membranes
with a metal coating. The order of presentation of the material systems follows the
influence of the excitation profile, from homogenous to inhomogeneous excitation, a
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concept which is explained in detail in the introduction to Chapter 4. The chapter
starts with the discussion of ultra-thin silicon membranes, and includes an investigation
and modeling of the influence of the confinement on the lifetime of the phonons in ultrathin membranes. A strong deviation of the lifetime in membranes from the lifetime
in bulk silicon is found, which is explained by the influence of the surface roughness
on the damping. Following the discussion of the silicon membranes, gallium arsenide is
investigated as a second material system, illustrating the differences in absorption profile
on the acoustic mode spectrum. Further, a band gap dependence of the excitation
process is discussed: the pump wavelength energy is varied with respect to the band
gap of gallium arsenide, illustrating the pump wavelength dependence of the electronic
and acoustic response of the membrane. Finally, an example of subharmonic driving of
the fundamental mode of a membrane is shown, demonstrating the capability of these
membranes as high quality factor acoustic resonators.
The second part of Chapter 4 covers two layered membranes. First, diamond membranes
with gold transducers are discussed as an example of good acoustic impedance matching
of membrane and transducer. These membranes behave, from the acoustic point of
view, almost as one layered membranes. Therefore these membranes provide a good link
between the one-layered membranes and the two-layered membranes. Second, silicon
membranes with two different acoustic transducers are investigated, demonstrating the
influence of the acoustic transducer onto the vibrational spectrum in terms of excitation
profiles and acoustic impedance matching. The chapter closes with some remarks about
other metal-semiconductor membrane combinations.
The third part of the thesis, Chapter 5, starts with a general overview of recent work on
pump-probe spectroscopy of nanoparticles and a short introduction in to finite-element
methods. The influence of higher degrees of confinement on the vibrational properties
will be discussed based on single, double-clamped nano beams. These beam are fabricated from silicon nitride, with a thin gold layer acting as acoustic transducer. First
some preliminary results of free-standing beams are shown, illustrating the change of the
vibrational properties with increasing confinement. The focus in this part will be on the
influence of the boundary conditions onto the vibrational mode spectrum of the beam.
The effect of a second boundary condition, which is applied to the beam structure, onto
the fundamental vibrational frequency of the beam is discussed. Also demonstrated
is the possibility to investigate the lateral distribution of the acoustic modes over the
structure.
In the last part of the thesis, some vibrational properties of three dimensional confined
structures, i.e. single silicon nitride disk resonators, will be illustrated. These results
are preliminary in the sense that the full description and interpretation require more
experimental and theoretical efforts.
The thesis closes with a summary of the presented results and an outlook over potential
investigations to continue the presented studies.
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2.1 High-Speed Pump-Probe Spectroscopy

2.1 High-Speed Pump-Probe Spectroscopy
Pump-probe spectroscopy is a technique which has been successfully applied to a wide
range of investigations of fundamental processes in biology, chemistry and physics,
mostly taking place on a picosecond or sub-picosecond time scale [20]. In this technique, the dynamic of interest is induced in the sample by means of a so-called pump
pulse, and is later detected or probed by a time delayed probe pulse.
A common implementation of this technique is the spatial splitting of a single laser pulse
into a strong pump and a weak probe pulse and their recombination at the sample. The
scheme of such a set-up is displayed in Figure 2.1. The time delay between both pulses
is then introduced by an optical delay line, e.g. a translation stage or a shaker. This
method enables the study of the temporal evolution of the dynamics of interest in the
sample by recording the intensity of the transmitted or reflected probe light at different
time delays. The ultimate time resolution of this technique is given by the pulse width
of the laser at the sample, which is typically in the range of 50 - 100 fs.

delay line
BS
laser

pump
to detector

sample

probe

Figure 2.1: Scheme of
a conventional delay line
pump-probe set-up. The
pulse train of a laser (red)
is split into a strong pump
and a weak probe beam
by a beam splitter (BS).
The time delay is introduced via a mechanical delay line. Adapted from [21].

An alternative approach to the above described conventional pump-probe set-up was
introduced in 1987 by Elzinga et al. [22]. This approach is based on the use of two lasers
with a small difference in repetition rates, which introduces the time delay between both
laser pulses. This technique is called asynchronous optical sampling (ASOPS).
A high-speed version of this ASOPS technique is used in this thesis. It was introduced
by Bartels et al. [23] and further developed by Gebs et al. [24] in order to achieve a
higher time resolution and less timing jitter1 . It has since become en established fast
alternative to the conventional pump-probe set-up, and has been used extensively in the
investigation of GHz-acoustics, among others in the investigation of superlattices [25],
the characterization of coherent phonons in terahertz quantum cascade lasers [26], the
thin-film characterization of self-assembled molecular layers [27–29], or the excitation
and detection of high frequency surface acoustic waves in silicon membranes [30, 31].
1

The deviation from the ideally linear increase in time delay is called timing jitter, for details see for
example Reference [24].
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1/∆f

Figure 2.2: Schematic representation of asynchronous optical sampling (ASOPS). The pulse
train of pump pulses induces a dynamic at the sample, resulting in a change of reflectivity
∆R/R. This change is mapped by a series of probe pulses of a slightly different repetition rate.
The time delay thus increases linearly and maps the dynamics to a time window which is given
by the difference in repetition rates. Adapted from [21].

The principle scheme of asynchronous optical sampling is shown in Figure 2.2. The pump
laser provides a series of strong light pulses at a fixed repetition rate fpump . Each time
one of these pump pulses arrives at the sample, it is (partially) absorbed and induces
the dynamics in the sample. The second laser, called probe laser, provides a second,
low intensity train of light pulses with a slightly different repetition rate fprobe . The
probe light is reflected at the sample, with a modulation dependent on the change in
reflectance ∆R/R. The off-set in repetition rates introduces the time delay ∆t between
the pump and the probe pulses. The beginning of the measurement window is defined
as the time when pump and probe pulse arrive simultaneously at the sample. At the
next repetition, due to the difference ∆f in repetition rates, the probe pulse is delayed
by a time difference ∆t, given by
∆t =

∆f
∆f
=
,
fpump · (fpump − ∆f )
fprobe · fpump

where fprobe = fpump − ∆f.

(2.1)

This time delay increases with each consecutive repetition. The time delay is thus
1
linearly ramped from zero to a full cycle, where ∆tmax = fpump
. Using this technique the
1
.
dynamics of the sample are linearly mapped onto a measurement window of T = ∆f
The main advantage of this technique is that one scan of the measurement window is
achieved2 in 1/∆frep = 200 µs, which cannot be done by a mechanical delay line. This
allows for extremely high data acquisition rates and high signal to noise ratios of up to
107 within a few minutes of data aquisition.
2

With system parameters: fprobe =800 MHz, ∆f =5 kHz, maximum time delay of 1.25 ns

10

2.2 Acoustic Phonon Propagation in Solids

2.2 Acoustic Phonon Propagation in Solids
In this section, the theoretical framework for the understanding of the experimental
results will be derived. Starting with the fundamental elastic properties of solids, the
terms “stress” and “strain” are introduced. Using these terms, the concepts necessary for
the understanding of phonon propagation in solids and across interfaces are discussed.
The excitation and detection processes relevant for this thesis will be discussed for the
cases of metals and semiconductors, the material classes investigated in this thesis. The
chapter closes with an analytical description of the confined acoustic modes found inside
a thin film on a substrate or inside one- or two-layered membranes.

2.2.1 Elastic Properties of Solids
When discussing the elastic properties of solids, one considers in general the response of
a body upon a force acting on it. If the solid deforms when a force acts on it, and returns
to its original state when the force is removed, the solid is considered to be elastic. The
deformation can be of various origins, for instance mechanical, thermal, electrical, or
magnetic.
When considering laser excitation, the deformation is usually due to thermoelastic heating or of electrical nature (deformation potential), which allows for the excitation of
high frequency elastic waves. To describe the mechanical state of the solid before and
after such an excitation the terms of stress and strain are commonly used. The relation
between stress and strain is given through the generalized Hooke’s Law.
Stress and Strain
The following considerations sum up the argumentation of two standard textbooks,
i.e.Auld [32] and Royer and Dieulesaint [33], using the Voigt notation.
An external force acting on a solid leads to a deformation. This deformation is called
strain. Particles inside the solid are displaced relative to each other. This leads to
internal stress, as inner body forces arise to return the solid into the original state.
A point P in a solid, described by a vector r1 , will be displaced to a point P 0 , described
by a vector r01 , when an external force acts upon this point, see Figure 2.3a. The
displacement u of the point P is described by:
u = r01 − r1 .
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In general, for a point P with the displaced coordinates xi + dxi , one can write:
∂ui
dxj
∂xj
= ui (xj ) + dui
j = 1, 2, 3.

u(xj + dxj ) = ui (xi ) +

(2.2)

By rewriting Equation 2.2, one can derive a symmetric (S) and an anti-symmetric (Ω)
contribution:
ui (xj + dxj ) = ui (xj ) + Sij dxj + Ωij dxj .
(2.3)
| {z }
| {z } | {z }
translation

strain

rotation

The tensor Sij describes the deformation (= 0 if translation/rotation only). Therefore
the strain is defined as


1 ∂ui ∂uj
+
=: ηij .
Sij =
2 ∂xj
∂xi


∂uj
∂ui
The second tensor, Ωij = 12 ∂x
, describes a local rotation and is negligible in
−
∂xi
j
the context of this thesis, as it is only relevant for acousto-optic interactions with light
polarization dependence. While the strain is the dimensionless coefficient describing the
x

x3

σ33

P‘
u

r1‘

σ31

σ32

P
O

3

r1

O

x1
x2

(a) Displacement of a point P with vector r1
to a point P0 . The difference in coordinates is
given by a vector u.

σ22

σ11

x1

x2
(b) Differential volume element in a solid. The
arrows indicate the general strain directions
acting on the volume element.

Figure 2.3: Displacement vector and strain directions on a differential volume element.

relation between the deformed and undeformed solid, the stress is defined as the force
acting on a unit area/volume inside a solid. Therefore, one has to consider a differential
volume element δV in a solid, see Figure 2.3b. There are nine stress components for
each surface and each orientation of this volume element. Using these components, it is
possible to define a stress tensor σij , with i describing the surface and j describing the
direction of the force.
Taking the first order Taylor expansion of the expression σij (ηkl ) and further assuming
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σij (0) = 0, one can derive the generalized Hooke’s Law:
σij = cijkl ηij ,
where cijkl =

∂σij
∂ηkl

ηkl =0

(2.4)

is the stiffness tensor of rank 4 with a total of 81 components.

Using symmetry relations, this tensor can be reduced to 36 components having six
independent values [33], which can be assigned by:
(11) → 1
(22) → 2
(33) → 3

(23) = (32) → 4
(31) = (13) → 5
(12) = (21) → 6.

With this reduction only two variables α, β = (1 . . . 6) are sufficient to describe the
stress-strain relation. Assuming small deformations and using the generalized Hooke’s
law (2.4), it can be shown that the strain is directly proportional to the stress [33]:
σij =

6
X

Cαβ eα eβ .

(2.5)

α,β=1

Here e is a unit vector in the corresponding direction (i.e. e1 being the unit vector
in direction x1 ) and the Cαβ are the elastic stiffness constants or moduli of elasticity
(in units of [Energy]/[Volume]). This stress-strain relation is used in the next section
to derive the relation between the properties of the acoustic waves and the material
properties of the solid.

2.2.2 Acoustic Wave Propagation and the Dispersion Relation in
Isotropic, Cubic Crystals
With the stress-strain relation 2.5 and Newton’s laws, the dispersion relation for plane
waves in isotropic cubic crystals is derived in the following. From Newton’s laws the
equation of motion for an arbitrary point in space, described by the coordinates ui , is
given by
∂σij
∂ 2 ui
ρ 2 =
.
(2.6)
∂t
∂xj
Combining the equation of motion (2.6) with the stress-strain relationship (2.5), it follows
that:
6
X
∂ 2 ui
∂ 2 uj
ρ 2 =
Cαβ
.
(2.7)
∂t
∂xj ∂xk
α,β=1
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Considering the case of an isotropic, cubic crystal, Equation 2.7 reduces to the equation
of motion for longitudinal waves, e.g. along the x1 = 1 direction, which are studied in
this thesis, as follows [33]:
∂ 2 ux1
∂ 2 ux1
.
(2.8)
=
C
ρ
11
∂t2
∂x21
This equation can be solved assuming a plane wave of amplitude A and wave number q:
u = A · e−i(ωt−qx) .
In the limit of small wave vectors this leads to the dispersion relation and the expression
for the longitudinal wave velocity:
s
ω
C11
=
= vl .
(2.9)
q
ρ
Since the wave vectors of the generated coherent phonons in the experiments are sufficiently small, this limit holds well within the context of this thesis, and Equation 2.9 is
valid throughout this thesis.

2.2.3 Phonon Propagation Across Interfaces - Analytical
Description and Modeling
In solid media the one-dimensional propagation of plane waves can be described by
the homogeneous wave equation (2.8). Adding a source term f (z, t) accounting for the
strain/displacement generation will modify this equation as follows:
2
∂ 2u
2∂ u
=
v
+ f (z, t).
l
∂t2
∂z 2

(2.10)

Taking this equation for each individual layer of the studied system into account, it is
possible to derive the propagation through all layers, using the correct boundary conditions. Given the correct boundary conditions, the inhomogeneous wave equation (2.10)
can be solved numerically. In the following the analytical derivation of the transmission
and reflection coefficients is presented, followed by a paragraph with the description of
the numerical implementation.
2.2.3.1 Transmission and Reflection Coefficients
In this thesis, only longitudinal acoustic waves traveling along one dimension are considered in the analytical modeling. Further it is assumed that there is no slip between
two layers and the waves propagate under normal incidence to the interfaces. Therefore
the following boundary conditions apply:
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1. The displacement at an interface between two layers (A,B) is continuous:
uA (z)

= uB (z)
interface

,

(2.11)

.

(2.12)

interface

the same applies for the velocity.
2. The normal component of the stress is continuous:
σ A (z)

= σ B (z)
interface

interface

3. At a solid-air interface, the stress is zero
σ A (z)

= 0.

(2.13)

air−solid

Using these boundary conditions, it is possible to derive the reflection and transmission
coefficients at the interface between two media, as described for example in Auld [32].
A wave in a layer A with amplitude I, incident on an interface between layers A and B,
gets partially reflected and partially transmitted, which can be described by a superposition of plane waves in layers A and B [32]:
p
ui = I ei(ωt−kx)
σi = − ρC11 I ei(ωt−kx)
p
ur = R ei(ωt−kx)
σr = + ρC11 R ei(ωt−kx)
p
0
ut = T ei(ωt−kx)
σt = − ρ0 C11
T ei(ωt−kx)
where R and T are the reflected and transmitted amplitudes and “ 0 ”denotes the layer B.
Considering the boundary conditions, it follows that:
ui + ur = ut
σi + σr = σt ,
and therefore:
I +R = T
p
p
0
· T.
− ρC11 · (I − R) = − ρ0 C11
p
√
Using the definition of the acoustic impedance ρC11 = ρ2 vl2 = Z, and setting the
initial amplitude to unity, this can be rewritten to:
1+R = T
ZA (1 − R) = ZB T.
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The reflection and transmission coefficients for the displacement (R,T) and the stress
(rσ , tσ ) are therefore given by:
ZA − ZB
ZA + ZB
2ZA
T =
ZA + ZB

R=

rσ = −R
tσ =

ZB
T.
ZA

(2.14)
(2.15)

These coefficients are used to model the propagation of the elastic waves as described in
the following section.
2.2.3.2 Numerical Implementation
The following paragraph summarizes the description by Hettich [28], who implemented
the numerical modeling of the wave propagation based on a technique taken from the
work of Profunser [34]. The model is used to simulate the strain distribution for any
arbitrary time after excitation. The detection of the strain distribution is later done by
using the analytical detection mechanisms, as described in Section 2.4, in combination
with the numerically calculated strain distribution.
The technique used for modeling is a so-called “finite difference, time domain (FDTD)
method”. The numerical modeling takes place on two (discrete) grids, a spatial- and a
temporal grid. Therefore, the inhomogeneous wave equation, Equation 2.10, has to be
discretized. Starting with the equation in the form
ρ

∂σ
∂v
=
∂t
∂z

and

∂σ
∂v ∂σext
=L
+
,
∂t
∂z
∂t

(2.16)

the partial derivatives have to be replaced by finite differences of the form
u(z0 + ∆z) − u(z0 − ∆z)
du
(z0 ) =
.
dz
2∆z

(2.17)

Here σext describes the initial stress induced by the pump pulse absorption, as described
in Section 2.3. The staggered grid is displayed in Figure 2.4, where the spatial grid
points are shown in blue. The grid for the stress (red) is shifted in space and time by
1/2 with respect to the velocity grid (blue). The ghost stress points above the surface
are necessary for the stress-free boundary condition at the surface, as described in the
next paragraph. The subscript (n) at the grid points denotes the position in space,
the superscript (m) the position in the temporal grid. The Equations 2.16 can now be
rewritten as:

1 ∆t  m+ 12
m+ 1
vnm+1 = vnm +
σn+ 1 − σn− 12
(2.18)
2
2
ρ ∆z

∆t m
m+ 1
m− 1
m+ 1
m− 1
m
σn− 12 = σn− 12 + L
vn − vn−1
+ σext n− 12 − σext n− 12 .
(2.19)
2
2
2
2
∆z
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σ-1/21/2
surface

v00

ghost stress points
for stress free surface

σ-1/23/2

v01
σ1/21/2

σ1/23/2

-z
v10

t

σ3/2

1/2

v11

3/2

v12

σ3/2

Figure 2.4: Staggered grid used for the numerical implementation of the wave equation. The
stress grid (red) is shifted with respect to the velocity grid (blue). In green the construction of
a velocity grid point using the previous velocity point and the connected stress grid points is
indicated. Superscripts denote the time grid, subscripts denote the space grid position of the
individual points.

The relation between the stress grid and the velocity grid, as given by Equation 2.18
and 2.19, is indicated in the graph by broken green lines for the point v11 .
By setting up the desired spatial and temporal grid, and under consideration of the
correct boundary conditions, as described below, the spatial and temporal velocity and
stress distributions can be solved. Further details can be found in References [28, 34,
and references therein].
Boundary Conditions at Interfaces
Two boundary conditions for the case of one- and two-layered membranes have to be
implemented, the free surface and the interface between two layers. In the case of the free
surface, the boundary condition σ = 0 is implemented by the use of ghost stress points,
that is a virtual stress point outside the desired grid with negative stress, resulting in a
velocity component of
m+ 21

σ− 1
2

m+ 12

= −σ 1
2

eqn.2.18

−−−−→

v0m+1 = v0m+1 +

2 ∆t m+ 21
σ1 .
ρ ∆z 2

(2.20)

For an interface between two materials (A,B), the grid has to be chosen in such a way,
that the interface is at a velocity grid point i to ensure continuity of the velocity, leading
to a velocity described by:

2
1  i+ 12
i+ 1
vim+1 = vim
σn+ 1 − σn−21 .
(2.21)
2
2
ρA vA ρB vB
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Magic Time Step
Due to the sign change in the strain of an acoustic pulse, high frequency components
of the pulse have to be considered in the numerical implementation. A mismatch of
the spatial grid and the obtained frequencies can lead to a numerical dispersion, i.e.
an exponential grow of the amplitude during calculation [34]. This dispersion can be
avoided by using a sufficiently high sampling in the space domain. The step size needed
is described by a so-called magic time step, which was implemented by Profunser [34].
The numerical dispersion can be completely avoided – hence it is called magical step
size – if the step size obeys:
1 vl
(2.22)
∆z ≤
8 fmax
where fmax is the highest expected frequency in the simulation that can be distinguished
from noise. Therefore it is desirable to set the spatial grid equal to the magic step size.
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2.3 Optical Generation of Coherent Acoustic
Phonons in Metals and Semiconductors
In the context of this thesis, the generation of coherent acoustic phonons was achieved
by optical means, i.e. excitation through fs-laser pulses. The generated phonons can
be considered being coherent phonons (i.e. when all atoms move in phase), when the
duration of the laser pulse is shorter than the typical oscillation period of a phonon
mode. In this thesis, 200 fs pulses were used to excite GHz acoustic phonons (periods of
ns), which can thus be considered as coherent.
The generation process will be discussed in the following for the two relevant cases of
metals and semiconductors. It will be discussed for simplicity in 1D and follows the
argumentation of Thomsen et al. [13] and Vallée [35].

Metals
The generation of coherent acoustic phonons in metals (in the context of this thesis thin
films) can be described by the following picture [13]:
A short laser pulse with temporal profile I(t) and pulse energy Q will deposit an amount
of energy (per unit volume) of
W (z, t) = (1 − R) ·

−z
Q
· exp( ) · I(t) ,
Aξ
ξ

(2.23)

when focused onto an area A of the metal with reflection R and absorption length ξ.
This deposited energy will lead to a temperature rise of the film given by:
∆T (z) =

W (z, t)
.
ρ · cp

(2.24)

Here ρ denotes the density of the film, and cp the specific heat capacity. The temperature
rise itself will then lead to a thermoelastic stress (TE)
therm
σ33
= −3βB∆T (z, T ),

(2.25)

where B is the elastic bulk modulus and β the thermal expansion coefficient. This picture
leads, in first approximation, to a good description of the stress generation in metals.
For a more detailed description of the excitation process, further assumptions are needed,
and one has to consider the electron diffusion and the heat diffusion on timescales of the
stress generation [36, 37]. This is done in the widely used, so-called Two-TemperatureModel, which considers two separate temperatures and diffusion parameter for the hot
electrons and the heat in the lattice [36, 37]. Since this model was not used in the
simulations within the context of this theses, it is not further discussed.
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(a) Intraband electron excitation process in metals. An undisturbed electron distribution
absorbs a pump pulse of energy ~ω. Electrons will be excited above the Fermi energy. Via
electron-electron scattering, the non-thermal distribution will relax into a thermal distribution
with a higher electron temperature. Adopted from Reference [35].
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(b) Simplified modes of the inter- and intraband excitation of electrons in noble metals.
Electrons have to be excited above the Fermi
energy level. From d-bands direct interband
transitions are possible. Intraband processes
are three-particle processes due to conservation
of energy-/momentum. Adopted from Reference [35].

(c) Schematics of the phonon excitation process in (direct band gap) semiconductors. The
pump pulse with energy exceeding the band
gap excites electrons (high) into the conduction band. These electrons relax via phonon
emission to the conduction band edge and finally recombine with the holes in the valence
band.

Figure 2.5: Schematic illustration of the excitation processes in metals and semiconductors.
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Inter- and Intraband Transitions
Figure 2.5b shows a simplified band structure of noble metals, consisting of the lower,
completely filled d-bands and the sp-conduction band, which is filled up to the Fermilevel, labeled EF . Due to the Pauli exclusion principle, photo-excited electrons have
to be excited above EF . Two possibilities of electron excitation photons in metals are
illustrated, namely inter- and intraband absorption. Intraband absorption takes place
within the sp-band, i.e. electrons are excited within the sp-conduction band. Due to the
large wave vector of the electron compared to the photon, the absorption of a photon
is a quasi-vertical transition, a third particle, electron or phonon, is needed for energy/momentum conservation.
The second process is interband absorption, when electrons are excited from the d-bands
into the sp-band. Since the electrons have to be excited above the Fermi edge, a threshold
frequency Ω exists so that
!

~ωpump > ~Ω.
In the case of gold, this interband transition threshold is at 2.4 eV. In this thesis, the
used pump pulse energy is around 1.5 eV, thus in the context of this thesis interband
transitions in gold can be neglected.
In Figure 2.5a the excitation process is illustrated for the case of inter-band transitions.
On the left, the undisturbed electron distribution is shown for an initial temperature of
the electronic system of Te = 0. The undisturbed Fermi-Dirac distribution is transferred
into a non-thermal distribution by the absorption of the pump pulse, exciting electrons
above the Fermi edge (center in Figure 2.5a). This strong, non-thermal distribution
of hot electrons relaxes on a timescale below 1 ps via electron-electron scattering into
a thermalized electron distribution with a temperature Te above the initial electron
temperature and above the lattice temperature.
Electron-Lattice Interaction
The heated electron system will transfer energy to the lattice via electron-phonon scattering. This process takes place on a timescale of some ps, while the internal thermalization of the electrons via electron-electron scattering continues. The resulting equilibrium
temperature of the system with Te = Tlattice > T0 is only slightly larger than the initial
temperature of the lattice, as the heat capacity of the lattice is larger than the heat
capacity of the electronic system. Due to the lattice anharmonicity, the increased lattice temperature leads to the thermal stress described by Equation 2.25. The effect of
the thermalized electron distribution onto the change in reflectance can be seen in the
experimental data as the electronic onset, which is the large spike in the beginning of
the time trace, see for example Figure 4.17a and Reference [38].
A more detailed description of an extended, non-thermal model can be found in Reference [36]. This model has not been implemented in the numerical simulations.
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Semiconductors
In semiconductors, in contrast to metals, the stress generation is not only dominated
by the thermoelastic stress; a second stress contribution, called deformation potential, is
present. In silicon, for example, this stress is a factor of 7 larger than the thermoelastic
stress [18], in gallium arsenide the ratio is in the order of 70 [39].
Figure 2.5c illustrates the excitation process in semiconductors. An absorbed laser pulse
(E > Egap ) excites electrons into the conduction band. Within some 200 fs the electron
distribution changes from a non-thermal into a thermal distribution via electron-electron
scattering [40]. The stress generated by the pressure of the hot electrons is generally
referred to as deformation potential (DP), and is described by
∂Egap
δne
∂η33
dEgap
= −B
δne ,
dP

dp
σ33
=

(2.26)

where B denotes the bulk modulus, P the electron pressure and δne is the electron
∂E
density. ∂P
describes how the band gap energy is shifted by the change of the electron
distribution. Therefore, the expression 2.26 describes the deformation of the lattice by
the changed electron potential.
Hot electrons will relax to the bottom of the conduction band within some picoseconds
under generation of optical and acoustical phonons. Details of this cascade process
are discussed in Section 4.3.3 with respect to the electronic onset variation in GaAs
membranes. Here are some aspects of the contributions due to band filling and band
gap renormalization summarized, which are in detail discussed as well in References [41–
44]. The recombination of electrons and holes takes place on a much longer timescale of
nanoseconds, a timescale not of interest in the scope of this thesis.

22

2.4 Detection Mechanisms of Strain and Acoustic Phonons

2.4 Detection Mechanisms of Strain and Acoustic
Phonons
Two detection mechanisms have to be considered in order to explain the experimental
results. They are discussed in the following paragraphs: The change in reflection due
to strain at the surface, or within the penetration depth of the probe light, and the
contribution known as Fabry-Pérot effect, when two partially reflecting interfaces form
an optical cavity.

2.4.1 Strain and the Sensitivity Function
The model used in this paragraph to illustrate the concept of the sensitivity function is
a single layer. This model can be easily transferred to more complex layer systems. The
argumentation here follows again Thomsen et al. [13]. Strain causes a change in the real
part n and the imaginary part κ of the refractive index:
∂n
η33 (z, t),
∂η33
∂κ
∆κ(z, t) =
η33 (z, t),
∂η33

∆n(z, t) =

where η33 is the only non-zero component of the strain tensor. In order to calculate the
change in reflectivity inside the film due to strain, the Maxwell equations have to be
solved, integrated over the film. As the dielectric constant inside the film is related to
the refractive index through
 = (n + ik)2 ,
one finds that the reflection coefficient for any arbitrary change ∆ is given by
ik 2
r = r0 + 0 t0 t˜0
2k

Z∞

0

e2ikz ∆ (z 0 , t) dz 0

0

= r0 + ∆r.
Therefore, the total change in reflectivity is given by:
∆R = |r0 + ∆r|2 − |r0 |2 .
This can be rewritten using a so-called sensitivity function f , which describes the influence of strains at different depth towards the change in reflectivity:
Zz
∆R =

f (z) η33 (z, t) dz.

(2.27)

0
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The sensitivity function takes the form:





∂n
4π n z
∂κ
4π n z
f (z) = f0
sin
−φ +
cos
− φ exp−z/ξ
∂η33
λ
∂η33
λ
with the abbreviation f0 and phase φ being
q
ω n2 (n2 + κ2 − 1)2 + κ2 (n2 + κ2 + 1)2
f0 = 8

2
c (n + 1)2 + κ2
κ (n2 + κ2 + 1)
tan φ =
.
n (n2 + κ2 − 1)
The sensitivity function describes an exponentially damped oscillation, where the damping correlates with the absorption length (ξ = α−1 , α being the absorption coefficient)
inside the material. The periodicity of the function is half the wavelength of the probe
light inside the material. Therefore, this periodicity can be used to estimate the materials elastic properties, given a known probe wavelength and refractive index. This
feature is also known as time-resolved Brillouin scattering, and will be used in Section
4.4.1 to estimate the sound velocity in the diamond substrate.
The idea of the time-resolved Brillouin scattering is illustrated in Figure 2.6b. Parts of
the probe light are reflected at the surface of the sample, while parts enter the sample.
At a time t1 , the light is reflected at the strain pulse at a position z1 . The optical
path difference between the light reflected at the surface and the light reflected at the
strain pulse will lead to a certain interference condition, proportional to the difference
in traveling time ∼ ∆T1 . As the pulse travels into the substrate, at a time t2 , the
pulse has moved towards a position z2 and the optical path difference and therefore
the interference condition has changed. The probe light sees a dynamical optical cavity
formed by a fixed “mirror”, namely the surface, and a moving “mirror”, the strain pulse.
The light is therefore modulated as [13]:


4π n vl t
−δ .
∆R(t) ∝ cos
λprobe
With a known probe light wavelength, this oscillation can be used to determine the
longitudinal sound velocity inside the material, as it is used in Section 4.4.1 for the
diamond samples. This case even demonstrates the fact, that it is possible to probe
transparent materials with the help of a very thin optical transducer.

2.4.2 Fabry-Pérot Contribution to the Reflection: The Example
of a Thin Membrane
A light beam traveling through a semi-transparent thin layer or membrane will see two
parallel surfaces, which are partially transmitting and partially reflecting the light. The
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(a) Fabry-Pérot contribution due to the reflection at two parallel surfaces, e.g. a membrane
or thin film.

R2

Δ T1

z1

z2

Δ T2

(b) Dynamic Fabry-Pérot effect from a static
surface and a traveling strain pulse.

Figure 2.6: Illustrations concerning the Fabry-Pérot contribution to the detection.

two surfaces form an optical cavity, with transmission/reflection properties that are
modified by changing the optical path length or cavity length. Such a cavity is called
Fabry-Pérot cavity. In the case of thin films and membranes, the modulation of the
cavity is induced by thermal expansion and strain. The modulation of the cavity can
be a prominent contribution to the change of reflectivity, as it will become apparent
in various samples, i.e. being the only contribution in the case of silicon membranes
(Section 4.2) or as discussed in the backside measurements of the silicon membranes
with aluminum transducer (Section 4.5, Figure 4.23).
In Figure 2.6a a Fabry-Pérot cavity of two semi-transparent surfaces is illustrated. A
light beam, incident on this cavity is partially reflected at surface 1. The transmitted
light is partially reflected at surface 2, and is then partially transmitted through surface 1.
This light interferes with the light reflected from surface 1.
The optical path difference between both reflected portions of light determines the degree
of constructive of destructive interference, via the phase difference δ accumulated when
traveling through the layer/membrane of thickness l:
 
2π
2 n l cos Θ.
(2.28)
δ=
λ
Here n denotes the refractive index of the membrane.
Assuming the intensity of the incident light onto the membrane to be Iin , it is possible
to derive the intensity modulation of the reflected light from the Fresnel formulas and
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under the condition of close-to-zero absorption:
Iref l. = Iin

F sin2 (2πns d/λ)
,
1 + F sin2 (2πns d/λ)

where ns is the refractive index inside the membrane, d denotes the thickness of the
membrane, λ the wavelength of the light, and
F=

4R
(1 − R)2

is the Finesse of the cavity. R denotes the reflectance considering perpendicular incident
light from the medium air (refractive index n) into the membrane:
n − ns
R=
n + ns

2

.

In Figure 2.7 the intensity of light reflected from a silicon membrane is plotted over
a variation of the membrane’s thickness. Here 780 nm and 820 nm wavelength and a
thickness variation from 0 to 800 nm was considered. While measuring the confined
modes of a membrane in reflection geometry, it is mostly desirable to measure at the
steep slopes of the curve, where a small thickness variation results in a large intensity
variation, i.e. where ∂R/∂d is large. Indicated in black is such a case where the pump
wavelength (780 nm) is at a minimum reflectivity, while the probe wavelength (820 nm) is
placed at the slope. Here very little pump light would be reflected towards the detector,
reducing noise, while the probe light has a high sensitivity to changes in the membranes
thickness, ideally for measurements in reflection geometry.
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Figure 2.7: Calculated intensity modulation of the reflected light of 820 nm wavelength from a
silicon membrane due to varying membrane thickness. For measurement in reflection geometry
it is desirable to measure at the steep slopes of the curve, where a small thickness variation
results in a large intensity variation. The dashed line indicates a membrane thickness, where
780 nm pump and 820 nm probe light are ideal for measurements in reflection geometry, see
text for details.
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2.4.3 Influence of the Strain Generation Profile on the Shape of
Time Domain Reflectivity Changes
In the course of this thesis, different material systems were investigated, which can be
distinguished by the absorption profile of the pump and probe light in the material. This
is especially convenient, as the absorption profile has great influence on the excitation
mechanisms and on the detection process. This can be seen in the illustration of Figure 2.8, where, for three different cases of a membrane, a model time transient is shown
with the corresponding absorption profile.
In the following the influence will be discussed for a thin, freestanding membrane, but it
can be translated to other cases, e.g. a thin layer on a substrate. In Figure 2.8, the three
cases investigated in this thesis are illustrated. The absorption length of the pump light
inside the membrane is – compared to the membrane’s thickness – (a) large (silicon),
(b) medium (gallium arsenide) and (c) short (metal film on semiconductor). Cases (a)
and (c) are most interesting, as case (b) is a superposition of the other two.
d

d
silicon

gallium arsenide

absorption profile

metal

absorption profile
(b)

ds
semiconductor

absorption profile
(c)

Δ R/R

(a)

dm

time

time

time

Figure 2.8: Calculated influence of the absorption profile on the shape of the time domain
reflectivity changes for three cases of large (a), medium (b) and short (c) absorption length
compared to membrane thickness d (arbitrary scales). Here symmetric (Fabry-Pérot) and antisymmetric (photoelastic) detection was considered. The metal thickness dm is assumed to be
small (∼ 10 nm) compared to the semiconductor thickness ds (∼ 300 nm).

In case (a), as for example found in silicon membranes, or gold films on diamond substrates, the homogenous excitation profile leads to a thickness oscillation of the whole
layer, often referred to as “breathing mode” or first order dilatational mode, and its
odd higher harmonics. The change in the reflectivity shows in this case a saw-tooth
shaped modulation, due to the homogenous excitation and the dominant Fabry-Pérot
contribution to the detection.
In the case of a short absorption length, e.g. a thin metal film on a non- or weakabsorbing semiconductor, the initial stress is generated just at the surface of the two
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layers. This causes a stress pulse, which then propagates into the layer, and is reflected
at the interfaces, traveling back and forth through the membrane. This results in a
series of pulses in the time domain signal. The strong absorption further favors the
photoelastic detection process.
Further one has to keep in mind that the damping of the oscillations and pulses and
their shape does not only depend on the physical/mechanical properties of the excitation
process system alone, but is also influenced by the detection, i.e. the convolution of
the optical response function, e.g. Equation 2.27, and the actual strain profile that is
detected.
The initial strain profile is also influenced by the electron diffusivity and the electronphonon coupling constant. A short absorption profile does not automatically lead to a
short strain profile, as the strain profile can be broadened due to the diffusion of hot
electrons, i.e. in gold the electrons diffuse up to 100 nm in the first few ps [36]. This
leads to a homogenous excitation of the gold films used in the context of this theses,
which were up to 20 nm thick, although the absorption length in gold is around 12 nm.
In addition, the electron-phonon coupling comes into play, when comparing the different
metal films as acoustic transducers on the silicon membranes, i.e. aluminum has a
coupling constant which is a factor of 4 larger than that of gold [45], which is discussed
in Chapter 4.5.

2.4.4 Influence of the Detection Mechanisms on the Detected
Frequency Spectra
In the section before, the influence of the excitation profile onto the time domain reflectivity changes was discussed. Also important for the understanding of the experimental
results is the influence of the detection mechanisms, i.e. the photoelastic effect and the
Fabry-Pérot contribution.The effect both mechanism have, can be seen in the shape of
the numerical fast Fourier transformations (FFT) of the time domain signals.
The influence of each contribution depends on the absorption length of the probe light.
For short absorption length, the photoelastic contribution dominates, whereas for large
absorption length, the Fabry-Pérot contribution tends to dominate the signal.
The detection by the Fabry-Pérot modulation of the cavity is symmetric with respect to
the displacement of both surfaces, which results in the overall n12 shape of the numerical FFT. The detection by the photoelastic effect results in the detection of the strain
pulses that reaches the surface, i.e. when a strain pulse distorts the surface. Therefore
the detected modes are modulated with the envelope of the pulse. The pulse shape
itself is strongly dependent on the detection and excitation mechanism, and as previously discussed on the thermal and electron diffusion, see for example References [36]
and [37].
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absorption profile

absorption profile

overall modulation of the numerical FFT

overall modulation of the numerical FFT

(a) Symmetric Detection.

(b) Anti-Symmetric Detection

Figure 2.9: Influence of the symmetric and anti-symmetric detection to the overall modulation
of the numerical FFT. Shown are just the envelopes and not the individual modes, which
are detected in the measurements. In (a) a weak absorption profile indicates a dominant
contribution of the Fabry-Pérot process, which is symmetric with respect to the displacement
of both surfaces. This results in the ∼ n12 modulation of the FFT spectrum. In (b) the short
absorption profile indicates a dominant contribution of the photo-elastic effect to the detection,
when acoustic echoes dominate the FFT spectra. The exact shape of the envelopes depends
strongly on the detected strain.

A superposition of both mechanism leads to a mixing of both modulations. Therefore
the amplitude distributions in the numerical FFT can be arbitrarily complex. Further
one can see in certain cases the competition between thermoelastic and deformation
potential excitation, if these have opposite signs. The result of this deformation is an
enhancement or suppression of certain modes in the spectra [46].

2.5 Analytical Description of Acoustic Eigenmodes in
Thin Films and Membranes
In the following paragraph, the analytical description of the acoustic eigenmodes, in
this context called “coupled resonances”, will be derived. The cases considered here
are a single layer on a substrate, and two-layered membranes. These calculations were
provided by Vitalyi Gusev and provide an alternative to the numerical modeling for a
better understanding of the physics of the investigated system.
The calculations start from a general three layer system, and are later reduced to the
cases of interest. Figure 2.10 illustrates the considered system and the labels used. The
system consists of two (thin) layers, labeled 1 and 2, and a third layer, which could be
air in the case of a membrane or a substrate, labeled 3. All layers can be of different
materials. In the case of membranes, the properties of layer three are set to air/vacuum
later. In the following the strain in each layer is considered in the form of plane waves
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ε+(1)e-ik1x

ε+(2)e-ik2x

ε-(1)eik1x

ε-(2)eik2x

-H1

0
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x
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Figure 2.10: Illustration of the two layers on a substrate with the respective strain waves in
each layer. The coupled resonances are calculated assuming the strain distributions in each
layer and their components traveling in positive (+) or negative (-) x-direction. Further, the
boundary conditions at the interfaces (-H1 , 0, H) have to be considered. In case of a membrane,
the layer 3 is set to air/vacuum.

 · ei(ωt−kx) . The time dependence (∼ eiωt ) can be neglected, as it occurs in all terms.
The strain in both layers is therefore composed of the following four components:
(1)

strain originated in layer 1, traveling in positive x-direction

(1)

strain originated in layer 1, traveling in negative x-direction

(2)

strain originated in layer 2, traveling in positive x-direction

(2)

strain originated in layer 2, traveling in negative x-direction.

+ e−ik1 x
− eik1 x
+ e−ik2 x
− eik2 x

 denotes the strain amplitude, the subscript (+) the direction of traveling and the
superscript (1/2) the layer. Next, the boundary conditions at the positions -H1 , 0 and
H1 have to be considered. At the free surface, x=-H1 , the strain gets entirely reflected,
thus:
(1)
(1)
− = −+ e2ik1 H1 .
(2.29)
At the interface to the substrate, x=H2 , the amount of reflected strain is given by the
reflection coefficient R23
(2)
(2)
− = R23 + e2ik2 H2 .
(2.30)
Finally, at the interface between layers 1 and 2, the boundary conditions yield for the
amplitude in layer 1:
(1)

− =

(1)

R12 +
| {z }

+
(1)

reflected part of +

(2)

T21 −
| {z }

,

(2.31)

(2)

transmitted part of −

where T21 is the transmission coefficient from layer 2 into layer 1. Combining Equa-
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tions 2.29, 2.30 and 2.31, and rewriting, one obtains for x = 0 and layer 1:
 (1)
(2)
R12 e2ik1 H1 + + T21 R23 + e−2ik2 H2 = 0.

(2.32)

Further, at position x = 0 in layer 2, one has:
(2)

(2)

(1)

+ = R21 − + T12 + ,

(2.33)

so that using Equations 2.32 and 2.33 the resulting condition is:
 (2)
(1)
T12 + + R23 R21 e−2ik2 H2 − 1 + = 0

(2.34)

Finally, Equations 2.32 and 2.33 can be combined into one, as both are coupled. The
solution of the coupled system is given when the determinant diminishes:

 (1) !
R21 + e2ik1 H1
T21 R23 e−2ik2 H2
+
!
det(A) =
= 0.
(2.35)
−2ik2 H2
(2)
T12
R23 R21 e
−1
+
|
{z
}
A

The acoustic mismatch between two layers is defined as
Z12 =

ρ1 v1
Z1
= ,
ρ2 v2
Z2

and thus the reflection and transmission coefficients are
R12 =

1 − Z12
1 + Z12

and

T12 =

2
,
1 + Z12

in accordance to Equations 2.14 and 2.15. Using further the definition R12 = −R21 = R,
and calculating the determinant of Equation 2.35, it follows that:
!

R23 Re2ikH1 + Re2ik−2H2 + e2i(k2 H2 +k1 H1 ) = R23 = 0.

(2.36)

This equation can be separated into a real and an imaginary part, so that:
!

(2.37)

!

(2.38)

R [R23 cos (2k1 H1 ) + cos (2k2 H2 )] + cos [2(k2 H2 + k1 H1 )] = 0
R [R23 sin (2k1 H1 ) + sin (2k2 H2 )] + sin [2(k2 H2 + k1 H1 )] = 0

where both equations have to be valid. The results in the following section will be
deducted from these equations.
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2.5.1 Eigenmodes of Two-Layer Membranes
In the absence of a substrate, namely the membrane case, the reflection coefficient R23
is set to -1. After some calculations, one can derive the condition
R+1
tan(k2 H2 ) = tan(k1 H1 ).
R−1

(2.39)

This condition has to be fulfilled in order to fulfill Equations 2.37 and 2.38. Equation 2.39
can be reduced to
R+1
tan(k2 H2 ) = tan(k1 H1 )
(2.40)
R−1
Further one has
R+1
2
−1
=
=
,
(2.41)
R−1
−2Z12
Z12
which can be rewritten to:
tan(k1 H1 ) = −
By substituting ki =

ω
vi

1
tan(k2 H2 ).
Z12

(2.42)

one can derive the final equation

tan

H1
ω
v1



ρ2 v2
=−
tan
ρ1 v1




H2
ω .
v2

(2.43)

The roots of Equation 2.43 give the frequencies of the eigenmodes of the two-layered
membrane.
Influence of the Acoustic Mismatch
Equation 2.43 will yield the frequencies of the eigenmodes of the two-layered membrane,
i.e. the acoustic standing waves in the system. One can now consider two different
“extremes" of the acoustic mismatch between both layers, which will give good estimates
of the behavior of the acoustic spectrum, i.e. no acoustic mismatch difference between
both layers Z12 = 1 or a strong mismatch: Z12  1 and Z12  1.
The first case, Z12 = 1, results in the eigenmodes of a single layer membrane with
thickness d = H1 + H2 in the analytical picture. In reality one still has to model the
interface properties, e.g. adhesion between both layers, to consider the deviation between
theory and experiment.
Open Pipe Oscillations If the top layer (1) is acoustically harder than the bottom
layer, i.e. Z12  1 or Z1  Z2 , Equation 2.42 can be rewritten as
tan k1 H1 = 0.
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Figure 2.11: Illustration of the strain distribution in
layer one (refers labeling of Figure 2.10) for open and
closed pipe oscillations. If the layer one is acoustical
harder than layer two, i.e. Z12  1, the fundamental mode fits half a wavelength in the layer, similar to
a standing wave with two open ends.Then the strain
is zero at the interfaces. The fundamental mode fits
quarter of a wavelength in the layer if Z12  1, or one
interface (x = 0) is fixed, thus closed pipe resonances.
Here the stain is zero only at the open end.

closed pipe
strain

x

strain

open pipe

-H1

0
!

This equation is valid for k1 H1 = π · n, with n = 0, ±1, ±2, . . . . The obtained resonances
are λ2 -resonances, and the frequencies follow the relation
fn = n ·

v1
.
2H1

(2.44)

This is equal to the results of a single layer membrane of thickness H1 . The resonances
in the bottom layer (2) follow the conditions derived in the following paragraph, see
Equation 2.45. The fundamental mode in this case fits half a wavelength in the layer,
as depicted in Figure 2.11, as it can be described similar to a standing wave with two
open ends, thus the name open pipe resonances (see for example organ pipes).
Closed Pipe Oscillations The last case to consider is the case where the bottom
layer is the acoustically harder layer, i.e. Z12  1 or Z1  Z2 . Again one can rewrite
Equation 2.42, obtaining
tan k1 H1 = ∞.
!

The condition for the roots is k1 H1 = π2 · (n + 1), with n = 0, ±1, ±2, . . .. The obtained
resonances are therefore λ4 -resonances, and follow the frequency relation
fn = n ·

v1
.
4H1

(2.45)

The frequencies in layer 1 follow in this case the condition of Equation 2.44. The
fundamental mode fits quarter of a wavelength in the layer, as depicted in Figure 2.11,
and can be described similar to a standing wave with one closed end, thus the name
closed pipe resonances.
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2.5.2 Single Layer on Semi-Infinite Substrate
The second case interesting for this thesis is the case of a thin layer (∼ nm) on a thick
substrate (∼ µm to mm). This can be achieved in the calculations by setting the layers
2 and 3 equal. The result is a single layer on a semi-infinite substrate, i.e. the case when
the eigenmodes of the thin film are not notably perturbed by the "eigenmodes” of the
bottom layer, as found for example in the case of a 10 nm gold film on a 3 mm thick
diamond substrate.
In the case of the elastic substrate, complex frequencies have to be used in order to
account for the losses to the substrate, here ω = ω 0 + iω 00 . The Equations 2.37 and 2.38
then reduce to
 h

H
H i
H1 0
!
−iω 00 v 1
iω 00 v 1
1
1
· (1 + Z21 ) e
ω
− (1 − Z21 ) e
=0
(2.46)
cos
v1

 h
H
H i
H1 0
!
−iω 00 v 1
iω 00 v 1
1
1
sin
ω
· (1 + Z21 ) e
+ (1 − Z21 ) e
=0
(2.47)
v1
Again, a separation of the two cases Z12  1 and Z12  1 can be made, resulting
in the same frequency dependence as for the membrane. In the first case, Z12  1,
Equation 2.47 vanishes only for the condition


−H1 0 !
ω = 0,
sin
v1
as the second term cannot become zero, resulting in the frequency dependance
fn = n ·

v1
,
2H1

(2.48)

whereas for the second case, Z12  1, results again in the condition for the modes is
given by
v1
.
(2.49)
fn = n ·
4H1
Having complex frequencies, it is possible to derive the relation between reflection coefficient R12 and damping rate from Equation 2.46 as
|R12 | = e

−2ω 00

H1
v1

,

illustrating the relation between the frequency dependent loss of acoustic energy and the
acoustic mismatch of the layer and the substrate.
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2.6 Summary: Theoretical Framework
In this chapter the theoretical framework necessary for the understanding of this thesis
was derived. At first the concept of pump-probe spectroscopy was introduced using a
“conventional” delay line set-up, using only one laser. This was followed by the introduction of the concept of asynchronous optical sampling, an alternative concept of a
pump-probe set-up using to different laser to provide pump and probe pulse, which was
used in the context of this thesis.
Second, the fundamentals of phonon propagation and the mathematical description and
numerical implementation was presented. Beginning with the fundamental concepts of
elasticity, the concept of phonon propagation in solids and across interfaces was derived
and illustrated. In this context two approaches were presented, namely an analytical
derivation and numerical modeling. The analytical results, which were calculated in this
section are used in the experimental section to estimate the resonance frequencies of the
confined modes in the investigated systems. In addition, these analytical estimates are
compared with numerical simulations, when possible.
Further the physical processes involved in the excitation and detection of high frequency
acoustic phonons were introduced and discussed, which build the fundamentals to this
thesis. Here the contributions of the excitation of coherent phonons in metals and semiconductors, i.e. thermoelastic stress and deformation potential were discussed, as well
as the two contributions to the detected change in reflectivity, the sensitivity function
approach and the Fabry-Pérot contribution.
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3.1 Experimental Set-Up

3.1 Experimental Set-Up
The experimental set-up is a pump-probe set-up based on high speed asynchronous optical sampling. This kind of set-up was introduced by Bartels et al. [25] and was implemented by Hudert [47]. The additional microscope set-up, enabling the investigation of
single nanostructures, was implemented by Ristow [21] in 2009 and is in detail described
and characterized in Reference [21]. The general layout of the set-up can be found in
Figure 3.1, while the layout of the microscope set-up can be found in Figure 3.2.

3.1.1 Laser System
The laser system used is a GigaOptics Giga Jet Twin System pumped by a Coherent
10 Watt Verdi Laser operating at 532 nm wavelength. The Twin System consists of two
Ti:sapphire ring cavity lasers in a single housing to optimize the stability of the system,
see Figure 3.1. Both laser cavities are six-mirror ring-cavities with an additional prism
(P) inside each cavity, which allows to tune the center frequency of each individual laser
independently between 740 nm and 840 nm.
Both lasers are running in a master-slave configuration, with the repetition rate of the
probe laser (master) running freely, and the repetition rate of the pump laser (slave)
being actively stabilized onto the probe laser repetition rate. This stabilization is done
via piezo-mounted mirrors (PZ) inside the cavity, which enables to change the length of
the cavity and thus the repetition rate. In order to monitor the repetition rates, light
of both lasers is focused onto two fast photodiodes (PD), and the measured repetition
rates are fed into a frequency stabilization unit. This unit is described in detail in Gebs
et al. [24]. The stabilization unit stabilizes the repetition rate of the pump laser with
respect to the probe laser, adding a difference frequency of 5 kHz for the asynchronous
sampling.
The configuration of this system with a free running master laser is sufficient for most
applications. The effect of the free running master laser is a very slight variation in the
repetition rate of the laser, mostly in the order of some kHz, due to thermal fluctuations.
In Chapter 4, Section 4.3.4, this approach was not sufficient anymore. In order to scan
over a resonance curve of 3.4 kHz width, it was necessary to stabilize the master laser via
an additional piezo mounted mirror to an external frequency generator. In this context
a stability of the cavity length of 90 nm was achieved (total cavity length ∼ 30 cm).
To synchronize the measurement software and the laser system, an optical trigger is
used, consisting of an AlInGaP photodiode. Parts of the pump and probe light are
focused onto this diode. As the band gap of AlInGaP is around 2.1 eV, a single laser
pulse (1.55 eV) cannot trigger an event, but two-photon absorption is needed. This
requirement is met when pump and probe pulses coincide.
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Figure 3.1: Layout of the general measurement set-up. Optical paths are in solid lines, electrical paths in dashed lines. The standard
measurement set-up was replaced in this thesis by a collinear microscope set-up. Adapted from [21].
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3.1.2 Microscope Set-Up
The microscope set-up was implemented into the experimental set-up in 2009 to enable
the measurement of single micro- and nanostructures [21]. It is a collinear beam path
set-up, using a Mitotuyo 50x microscope objective to focus pump and probe beam
to a diffraction-limited spot-size below 1.5 µm. The layout of this set-up is displayed
in Figure 3.2. Pump and probe beam arrive cross-polarized from the laser. The probe
from laser
CCD camera
LED - white light

sample

pump
beam

probe
beam

focusing
optics

microscope
objective

bandpass-filter

BS 55/45

light path

PBSC

BS 92/08

PBSC

125 MHz
photodetector

laser beam

Figure 3.2: Layout of the collinear microscope set-up. Pump and probe beam are superimposed
onto a collinear beam path using a pellicle beam splitter and a polarization cube, and then
focused onto the sample using a 50x microscope objective. The reflected probe light is collected
by the objective, filtered and then detected using a 125 MHz photodetector. Adapted from [21].

beam is reflected onto the optical axis of the microscope by the use of an 8/92-pellicle
beam-splitter1 . The perpendicular polarized pump beam is superimposed onto the probe
beam by a polarizing beam splitter cube without affecting the probe beam. Both beams
are focused onto the sample with the microscope objective. The reflected probe light
is again collected by the microscope and is focused onto a photodetector with 125 MHz
bandwidth. In front of the photodetector backscattered pump light is removed with the
help of polarizers and bandpass filters.
Using a CCD camera and a detachable beam splitter images of the sample can be
taken through the microscope objective in bright- or dark-field mode. To allow for
measurements in cryogenic environments the sample can be mounted in an optical flow
cryostat (MicrostatHe2, Oxford Instruments, Abingdon, Oxfordshire, England). Here
the sample can be cooled to 4.2 K using liquid helium. The temperature can additionally
be stabilized with a temperature controller (Oxford Instruments, Abingdon, Oxfordshire,
England) to any value between 4.2 K and room temperature.

1

8% reflection and 92% transmission
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3.2 Sample Preparation
The description of the sample preparation can be divided into two main parts: the fabrication of one-dimensionally confined systems, in this case free-standing semiconductor
membranes with lateral dimension in the micrometer to millimeter range and thicknesses
ranging from 50 to 200 nm, and the fabrication of two and three dimensionally confined
systems, such as beams and disk resonators, i.e. thicknesses of 50 nm to 150 nm and
lateral dimensions in the 100 nm to 3 µm range. The structures were fabricated in the
nanostructure laboratory of the University of Konstanz. Additional support was provided by J. Grebing of the Helmholtz Zentrum Dresden-Rossendorf, in the context of
the fabrication of the beam and disk resonators.

3.2.1 GaAs Membranes
During the work of thesis, two approaches to the fabrication of free-standing GaAs
membranes were pursued. One approach was the so-called back-etching release, in which
a membrane was fabricated through the removal of the substrate from the back of the
sample. The other was the release of a membrane using a focused ion beam (FIB)
from the frontside of the sample, in combination with wet-etching to remove part of the
sacrificial layer. The advantages and disadvantages of both approaches are discussed
in the corresponding sections. From the experimental point of view, the approach via
back-etching was more feasible, the FIB approach was more reliable and faster from the
fabrication point of view.
The base material for both approaches was a GaAs-Al0.5 Ga0.5 As layer system on a GaAs
substrate, which was grown at ETHZ2 in the group of Jerome Faist. The sample was
grown by means of molecular beam epitaxy as a layer system as shown in Figure 3.3.
The following layer parameters were obtained:
Top Layer

200 nm GaAs, undoped

Sacrificial Layer

1000 nm Al0.5 Ga0.5 As

Bottom Layer

200 nm GaAs, undoped

Substrate

500 µm GaAs, 3 inch substrate in (100) ± 0.01 degree orientation

The Al0.5 Ga0.5 -layer or sacrificial layer is used in both processes as a selective etch-stop,
i.e. as etch-stop in the back-etching process and solely as etching-material in the focused
ion beam approach.
2

Eidgenössische Technische Hochschule, Zürich, Switzerland
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200 nm GaAs
1µm
Al0.5Ga0.5As

hydrofluoric acid - etch

Figure 3.3: Scheme of
the GaAs-Al0.5 Ga0.5 As layer
system which was used for
the GaAs membrane preparation. Details of the three
steps of the wet-etching
process are given in the
text.

C6H8O7 : H2O - etch
520µm GaAs

H2SO4 : 8 H2O2 : H2O - etch

Back-Etching
The process of back-etching was developed in the context of the bachelor thesis of Gehrke,
and is described in detail there [39]. The main challenge in this etch process was the
protection of the top-layer while etching the substrate, as both are of the same material.
To prevent etching of the top layer, the sample was placed top-down in a plastic container
and fixed by hot glue in a way that only a ∼ 1 x 1 mm hole was left. Using two different
etchants, see Table 3.1 and Figure 3.3, the substrate was then removed down to the
sacrificial layer. The first etchant (H2 SO4 :8 H2 O2 :H2 0) was a fast etch at 14 µm/min
[48], and was used to remove the substrate to some micrometer before the sacrificial
layer. Due to the high etch rate and the small selectivity against Al0.5 Ga0.5 As , it was
not suitable to etch directly until reaching the etch stop. This was done using a second
etch (4 C6 H8 O7 :H2 O), having a rather small etch rate of 0.5 µm/min [48], but a high
selectivity of 260 towards Al0.5 Ga0.5 As. To remove the Al0.5 Ga0.5 As-layer, a final etch
using 50 % hydrofluoric acid was needed, as this has a very high selectivity against GaAs
(>1000). The result was a free-standing membrane of 200 nm thickness.
Etchant

Target Material

Etch-Rate

Selectivity

H2 SO4 : 8 H2 O2 : H2 0
4 C 6 H8 O7 : H 2 O
hydroflouric acid 50%

GaAs
GaAs
Al0.5 Ga0.5 As

14 µm/min
0.5 µm/min
10 µm/min

260 towards AlGaAs
>1000 towards GaAs

Table 3.1: Etchants used in the fabrication of the GaAs membranes.

The advantage of this etch process is the possibility to etch large membranes, and to
completely remove the substrate underneath the membrane itself. This is particularly
convenient for the pump-probe measurements, as one can use backlight illumination,
and no pump or probe light is scattered back from the substrate.
In Figure 3.4, two scanning electron micrographs of the GaAs membrane, discussed in
the low temperature measurements of this thesis, are shown. The direction of the view
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is from below the substrate onto the backside of the membrane, as indicated in the inset
of Figure 3.4a. In Figure 3.4b a close up to the membranes surface shows the flatness of
the membrane. The total dimensions of this membrane are around 780 µm length with
a maximum width of 20 µm. The shape of the membrane corresponds roughly to the
shape of the hole that was formed with the glue at the beginning of the preparation
process. Since the shape and the size of the holes were difficult to control, is was not
possible to define the exact shape of the membrane at the beginning of the etching. The
close up of the membrane reveals the efficiency of the selective etching, as no residuals of
the intermediate layer can be seen, and the surface roughness is below the resolution of
the SEM. Comparing measurements using an atomic force microscope were not possible
due to the deep etching through the substrate.

direction of view

AlGaAs Buffer Layer
membrane edge
10 µm

100 µm

(a) SEM of full membrane.

(b) SEM close up from the center of the membrane.

Figure 3.4: SEM micrographs of the GaAs membrane fabricated using the back-etching process.
The pictures are taken from the substrate side, as indicated in the inset in (a). The membrane
shows a slit-like shape, having a very high aspect ratio between, due to the lack of control of
the final shape of the etching mask. The efficiency of the etching and the etch-stop at the
GaAs membrane is illustrated in (b), showing a clean surface at the bottom of the membrane.

Focused Ion Beam
The main drawback of the back-etching fabrication of GaAs membranes is the difficulty
to control the size and shape of the membranes. This can be circumvented by an
etching process from the front-side of the membrane. The schematics of this approach
are depicted in Figure 3.5a. Using a focused beam of Ga-ions, two small slits are cut
from the top into the GaAs top layer. By then placing the sample in a hydrofluoric acid
etch, it is possible to partly remove the underlying buffer layer without affecting the
membrane, as GaAs is inert to hydrofluoric-acid etching. This produces a free-standing
membrane which is supported on two sides only.
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The great advantage of the approach using the focused ion beam (FIB) is the possibility
to directly define the size and the shape of the desired membrane, i.e. due to the
versatility of the ion beam, it is possible to define any arbitrary shape. The drawback
of this approach is twofold: i) The ion beam implants a lot of Ga ions in the vicinity
of the cuts, changing the composition of the GaAs membrane, and the existence of the
substrate inhibited the control of the etching quality, i.e. the control of residuals on the
membranes backside; ii) Using this approach it is not possible to fabricate a membrane,
which is supported from all sides. This might result in lateral stress distribution along
the membrane, which then again might influence the properties (e.g. lifetimes) of the
membrane’s vibrational modes. This effect is known as acusto-elastic effect, and can be
described with the use of the higher order elastic constants of Equation 2.4 [49].

FIB cut

Ga+

membrane

Ga+

FIB cut

end of
etching area

200 nm GaAs
1µm
Al0.5Ga0.5As

HF etching

membrane

FIB cuts

520µm GaAs

(a) Schematics of the FIB assisted etch.

(b) SEM close up on the membrane.

Figure 3.5: Fabrication process and SEM micrographs of the resulting GaAs membrane. The
top layer of GaAs is cut using a focused beam of Ga+ -ions. Using hydrofluoric acid the underlying
AlGaAs layer is washed out until a free-standing membrane is released between both slits.

3.2.2 Metal-Semiconductor Membranes Fabricated by Means of
Wet-Etching
In this section, the preparation of the silicon and silicon nitride (Si3 N4 ) membranes with
metal transducers is described. It is a back-etching process, similar to the etching of
the GaAs membranes, in which the membrane is released by removing the substrate
from the backside of the wafer. Base material for the silicon membranes is a silicon on
insulator (SOI) wafer which is produced using the smart-cut technique. The resulting
layer system is a 340 nm thick crystalline silicon layer on top of a 400 nm SiO2 layer on a
silicon substrate. The backside is covered with 200 nm Si3 N4 , which serves as an etching
mask.
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In the case of the Si3 N4 membranes, the layer system is similar to that of the silicon
membranes, but the silicon top layer is replaced by a silicon nitride layer. The fabrication
of these wafers is different in a way that the silicon substrate is thermally oxidized on
both sides, and the Si3 N4 layer is deposited by low-pressure chemical vapor deposition
(LPCVD) on both sides of the silicon substrate. The thickness values of the individual
layers are given in Chapter 3.2.4, with varying nitride thickness of 57 nm, 107 nm, and
157 nm.
In both cases the silicon nitride etch mask on the back side is opened using a laser
marker, removing squared shapes windows in the silicon nitride. The wafers are then
placed inside a KOH wet-etch, protecting the membrane side from the etch. The etch is
stopped when the silicon substrate is completely removed, leaving just the dioxide and
the membrane layer behind (Si or Si3 N4 ). The dioxide is removed in a final hydrofluoric
acid etch, releasing the final membrane.
Gold or Aluminum Evaporation

346 nm silicon
500 nm SiO2

silicon substrate

hydrofluoric acid
wet-etch

KOH
wet-etch

Si3N4 mask
laser assisted mask-opening

Figure 3.6: Fabrication
process of the metalsemiconductor membranes
on the example of a silicon
membrane.
First the
protection mask on the
backside is opened. Then
the substrate is removed
with an KOH etch until the
SiO2 etch stop is reached.
The SiO2 is removed
by a HF etch.
Finally
the metallization layer is
evaporated.

3.2.3 Diamond Membranes Fabricated using Focused Ion Beam
The fabrication of the diamond membranes was performed using the technique of focused
ion beam, as it is a very versatile fabrication tool in microsystem technologies [50]. It has
also been used as a tool in fabricating diamond dome resonators [51], which have similar
dimensions as the membranes investigated in this thesis, but have been investigated in
the MHz range only.
The diamond membrane samples were fabricated by Harms during his diploma thesis [52]. The sample fabrication is described in detail there, and only a short summary
is given here. For a detailed description of FIB techniques see as well Reyntjens and
Puers [50]. The sample, or starting material, is a type 1b, CVD grown diamond from
Sumitomo Crystal. It is oriented in a way, that the [100]-surface is the top-surface.
This surface will be the top surface of the final membranes.
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The diamond membranes were fabricated from bulk diamond (3 × 3 × 1.5 mm). As a
first step a 5×7 µm big and 10 µm deep hole is milled (current 10 nA) from the side into
the edge of the substrate (see Figure 3.7 and Figure 4.16), leaving a ∼ 1 µm thick layer
at the top. This layer is thinned down to 600 nm thickness (current 500 pA). Next, the
samples [100]-surface is polished with the ion beam (50 pA) to clean the surface and to
remove surface tension in order to prevent a bending of the final membrane. Finally, the
layer is thinned out from the bottom until the desired membrane thickness is reached.
In order to reduce lattice defects induced by the milling process, the milling is followed
by a bake-out for 1.5 h at 1100 ◦ C in a 95% N and 5% H2 atmosphere. As a last step,
a 14 nm gold layer is sputtered on top of the membranes. This gold layer serves as an
optical absorber and acoustic transducer in the pump-probe measurements, as diamond
is transparent at around 800 nm, the wavelength range of the Ti:sapphire lasers.
A SEM micrograph of three of the resulting membranes is shown in Figure 3.7a, and
an overview over several membranes before gold sputtering is given in Figure 3.7b.
Here, the color of the individual membranes can be related to a thickness, e.g. blue
corresponds to ∼150 nm, for details see Harms [52]. As for example, for the membranes
labeled vii, viii and x the color does not change over most parts of the membrane,
this identifies these membranes as being of equal thickness over most of the membrane.
An additional illustration of the membranes position on the sample can be found in
Figure 4.16, page 85.

view

Top Surface of Diamond Cube
Top

view
Top

Side
Side

FIB-polished areas

Top Surface of Diamond Cube
2 µm

(a) SEM micrograph

(b) LM micrograph

Figure 3.7: (a) SEM micrograph of three of the resulting membranes. The direction of the view
is indicated in the inset. Black is the top surface of the sample. (b) Light-optical microscope
image from the top of the sample: Overview over several membranes before gold sputtering.
The colors can be related to the thicknesses of the membranes [52], e.g. blue equals a thickness
of ∼150 nm. Membranes with strong color variations can therefore be considered as having a
non-uniform thickness.
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3.2.4 Nanomechanical Beams and Disk Resonators
The fabrication scheme of the nano-mechanical beam structures and disk resonators is
identical, and was partially carried out on the same sample chips. The fabrication of
these structures follows the same sequence as described in earlier work, see for example
Ristow [21, Chapter 2.4.2].
Preparation and Electron Beam Lithography
The base material is a standard silicon wafer covered with a sacrificial layer of 400 nm
thermal oxide and a top layer of LPCVD3 - Si3 N4 of different thicknesses, ranging from
57 nm to 157 nm, Figure 3.8 (a). Due to the lattice mismatch between the SiO2 and the
Si3 N4 , an internal stress of 1.39 GPa is induced into the Si3 N4 layer. This high stress
was chosen in order to improve the mechanical stability and to increase the resonance
frequencies as well as quality factors of the beam structures [53].
After cleaning the wafer in acetone and isopropanol, the wafer is covered with the electron
beam resist PMMA4 (950K-A4), using a spin-coating technique (b). The resulting layer
of PMMA is about 200 nm thick, using a rotation of 4500 rpm for about 45 s. To remove
any residual solvent in the resist, and to improve adhesion between resist and sample,
the wafer is pre-baked at 170◦ C for 30 minutes. PMMA was chosen as a resist for its
high sensitivity and high resolution capabilities [54].
In the next step (c), the desired outline of the structures (beams or circles) is written
into the resist by exposing the area of the structures to a scanning electron beam, using
an electron beam microscope.
The exposed resist is then washed out from the sample in the developing step. As
developer, a mixture of isopropanol and MIBK5 is used in a ratio of 1:3 MIBK to IPA.
This ratio was chosen for the high resolution it yields in the development process [55].
Masking and Dry-Etching
After development, two thin films of chromium and gold are evaporated onto the sample,
using a thermal evaporation chamber. The thickness of the Cr layer is about 2-3 nm and
serves as adhesion layer for the gold film. The thickness of the gold film was chosen to
be 20 nm, just above the absorption length of gold at 800 nm light. This gold film later
serves as acoustic transducer, as well as an etching mask in the next fabrication step.
Using acetone and an ultrasonic bath, the remaining resist is stripped of the sample,
removing the attached metal film and leaving the outline of the desired structures covered in gold on the sample surface (f). The sample is then placed inside a Sentech
Instruments Reactive Ion Etching (RIE) machine in order to remove the Si3 N4 layer.
3

low-pressure chemical vapor deposition
polymethyl methacrylate
5
isobutyl methyl ketone
4
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a) bare wafer

b) PMMA coating

c) e-beam lithography

d) developing with isopropanol
and MBIK

e) gold evaporation

f ) lift-off using acetone

g) reactive ion etching

h) HF - dip

Silicon
Silicon Dioxide

Silicon Nitride
PMMA

PMMA (exposed)
Gold

Figure 3.8: Outline of the sample fabrication using electron beam lithography and a series of
etching steps illustrated on the example of a free-standing beam. Taken from [21].
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This is done by a CF4 plasma etch process (g). This is a highly anisotropic etch-process
in which reactive ions are accelerated in an electric field towards the samples, resulting
in a combination of sputtering and chemical etching of the target. The etch products
are in gaseous phase (g) to be extracted from the chamber via a vacuum pump. The
wafers are etched using CF4 and O2 yielding the following reactions with the sample
material:
Si + 4F → SiF4 (g)
Si3 N4 + 12F → 3SiF4 (g) + 2N2 (g)
SiO2 → SiF4 (g) + O2 (g) .
Wet-Etch and Optional Soft-Landing
After removal of the Si3 N4 layer, the underlying SiO2 layer has to be partially removed
to fabricate the free-standing beams and the undercut under the disk resonators (h).
This is done via a wet-etching step using hydrofluoric acid. This etch is highly selective
towards SiO2 , barely etching Si or Si3 N4 . The etch products are in the aqueous phase
(aq). The process follows the reaction:
SiO2 + 6HF → H2 SiF6 (aq) + 2H2 O (aq)
with an etch rate for SiO2 of 23k Å/min and for stoichiometric (LPCVD) Si3 N4 of
140 Å/min [56, 57]. In order to have a minimal etching of the Si3 N4 , the hydrofluoric
acid was chosen in a concentration of 40%. In order to achieve a controlled etch rate,
it was important to move the sample slowly in the etchant. In contrary, to fabricate
soft-landed beams, the wafer chip with the beams was deposited in the etchant without
any movement, in order to prevent a “washing off” of the beams from the substrate.

3.2.5 Comments on Wafer Properties and Adhesion Issues
In the context of this thesis, different silicon nitride wafers were used – provided by
the same manufacturer and with the same specifications. Although the wafers were
nominally identical, it turned out that the adhesion between the gold and chromium
layers and the silicon nitride was not identical. Furthermore, it was varying (strongly)
for the silicon nitride purchased in the later time of this thesis, for different samples
fabricated using the identical fabrication procedures as described above. The reason for
this behavior could not be determined, but it opened up the possibility to identify and
investigate in the gold modes of the bilayer beams, see Chapter 5.3 for details.
The adhesion between thin films, used in general in microelectronics and nano-electromechanical devices, is of great importance to the device operation. Adhesion and delamination has been a limiting factor to the performance of such devices [58, and references
therein].
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A phenomenon, related to the work of this thesis, is the stress induced delamination of
thin films or layers. Thermal stress, mostly due to a mismatch of thermal expansion
coefficients, can affect the adhesion between the metal film and the Si3 N4 –beam. This
might be due to a too rapid deposition of the films causing a high stress level [58], but
also the heating due to heat accumulation from absorbed pump- and probe light might
be a possible cause. Measures to improve adhesion by advanced surface preparation as
possible oxide removal using HF, plasma etching using argon and oxygen to remove any
surface contamination and additional surface activation did not yield improved adhesion
for the case of the later purchased silicon nitride.
A similar behavior concerning the adhesion between the metal film and the semiconductor membrane was observed in the investigations of the silicon membranes with aluminum transducer, see for example Chapter 4.6.2. Here different preparation methods,
i.e. sputtering or evaporation of the metal film, and oxide removal before metallization
lead to a significant difference in the vibrational behavior of the structures.

3.3 Summary: Experimental Set-Up and Sample
Preparation
This section summarizes the experimental set-up and the the processes of the sample
preparation. The general layout of the experimental set-up did not change much during
the context of this thesis, only minor performance improvements were implemented. The
experimental set-up is an actively stabilized asynchronous optical sampling set-up, consisting of two Ti:sapphire laser in a master-slave configuration. Both lasers are tunable
in their center frequency from 740 nm to 840 nm and are running at a repetition rate of
800 MHz. A collinear microscope set-up was used for the investigation in nanostructures,
optional in addition with an optical flow cryostat to cool the samples towards 4.2 K with
liquid helium.
The vibrational properties of nanostructures depend strongly on the fabrication and can
change rapidly with small variations in the fabrication process. Therefore a great effort
was put in the fabrication processes to ensure a high reliability into the fabrications and
to ensure a constant quality of the samples. The great variety of the materials used in
the context of this thesis made it also necessary to continuously improve or alter the
fabrication processes of the samples. In this section the processes of the fabrication
of membranes from different semiconductors, e.g. silicon, gallium arsenide and silicon
nitride or diamond were presented. Here also different approaches using chemical wet
etching or the use of focused ion beam etching were demonstrated and compared. Finally
a description of the multiple steps of the fabrication of nanostructures from silicon
nitride, i.e. beam and disc structures was given.
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3.4 Error Estimate in the Experimental Results
In the discussions of the experimental results the error estimation was, also for legibility
reasons, is most cases omitted. As a general rule - unless otherwise explicitly stated the following error estimations apply:
Time Transients All here shown time transients are averages of 6.5 million single measurement traces.
Numerical Fast Fourier Transform The frequencies obtained from the numerical fast
Fourier transform are limited by the length of the measurement window of 1.2 ns.
Therefore the maximum frequency resolution obtained is 0.8 GHz. The error given
scales according to the respective frequency obtained.
Thickness from FFT-Frequencies Given the frequency resolution from the FFT of
∼ 0.8 GHz, this error accounts for the error in the calculated membrane thickness,
depending on the frequency f and membrane thickness d as:
δd = d

0.8 GHz
f − 0.8 GHz

Thickness from Evaporation The error from the sputtering or evaporation of the
metal thin-films can be estimated by ± 2 nm.
Given the above estimations, one can assume that the error in the calculated thicknesses
in in the order of a few percent, as the example of a 20 nm thick gold film shows:
f=

3240m/s
= 81 GHz
2 · 20 nm
δd = 0.2 nm.

This estimation shows that the acoustic measurements provide a much better thickness
estimate compared to the estimates from the evaporation chamber.

52

4 Experimental Results - One
Dimensional Confinement

4.1 Introduction: One Dimensionally Confined Systems

4.1 Introduction: One Dimensionally Confined
Systems
This chapter covers one dimensionally confined structures, i.e. the semiconductor membranes, which were investigated experimentally in this thesis. Membranes are ideal
model systems to investigate the mechanical properties of solids, e.g. semiconductor
materials, as they provide a perfect acoustic cavity due to their two free surfaces. This
excludes any influence of the substrate, which is found, for example, in similar experiments investigating acoustic cavities formed by two Bragg mirrors [17]. The use of
membranes further allows for a controlled investigation of the influence of the surface
roughness on the lifetime of the confined modes in the membranes [59], or the investigation in the influence of the metallic transducer, which is used to excite acoustic pulses
in the membranes, on the acoustic mode spectra.
Nature of the Confined Longitudinal Acoustical Modes of a Membrane
In order to understand the considerations presented in the following, it is useful to illustrate the concept of the confined modes inside a membrane, and to visualize the
resulting shape of the investigated modes, which were analytically derived in the theoretical framework. In the context of investigation of confined longitudinal modes of a
membrane, the terms (confined) dilatational modes or breathing mode are used in the
literature.

d0

dmax

1st order: odd modes

dmin

d0

d0

2nd order: even modes

Figure 4.1: Displacement of the membranes surface for the first and second order mode. The
shaded areas indicate the unperturbed membrane. For odd modes, the two membranes surfaces
displace with respect to each other, symmetrically around the membranes center, while the
membranes center does not move. Even modes refer to movement of the membranes center,
while the surfaces do not move relative to each other.

In Figure 4.1 the nature of the two first orders of confined modes of a single layer membrane are illustrated. The unperturbed membrane is shown by the shaded area in the
background of each picture, with broken lines indicating the surfaces. The perturbed
membrane is illustrated by the black lines, representing the position of the membranes

55

4 Experimental Results - One Dimensional Confinement
surfaces. Two sets of modes can be distinguished by the nature of the surface displacement. For odd modes, the two membranes surfaces displace with respect to each other,
symmetrically around the membranes center, while the membranes center does not move.
Even modes show no movement of the two surfaces with respect to each other, but the
membrane itself moves relative to its unperturbed center position.
Ordering of the Discussed Membranes in this Thesis
The order of the investigated systems in this chapter follows the influence of the strain
generation profile, as illustrated in Figure 2.8, starting from homogenous excitation of the
membrane, as found in silicon membranes, to more asymmetric excitation as in gallium
arsenide, and finally discussing semiconductor membranes with gold- and aluminumtransducers. This sequence was chosen in order to start with the most simple case,
homogenous excitation and one detection mechanism, and then introducing one change
in parameter with each chapter (two excitation/detection mechanisms, two acoustic
similar layer, two acoustic different layer).
In the beginning of this chapter, the phonon propagation and damping in ultra thin
silicon membranes is discussed. This part demonstrated that with decreasing membrane
thickness and thus increasing phonon frequencies, the damping is mainly influenced by
the surface roughness. The excitation in gallium arsenide membranes is already more
asymmetric, compared to the in silicon. Here the influence of the excitation profile can
be seen, as additional vibrational modes are detected. Further experiments on these
membranes illustrate the influence of the excitation light wavelength and the possibility
to investigate the resonance characteristics of the fundamental modes. As a further
example, the choice of material systems is extended to diamond membranes with gold
transducer. This material system can be seen as an acoustic one layered membrane, but
with very asymmetric excitation profile.
Finally, two layered membranes, fabricated from silicon and silicon nitride, with different acoustic transducers are discussed. It will be shown how the transducer and the
acoustic impedance mismatch between the transducer and the membrane influences the
observed acoustic mode spectra. Alongside the discussion of the different transducers,
one example will be discussed, illustrating how the adhesion between the transducer and
the membrane might influence the evolution of the acoustic phonons.
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4.2 Ultra-thin Silicon Membranes
The investigation of the ultra-thin silicon membranes was motivated by the work of
Hudert et al. [18], who first investigated the confined acoustic phonon modes in a silicon
membrane using the ASOPS technique, and by the investigations by Cuffe et al. [60], who
observed and studied the dispersion of confined acoustic phonons using Brillouin light
scattering in ultra-thin membranes. In parallel, Bruchhausen et al. [19] demonstrated the
possibility of driving the confined modes in this phonon cavity by means of subharmonic
resonant driving, allowing to investigate the lifetime of the fundamental breathing mode
of the membrane.
The above mentioned work gave rise to the idea of determining the lifetime of such
acoustic modes in silicon membranes, using the ASOPS pump-probe technique, but
directly accessing the lifetimes in the time domain. Therefor a series of thin membranes
was fabricated at VTT1 and investigated. By reducing the thickness to a few nm, it
was expected to see different contributions to the damping of the confined modes, i.e.
to see the increasing influence of the confinement onto the lifetimes of the fundamental
modes.
In order to circumvent the quite extensive work of retuning the laser cavity to a subharmonic of the membrane mode, as utilized in Reference [19], the lifetimes can also
be accessed directly in the time domain, if the lifetimes are short enough to be determined within the length of one measurement window. This is necessary, as the upper
limit in the determination of the lifetimes of the acoustic modes in the membrane is
the time between two successive pump pulses. Lifetimes larger than the time delay of
two pump pules cannot be accurately determined in the time domain, because of possible sub-resonant driving effects, i.e. the successive pump pulse driving or reducing
the oscillation amplitude. To achieve such short lifetimes, the membrane’s thicknesses
were reduced to a thickness at which the lifetime of the modes are in the same order of
magnitude or smaller than the length of the measurement window.
The damping is in general assumed to increase with frequency as ω 2 or ω 3 , see Table 4.2
on page 66, and the frequency f of the modes is scaling linear with the membrane
thickness d as (see Equation 2.44):
f =n·

vl
2d

n ∈ N,

(4.1)

therefore the damping time can be estimated to be adequately measurable for a membrane thickness below 200 nm.
In cooperation with John Cuffe and Emigdio Chavez from the CIN2 , silicon membranes
in the range from around 200 nm to below 10 nm thickness were investigated. The
membranes were fabricated by VTT from (100) oriented silicon on insulator, using a
1
2

VTT Technical Research Centre of Finland
CIN Catalan Institute of Nanotechnology
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back-etching technology analogous to the technique described in Chapter 3.2.2. In Figure 4.2 an image of such a membrane is shown. The lateral dimensions are in the
mm-range, the thickness of the membrane is ∼ 30 nm. At this thickness and ratio of
thickness to lateral dimensions, the membranes do not show a perfect (flat) surface,
compared to the 346 nm thick membranes, as seen for example in Reference [47], but
they show a large-scale wrinkling. This wrinkling might be due to stress inside the
membranes [61], but did not influence the measurements of the confined modes within
measurement uncertainties, since the laser spot was still small compared to the scale of
the wrinkles. Additional control measurements at different positions on the membranes
delivered identical results, ruling out any significant influence of the wrinkles.

Figure 4.2: Dark field image of a ∼ 30 nm
thick silicon membrane with lateral dimensions in the 5 × 5 mm-range. In bright yellow the wrinkles of the membrane can be
seen, which might be due to stress inside
the membrane, but did not influence the
measurements. (Provided by J. Cuffe [priv.
comm.], digitally edited)

The penetration depth of 800 nm light in silicon is around 8 µm [14], therefore symmetric
strain is excited in the membrane due to thermal expansion and deformation potential [18, 19, 62]. This leads to the excitation of the first order dilatational mode and odd
higher harmonics thereof, with frequencies given by Equation 4.1. These modes correspond to the thickness oscillations, i.e. the change of the length of the opto-acoustical
cavity formed by the membrane’s surfaces.
The main contribution to the detection is the Fabry-Pérot-effect. The photoelastic
contribution to the detection is small and can thus be neglected [47]. In the time
domain, this results in a superposition of the fundamental vibrational mode (n=1),
and its odd higher harmonics (n = 3, 5, . . .), showing a sinusoidal oscillation. With an
increased number of higher harmonics, this sinusoidal oscillation transforms into a sawtooth shape. In the frequency domain a series of equidistant peaks, corresponding to
the fundamental and the higher harmonics can be seen.

4.2.1 Experimental Results
The measurements were performed at room temperature using center wavelengths of
785 nm for the pump beam and of 820 nm for the probe beam. There were a total of six
samples investigated, ranging nominally from 200 nm to 10 nm membrane thicknesses.
On the samples with the ultra-thin membranes (d ≤ 10 nm), several membranes were
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fabricated with slightly different thicknesses due to fabrication uncertainties. The actual
thicknesses can be found in Table 4.1. The thickness was obtained from reflectance
measurements performed with a FilmTek 2000 spectroscopic reflectometer. The pumpprobe measurements were taken at the center of the membranes [14].
In Figure 4.3a, the relative change in reflectivity obtained from a 150 nm thick silicon
membrane is displayed. The pronounced dip at the beginning of the time window is due
to the excited charge carriers in the membrane [62]. Modulated upon the exponential
decay of the signal is the oscillatory change in reflectivity due to the excited acoustic
modes of the membrane. The inset in (a) shows these decaying oscillations when extracted from the background. The background was fitted with a double exponential
decay and subtracted from the raw data. For comparison, the extracted oscillations of
a 30 nm thick membrane are shown as well.
In Figure 4.3b, the corresponding numerical fast Fourier transforms (FFT) of these
signals are shown, displaying the fundamental frequency modes of the membranes. In
the case of the 150 nm thick membrane, the odd harmonics 3 and 5 of the fundamental
mode can be seen as well. For the 30 nm membrane only the fundamental mode is clearly
seen. This mode coincides in frequency with the 5th order mode of the 150 nm membrane,
which corresponds to the five times smaller membrane thickness, and illustrates the
linear dependence of the fundamental mode frequency f on the membrane thickness d,
see Equation 4.1.
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Figure 4.3: Experimental data obtained from thin silicon membranes. In (a) the obtained time
domain signal from a 150 nm thick membrane is shown. The oscillations of interest are modulated upon the thermal decay. The inset shows the extracted oscillations, and, in comparison,
as well the extracted oscillations of a 30 nm thin membrane. In (b) the corresponding numerical
FFTs are displayed on a logarithmic scale. For the 150 nm thick membrane, the fundamental
frequency and the first two odd harmonics can be seen (1,3, 5). For the 30 nm membrane, only
the fundamental mode can be detected (1’), coinciding in frequency with mode 5 of the 150 nm
thick membrane.
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Thickness
[nm]

Fitted
Lifetime
[ps]

Experimental
Frequency
[GHz]

Theoretical
Frequency
[GHz]

Total Error in
Frequency
[GHz]

7.7
8.8

5.36
7.97

505.05
495.31

547.59
479.14

34.19
26.56

18.7
28
29
31.9

57.83
320
295
310

208.33
139.35
137.42
123.76

225.48
150.58
145.39
132.17

6.67
3.44
3.26
2.83

49
49
49

163.94
174.18
227.6

79.23
79.36
79.74

86.05
86.05
86.05

2.52
2.52
2.52

98
142
194

735
1533
4704

40.09
28.85
21.27

43.02
29.69
21.73

1.23
1.00
0.91

Table 4.1: Thicknesses, frequencies, and damping times of the investigated ultra-thin silicon
membranes. The values correspond to the values given in Figure 4.4. The lifetimes and experimental frequencies were fitted using Equation 4.2. The theoretical frequencies were calculated
from the thickness and Equation 4.1.

In comparison to the results from a 346 nm thick membrane, where almost no damping
of the oscillations can be observed in the time domain within the measurement window
of 1.2 ns [19], a clear decay in the oscillation amplitudes can be observed for membrane
thicknesses below 200 nm, during the time window of 1.2 ns. This allowed to fit the
decaying signal with a damped oscillation of the type
−t
∆R
∼ A sin(ωt) e τ ,
R

(4.2)

where τ denotes the damping time, and ω the frequency of the corresponding (fundamental) mode. In Table 4.1, the results of the series of measurements can be found. Here
the lifetime and the experimental frequencies are obtained from the fit, the theoretical
frequency is calculated using the thickness and Equation 4.1, using a sound velocity
of vl = 8430 m/s [63]. As the membrane thickness scales from 7.7 nm to 194 nm, the
frequency of the observed fundamental oscillation of the membranes scales from around
505 GHz down to 21 GHz, in good agreement with Equation 4.1. The increase in relative error of the calculated frequency for higher frequencies originates primarily from the
error in fitting Equation 4.2 to the experimental data, mainly due to the short lifetime
of the oscillations and the increasing noise level in the measurements. The fundamental
frequency scales, as expected, with the thickness by a factor of 25 over the whole sample
range, yet a strong influence of the damping can be observed. Compared to the scaling
of the thickness by a factor of 25, the lifetime of the modes is reduced by a factor of
∼ 900. The factor of 900 could not be explained reasonably by standard damping models, indicating an increased influence of the confinement on the lifetime, which will be
discussed in the following section.
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4.2.2 Comparison of the Experimental Data with Different
Damping Models
In Figure 4.4, the values from Table 4.1 are plotted on a double-log scale (blue circles).
Further the calculated damping times for different (bulk) models are shown in grey.
These models are compared to the data and discussed in the following. The models that
are used to construct the fit to the experimental data, which is shown as a red solid line,
are displayed in red, broken lines [14].
As it can be clearly seen, the observed lifetimes neither scale with the existing theories
for bulk phonon lifetimes, nor do they agree with the bulk values. The observed lifetimes
in the membranes are significantly shorter than the lifetimes observed by Daly et al. [15]
in bulk silicon.
In order to describe the damping of phonons in thin membranes, it is necessary to consider the two contributions of intrinsic and extrinsic damping. In nanoscale systems,
and therefore also in nm-thin membranes, the extrinsic damping mechanisms are expected to have a stronger influence on the overall damping compared to the case of bulk
material.

Figure 4.4: Lifetimes vs. fundamental frequencies in thin silicon membranes. The blue dots
give the measurement data from Table 4.1, the top x-axis indicates the membrane thickness
corresponding to the fundamental frequency of the bottom scale. Indicated as well are the bulk
values from Daly et al. [15] (red triangles), and the 346 nm membrane value from Bruchhausen
et al. [19] (black square). Grey lines show the lifetimes computed using various standard models
of phonon damping. The broken red lines reproduces the calculations for boundary scattering
and three phonon processes. In solid red is the overall fit (Equation 4.8) to the membranes data
shown. Taken from [14].
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Akhiezer Damping and Herring Model
There are two models which describe contributions to the intrinsic damping in bulk
materials. This intrinsic damping cannot be neglected, because even if one considers
perfect crystals, or investigates the damping in the best grown or perfect single crystals, intrinsic damping is always found. The two models are called Akhiezer relaxation
damping and “three phonon relaxation”.
The Akhiezer damping describes the damping of phonons with frequencies above 10 GHz
due to the anharmonicity of the lattice, and the influence of the acoustic strain field to
the population of wave packets of high frequency phonons [14, 64, 65]. This model
does not exhibit a strong frequency dependence, and, in the case of the ultra-thin silicon membranes, overestimates the phonon lifetimes by a factor of 100. The Akhiezer
contribution is displayed in Figure 4.4 as a thin grey and broken line at the top.
The alternative model, the three phonon scattering model, or, in its generalization as
well called Herring Model, considers three phonon interactions or scattering. In this
model, the scattering rates are derived from a first order perturbation theory of a harmonic potential. This model is based on the assumption, that for a certain single mode
frequency ω, and the average life time of thermal phonons τth , the expression ωτth  1
is valid. The lifetime of the mode then can be described as a function of temperature T
by:
1
= BT n ω m ,
(4.3)
τ
with the three parameters B, n and m being fitted to experimental data [14]. By using
the values for bulk silicon, obtained by Daly et al. [15] and Cahill et al. [66], namely
B = 2.4 × 10−19 s K−1 , n = 1 and m = 2, the dashed, grey curve labeled Herring in the
upper right of the Figure 4.4 is obtained. This curve greatly overestimates the lifetimes
of the membrane modes. This is in so far not surprising, as the influence of the “nano
characteristics” of the membrane, i.e the influence of the surface, is completely neglected
in these derivations. By fitting B, n and m to the experimental data of the membranes,
the value of B = 5.7 × 10−17 s K−1 is obtained. This value is two orders of magnitude
larger than the bulk values, which does not appear to be realistic.
Since the Akhiezer model does not reproduce the frequency dependence, and the Herring
model yields unrealistic values, it is apparent that the intrinsic damping models are not
sufficient to describe the damping in the membranes. Therefore an approach, considering
not only the intrinsic damping, is described in the following.
The key objective of this model is to reproduce the frequency dependence of the experimental data from the membranes, and to avoid doubtful parameter assumptions,
as the fit of the Herring model yielded. Therefore two contributions to the lifetime are
calculated separately, namely the contribution of the intrinsic scattering, using a modified Debye model, and the contribution of the surface roughness scattering. The surface
roughness scattering is calculated using an assumption of a specularity parameter, as it
is discussed later.
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Debye Model for Intrinsic Scattering
Since the before discussed intrinsic models failed to reproduce the experimental data with
realistic fitting values, the lifetimes are directly calculated using a Debye approximation.
Here, the intrinsic scattering is described by anharmonic processes. These processes
define the phonon lifetime, which are in first approximation three phonon processes: i)
collision: two phonons scatter to form a third, and ii) decay: one phonon decays into
two phonons [67]. The general derivation of this model is given in Reference [14], and
in its supplementary material. An extended discussion of the assumptions made for this
model, and the general validity can be found there as well. For the detected purely
longitudinal modes in the membrane, the lifetime can be expressed as [14, 68]:
Z
0
00
~vl 2 X 1
−1
02
0 2 n(ωs0 [n(ωs00 ) + 1]
γ
×
ω
(ω
+
ω
)
dω,
(4.4)
τ3−ph (ωL ) =
l
s0
s0
n(ωl ) + 1
4πρv 2 s0 ,s00 vs20 vs200
assuming only scattering processes of the type ωl + ωs0 0 → ωs0000 . This approach leaves only
one adjustable parameter, namely the mode-averaged Grüneisen parameter γ, where s
is the mode polarization, n the Bose-Einstein distribution and v the phonon average
group velocity.
When two types of phonon polarizations are considered, which are labeled l for longitudinal and t for transverse polarization, then two types of the three-phonon processes
can be identified. These processes describe the scattering of two longitudinally polarized phonons, l + l → l, and the scattering of a longitudinally polarized phonon with a
transversely polarized phonon, l + t → l. The first type of these processes dominates
most of the scattering, which influences the intrinsic lifetime [14].
By fitting Equation 4.4 to the experimental data, a value of γ = 1.08 is obtained for the
reduced Grüneisen parameter. The results are displayed in Figure 4.4 by the broken red
line, labeled τ3−ph . Obviously, this model does not reproduce the frequency dependence
of the high frequencies as well, but delivers improved results for membrane thicknesses
above 200 nm compared to the previously discussed intrinsic damping models.
Surface Roughness
From the paragraphs above it is evident that the models, which consider intrinsic damping only, do not reproduce the frequency dependence in the range above 100 GHz. Therefore it is necessary to take the effects of the confinement, i.e. the two membrane’s surfaces, into account. This is done by a model which considers the effect of the surface
roughness onto the lifetimes of the modes.
The model, which is considered as surface roughness scattering, uses a single parameter
only, namely a specularity parameter p. This parameter p describes the flatness of the
surface, in form of a deviation from an ideal flat surface. This concept is illustrated in
Figure 4.5.
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To describe the influence of the surface roughness, in this model it is considered that a
wave undergoes a phase change φ when it is reflected at the surface of the membrane.
This phase change is related to the thickness deviation y(x) of the surface from an ideal
surface plane, marked by the thick black lines in Figure 4.5, and is described by [14]:
φ(x) =

4π
y(x).
λ

The wavelength-dependent specularity p then becomes:
p(λ) = exp(−πφ2 )
= exp(−16π 3 η 2 /λ2 ).

(4.5)

Here, η describes the root mean square deviation of the height of the surface from the
reference plane. This expression is valid for roughness features, whose width is smaller
than 4πη. Looking at Equation 4.5, one can see that the specularity depends on the
ratio of feature height and wavelength. This roughness effect increases therefore with
decreasing wavelength. Also apparent from Figure 4.5 is the increasing role of the surface
roughness, as the membrane thickness d0 decreases.

y(x)

∼η

z

d0

x

Figure 4.5: Surface roughness variation y(x) from a reference plane, i.e. the ideally flat
membrane surface (thick black line). This deviation is used to model the flatness of the silicon
membrane’s surface. The feature size of the roughness is estimated by η, being the root mean
square value of the deviation from the reference plane. d0 describes the nominal membrane
thickness.

Under the consideration of multiple reflections, the mean free path in the membrane
can be expressed with the help of a characteristic dimension of the structure, i.e. the
unperturbed membrane thickness d0 , as:
Λ=

1+p
Λ0 .
1−p

(4.6)

Here is Λ0 the mean free path for a membrane with an ideal flat surface, or p = 0. Using
the mean free path Λ and the longitudinal sound velocity vl , the lifetime due to the
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surface roughness can be expressed as [14]:
τb =

d0 1 + exp(−16π 3 η 2 /λ2 )
Λ
=
vl
vl 1 − exp(−16π 3 η 2 /λ2 )
 3 2
d0
8π η
=
coth
vl
λ2
d0 v l
∼
.
ω 2 2πη 2

(4.7)

For a value η = 0.5 nm, the result of Equation 4.7 is plotted in Figure 4.4, and labeled
with τb . Very good agreement between the experimental data and this fit is obtained
for membrane thicknesses below 50 nm, or frequencies above 100 GHz, indicating that in
this region indeed the surface roughness has strong influence on the lifetime.
In order to fit the experimental data of the membranes over the whole frequency range,
the two damping models, the Debye model and the surface roughness model, are combined. This can be done by using Matthiesen’s rule for the combination of lifetimes:
1
1
1
=
+ ,
τT
τ3−ph τb

(4.8)

and by combining the results of Equation 4.4 and Equation 4.7. The fit to the experimental data, using a total lifetime τT , is shown in Figure 4.4 by the solid red line.
The lifetimes of the combined models result in a satisfying fit to the experimental data,
being in excellent agreement in the regime above 100 GHz, and being in a reasonable
good agreement with the overall trend of lifetimes over the whole frequency range.

4.2.3 Summary and Outlook
In this section, it was demonstrated that ultra-thin silicon membranes are interesting
candidates to study lifetimes of high frequency acoustical phonons in acoustical cavities.
By using different thicknesses of thin membranes, it was possible to study the frequency
dependence of the damping times of the first oder dilatational modes, without any
influence from a substrate or potential acoustic transducers.
A comparison of the experimental data obtained from membranes with the data obtained from bulk samples, and a comparison with the corresponding theories for lifetime
calculations showed, that the nanoscale nature of the membranes is of such great influence, that there is neither agreement between the experimental results obtained from the
membranes with the bulk theory, nor with the experimental data of Daly et al. [15], for
membrane thicknesses below 200 nm. To overcome this discrepancy, a twofold approach
for the lifetime calculations was presented. This approach introduced two models, which
consider not only internal damping, but also the influence of phonon scattering at the
membranes surfaces, including surface roughness.
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Process
phonon-phonon scattering (intrinsic)
interface-/surface roughness

Frequency Dependence

Temperature Dependence

≤ ω2
ω2 − ω4

Yes
No

Table 4.2: Contributions to the damping of phonon lifetimes. Contrary to the surface roughness, the intrinsic damping is temperature dependent. This temperature dependence can be
used to separate intrinsic from surface roughness mediated damping. Adapted from [69].

For frequencies in the range above 100 GHz, the investigated damping times were found
to be dominated by external damping mechanism, namely interface or surface roughness. The boundary or surface roughness can be modeled by a wavelength dependent
specularity parameter p. Assuming that the roughness is the dominant contribution
to the damping, the boundary scattering model yields excellent agreement between the
lifetimes predicted by the model and the experimental results. In the lower frequency
range, below 100 GHz, this boundary scattering model overestimates the lifetimes, and
the damping is assumed to be dominated by internal damping processes, which can be
described by phonon-phonon interaction processes.
The combination of the two models yields a satisfactory agreement with the experimental data obtained from the membranes. Further enhancements to the model should
concentrate on an improved modeling of the internal contributions, especially for the
transition regime between bulk samples and membranes of thickness above 100 nm. Finally, the transition between both regimes, i.e. dominating boundary or dominating
intrinsic scattering, needs further evaluation, in order to better understand the influence
of the confinement onto the lifetimes of the phonon modes.
Temperature depended measurements could shed further light onto the individual contributions, particularly in the transition regime. In Table 4.2, the temperature and
frequency dependence of the two contributions, i.e. internal and surface roughness,
to the damping are given. As the surface roughness scattering is assumed to be not
temperature dependent, opposing to the intrinsic scattering, temperature dependent
measurements could help to further understand the individual contributions.
Additionally, it should be possible to modify the surface roughness in a controlled way,
see for example the work of Klingele [59]. In this thesis, two cases of rough and extremely
smooth membrane surfaces were investigated, and a significant difference in the lifetime
of the confined mode was found. This technique could be used to further improve and
validate the surface roughness model, and might as well help to improve the modeling
of the transition regime.
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4.3 GaAs Membranes
Complementing the investigations of silicon membranes, GaAs membranes were fabricated as a second model system of single-layer and crystalline semiconductor membranes.
GaAs is especially interesting to study, because of its optical properties in the near infrared region at around 800 nm. At room temperature the optical absorption length of
light around 800 nm is a factor of 10 shorter in GaAs (direct band gap) compared to
the absorption length in silicon (indirect band gap) [70]. The influence of this shorter
absorption length on the excitation and detection of confined acoustic modes will be
demonstrated in the first part of this section in comparison to the measurements taken
at the silicon membranes.
Furthermore, the change in optical absorption of GaAs is strongly temperature dependent in the spectral region of 800 nm, as this is the region close to the band gap transition
energy of GaAs. This dependance can be utilized to tune the absorption length in one
material system. Here, and in the following, the transition at the Γ-point is referred to,
when speaking of the band gap. This temperature dependence of the band gap energy
Eg of GaAs is displayed in Figure 4.6 for the temperature range from 4 K to 300 K.
At room temperature, the band gap energy takes the value of 1.424 eV, equivalent to
870 nm, while at temperatures below 10 K the band gap reaches its maximum of 1.519 eV
or 817 nm, neglecting excitonic effects.
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(a) Temperature dependence of the band gap
energy Eg of GaAs.

(b) Band diagram of GaAs at 300 K.
Taken from [71].

Figure 4.6: Temperature dependence of the band gap energy Eg of GaAs. The energy equivalent
of the central wavelength, to which the pump and probe laser can be tuned, is marked in the
grey shaded area. This is the range in which one can tune the laser to be on- or off-resonance
with the band gap energy.

Optical investigations with the ASOPS system in the temperature range of 4 K to 200 K
are performed using an optical cryostat in combination with the microscope set-up. By
cooling the membranes to temperatures below 170 K, the band gap energy of GaAs shifts
to values above 1.47 eV. This is equivalent to the photon energy below 840 nm, which is
then in the tuning range of the Ti:sapphire lasers. This combination of tuning range and
band gap energy allows to investigate the pump- and probe wavelength dependence of
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AlGaAs Buffer Layer
membrane edge
10 µm

(a) Optical picture of the membrane including
pump and probe spots.

(b) SEM picture taken with 1.40 k magnification, taken at the center of the membrane.

Figure 4.7: Images of the investigated GaAs membrane.

the excitation and detection of the confined acoustical modes inside such a membrane,
as one can tune the wavelength with respect to the transition energy Eg .
The temperature dependent transition energies, as displayed in Figure 4.6, are calculated
using the Varshni equation [48]:
Eg = E0 −

αT 2
,
T +β

(4.9)

where Eg denotes the band gap energy, E0 the energy of the band gap at 0 K, and α,β
are material specific constants.
In comparison to gallium arsenide, the band gap of silicon is around 1.1 eV at room
temperature, far off the tuning range of the lasers. In terms of the optical absorption
length of 800 nm light in the membrane, the absorption length in gallium arsenide is at
room temperature around 830 nm [72], compared to the ∼ 8 µm in silicon. This leads to
a more asymmetric excitation profile compared to the silicon case, which can lead to an
excitation of odd and even harmonics of the fundamental confined acoustical mode in
gallium arsenide.
In the following, measurements taken at room temperature (RT) and at nominally 4 K
(LT) are discussed. The GaAs membranes investigated at low temperatures were fabricated using the back-etching process described in Chapter 3.2.1. The RT measurements
were performed at membranes using the focused ion beam approach. The sample discussed in the LT case was fabricated in the context of the bachelor thesis of Scheel [73],
and preliminary measurements are discussed there.
In Figure 4.7 an optical image3 , taken with the CCD camera of the measurement set-up,
3

This picture was digitally edited to remove dust spots originating from the optics of the camera.
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and a SEM picture of the center of the membrane are shown. For the optical image, the
membrane was illuminated from the backside, showing the semi-transparent membrane
in color and the (thick) opaque substrate in black. The SEM image gives an idea of the
flatness of the membrane within the resolution of the SEM in this magnification (1.40 k).
Additional close-up SEM images (not shown) of the membranes showed no detectable
surface roughness, i.e. residuals of the etching processes, within the ultimate resolution
limit of the SEM. Surface roughness measurements using an atomic force microscope
(AFM) could not be performed, as the deep etching through the substrate (>500 µm)
and the small width of the membrane did not allow to place an AFM cantilever on the
membrane.

4.3.1 Room Temperature Measurements
In this section, room temperature measurements performed on a GaAs membrane are
shown as a comparison to the silicon case. This membrane was fabricated using the
focused ion beam approach. As already mentioned, the absorption length of 800 nm
light is in the order of 830 nm [72] at room temperature. This results in an asymmetric
excitation profile, exciting odd and even harmonics of the fundamental mode.
In Figure 4.8 the time domain reflectivity changes and the numerical fast Fourier transforms (FFT) of the extracted oscillations are shown for a measurement using 6 mW
pump and 2 mW probe power, using 790 nm and 820 nm center wavelength, respectively. The time domain trace shows a superposition of high frequency, pulse-shaped
contributions, and a pronounced oscillating fundamental mode. The high frequency
contributions can be observed up to around 500 ps, where the signal transforms into a
saw-tooth-like shape, originating from the superposition of the fundamental mode and
its odd harmonics [18, 19].
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Figure 4.8: Experimental result from room temperature measurements of a 195 nm thick GaAs
membrane. The time domain data (a) shows a superposition of high frequency modes, yielding
a saw-tooth shape modulation of the reflectivity. The corresponding numerical FFT (b) shows
equally spaced odd and even modes up to the 11th harmonic of the fundamental of 12.0844 GHz,
as illustrated in the inset.
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The corresponding FFT displays higher harmonics up to the 11th order, or 132 GHz.
A linear fit to these modes yields a fundamental mode of 12.0844 GHz. Inserting a
sound velocity of vl = 4719.3 m/s for GaAs at room temperature [63] in Equation 2.44
yields a membrane thickness of 195.26 nm. This is in good agreement with the nominal
thickness of 200 nm and in excellent agreement with the results obtained by Gehrke [39]
and Scheel [73]. The deviation of 4 nm to the nominal thickness might be due to the
removal of native oxide during the etch process, which forms up to 2 nm tick layers [74],
uncertainties in the sound velocity or uncertainties in the growth process. It is further
observed that the decay of the FFT peak amplitude follows the general trend of n12 , yet
the even modes are slightly smaller in amplitude compared to the odd modes. This can
be explained by the detection process, as the modulation of the optical cavity thickness
contributes to the detection of the odd modes only, while the even modes are detected
by the photoelastic contribution only [74, 75].
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Figure 4.9: Comparison of the numerical fast Fourier transform and the simulated spectra.
The dashed line indicates the n−2 -dependence of the odd modes of the spectrum. The numeric
simulation yields excellent agreement with the experimental result, reproducing the amplitude
variations for the individual modes with respect to each other, and the general trend in the
decay of the intensities.

Using the numerical model, described in Section 2.2.3.2, it is possible to simulate the
acoustic spectrum obtained from the membrane. In Figure 4.9, the FFT of the experimental data (blue) is compared to the FFT obtained from the numerical simulation (red).
The graph shows excellent agreement between the model and the experimental data, reproducing not only the frequencies of the individual modes, but also the n12 behavior of
the odd modes, and the amplitude variations between odd and even modes.
In order to further improve the agreement between simulation and experiment, mainly
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for the modes above 120 GHz, it would be necessary to include an improved model of
the frequency-dependent damping (for simplicity, only ∼ ω 2 dependence was assumed
here). Further improvements could be a detailed implementation of the Fourier Profile
of the excitation pump pulse and the resulting spatial distribution of the pump light
intensity.

4.3.2 Low-Temperature Measurements
The measurements at low temperature were performed using an optical flow cryostat, as
described in the experimental set-up, see Section 3.1.2. The sample was mounted inside
the cryostat and was illuminated with white light from the backside. The corresponding
image is shown in Figure 4.7a. The black part is the opaque substrate, yellow is the
membrane with the focused laser in white.
The membranes were cooled to a temperature close to 4 K. The actual temperature on the
membrane might have been slightly higher, as the membrane was heated by the laser and
due to the spatial difference between the temperature sensor and the membrane itself.
Since a high liquid helium flow was used in combination with very low laser powers, it is
assumed that the membranes temperature at the laser spot is significantly below 10 K,
an assumption which is supported by the results. In the following, the low temperature
measurements are referred to as LT or 4K measurements.
pump wavelength
below 817 nm at 817 nm above 817 nm
probe wavelength

below
at
above

below
at
above

below
at
above

817 nm

Table 4.3: Possible combinations of pump and probe center wavelength compared to the bandgap transition-energy equivalent wavelength of 817 nm at 4 K for GaAs. The cases discussed in
this chapter are indicated in green. The cases marked in red are not discussed, as they did not
yield any significant acoustic dynamics.

Nine possible cases are interesting in the investigation of the band gap dependence of
the confined modes in the GaAs membranes, namely having the probe and/or pump
center wavelength below, at, or above the band gap transition energy, see Table 4.3.
The cases marked in red are not discussed, as they did not yield any significant acoustic
dynamics or additional information. The case of pump and probe wavelength below or
at 817 nm is similar to the room temperature case. Setting the pump wavelength above
817 nm resulted in a failure to excite acoustic dynamics. This becomes clear by looking
at the corresponding pump wavelength cases (at and above 817 nm) in the 820 nm probe
wavelength case, see Section 4.3.3. Therefore, in the following is the most representative
case for the possible combinations discussed, the case of the probe wavelength at 820 nm,
and a full scan over all accessible pump wavelength.
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4.3.3 Low Temperature Near Band Gap Wavelength Dependent
Measurements – Probe Wavelength at 820 nm
In the case of the probe wavelength being centered at 820 nm, close to the wavelength
which corresponds to the band gap energy of GaAs at 4 K, the obtained time traces
showed most pronounced electronic and acoustic dynamics.
In order to investigate the relation between the observed dynamics and the pump wavelength, the probe wavelength was fixed at 820 nm, and the center wavelength of the
pump laser was changed in 10 nm steps from 760 nm to 840 nm, which corresponds to
the maximum tuning range of the laser. At each pump wavelength a trace was obtained,
keeping the power of pump and probe at 15 mW and 5 mW, respectively. The resulting
time traces can be seen in Figure 4.10. The traces are plotted with an offset in x and y
for clarity. They show a significant change in behavior, i.e changes in the amplitude of
the electronic onset and in the amplitude of the following acoustic oscillations. These
changes will be discussed in the following.
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Figure 4.10: Overview over the obtained time traces from the pump wavelength scan on the
GaAs membrane at 4K. The probe wavelength was fixed at 820 nm, while for each consecutive
scan the pump wavelength was altered in 10 nm steps from 840 nm center wavelength (bottom)
to 760 nm (top), as indicated by the labels. Curves are shifted for clarity in x and y.

Temporal and Amplitude Variations of the Electronic Onset
Already in Figure 4.10 it is apparent that with increasing pump light energy the amplitude of the electronic onset rises. A close up of the amplitude variation is shown
in Figure 4.11a. Here, the first 10 ps of all time traces are displayed, illustrating the
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(a) Intensity and shape variation of the electronic onset. The inset shows the 830 nm trace
for better clarity.

electronic peak apmplitude (ΔR/R)

wavelength-dependent variation of the rise time, the change in amplitude and the shape
variation of the onset. The inset shows a close up of the trace of 830 nm pump wavelength for better visibility. The curve for 840 nm shows a single spike modulation, but
no further dynamics. This is due to the fact that no carriers are excited above the band
gap. The 840 nm curve is discussed in detail at the end of this section, see page 77 and
Figure 4.14. With increasing pump light energy, or decreasing wavelength, a delay in the
electronic peak amplitude and a temporal delay for the maximum can be observed.
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(b) Maximum of the electronic peak amplitude
plotted over the pump wavelength.

Figure 4.11: Dependence of the peak amplitude of the electronic contribution on the pump
wavelength. In (a), all traces from Figure 4.10 are plotted without offset, illustrating the
temporal, shape and amplitude variation of the electronic peak. The inset shows the 830 nm
trace for better clarity. The peak amplitude follows a square-root-dependent decay, as the central
wavelength of the pump light increases from 740 nm towards 820 nm. As the wavelength passes
the band gap at 817 nm, the amplitude drops close to zero, indicating the absence of excitation
of electronic carriers above the band gap. The nonzero value at 820 nm is due to the spectral
width of the pump pulse of 20 nm. The dotted line illustrates the convolution of the pump pulse
and the DOS.

The maximum amplitude of the electronic peak is plotted in Figure 4.11b as a function
of pump wavelength, showing a step-like behavior around the band gap. For wavelengths corresponding to energies smaller than Egap , no electronic peak is detected. As
the pump wavelength decreases to 820 nm, a jump in the electronic peak amplitude is
observed, followed by an increase in amplitude as the wavelength decreases further, i.e.
the pump
p light energy increases. In the range of 760 nm to 820 nm, the data follows
the ∼ E − Egap behavior of the electronic combined density of states (DOS) for the
conduction band in semiconductors, the fit to the data gives ∼ (E − Egap )0.51 . The
non-zero value for the electronic peak at 820 nm and the absence of a sharp, step-like
drop at 817 nm is due to the spectral width of the pump pulse. The convolution of the
pulse and the DOS dependance is illustrated by the dotted red line for the values above
820 nm.
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In addition to the amplitude variation, a temporal delay in the maximum of the peak
can be observed. It changes from 0 ps for the 830 nm trace to ∼ 2.2 ps for the 760 nm
trace. There are two contributions to this time delay. A delay of ∼ 1.6 ps can be
seen in all measurements scanning the pump or the probe wavelength over this range,
indicating a systematic change, probably a dispersion related origin in the set-up. The
residual ∼ 0.6 ps in time delay originates in the electron-phonon relaxation process after
excitation. A picture of this simplified cascade model is shown in Figure 4.12b. Because
conduction band
BF

BGR + BF

0
recombination
BGR

-2
1

excited
electrons

2

3
time (ps)

760 nm = 1.63 eV

Δ R/R x 10-4
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optical
phonons
36 meV
165 fs
k

4

(a) Zoom into the first 5 ps of the electronic
onset of the 810 nm pump wavelength trace at
4K. The thermal background is removed, leaving the initial shape of the onset. The different
contributions to the signal, band gap renormalization (BGR) and band filling (BF), are indicated, as well as the regime where both mechanism are competing.

valence band

(b) Cascade model of optical phonon generation. Depending on the pump photon energy,
electrons are raised into different states of the
conduction band. They relax to the conduction band minimum via a cascade of phonon
emission. The number of cascade steps can
be directly related to the excess energy of the
electrons.

Figure 4.12: Contributions to the shape and time variation of the electronic onset.

of momentum conservation, only vertical optical transitions are considered. The band
gap in Figure 4.12b is greatly reduced for better visibility. Depending on the pump light
energy, electrons are raised into different states at the conduction band edge, related
to their excess energy Eexcess = Epump − Egap . From this state the electrons relax to
the band minimum via a cascade of optical phonon emission. The maximum ∆R/R is
reached when the majority of the electrons has relaxed to the band minimum [41]. The
number of phonons is dependent on the excess energy, in the literature a cascade of up
to 14 longitudinal optical phonons (LO phonons) has been observed at low temperatures
for photon energies of 2.11 eV [41]. In the cascade discussed here, the phonon energy
can be considered as a constant of 36 meV [63], with an average scattering time of
approximately 160 fs per cascade step, which agrees well with other values of energyresolved measurements of 170 fs [42]. In the case of 760 nm pump light, or 1.642 eV
photon energy, the excess energy is Eexcess = 0.1152 eV. This excess energy allows for a
LO-phonon cascade of three phonons, equal to approximately 580 fs time delay. This
value agrees very well with the 0.6 ps time delay estimated before.
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Also apparent is the shape variation of the initial onset in the first 2 ps, showing a
pronounced bipolar shape for the traces of 830 nm to 810 nm. The origin of this shape
will be discussed briefly on the example of the 810 nm pump wavelength trace. In
Figure 4.12a, the temporal evolution of the reflectivity of the first 5 ps of the 810 nm
trace is shown. The thermal background is subtracted, resulting in a signal which can be
divided into three parts: first, a strong negative ∆R/R, second, a positive contribution,
and third, an oscillating tail. Two mechanisms contribute mainly to this change in
reflectance. One is the change in absorption due to carriers in the conduction band,
also referred to as band filling (BF), the other is the shift of the band gap due to the
presence of carriers, known as band gap renormalization (BGR). A detailed analysis of
these effects in GaAs is, for example, given in Prabhu and Vengurlekar [43]. There, it is
shown that for high carrier temperatures and high carrier densities, qualitatively spoken,
the initial response is dominated at very short time delays by the BGR, which has a
negative contribution to the refractive index. With carrier cooling and the filling of the
states close to the band edge, the BF contribution will dominate, which gives a positive
change in refractive index. At further time delays, a mix of both contributions can be
detected. It is further shown that the overall shape, i.e. amplitudes of the different
contributions, and the initial decay of this bipolar signature is further dependent on the
initial carrier injection [43, 44], suggesting that the shape variation over the whole pump
wavelength scan can be described with this model.
A more detailed discussion of the shape of the electronic onset and a further evaluation
of the decay times of the exponential decay of the onset have not been performed, as this
is beyond the scope of this thesis. A “revised model of the ultrafast carrier dynamics in
LT-grown GaAs”, which describes most of the effects, can be found in Wells et al. [44],
and references therein.
Amplitude Variation of the Acoustic Oscillations
At the full time traces shown in Figure 4.10, a change in oscillation amplitude while
scanning the pump light from 840 nm to 760 nm is apparent. In Figure 4.13a, a close
up to the time range of 670 ps to 770 ps is shown in order to illustrate the amplitude
variations. The amplitudes of these oscillations can be extracted by fitting a sinusoidal
function to each trace. Additionally, the amplitudes of the fundamental mode in the FFT
were obtained by fitting a Gaussian to the mode. The amplitudes from the FFT follow
the same trend as the oscillation amplitudes obtained by the sinusoidal fit. The variation
of the amplitudes with the corresponding pump wavelength is shown in Figure 4.13b in
red, indicating a resonance-like behavior. The Lorentz fit to the amplitude data has a
center at ∼ 785 nm. The corresponding center frequencies of the FFT fits are displayed
in blue. The inset in Figure 4.13a shows the phase shift relative to curve of 790 nm,
close to the resonance condition, indicating that this is a resonance behavior [19].
The origin of this resonance curve remains to be determined. A possible resonant behavior due to a wavelength-dependent variation in absorption can be excluded. The
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(b) Oscillation amplitude over pumpwavelength. The amplitude can be fitted by
an Lorentzian, with a center at ∼785 nm.

Figure 4.13: Amplitude variation of the acoustic oscillations for a fixed probe and a variable
pump wavelength at 4 K. Figure (a) shows the time domain data, here is already a variation in
oscillation amplitude noticeable. The inset shows the phase shift relative to the curve of 790 nm,
close to the resonance condition. Figure (b) shows the results of the fit to the fundamental
modes in the FFTs, with respect to the corresponding pump wavelength. In red the spectral
amplitude is plotted, in blue the corresponding center frequency of the fit. The Lorentzian fit
to the amplitudes has a maximum at ∼ 785 nm.

absorption of the membrane varies in a spectral region of 700 nm to 900 nm continuously, and decreases with increasing wavelength.
From the fit of the damped sinusoidal oscillations, and from fitting the fundamental
frequency of the FFT of the traces, a slight variation in the central frequency of the
oscillations can be seen, blue curve in Figure 4.13b. This variation does not follow a
resonance curve, but drops ∼ 0.3 GHz over the wavelength range of 760 nm to 820 nm.
This decay could lead to a subharmonic driving of the fundamental mode, as the center
frequency crosses the frequency of the 16th subharmonic of the fundamental mode. The
laser repetition rate of 800.165 MHz corresponds to the 16th subharmonic of 12.802 GHz,
which is close to the obtained frequency at 790 nm. The frequency change crossing
the subharmonic resonance frequency might be the most probable explanation for the
resonance behavior. Here, one has to keep in mind that the frequency resolution in
the numerical FFT is limited by 800 MHz equivalent to the 1.2 ns of the time window.
Given the fact that the sinusoidal fit also results in a change in oscillation frequency
over ∼ 0.3 GHz, this variation can be trusted.
A probable explanation for this “scanning” could be a (lateral) drift over the membrane
during the measurement. This could be caused either by beam pointing instabilities
caused by the wavelength shift during the measurement, or by a small drift of the
sample/cryostat, as the membrane was mounted vertically during several hours of mea-
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surement time. Taking the frequency shift of ∼ 0.3 GHz and a membrane thickness of
195 nm, the shift in frequency would relate to a change of the membrane thickness of
∼ 2,% or ∼ 4 nm, calculated via Equation 4.12. The results of the change in the electronic onset would not be influenced by such a drift. Other reasonable explanations due
to excitonic effects near the band gap or other wavelength related phenomena could not
be found.
Two-Photon Absorption in the Case of 840 nm Pump Light
In the case of 840 nm pump and 820 nm probe light, the signal contains no acoustic
oscillations, but only a narrow spike in the time domain, see Figure 4.14. A close up
to the signal, see inset, indicates that this spike is a two-photon absorption signal, with
a full-width half maximum (FWHM ) of Γ=208 fs. Assuming identical pulse length for
pump and probe, this yields via deconvolution a pulse length of τ = √Γ2 =147 fs. This
pulse length agrees well with the previously measured optical pulse length of the laser
system [21].
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Figure 4.14: Two photon absorption signal in the GaAs membrane. The full width half maximum (FWHM) of the fit gives 208 fs, which corresponds very well to the convoluted optical
pulse length of the laser system after the microscope objective.
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4.3.4 Subharmonic, Resonant Driving of the Fundamental Mode
of the GaAs Membrane
While laterally scanning over the membrane, a significant increase in oscillation amplitude could be observed at several positions on the membrane. Earlier measurements
on silicon membranes demonstrated the capability to subharmonically drive the membrane’s fundamental breathing mode by tuning the repetition rate frep of the pump laser
to a subharmonic of the membrane mode, leading to a significant rise in oscillation amplitude [19]. The observed increase in amplitude indicated the possibility that at these
positions on the membrane a similar resonance condition could be met. Indeed, in the
case of the GaAs membrane, the fundamental mode of ∼ 12.8 GHz is very close to the
16th harmonic of the repetition rate of 800.168 MHz of the laser system. The resonance
condition for the membrane’s fundamental dilatational mode f1 :
frep · n = f1 ,

n ∈ N,

provides for the an opportunity to measure the quality factor of this mechanical mode
at low temperatures in GaAs.
In analogy to a mechanical system, the quality factor of the single crystalline, freestanding silicon membrane is defined as [19]
Q = f /δf,

(4.10)

and found to be Q = 313 for the fundamental (n=1) mode at room temperature (RT).
Such a value represents a high Q-factor for a mechanically oscillating system, taking into
account the frequency in the GHz regime and room temperature conditions [18, 19].
Given the Q-factor of a frequency, the corresponding damping time is derived via:
τ=

Q
,
πf

(4.11)

which leads to a lifetime of 9 ns for the mode in the silicon membrane [19]. This value
can also be found in the discussions of the lifetimes in Section 4.2, where it is compared
to the lifetimes of the other silicon membranes, and found to be mostly dominated by
internal damping.
Technical Modifications to the Experimental Set-Up
To investigate the resonance of the fundamental mode, in the following results of measurements taken at low temperature (4 K) are compared with a corresponding measurement at room temperature. The resonance of the low temperature measurements
turned out to be so narrow that a manual detuning of the laser cavity was practically
impossible. Further, as in the standard configuration the master laser (probe) is running
freely, without being stabilized to a certain frequency, the thermal drift of the system,
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and therefore the drift in repetition rate, was too large to scan over the resonance with
the necessary frequency resolution. Therefore, some modifications to the experimental
set-up were necessary.
In order to be able to detune the laser cavity in steps of ∼ 2 kHz, which corresponds to
a detuning of the length of the laser cavity of ∼ 90 nm, a second stabilization unit was
used to lock the repetition rate of the probe laser to an external frequency generator. By
sweeping the frequency of the external frequency generator, it was possible to scan over
a certain range of repetition rates, only limited by the driving range of the piezo crystals
inside the pump laser cavity. Nevertheless, it was still necessary to manually adjust the
pump lasers cavity length at least once within the measurement range of 0.1 MHz.
Results of Resonant Driving of the Fundamental Mode
In Figure 4.15, the results of the resonant, subharmonic scanning of the laser repetition
rate with respect to the 16th subharmonic of the membrane’s fundamental mode are
shown. In Figure 4.15a, the response of the maximum ∆R/R amplitude of the fundamental mode to the change of laser repetition rate is plotted over a frequency range of
±0.1 MHz, centered around 800.168 MHz. In the case of the room temperature measurement, no signifiant change in amplitude could be detected. Measuring at 4 K, a significant increase in amplitude is found close to the resonance condition of 800.168 MHz. The
fact that the resonance is seen at low temperatures only might indicate a possible dominant contribution of temperature dependent scattering or damping mechanisms. This
also supports the later discussed argument, that one can assume a flat surface within
the focal spot, as surface roughness scattering is a temperature independent damping
mechanism (see also Section 4.2 and Table 4.2).
In order to estimate the full resonance curve, a Lorentz curve was fitted to the resonance
curve, as shown for a second measurement in Figure 4.15b. The fit reveals a full-width at
half maximum (FWHM) of the curve of 3.6 kHz, at a center frequency of 800.1654 MHz,
corresponding to a membrane mode of ∼ 12.803 GHz. Equation 4.10 yields a Q-factor
of Q = 2.3 × 105 , a value three orders of magnitude larger than found for the silicon
membrane.
Q
, a lifetime of this mode of about 5.89 µs can be derived, which
Via the relation τ = πf
is very long, especially when compared to the lifetime of the silicon membrane of 9 ns
at RT. Here, one has to keep in mind that the silicon membrane was measured at
room temperature, which leads to a significant reduction in the lifetime compared to
low temperature measurements, due to scattering with thermal phonons. Temperature
dependent measurements in Si membranes are still an open question to be answered in
the future.

The high quality factor of the membrane can be interpreted in two ways, namely as
an estimate of an upper bound to the thickness variation of the membrane over the
measurement spot, or as a lower bound for the homogenous line width.
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Figure 4.15: Results from two different measurements of the resonant driving at the fundamental thickness oscillation in the GaAs membrane. Figure (a) shows a comparison of a room
temperature (RT) measurement with a measurement at 4 K (LT), whereas Figure (b) shows a
Lorentz fit to a resonance curve taken at 4 K, illustrating the resonance width of ∼ 3.5 kHz.

Thickness Variation Assuming that the Q-factor is limited by inhomogeneous broadening due to a variation of the thickness of the membrane, it is possible to derive the
maximum variation of the thickness. Taking the equation for the confined mode inside
the membrane
vl
fn = n · ,
2d
a thickness variation of δd yields a frequency shift of
δf = f ·

δd
,
d + δd

(4.12)

proportional to the frequency of the considered mode. The obtained signal from a membrane with varying thickness would then be a superposition of all modes with slightly
different frequencies, leading to a broadening of the resonance peak. Considering the
width of the resonance δf = 3.5 kHz and the membrane thickness d = 195 nm, an upper
bound for the layer thickness variation can be calculated from Equation 4.12, resulting in a value for the thickness variation of ∼ 8.53 fm. This result, being five orders
of magnitude smaller than the lattice constant of GaAs of 565.33 pm [71], indicates a
monoatomar flatness over the laser focal spot.
Comparing this result with the results from the surface roughness damping model in
Section 4.2, it is reasonable to assume that the damping in this membrane is solely
due to intrinsic damping, and surface roughness can be neglected. This argument is
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also supported by the fact, that the resonance cannot be seen in form of an increase
in amplitude at the room temperature measurements, where a increased influence from
temperature-dependent intrinsic damping, i.e. scattering with thermal phonons, onto
the resonance can be assumed.
Homogenous Line Width From the above estimated thickness variation it may be
concluded that the measured line width is not influenced by any inhomogeneous broadening due to variation in layer thicknesses. That is, it does not contain contributions of
different phonon modes with slightly different frequencies that are generated within the
measurement spot through variation in layer thicknesses. The existence of such phonon
modes would lead to a dephasing, i.e. with increasing time these phonons would run
out of phase, resulting in a decay of the amplitude of the observed oscillations. This
decay would then lead to a shorter observed lifetime. Therefore, one can assume that
the calculated lifetime is a lower bound for the lifetime of the mode, as the lifetimes
of the homogenous and the inhomogeneous case add up as described by Matthiesen’s
rule
1
1
1
=
+
,
(4.13)
τ
τinh τhom
meaning that in the case of inhomogeneous broadening still present, the homogenous
line width would be even smaller and thus the lifetime larger.

4.3.5 Summary and Outlook
In this section the experimental results of the measurements of the GaAs membranes
were presented. GaAs was chosen as a second, single layer, semiconductor membrane
material in order to demonstrate and compare the influence of the optical properties with
the silicon membranes. The optical absorption length of light around 800 nm is a factor
of 10 shorter than the one of silicon at room temperature. Therefore, due to the shorter
absorption length in comparison to silicon, gallium arsenide membranes support the
excitation and detection of odd and even higher harmonics of the confined longitudinal
acoustic modes inside a membrane with 800 nm light. This was demonstrated in the
room temperature measurements at the beginning of the section. In this measurement
a superposition of odd and even harmonics of the fundamental mode of 12 GHz was
detected, with higher harmonics up to mode number 15. A good agreement between the
experimental results and the numerical modeling was obtained.
The low temperature measurements demonstrated the interplay between the pump and
probe wavelength and the optical and acoustic response of the membrane. By cooling the
membrane close to 4 K, the band gap of GaAs shifts towards higher gap energies, enabling
the investigation of the influence of the pump and probe wavelength onto the dynamical
behavior of the membrane, when passing over the corresponding band gap energy. A scan
of the pump wavelength over a range of 80 nm, centered around 817 nm, the equivalent
to the band gap transition energy, showed a not only temporal and amplitude variations
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of the electronic onset, but also a change in oscillation amplitude of the membranes
fundamental breathing mode.
The variation of the maximum of the electronic peak amplitude (∆R/R) can be explained
by the excess energy of the
p excited carriers. The maximal peak amplitude varies with the
pump wavelength as ∼ E − Egap , according to the density of states of the conduction
band. The (maximum) time delay (600 fs) of the maximum of the electronic onset is
due to the relaxation of carriers to the conduction band minimum and electron phonon
scattering, and can be described with the electron phonon cascade model, giving excellent
agreement between theory and measurements. Further, some modulation in ∆R/R were
detected on the beginning of the electronic onset on a timescale of a few ps, having a
complex dependence on the pump wavelength. For example, for the 810 nm trace, where
these modulations showed a clear dip in ∆R/R in the order of 10−4 ∆R/R, followed by
an oscillating tail, two main contributions were identified, which describe the observed
phenomena. A first negative dip in ∆R/R is due to band gap renormalization. This dip
is followed by a positive contribution to ∆R/R due to band filling, whereas the oscillating
tail originates from a competition of both mechanisms. The overall pump wavelength
dependence of these effects depends strongly on the initial carrier injection, and was not
further evaluated. As a final result of the wavelength scan the two photon absorption
signal of 840 nm pump and 820 nm probe light was shown. In this case no acoustic
oscillations were observed, and the deconvolution of the signal gave good agreement
with the pulse width of the laser pulses.
An amplitude variation of the acoustic oscillation was also observed as a function of
pump wavelength, showing a resonance like behavior. The origin of this resonance,
supported by phase shift and temporal and spectral amplitudes, could not be explained
by a wavelength dependence. A shift in the central frequency of the observed oscillations
was suggested to originate in a thickness variation of the membrane. This shift was
presumably due to a drift of the membrane during the measurements. Yet, a verified
origin of this resonance remains a question to be solved.
The final part of this section demonstrated how the lifetime of the fundamental mode of
the membrane could be determined by means of subharmonic resonant driving. Because
of the extremely narrow line width of the resonance, it was necessary to apply some
further enhancements to the experimental set-up, i.e. to stabilize the repetition rates
of the laser system with respect to an external frequency generator, and to detune the
laser cavity in ∼ 90 nm steps, and thus alter the repetition rate in steps of ∼ 2 kHz. This
allowed to investigate in the resonance of fundamental mode of the membrane, which
was found to be at 12.08 GHz. The resonance curve was obtained by detuning the laser
repetition rate to the 16th subharmonic of the membrane mode, and then scanning over
a frequency range of 800.14 GHz to 800.16 GHz. The line width of the resonance curve
was found at 3.5 kHz, yielding a Q-factor of almost 230 000. From the obtained line
width a lifetime of ∼ 6µs was calculated. From this lifetime it was concluded that the
membrane was atomically flat over the laser spot and that the damping of the mode
was mainly influenced by intrinsic damping. The measurement of the line width of the
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resonance curve also demonstrated the limits of the experimental set-up, as the laser
cavity length had to be stabilized to variations in cavity length of less than 90 nm, at
30 cm total length.
The GaAs membranes demonstrated their potential as possible candidate for extremely
high-Q mechanical resonators, compared to other mechanical membranes systems [76]
and compared to the silicon membranes investigated before. Here a comparison with
the silicon membranes at low temperatures could and similar investigations of the fundamental mode of silicon at low temperatures or over the temperature range from RT to
4K could give more insight to the temperature dependent contributions of the different
scattering mechanisms. These temperature dependent measurements in Si membranes
are still an open question to be answered in the future. Further open questions are
the wavelength dependence of these results, when the pump and probe wavelength are
changed to even shorter wavelength, i.e. using frequency doubling. The short absorption length of 400 nm light in GaAs should allow for penetration depths as short as in
the metal film, discussed in some of the metal-semiconductor membranes in the next
chapter, as it is as well shown in Reference [75].
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4.4 Diamond Membranes
Diamond is a very interesting material for many applications in material science and
for nano-/micro-mechanical systems (NEMS/MEMS) [77, 78]. It is known for its superior thermal properties, hardness and chemical resistivity. The thermal conductance of
diamond (6-20 W cm−1 K−1 ) is, for example, a factor of 5-15 higher than the thermal
conductance of silicon (1.3 W cm−1 K−1 ) [63].
The high Young’s modulus (∼1000 GPa) allows for high frequency MEMS/NEMS with
increased device eigenfrequencies compared to silicon, for example, while keeping the
structure size similar. Nanocrystal diamond has been used for high frequency mechanical
oscillators with resonance frequencies up to 640 MHz, and quality factors (Q-factor) of
up to 3000 at room temperature [77]. Single crystal diamond has been first reported in
use for high-frequency, high-Q mechanical oscillators with room temperature Q-factors
of up to 300 000 [78], suggesting the combination of mechanical resonators with nitrogen
vacancies (NV center) for applications in quantum information engineering [78].
Furthermore, diamond is chemically inert and therefore great for sensing applications
in different chemical environments. Chemical inertness in sensing applications, and
transparency in the near infra-red calls for the need of a coating, which is on the one
hand also chemical inert, but on the other hand provides additional functionality, in
order to optically access the diamond-based sensor, and in order to interact with the
species of interest. A coating that fulfills these requirements is gold, as it bonds well
to diamond, and can be utilized as optical transducer. Furthermore, molecules with
a thiol-ending bond well to gold, see for example Hettich et al. [27, and references
therein]. These molecules can then be modified at the other end to meet any desired
sensing purpose. In the context of this thesis, the gold coating is important to excite
the vibrational dynamics in the diamond.
Another very interesting aspect of the study of gold covered diamond membranes is
the acoustic impedance mismatch of both materials. Although both materials differ
in density and in sound velocity by a factor of six, the acoustic impedance mismatch
between both materials is of a ratio ZAu /Zdia = 0.93, which is closer to one (perfect
acoustic match) than for most of the metal-semiconductor combinations investigated in
this thesis, e.g. Au-Si, Al-Si, Au-Si3 N4 , to name some of the combinations. Diamond
membranes with gold transducer can therefore be considered as an ideal model system
of a, in first approximation, acoustic single-layer membrane with extremely asymmetric
excitation profile, while still being transparent over most of the membrane thickness.
In Figure 4.16, an illustration and a SEM picture of the diamond sample is shown. The
membranes were cut from the side from bulk diamond, and, in a second process step,
the top of the sample was covered with a thin gold film. For further details of the
fabrication, see Section 3.2.3.
The investigation of the diamond membranes followed two steps. First, the thickness of
the gold layer and the longitudinal sound velocity of the diamond were determined on
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Figure 4.16: Schematic representation of the orientation and the position of the membranes
at the edge of a 3 x 3 mm single crystalline diamond cube substrate. The inset shows a SEM
micrograph of three membranes. The blue squares indicate the position of the individual membranes.

the bulk diamond. The results of these measurements were then used in the second step,
the investigation of the membranes. The separation of these two measurements allowed
to consider the gold film thickness and the sound velocity as fixed values, reducing the
number of unknowns in the determination of the membrane thickness.

4.4.1 Determination of the Longitudinal Sound Velocity of Bulk
Diamond and of the Thickness of the Gold Film
The elastic properties of synthetically prepared (bulk) diamond vary in the range from
14 × 105 cm/s to 18 × 105 cm/s for the longitudinal sound velocity [79], depending on the
growth quality, impurities and the (poly-) crystallinity. This parameter enters directly
into the relation between the frequency of the confined dilatational modes of the membrane, and the membranes thickness, therefore it is useful to reduce any uncertainties
from this parameter for the use in the following calculations. The longitudinal sound
velocity can be experimentally estimated in semi-transparent samples by means of the
so-called “time resolved Brillouin scattering” via:
f = vl ·

2n
λprobe

,

(4.14)
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where n is the real part of the refractive index of the material (here diamond) and λprobe
the center wavelength of the probe pulse. Equation 4.14 can be directly calculated from
the sensitivity function approach described in Section 2.4.1. The origin of this frequency
can be understood by the following picture: The pump pulse excites strain inside the
gold film, which travels in form of a strain pulse into the substrate. One fraction of
the probe light is reflected at the sample’s surface, while the other fraction is reflected
at the strain pulse inside the diamond. Both reflected fractions interfere, when they
are detected. The phase difference between both fractions is directly related to the
path difference accumulated from the fraction that travels into the diamond towards
the strain pulse and back. As the strain pulse moves further into the substrate, this
distance grows, thus altering the interference condition, and forming a dynamic optical
Fabry-Pérot cavity. The change in reflection is therefore modulated as [see Reference
13, and Section 2.4.1]:


4π n vl t
−δ .
(4.15)
∆R(t) ∝ cos
λprobe
The corresponding measurement is displayed in Figure 4.17a, the corresponding numerical fast Fourier transform of the oscillations, after removal of the background, is given in
Figure 4.17b. The measurements were performed using 3 mW probe power (λ = 820 nm)
and 30 mW pump power (λ = 790 nm).
The signal is dominated by a strong onset, which can be attributed to the excitation of
free electronic carriers in the gold film, as the pump pulse is absorbed. High frequency
oscillations (∆R/R ∼ 10−6 ) are modulated on the decay of the electronic and thermal
background, they can be extracted by means of a moving average. These oscillations
are the exspected time-resolved Brillouin oscillations.
This method is only possible to use, because of the semi-transparency of a 12 nm thin
gold film. At larger gold film thicknesses the film becomes opaque and this method
cannot be used. This method is limited in opaque materials to the absorption depth of
the probe light, which, depending on the absorption depth, results in high uncertainties,
as only a few cycles of the oscillation can be measured and fitted.
Taking n = 2.4, λprobe = 820 nm and f = 102.14 GHz from the FFT, the sound velocity
for this sample can be calculated, giving vl = 17448.91 m/s, which is in excellent agreement with the typical literature values of 17.52 × 105 cm/s along the [100] direction [63].
This sound velocity is used in any further calculations concerning this sample.
A second parameter, that can be estimated through these measurements, is the thickness
of the gold film. The thickness obtained from these measurements can be compared with
the nominal values, obtained from the quartz crystal of the sputtering machine. The
nominal thickness of the gold film, given by the sputtering machine, was 14 ± 1 nm [52].
By looking at the first 200 ps of the signal given in Figure 4.17, a high frequency oscillation of only a few cycles can be seen. This oscillation can be identified with the
thickness oscillations of the gold film. The frequency of these oscillations is 131.7 GHz,
as obtained from the FFT, shown in Figure 4.17c. The corresponding thickness of the
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(a) Time resolved reflectivity changes obtained
from bulk diamond with a 12 nm thick gold
transducer.

(b) Oscillations extracted from (a). The inset
shows the two contributions from the gold film
vibration, and the Brillouin oscillation inside
the diamond.
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(d) Numerical fast Fourier transform of the
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Figure 4.17: Experimental results obtained from the gold film on bulk diamond. The time
domain data (a) is dominated by the sharp and pronounced electronic onset. The inset shows
the modulation upon the electronic and thermal background. The extracted oscillations (b) can
be divided into two parts, as shown in the inset, first the vibrations of the gold film only, and
later the Brillouin oscillation, which can be seen up to 500 ps. In (c) the numerical FFT of the
extracted oscillations depicts the frequency of the thickness oscillation of the gold film, in (d)
the numerical FFT of the Brillouin oscillation is shown.
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gold film can be calculated via Equation 2.44:
d=

vl
= 12.3 nm,
2f

(4.16)

which agrees well with the nominal thickness. Equation 4.16, which describes the open
pipe oscillations, or the free-standing layer, can be used for two reasons: First, the acoustic impedance of gold (ZAu = 62.5 GPa s/m) is larger than the impedance of diamond
(Zdia = 61.6 GPa s/m), see also Section 2.5. Second, this measurement was performed
at a place of the sample where no polishing took place during the sample preparation.
These areas can be distinguished by the light and dark areas, as illustrated in Figure 3.7. The polishing results in a presumably better adhesion between the gold and the
diamond, as no such oscillations could be found in the polished areas. This can be seen
as a hint towards an acoustic decoupling of the film from the diamond in the unpolished
case, probably due to residuals from the fabrication process on the diamond surface, or
roughness effects. This has not been further investigated.
The acoustic mismatch of ZAu /Zdia = 0.93, being close to the value of one, i.e. perfect
matching, makes gold a perfect optical transducer for diamond in the near infrared, as
the reflection coefficient between both layers is:
|r| =

ZAu − Zdia
= 0.0075.
ZAu + Zdia

(4.17)

This very small reflection coefficient explains, why the gold film oscillations damp out on
such a short time scale, and the acoustic energy is transferred almost unattenuated into
the diamond. The beating of the signal around 75 ps can be explained by a superposition
of the gold film thickness oscillation and the beginning of the Brillouin oscillations.

4.4.2 Confined Modes in Gold-Diamond Membranes
In the following, a 200 nm and a 470 nm diamond membrane are discussed (nominal
values). Both membranes were measured using 3 mW for the probe laser (λ=820 nm),
and 30 mW for the pump laser (λ=790 nm). The nominal thicknesses were obtained
using SEM measurements [52]. Both membranes are covered with the already mentioned
∼12 nm layer of gold, which acts as acoustical transducer.
The thickness of the gold layer matches the optical absorption length in gold, which results in about 65% absorption of the pump light. This leads to the following assumptions
concerning the generation and detection processes: At this thickness of the gold, one
can assume a homogenous heating of the gold film due to the absorption profile and the
fast hot electron diffusion [36]. The diamond itself will not be excited, as it is transparent at the pump light wavelength [63]. The ratio of 12 nm gold film to 200 nm / 470 nm
membrane will lead to an extremely asymmetric excitation profile, eventually leading
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Figure 4.18: Extracted oscillations and corresponding numerical fast Fourier transform from
two diamond membranes of different thicknesses, with identical gold coating. The signal of the
thin membrane (blue) shows a decay within the measurement window and a spectral composition
of up to five harmonics of the fundamental mode. The signal of the thick membrane (red) shows
long living oscillations superimposed with pulses at the beginning, and a spectral composition of
nine harmonics of the fundamental mode. Here the amplitude modulation due to the acoustic
pulses in the time domain can be observed, indicated by the amplitude variations of the modes.

to the excitation of odd and even harmonics of the fundamental mode of the combined,
two layer system.
The absorption of the pump pulse in the gold film will lead to a rapid heating of the
film. The generated thermal stress within the gold film excites strain pulses, which will
travel perpendicular to the membranes surface through the interface into the diamond
membrane. Due to the acoustic reflection coefficient of 0.0075 between both materials,
the strain pulses will extend almost unattenuated into the diamond. The result is a
combined oscillation of the gold and diamond layers.
The detection process is twofold: At the gold layer there will be photoelastic detection of
strain, but there will also be a non-negligible contribution of the Fabry-Pérot detection,
as the semi-transparency of the gold film allows for the detection of the dynamics inside
the diamond layer. Therefore, in the time domain the signal will be a superposition of
the sinusoidal of the Fabry-Pérot and a series of pulses detected on the surface of the
gold film.
Time Domain Analysis
In Figure 4.18a, the extracted modulations of the time domain reflectivity changes obtained from the 470 nm (red) and 200 nm (blue) thick membranes are shown. The
original time trace is dominated by a strong electronic onset and a fast thermal decay
of a similar shape, as it can be seen in the bulk measurement, see Figure 4.17. The
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extracted modulations show two components in the time trace, as it can be clearly seen
in the 470 nm case: an almost saw-tooth like shape, decaying very slowly throughout the
whole measurement window, and some prominent, pulse-shaped modulations / acoustic
echoes in the first half of the time window. In the case of the 200 nm membrane the
oscillations damp out within the first 600 ps after excitation (damping time ∼160 ps),
and the signal is mostly dominated by the echoes at the beginning. In this case it is not
possible to clearly distinguish and extract individual echoes, since the round trip time
of a pulse through the membrane, given by
dAu dC
tRT
= Au + C = 18.8 ps
2
vl
vl

(30 ps for 470 nm),

is similar to the temporal width of the acoustic echoes (∼ 12 ps), as estimated from the
470 nm membrane.
The echoes seen in these measurements show a single minimum or maximum, depending
on the origin of detection. The shape of these echoes originate in the change of the
thickness induced by the strain pulse, when arriving either at the front (maximum) or
back surface (minimum) of the membrane. When these echoes arrive at the surface,
the latter will start to displace, and the integral over the strain becomes non-zero. The
alternating shape of the echoes are due to the phase shift of π when the echoes are
reflected, i.e. in the gold or diamond layer the maximal strain has a different sign, so
that the surface moves into different direction upon arrival of the echoes, and therefore
resulting in a different change in optical reflectivity.
Since both membranes are fabricated on the same substrate, both membranes have an
identical gold coating, allowing for the comparison of these echoes. The only difference
of both membranes is the diamond thickness. This indicates that the damping might
be dominated by interface/boundary scattering at the gold-diamond interface, as the
echoes damp out in the 200 nm membrane within ∼450 ps, while in the thick membrane
they can be found until ∼900 ps. The factor of two in lifetime could account for twice the
scattering events at this interface, when neglecting the scattering at the air-interfaces,
yet the origin cannot be determined accurately. The damping of the fundamental mode
of the 470 nm membrane can unfortunately not be used in a direct comparison, as it
does not decay within the measurement window, and thus might be partly altered by
off-resonance subharmonic driving.
Frequency Domain Analysis and Contributions to the Detection Process
By numerical fast Fourier transformation of the time domain traces, the mode spectra of
the extracted oscillations can be obtained, see Figure 4.18b. The spectra are dominated
by the fundamental dilatational mode of the two-layer membranes, 14.46 GHz for the
470 nm and 26.5 GHz for the 200 nm membrane. Both spectra show the typical series of
equidistant peaks of the confined modes inside the membranes, all at integer multiples
of the fundamental mode. The mode spacing of the 200 nm membrane is almost twice as
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large as the mode spacing of the 470 nm membrane, as expected from the theory. Higher
order modes can be observed up to 160 GHz, in the case of the 470 nm membrane up to
the ninth harmonic. The linear dependence of these modes can be seen in Figure 4.19.
The small deviation of the mode position from the linear dependence follows a sinusoidal
behavior, and can be explained by a first order perturbation theory, as described in
Reference [46], as this in not a single layer membrane.
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Figure 4.19: Plot of the mode frequency
over mode number for two diamond membranes. For both membranes the linear
dependence of the modes is clearly seen.
The small deviation from the linear dependance can be explained by a first oder
perturbation theory.

Two major features of interest can be seen in the spectra obtained from both membranes. The 470 nm membrane shows an alternating Fourier amplitude for the peaks
of mode order 2 ≤ n ≤7 ,while the 200 nm membrane shows double peaks at all mode
numbers (1 - 3).
The alternating behavior in the mode spectrum of the 470 nm membrane can be explained by the two contributions to the detection process. The modes with odd mode
number (1, 3, . . . ) are detected predominantly by the Fabry-Pérot process, the even
modes are detected by the photoelastic effect. A more distinct analysis of these contributions is given in Section 4.5 on the example of the silicon membranes with aluminum
transducer. In short, the detected signal is a superposition of both contributions, both
with opposite sign. The Fabry-Pérot contribution originates mainly from the movement
of the diamond layer, i.e. the motion of the diamond surfaces. Since the Fabry-Pérot
detection is not sensitive to the strain pulses inside the membrane, i.e. the integral over
the strain inside the membrane is zero, the additional contribution to the detection is
from the photoelastic effect in the gold layer. Here the strain pulses, which can be seen
in the beginning of the time traces, are detected. The detection of the pulses results
in the additional existence of the even modes in the Fourier spectrum, with the overall
modulation of a pulse, i.e. a maximum at the fundamental frequency of the gold film [46].
The superposition of both contributions results in the observed amplitude modulation
of the mode spectra in the frequency domain.
The spectral maximum of the fundamental resonance of the gold film can be calculated
vl
via f = 4d
= 67 GHz, in good agreement with the experimental result. The use of
the closed-pipe resonance is in contrast to the previously calculated result of the gold
film resonance, where, in the unpolished case of the substrate, the open-pipe resonance
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vl
f = 2d
was assumed. Two arguments support the validity of the two approaches of
the calculation of the resonance. For one, the open/closed-pipe resonances derived in
the theoretical framework are truly valid for large impedance mismatches only, which
cannot be assumed in the case of gold and diamond. In this case, a transition between
both cases might occur, or the correct resonance case might as well be dependent on
certain surface/interface conditions. A theoretical description of this transition regime
was not available in the course of this thesis. This leads to the second argument: The
unpolished areas (open pipe resonance) might have some residual surface contamination
or unknown surface layer properties, which might influence the acoustic matching. The
surface properties depend on the fabrication process and final treatment of the fabrication process [80], and are subject to the unknown prior treatment of the manufacturer.
The surface properties of the membranes were altered in the fabrication process through
polishing with the focused ion beam, which then might have lead to an improved acoustic
matching or better adhesion, leading to the closed pipe resonances.

The origin of the observed double-peak feature in the FFT of the 200 nm thick membrane could not be determined in the context of this thesis. It could not be explained
by the numerical simulations of the spectra, therefore the following hypotheses of a
detection-based origin of the splitting is suggested [V. Gusev, priv. comm.]: “It could be
possible that the splitting of this resonance peak is a single resonance, but the different
mechanisms of detection lead in their superposition to a splitting of this resonance. This
splitting could be due to an anti-phase detection of the two contributions with slightly
different resonance width, then the narrow resonance could lead to the dip in the broad
resonance. In order to validate this hypothesis, it is necessary to account correctly for
the relative amplitudes and phases of the Fabry-Pérot and the photoelastic detection.”
The phases of the detection were not implemented in the numerical simulations, so this
hypothesis could not be validated.

4.4.3 Summary
The diamond membranes with metal transducers were the first example in this thesis of
a membrane system with very asymmetric excitation and detection. They were chosen,
because of the almost identical acoustic impedance of both materials, and therefore,
from the acoustics point of view, simulating almost perfect a one-layered membrane.
These membranes show a similar acoustic behavior as the GaAs membranes, but with
an even more asymmetric excitation and detection. The excitation profile was, due to the
excitation of the gold film only, strongly asymmetric, therefore launching strain pulses
of very short duration (∼ 12 ps) into the membrane. The obtained time traces show
a superposition of these strain pulses / acoustic echoes and the saw-tooth like shape of
the membranes thickness oscillations, i.e. the first oder dilatational mode and its higher
harmonics, very similar to the room temperature measurements of the GaAs membranes.
In the frequency domain, the spectra shows the corresponding superposition of FabryPérot contributions to the detection in the diamond, and the photoelastic contribution
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from the detection in the gold film, in form of equidistant spaced modes of multiple
integers of the fundamental mode. The amplitude variations of the modes follow the
general n12 dependance of the Fabry-Pérot contribution, but modulated with the spectral
response of the acoustic echoes, mainly visible for the higher harmonics. The mode
spacing follows the known linear dependence of a single layer membrane, with small
sinusoidal deviations from the linear theory, which can be explained by a first oder
perturbation theory. Compared to the GaAs membrane, the photoelastic contribution
to the detection leads to a stronger modification of the spectral amplitudes of the modes
in the FFT.
The prior not exactly known longitudinal sound velocity of the sample was obtained by
the measurement of the Brillouin Oscillations. The sound velocity and the determined
layer thicknesses correspond very well to the nominal values, demonstrating that this
method is reliable to obtain material parameters in a non-destructive way from otherwise
transparent materials like diamond, i.e. showing how a transparent material can be
probed with help of a thin metallic coating.
The use of the two different membrane thicknesses with identical coating, i.e. the fabrication on the same chip, shows a possible way to investigate the influence of the individual
contributions to the damping or scattering mechanisms of the high frequency acoustic
pulses, e.g. the influence of the interface between the metal coating and the semiconductor. This will be further illustrated in the next section as well. The advantage of
the fabrication of different membrane thicknesses from one substrate is the fact that the
material properties and the coating thickness are identical, and that there is no variation
in properties due to fabrication uncertainties. This allows for a systematic comparison
of the results, e.g. as shown here for the thickness determination of the gold film and
the diamond sound velocity.
The lack of diamond membranes with sufficiently small thickness inhibited a further
investigation of the damping properties of the combined oscillatory mode properties,
as a direct examination of the damping times was not possible for the large thickness.
Interesting aspects of such studies could be the influence of the surface properties on the
lifetime. Especially for the membranes fabricated with focused ion beam this influence
could be interesting, as the ion beam fabrication is known to leave an amorphous layer
at the cut area, as well as residual implanted ions in the vicinity of the cuts [52]. These
aspects seemed to play no further role in the investigations of these samples, but with
reduced membrane thickness they might gain importance.
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4.5 Silicon Membranes with Metal Transducer
Silicon is the material that is most widely used in the semiconductor industries. Most
of the integrated circuits (IC) and other electronic devices are based on silicon or silicon
nitrides. More and more, micro- and nanomechanical systems (MEMS) are also integrated into these structures, as they can be used for small scale sensors, see Section 5.1.
Since different echoes are used in the fabrication of ICs and MEMS, it is important
to understand the influence of these metallizations on the mechanical properties of the
final devices. The most commonly used metals are aluminum and gold, which will be
compared in the following section regarding their properties as acoustic transducer.
The goal of the investigations on silicon membranes is to shed some light on the influence of different metallic transducers on the acoustic spectrum obtained by pump-probe
spectroscopy. The most influential parameters that will be discussed are the optical
absorption depth and the strain generation in the metals. These parameters influence
the shape of the detected acoustic response, i.e. the magnitude of the oscillations and
the acoustic echoes. Further it is discussed how the time evolution of the echoes is affected by the acoustic mismatch of the metallization and the semiconductor membrane.
Finally a comparison of different semiconductor membranes with metal transducer and
their acoustic response is made in order to demonstrate how similar acoustic responses
can be achieved by different material combinations.
Similar data of silicon membranes with aluminium transducers and a more thorough
theoretical discussion of echoes’ shapes can be found in References [46, 75], whereas
parts of the experimental data is also presented in Reference [73].

4.5.1 Samples and Measurement
The membranes which are used for the measurements discussed in the following are
silicon membranes of 346 nm thickness. The membranes were etched in 50% HF to
remove any surface oxides before a metal coating was sputtered onto the membrane. In
order to prevent any build up of oxide on the membrane during the transfer, the samples
were transferred in an isopropanol bath from the etch into the vacuum chamber of the
sputtering machine. This treatment ensured a better adhesion between the metallization
layer and the membrane, compared to a case with a native oxide layer. Two different
metals, aluminum and gold, each with 10 nm and 20 nm thicknesses were used.
The samples were investigated using 3 mW pump power at 790 nm center wavelength
and 12 mW at 820 nm center wavelength for the probe. The resulting modulations of the
obtained changes in reflectivity, after removal of the electronic background, are shown
in Figure 4.20. The time domain traces show for all cases a series of acoustic echoes
superimposed on an oscillating background. For the aluminum transducer, these echoes
are very strong compared to the oscillating background. The oscillatory component of
the background of the signal can be seen in the traces of the gold samples most clearly,
but is present in all measurements.
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The pronounced echoes in the traces with the aluminum transducer show an obvious difference in the detected acoustic response between the aluminum and the gold transducer.
The change in ∆ R/ R drops by a factor of 20 when comparing the 10 nm aluminum with
the 20 nm gold transducer, although in both cases approximately 75% of the pump light
is absorbed. Also noticeable is the drop in amplitude of the echoes comparing the 10 nm
and 20 nm Al-film.
Aluminum Transducer
For the silicon membranes with aluminum transducer, the acoustic echoes are very pronounced, compared to the oscillating background, hence this case will be discussed first.
Details of the resulting changes in reflectivity are discussed on the example of the 10 nm
aluminum case, which is depicted in Figure 4.21. The time trace shows two trains of
echoes, staggered with respect to each other. The larger echoes, as depicted at the bottom in Figure 4.21, show a tripolar shape, while the small in amplitude echoes, as seen
in the inset of the upper graph, inhibit more the shape of a hat.
The echoes of the two trains are separated by a constant value of 43 ps, while for each
train the echoes repeat at a rate of 86 ps. Taking the values of vlSi = 8430 ms for silicon
and vlAl = 6330 ms for aluminum, the times matches half of the round trip time of an
acoustic echoes through the membrane for the separation of the two trains and the full
round trip time for the echo separation within each train:
dAl dSi
tRT
= Al + Si = 42.62 ps.
2
vl
vl

(4.18)

The times at which the echoes are detected already hint at the origin of the echoes.
Since the first small echo is detected at half the round trip time – 42 ps after excitation
– it originates at the back of the membrane, i.e. at the silicon-air interface. The echo
detected at 86 ps is excited at the aluminum layer and is detected after a full round trip
through the membrane.
The “small” amplitude echoes, see inset of Figure 4.21, are created at the back of the
membrane. Since the aluminum layer absorbs about 75 percent of the pump light,
the transmitted light is partly absorbed in the silicon, generating a strain puls at the
silicon-air interface of the membrane by means of deformation potential (DP).
The “large” amplitude echoes, the second train, are excited in the aluminum layer. The
first and seventh of these echoes are displayed in large at the right of Figure 4.21. The
first echo (top) shows a well defined tripolar shape, having a slight asymmetry between
the two maxima. This echo originates from the thermoelastic strain (TE) generation
within the metal film. The shape of the echo can be explained by the generation of three
strain fronts being simultaneously generated by the pump pulse, and being detected as
a convolution of the generated pulse and the photoelastic detection process in the metal
film [46].

95

4 Experimental Results - One Dimensional Confinement

10
-10

10nm gold

10nm alu

0
0.5
0.0
-0.5
0

1000

20nm alu

800

-5

600

20nm gold
400

0.5
0,0
-0.5
200

time (ps)

Figure 4.20: Extracted oscillations from four measurements taken at 345 nm thick silicon membranes with 10 nm and 20 nm thick
aluminum and 10 nm and 20 nm thick gold transducer. The transients show two distinct effects. The aluminum transducer produces
strong acoustic echoes, in amplitude about one magnitude larger than the gold transducer echoes. The underlying thickness oscillations
of the silicon membrane can be seen more clearly in the traces of the gold transducer, but are as well present in the aluminum case.
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Figure 4.21: Extracted oscillations obtained from the 345 nm thick silicon membranes with
10 nm thick aluminum transducer. The full time trace (top) shows two series of pulses staggered
with respect to each other, the inset shows the first pulse of the smaller echoes. On the bottom,
the first and seventh echo of the larger pulse train are depicted, illustrating the fact that the
echoes collect additional oscillatory components with each round-trip through the membrane.
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The first strain front (1) originates at the Al-Si interface, whereas the second strain
front (2) is generated at the air-Al interface, both strain fronts traveling into the silicon
membrane directly after generation. The time delay between both fronts is proportional
to the travel time through the aluminum film. The third strain front (3) is also generated
at the Al-Si interface, but travels first in direction of the top surface of the membrane,
hence accumulating a time delay with respect to the first strain front. The time delay
is proportional to the travel time twice through the metal film.
The asymmetry in the shape can be explained by the heat diffusion from the aluminum
film into the silicon membrane [46]. If normalized to the first strain front, the relative
magnitudes of the three components of the strain front (1 – 3) are given by
(1) →
(2) →
(3) →

1+µ
−2
1 + µ − .

This normalization relates to 21 of the generated thermoelastic strain. The factor 
describes the influence of the heat conduction from the aluminum film into the silicon
membrane, i.e. the reduction in strain amplitude. The influence of the deformation
potential is introduced by the parameter µ. As the metal film partially transmits the
pump light, strain is as well generated in the silicon by means of deformation potential.
This strain adds to the maxima (1) and (3), a µ of 0.25 indicates a 4 times higher
contribution of the TE strain compared to the DP strain.
Due to the impedance mismatch between aluminum and silicon, and the dispersion of
the high frequency LA phonons, the pulses accumulate additional oscillatory components
with each round-trip through the membrane, resulting in a broadening of the echo, as
seen in Figure 4.21, bottom right, where the seventh echo of the larger series is shown
in detail.
The numerical FFT of the data shown in Figure 4.21 is displayed in Figure 4.22. The
amplitude is enlarged by a factor of 100 for frequencies above 400 GHz to improve visibility. The FFT of the full time transient is displayed in black, showing a frequency
comb of evenly spaced modes ranging up to almost 700 GHz. The modes are spaced by
10.1 GHz, which corresponds to the fundamental mode of the combined layer system of
aluminum and silicon, as it can be estimated using Equation 2.43.
Apparent is an alternating behavior in the spectral amplitudes of the comb modes. For
n > 3, the odd modes are slightly smaller than the neighboring even modes. This is due
to the dominant contribution of the photoelastic effect to the detection process, which
can be also seen in the time traces where the echoes dominate.
The whole spectrum is modulated by the envelope of the underlying echoes of the transient. The FTTs of the echoes discussed before, i.e. the first and seventh of the large
amplitudes echoes as well as the first small echoes, are displayed as well in Figure 4.22.
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Figure 4.22: Numerical fast Fourier transform of the time traces shown in Figure 4.21. The
amplitude is enlarged by a factor of 100 for frequencies above 400 GHz. The FFT on the full
time trace is shown in black, displaying an acoustical frequency comb formed by equidistant
modes, spanning up to almost 800 GHz. In color, the FFT of the echoes are displayed as well,
illustrating that the overall modulation of the comb is due to the convolution with the pulse
FFTs. The black error indicated the effect of the compensation of TE strain and DP strain.

The first large echo (green) shows a maximum at 155 GHz, but is supporting frequencies components up to 800 GHz. The small amplitude echo shows significant contributions only in the frequency range up to 300 GHz. The maximum of the envelope can
vl
be found at the fundamental resonance frequency of the Al-film at fAl = 4d
, here at
∼ 158 GHz [46].
By further comparing the contributions from the first echoe with the seventh echo, is is
apparent that a faster damping of higher frequencies occurs, which agrees well with the
findings presented in Section 4.2.
Contributions to the Detection Process: Photoelastic and Fabry-Pérot
The alternating behavior in the mode spectrum can be explained by the two contributions to the detection process. The modes with odd mode number (1, 3, . . . ) are
detected predominantly by the Fabry-Pérot detection, the even modes are detected by
the photoelastic effect. This selection in the detection can be visualized with the help
of Figure 4.1. Only for odd modes a variation in the optical cavity length occurs, which
can be detected by the Fabry-Pérot.
The detected signal is a superposition of both contributions, both with opposite signs.
The Fabry-Pérot contribution originates mainly from the movement of the silicon layer,
i.e. the motion of the silicon surfaces with respect to each other. Since the Fabry-Pérot
detection is not sensitive to the strain pulses inside the membrane, i.e. the integral
over the strain inside the membrane is zero, the additional contribution to the detection
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is from the photoelastic effect in the Al-film. The echoes, which can be seen in the
beginning of the time traces, are detected here. The detection of the echoes results
in the additional existence of the even modes in the Fourier spectrum, with the overall
modulation of an echo, i.e. a maximum at the fundamental frequency of the Al-film [46].
The superposition of both contributions results in the observed amplitude modulation
of the mode spectra in the frequency domain.
The influence of the different contributions to the detection process can be illustrated
by a measurement in reversed geometry, or, in other words, in a backside measurement.
The idea of this measurement is illustrated on the left in Figure 4.23. When the membrane is excited and probed from the backside, the light has to pass through the silicon
before reaching the aluminum layer. This results in two effects: First, more light is
absorbed within the silicon, which results in a stronger excitation of the silicon. Second,
the Fabry-Pérot contribution is stronger in the detection process, again because more
probe light reaches the silicon. Although the excited modes are in principal the same,
the time domain signal and the spectral weight of the detected modes differ strongly
from the results before. In Figure 4.23, the time trace and the corresponding FFT of
this measurement are shown. The time trace shows significant contribution of the fundamental mode of the silicon membrane, while the echoes are still observable. This finding
is seen as well in the FFT, where the fundamental mode dominates, in great contrast to
the front-side measurement, and only small contributions from the underlying frequency
comb can be seen.
Contributions to the Excitation Process: Deformation Potential, Thermoelastic
Generation and Electron-Phonon Coupling
From the spectral amplitude contribution of the individual echoes in Figure 4.22, it is
possible to analyze the different contributions to the excitation process. The large pulses
(green curve), generated by the TE strain in the Al-film, contribute to the strain at low
and high frequencies, whereas the DP generation in the silicon contributes mainly to the
low frequencies. In the materials discussed here, the TE and DP stress have opposite
signs. This leads to a partial compensation of both mechanisms, which can be seen here
in a reduced spectral amplitude of the mode at ∼ 50 GHz, black arrow in Figur 4.22.
This frequency can be estimated by [46]:
√
2µ
 fAl ,
0 < µ  1,
(4.19)
fµ ≈ fAl
π
where fAl =

vl
2d

is the first order dilatational mode of the free-standing film.

From Figure 4.20 it is also apparent that the amplitude of the acoustic echoes is smaller
for the 20 nm Al-layer compared to the 10 nm al-layer, and that for the gold transducer
the overall amplitudes of the echoes are even smaller. This behavior can be explained
by a detailed analysis of contributions to the excitation process, i.e. the electron heat
capacity and the electron-phonon coupling constant (e-ph coupling) [81]. The results
of the modeling in Reference [81] state that the magnitude of the response, here the
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Figure 4.23: Time domain data and numerical fast Fourier transform from a measurement of
a silicon membrane with aluminum transducer. The difference to the before presented measurements is the orientation of the membrane, as illustrated at the right. In contrast to the
frontside measurements, in this measurement the pump and probe light has to pass through
the silicon first. Therefore more light is absorbed in the silicon, leading to an increased contribution of the DP to the excitation process, and the Fabry Pérot contribution to the detection
is also enhanced. This results in the visible underlying oscillations in the time domain, which
are also present in the front-side measurement, but in much smaller amplitude. In the FFT, the
Fabry-Pérot detection leads to the strong spectral amplitude of the fundamental mode, which
is enlarged compared to the front-side measurement, see Figure 4.22, where the maximum
amplitude is at the envelope of the echoes, not at the membranes fundamental mode.

amplitude of the strain, is related to the temperature rise and the e-ph coupling constant.
Given the same laser fluence and the same layer thickness, Tang [81] deducts that the
temperature rise is inverse proportional to the layer thickness: ∆T ∼ d1Al . This is caused
by the increased effect of the electron heat capacity for small layer thicknesses [81].
Therefore a thinner layer results in a higher temperature jump for the same laser fluence,
explaining the amplitude variation for the Al-films. The magnitude of the strain is
further influenced by the e-ph coupling constant, which is one order of magnitude larger
17 W
) [81],
for aluminum compared to gold (Au: g= 2.1 × 1016 mW
3 K , Al: g= 4.9 × 10
m3 K
giving a good estimate of the magnitude difference of the echoes of a factor of ten.
Gold Transducer on Silicon Membranes
In comparison to the aluminum transducers, the magnitude of the acoustic echoes measured at the gold transducer is one order of magnitude smaller. As already indicated,
this is due to the generation of the TE strain. The strain amplitude generated under
similar experimental conditions (same wavelength and power of pump and probe), and
when neglecting thermal diffusion, results in a ten times higher TE strain for the aluminium film (i.e. σAu = −1.39E−4 , σAl = −0.206), in good agreement with literature
values [82], and estimated using Equation 2.25. Further gold has a smaller electron heat
capacity and a higher thermal conductivity compared to aluminum, which results in a
smaller strain amplitude and a smaller bandwidth of generated frequencies [45, 81].
The dominance of the underlying silicon oscillation in the Au-Si membranes is illustrated
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in Figure 4.24, where the FFT of the 20 nm gold transducer membrane is shown. The
Fourier Spectrum shows the membrane modes alone, with no modulation of the pulses
from the gold film, which is expected given the small amplitude and the short occurrence
of the echoes in the time domain data.
Gold Transducer on Silicon Nitride Membranes
As a last material combination in the membranes section of this thesis, silicon nitride
membranes with gold transducer are presented. This combination is particularly interesting, as it can be compared to the beam systems which are discussed in the following
chapter. The combination of gold and silicon nitride reflects the most problematic matching of the discussed materials, as the acoustic impedances differ greatly compared to the
other discussed combinations, and because gold is known for its rather poor bonding to
silicon nitride.
The material parameters of silicon nitride depend strongly on the fabrication process
and the processing parameters. A wide range of values have been reported. For instance
for the the Young’s modulus of LPCVD (low-pressure chemical vapor deposition) silicon
nitride values vary as much as from 140 GPa to 290 GPa [83]. The measurements presented here therefore provide a reliable method to obtain the mechanical properties of
the membrane through the pump-probe measurements, as the thickness of the membrane
was known from reflectance measurements from the manufacturer.
Only one membrane is discussed exemplarily for the three different membrane thicknesses
that were investigated, namely 57 nm, 107 nm and 157 nm. The membranes were all
fabricated via the back-etching process and coated with a thin, nominally d = 20 nm
thick gold film. The results from these membranes do not differ significantly from each
other. However due to the very small thicknesses compared with the high sound velocity,
the time domain data does not show distinct pulses for the two thinner membranes, as
here the pulses are already superimposed with each other, similar to the case of the thin
diamond membrane, see Figure 4.18a. Further do the thin membranes exhibit a larger
mode spacing compared to the 157 nm thick membrane in the spectral domain, as it is
expected from theory. Therefore, only the 157 nm thick membrane is discussed in the
following.
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Figure 4.25: Time trace and numerical Fourier Transform of a 157 nm silicon nitride membrane
with 20 nm gold transducer. The time domain data (a) show a very narrow spacing of pulses,
not completely decaying within one measurement window. It is not possible to distinguish
individual pulses due to the high sound velocity of the silicon nitride and the thickness of only
157 nm of the membrane. The pulse modulation can be seen in the spectral domain (b), where
a frequency comb with modes up to 250 GHz is found. The maximum of the comb just below
50 GHz corresponds to the ringing of the gold film, whereas the mode spacing of 22 GHz can
be attributed to the combined oscillation of the gold and silicon nitride.

The time domain data of the 157 nm silicon nitride membrane shows a series of narrowly
spaced echoes of a few ps temporal width, see Figure 4.25a. The echoes overlap in the
time domain, prohibiting a further analysis. In the spectral domain, see Figure 4.25b, a
comb like structure is seen with a mode spacing of 22 GHz and frequencies up to 250 GHz.
The overall comb is modulated with the echo-shape, as already discussed for the silicon
case, with a maximal spectral amplitude at ∼ 44 GHz. This maximum corresponds to
the ringing of the gold film, which is predicted to be at
vl
= 40 GHz.
4d

(4.20)

The deviation of 4 GHz between theory and experiment might result from the uncertainty
of the evaporation of the gold film. The experimentally obtained 44 GHz correspond to
a film thickness of 18.5 nm, a value comparable to the nominal value of 20 nm.
Taking the estimated thickness of the gold film, Equation 4.18 and a density of ρ =
3.44 kg/m3 for the silicon nitride [83], the Young’s modulus of the silicon nitride can be
estimated as
s
E
vl =
=⇒ E = v2l ρ2 = 292.8 GPa,
ρ
a value in good agreement with the reported values of Reference [83].
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4.5.2 Summary
This section investigated 346 nm thick silicon membranes with two different metals as
acoustic transducer. Aluminum and Gold were compared, each with thickness of 10 nm
and 20 nm, showing differences in the time domain traces and consequently in the spectral domain. In the time domain the signal of the Al-Si membranes was dominated by a
series of acoustic echoes, whereas the Au-Si membranes showed small echoes only, and
dominating fundamental sinusoidal oscillations.
The origin of the echoes was found to be at in the metal film. The shape of the echoes
could be explained by the contributions of the thermoelastic generation (TE) in the metal
film and the deformation potential contribution (DP) at the interface to the silicon.
A frequency domain analysis showed a frequency comb of evenly spaced modes, up to
800 GHz for the 10 nm Al-film, whereas the Au-film samples showed only modes up
to 200 GHz. The overall spectral amplitudes of this comb was modulated by the the
spectral response due to the echoes, with a maximum of the spectrum at the metal
film’s resonance frequency.
Following the frequency domain analysis, the contributions of the TE and DP to the
individual frequency ranges could be deducted. Here also a hint towards a partial compensation of the TE and DP contribution was given, as both mechanism have opposing
signs.
The contributions to the excitation process and the detection processes were further
illustrated by a measurement in reversed geometry. Here an increased contribution from
the Fabry-Pérot in the silicon to the detection was shown, when the metal film was on
the backside of the membrane. This effect could be explained by the higher sensitivity
to the dynamics in the silicon, as more pump and probe light reached the silicon.
The difference in the echo’s amplitude between the gold and aluminum transducer could
be linked to the difference in TE generation. For aluminum the TE generation was
estimated to be a factor of ten larger than for gold by comparison of the electron-phonon
coupling and as well by estimating the thermal expansion, in excellent agreement with
the obtained experimental results.
As a final measurement was a 157 nm thick silicon nitride membrane with a 20 nm gold
transducer presented. The silicon nitride is transparent in the range of 800 nm light,
therefore only the gold film was excited. Here only a series of narrow spaced acoustic
echoes was detected in the time domain. From the spacing of the modes in the frequency
domain the longitudinal sound velocity in the nitride and the Young’s modulus were
estimated, for further use later in this thesis, and in good agreement with literature
values.

104

4.6 Metrology

4.6 Metrology
The prior presented results offer an opportunity to utilize the discussed vibrational
properties of the membranes for metrology. The acoustic response of the system can
be tailored with a skillful choice of material combinations. Furthermore, the material
properties of an existing system can be probed with an non-invasive method, and, as
shown in the following, the quality of (existing) interface connections can be probed.

4.6.1 Engineering the Acoustic Response
Gold transducer on semiconductor membranes
So far a set of materials with a wide range of acoustic impedances, see Table 4.4, was
investigated in various combinations. Especially interesting is a comparison of the gold
transducer on the different semi-conductor membranes, i.e. silicon, silicon nitride and
diamond. In contrast to silicon, diamond and silicon nitride are transparent in the
spectral region of 800 nm. Silicon is therefore excited by the pump light, whereas for
diamond and silicon nitride the excitation takes place in the gold film alone.
material

long. sound velocity density
(m/s)
(kg/m3 )

Z
(GPa s/m)

Au
Al

3240
6000

19.3
2.83

62.53
17.0

C
Si3 N4
Si
SiO2

17440
9226
8430
5500

3.53
3.44
2.32
2.2

61.6
31.74
19.6
12.1

Table 4.4: Material properties and acoustic impedance values.

The acoustic response of the Au-Si membrane is given by the acoustic echoes from the
gold film and the response of the si-membrane. Contrary, the diamond membranes show
a pronounced vibration of the whole membrane, while distinct acoustic echoes cannot be
clearly seen in the time domain, yet their existence is indicated by the modulation of the
spectral amplitudes in the frequency domain. The silicon nitride membrane again does
not show any vibration of the whole membrane, the time trance is dominated by the
acoustic echoes alone. The origin of the differences between diamond and silicon nitride
is probably due to the thickness of the gold layer: 12.3 nm for diamond vs 18.5 nm for
silicon nitride. The 50% difference in the gold thickness might reduce the Fabry-Pérot
contribution to the detection significantly. A second probable influence to the enhanced
excitation of the membrane mode in the diamond, compared to silicon nitride, can be
deducted from Reference [84]. Here the quality of the thermal transport is related in
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some aspects to the bonding of the interface atoms, and the lattice mismatch, which
is found to be good for the Au-Diamond combination. This leads in combination with
the high thermal conductivity of diamond to a fast energy transfer from the gold to the
diamond, which again is a good explanation for the heating and the thermal expansion
of the diamond membrane. The effect of such a mechanism could be less pronounced in
the silicon nitride due to the amorphous nature and the lower thermal conductivity.
Comparison of GaAs and Al-Si/Au-Si membranes
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An interesting aspect of the previous studies is the possibility to tailor the acoustic
response of the investigated systems. In Figure 4.26 three time domain traces of similar
shape indicating similar acoustic behavior are shown. Yet, each trace shows the response
of a different material combination. This indicates the possibility to achieve a certain
acoustic response by carefully choosing from a variety of material systems, which in
conclusion demonstrates the capabilities of material matching to certain applications,
for instance for sensing purposes in different environments.
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Figure 4.26: Comparison of the time domain traces of the GaAs-membrane with the backside
measurement of the silicon membrane and the measurement of the 20 nm gold transducer. An
obvious similarity between the traces hints towards the existence of, much less pronounced,
acoustic echoes at the GaAs measurement.
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4.6.2 Influence of the Interface between Metallization Layer and
Semiconductor Membrane on the Acoustic Transport/the
Shape of the Acoustic Echoes
As already indicated in the fabrication section of this thesis, the adhesion, or bonding, between the metallization and the semiconductor plays a significant role in device
performances of nano- and microelectronic devices. This adhesion is especially affected
by the native oxide at the interface between the materials. The effect of the interface
resistance is as well discussed in Reference [84], where the influences of the properties
of the interface treatment, i.e. oxide layer and roughness, as well as the influence of
ion implantation [85], on the thermal transport across the interface is discussed. In
Reference [84] an increase in thermal resistance of a factor of four was reported for an
Au-Si-Interface with native oxide, compared to an Au-Si interface, where the oxide was
removed.
Picosecond ultrasonics can be used to investigate the adhesion between the metallization
and the semiconductor in a qualitative way, as shown here on the example of a 10 nm
thick aluminum layer on a 346 nm thick silicon membrane. Two samples were fabricated,
one with a native oxide layer and one, where the native oxide was removed.
For the sputtered sample, the membrane was prior to sputtering treated with hydrofluoric acid to remove the native oxide on the surface before the aluminum film was sputtered
at ∼ 10−9 mbar, while for the other sample the film was directly thermally evaporated
onto the native oxide layer at ∼ 10−7 mbar.
The effect of the silicon oxide is twofold: For one, at the temperatures around 700 K,
substrate temperatures which can be reached in evaporation chambers, silicon diffuses
into the aluminum film and the residual holes in the silicon are filled by diffusing aluminum, leading to an enhanced bonding between both films through the formation of
spikes [86]. The formation of spikes is contrary to the behavior of gold and silicon, where
the gold diffuses into the silicon, forming a gradual transition between the silicon and
the gold. The diffusive behavior and its effect on the acoustic transmission was seen
and investigated in detail in Reference [27], here again an increase by a factor of four
was reported, when native oxide was present at the interface. The diffusive behavior is
prohibited by the native oxide in the thermal evaporation case [86]. Second, the effect of
the oxide can be seen as a “acoustic decoupling” of the two layers in a sense of reduced
transmission of acoustical energy. The acoustic impedance of SiO2 is 38% smaller than
the impedance of silicon, compared to a 13% difference between silicon and aluminum,
where additionally the diffusion of the aluminum into the silicon comes into play. The
decoupling is seen in the time domain traces in form of a distortion of the pulse shape,
similar to a ringing of the metal film itself [27]. Here, in the first pulse in Figure 4.27
(bottom), the excited pulse is modulated by a tail of oscillations, and the decoupling
results in a total distortion of the pulse shape. In comparison, the shape of the echoes
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does not show any significant change in the upper trace of Figure 4.27, where the oxide
is removed.

normalized Δ R/R

The influence of the interface can also estimated by fitting the decay of the maximum
pulse amplitude for both curves in Figure 4.27. An exponential fit to each curve estimates
the damping time for the clean interface (sputtered metal film) to t = 228 ps, while for
the interface with oxide (evaporated metal film) the damping time is estimated to be at
t = 62 ps. The factor of almost four in the damping times is again in very good agreement
with the literature values obtained for the Au-Si interface in References [27, 84].
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Figure 4.27: Indication of differences in adhesion between the metal transducer and the semiconductor membrane. For comparison two time-domain traces are shown for the case of a 10 nm
aluminum transducer on a 346 nm silicon membrane. One sample (top) was treated with an HF
oxide removal before sputtering the Al-film onto the membrane, the second (bottom) was left
with a native oxide layer before evaporation of the Al film. The evaporated film shows strong
oscillator components following the first acoustic echoes shown in the trace. The subsequent
echoes show a strong dispersion, whereas in the good adhesion part the echoes do not show
significant changes in the shape.
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This chapter showed the results of the investigations of the one dimensional confined
systems. The chapter was organized in a way that, starting from simple, one layered systems with homogenous excitation, the investigated systems were step by step expanded
towards more complex excitation and detection profiles and further to two-layered membranes of different materials. The complexity could therefore be extended step by step,
based on the results obtained before.
Following the previous work of Hudert et al. [18] and Bruchhausen et al. [19], who investigated in 346 nm thick silicon membranes, the chapter started with the investigation
of thin silicon membranes. Here only homogenous excitation and Fabry-Pérot detection
was necessary for the description of the acoustic response of the membranes. In this
thesis, ultra-thin membranes, down to 7 nm thickness, were measured in order to investigate the frequency dependent damping of the confined modes of the membrane. The
membranes show due to the symmetric excitation and detection only the fundamental
breathing mode and the odd harmonics thereof.
Contrary to previous work, these use of ultra-thin membranes allowed for the measurement of very high fundamental frequencies of the breathing mode and the influence of
the surface roughness onto the damping times. Comparing the experimental results
with the existing models of phonon damping in silicon, it was found that these models,
obtained from bulk measurements, did not describe the observed damping times in thin
membranes. Therefore a new model including surface roughness was suggested. Here
the influence of the surface roughness of the membrane was modeled using a specularity
parameter. The new model was found to be in good agreement with the experimental
results.
Complementing the experiments on the silicon membranes, GaAs membranes were investigated as a second model system of one-layered membranes. Here, due to the shorter
absorption length of pump and probe light, the generation and detection was more asymmetric compared to the silicon membranes. Therefore odd and even harmonics of the
fundamental mode were excited and detected, which could be explained by the asymmetric excitation and the photoelastic and Fabry-Pérot contributions to the detection.
Good agreement of the spectral amplitudes of the modes and the numeric simulations
was obtained.
At cryogenic temperatures (4 K), the band gap of GaAs has it’s minimum at 1.519 eV,
which corresponds to a wavelength equivalent of 817 nm, a value in the tuning range of
the laser system. This allowed for the possibility of wavelength dependent measurements,
with pump and probe wavelength scans over the band gap. One scan was discussed in
detail, with the probe wavelength set fixed close to the band gap at 820 nm, while the
pump wavelength was scanned from 740 nm to 840 nm. The scan showed to distinct phenomena, a pronounced change in the electronic onset of the times traces and a variation
in the amplitude of the acoustic oscillations of the sample. The change in the amplitude

109

4 Experimental Results - One Dimensional Confinement
and rise-time of the electronic onset could be explained in detail. The trend in amplitude
variation could be directly linked to the electronic density of states, i.e. the excess energy
of the excited electronic carriers. The delay in maximum peak amplitude was perfectly
described by the cascade model of optical phonon generation. Modulations of the shape
of the onset were explained on the example of the 810 nm pump wavelength trace, where
the contributions of band-filling and band gap renormalization could be identified. The
amplitude variations of the acoustic oscillations showed a resonance behavior, with a
center of the resonance at 785 nm. Although the amplitude and phase variations indicated a resonance, no wavelength dependence in the excitation or detection process
could explain the observed behavior. A slight variation in the frequency (0.3 GHz) of
the fundamental mode of the membrane could be the cause of the resonant behavior, as
it crossed the 16th harmonic of the lasers repetition rate. The change would correspond
to a 2 % change in membrane thickness, which could be associated with a lateral drift
over the membrane during the measurement. Yet the origin of the resonance remains a
question to be solved.
The method of subharmonic driving of a resonance was utilized in a different measurement, where the fundamental mode was driven through a resonance by altering
the repetition rate of the laser, tuning it to the 16th subharmonic of the membranes
fundmental mode.The resonance curve showed a 3.5 kHz line width at a resonance frequency of 12.8 GHz, equaling a Q-factor of Q = 2.3 × 105 . From the high Q-factor a
lifetime of 5.89 µs was calculated, which is remarkably long, compared to ns lifetimes
of comparable systems, e.g. Si-membranes. From the lifetime an lower bound for the
homogenous line width and an upper bound for the thickness-variation of the membrane
could be estimated. It was found that the membrane showed monoatomar flatness over
the measurement spot, and that it is very likely that damping is not influenced by surface
roughness.
The diamond membranes illustrated the case of even more asymmetric excitation profile,
compared to the GaAs. Diamond is transparent in the spectral region of 800 nm, therefore the diamond membranes were coated with a thin gold film. Here the pump light was
absorbed an, leading to an extremely asymmetric excitation profile (1/40 of the total
membrane thickness absorbed light). By comparison of measurements of bulk diamond
and two different membrane thicknesses several results were obtained. By measuring the
Brillouin Oscillations in the bulk material the longitudinal sound velocity was estimated,
for further use in the membrane measurements, reducing one unknown in the thickness
calculations from the fundamental mode frequency. Further the gold film thickness was
determined, and the influence of the surface polishing on the adhesion of the gold film
was shown. The unpolished surface showed an inferior acoustic coupling, compared to
the polished surface, which could be seen in the ringing of the gold film and the damping
time thereof. The membranes showed a superposition of acoustic echoes and oscillations
of the combined two-layer system. The acoustic mismatch of gold and diamond (Z-ratio
of 0.93) let to an acoustic response similar to that of a one-layer membrane, showing a
linear dependence of the mode spacing in the spectral domain, only a slight deviation
due to the two materials could be seen.
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In contrast to the diamond membrane, in the following section two layered membranes
with distinct acoustic properties were investigated, namely silicon membranes with metal
transducer (Al and Au). Utilizing two different transducer in two different thicknesses
each, the influence of the deformation potential (DP) and thermoelastic generation (TE)
on the strain generation was shown. Since the generation took place not only in the
transducer, but in the silicon membrane as well, the different contributions and their
origin were discussed. The silicon membrane with 10 nm aluminium transducer was
discussed exemplary, showing two sets of acoustic echoes in the time domain. In the
frequency domain this lead to a frequency comb spanning up to 800 GHz. The origin
and shape of the echoes was discussed, explaining the contributions of DP and TE. The
contributions of the photoelastic effect and the Fabry-Pérot effect towards the detection
was discussed and illustrated, showing an enhanced Fabry-Pérot contribution, when
measuring in a reversed geometry, or backside measurement.
Differences in the amplitude of the acoustic response between the Au and Al transducer
were explained with the the strain generation efficiency and the electron phonon coupling. The final membrane system shown here was a silicon nitride membrane with gold
transducer. This system was chosen, as it provides insight to the material properties of
the silicon nitride, which depend strongly on the fabrication process. The determination
of the Young’s modulus yielded a value at the upper end of the literature values, and
provided for the use of this value in the later measurements of the nanostructures., which
are presented in the next chapter. Silicon nitride is, similar to the diamond, transparent
as well. In contrast to the diamond, only acoustic echoes were detected in the time
domain, and no underlying oscillation of the complete membrane was seen, i.e the fundamental breathing mode. This behavior could possibly be due to the higher gold film
thickness, leading to a suppression of the Fabry-Pérot detection.
The chapter closes with a short section illustrating further possibilities to use the presented techniques and results for metrology. By carefully choosing and combining various
materials the acoustic response can be tailored, as it was demonstrated by showing results from three membranes, i.e. GaAs, Al-Si and Au-Si, providing almost identical
acoustic responses. Further it was shown that by evaluating the shape and damping of
acoustic echoes it is possible to deduct information about the interfacial quality between
two layers, e.g. the adhesion quality or interfacial layers, contamination and so forth.
The example showed the effect of a native oxide layer on the acoustic coupling and
transmission between a gold and silicon layer. A 4 times higher lifetime of the echoes
was achieved when removing the oxide layer.
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5.1 Introduction: Experiments on Single
Nanostructures
The experiments performed on membranes illustrate the phonon-confinement effects in
one dimensionally confined systems, resulting in a quantization of the membrane modes
along the confined dimension. The use of high resolution microscope objectives allows
for a strong reduction of the laser focal spot size to a few micrometers. This opens
up the possibility to investigate not only one dimensionally confined systems, but also
higher confined systems such as free-standing beams (2D confinement) and free-standing
disk-resonators (3D confinement).
There has been a broad field of investigations in other nano-structures until today, which
will be reviewed as an introduction in the next section. Following the introduction,
results of two-dimensional confined structures will be presented exemplified by freestanding beams. Here, the influence of additional boundary conditions on the vibrational
mode spectra is demonstrated by soft-landing the beam on the substrate, and thus fixing
the bottom of the structure. Finally investigations of free disk resonators are shown.
Here the effect of the undercut to the resonator structure will be discussed.

5.1.1 General Overview on Pump-Probe Experiments on Single
Nanostructures
The physical properties of nanoparticles are of special interest in many different areas
of research and development, such as physics, biology, material sciences, and engineering [87, 88, and references therein]. As the surface-area-to-volume ratio increases with
decreasing particle size, the shape, size, environment, and the confinement of the individual particle become more and more important. These parameters increasingly affect
the dynamical behavior of the nanoparticles as the particle’s dimensions diminish. There
has been an ample amount of literature concerning the measurements of the physical
properties of nano-particles published since the 1990’s; here, just a short overview will
be given. Since the first publication of measurements of acoustic oscillations of single
metal nano-particles by Dijk [89] the research was more and more focused on measuring individual structures of various shapes, sizes, materials and environments, see for
example the reviews in References [87, 90–92].
Besides the fundamental physical interest in their properties, nanoparticles are furthermore interesting for their potential use in probing the mechanical properties of biological
cells [93], e.g. probing the cells density and compressibility via ps-acoustics, and soft
matter [92], as well as for their potential use as mass sensors [92, 94] or markers in
medical- and biological sciences [95].
The mechanical properties of macroscopic objects are well understood within the classical
theory of elasticity, yet the physical properties of nm-sized objects are expected to deviate
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from the well-known bulk properties. All-optical excitation and probing is by now a wellestablished technique to investigate in a contact free manner the physical properties and
the photo-induced structural dynamics of nano-materials [96].
Early measurements on ensembles of metallic nanoparticles (tin, gallium) were reported
in 1997 by Nisoli et. al. [97]. The determined frequencies of the generated coherent
acoustic oscillations indicated that the sound velocity was consistent with the known bulk
values, as they found a linear increase in frequency with decreasing particle size up to the
limit of the particle size being smaller than the hot-carrier mean-free path, upon which
oscillations disappeared. A number of publications followed on ensemble measurements
on metallic nanoparticles, mostly embedded in a matrix, such as nanoshells [98], gold
and silver nanoprisms [99, 100] and silver spheres [101], or platinum nanoparticles [102].
Other measurements were reported on gold stripes and dots on top of a surface [103],
or on semiconductor quantum dots [104]. The measurements on ensembles came along
with the difficulty that there is an inevitable distribution in morphology of different
individual particles due to the fabrication process, e.g. a dispersion of different sizes
and shapes [92, 102]. Due to the superposition of slightly varying vibration frequencies
obtained from slightly varying particles in the ensemble, a rapid decay in the detected
oscillation amplitudes occurs, thus prohibiting an exact determination of homogenous
damping times. In this context, usually just the first order modes were detected, as
higher order modes and thus higher frequencies are correlated to higher damping, and
are even more difficult to detect in ensemble measurements [92]. An example of the
inhomogeneous broadening effect, measured with the experimental set-up used in this
thesis, is given in Reference [21], with the measurement of gold nanotriangles, where the
implementation of a microscope and the reduced spot size had significant influence on
the obtained results.
The measurement of single nanostructures thus avoids the effects of particle distributions, and allows for a direct comparison of individual particles. It gives a more direct
access to the homogenous damping of the particle, yielding information on the dissipation of energy from the particle to the environment, considering the variations of the
individual single particles and their specific environment and enables for large statistics
on single particles [92]. The most successful way of measuring the optical response of
single nanoparticles is by direct optical absorption or scattering methods [87, 90]. Van
Dijk et al. [89] used time-resolved interferometry to probe the mechanical vibrations of
a single gold nanosphere of about 50 nm diameter, embedded in a polymer matrix, and
found the spherical breathing mode at 16 ps, again with material properties correlating
with bulk values. They also demonstrated that the limiting source of noise was the
photon shot noise, which could be reduced by using higher probe powers [89, 92]. A
different, more direct approach using a spatial modulation technique was demonstrated
on silver nanospheres [105].
Since this early work, the range of investigated metallic nanoparticles has been widely extended from single gold spheres [89, 106], spheres and rods [107–111], hollow spheres [112],
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polymer micro capsules [113–115] to other non-spherical nanoparticles such as prisms [116–
118], cubes [119], pyramids [109], rings [120, 121] and disks [122]. Lately these investigations have been extended to metal-semiconductor hybrids [123, 124], and core-shell
nanoparticles [123, 125–129], along with molecular dynamics studies [130] and atomistic
simulations [131].
As already indicated, the studies of single particles lead to a better understanding of
the interaction of the nanoparticle with the embedding matrix or environment. Special
interest lies in the mechanical coupling between nanostructure and environment, the
thermal transport from particle to environment and the connected thermal interface
resistance [29, 91, 103, 106, 108, 120, 121, 132–143].
Finally noteworthy are the investigations of the nonlinear response of single nanoparticles
to optical excitation [144, 145] and their enhanced detection using nano-antennas in the
direct vicinity of the particle [145], as well as the possibility to probe the mechanical
properties of individual biological cells [115].

5.1.2 Modeling of Nanostructure Vibrations using a Finite
Elements Method
The calculations in the case of the one dimensional confinement were treated analytical
and numerical. One-dimensional analytical estimates were used to derive the eigenfrequencies, and numerical modeling was used for the estimation of the amplitudes in the
Fourier spectra. In the case of higher order confinement, the calculations are far more
complex to solve, if not impossible. Therefore a 3D modeling system using the finite
element method was applied.
This section gives a short overview over the technique of finite element methods (FEM),
or FEM simulations, illustrating where these methods are useful to implement, and
explaining the advantages and disadvantages of these methods. In order to understand
the underlying concept, the static approach of FEM is illustrated on the example of a
one dimensional bar. The section closes with the description of the approach of solving
dynamical problems, as this approach was used in this chapter. The argumentation and
description in this section follows Reference [146].
FEM simulations are commonly used in engineering or science when complex geometric
structures, properties and/or boundary conditions prohibit to solve the desired question
analytically within a reasonable amount of time, if possible at all. The basic idea of this
technique is to divide the complex problem into smaller, more simple problems. The
result is an approximation of the real problem, not an exact solution. By dividing the
original problem/structure into a finite number of subdomains, the approximation is also
finite. This is an aspect to keep in mind when discussing FEM results. Also artifacts
and influences of the discretization can influence the result, or give solutions which are
not realistic at all.
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FEM can can be easily applied to complex, irregular shaped models, which are composed
of several different materials. It has found versatile application to steady-state, timedependent and eigenvalue problems, as well in linear as in nonlinear problems. Modeling
can include for example heat transfer, fluids or complex loads. FEM provide an “easy”
combination of different physical models, i.e. electro-magnetics, fluids, mechanics, etc.
There are also several disadvantages to FEM. The main disadvantage is that a specific
result is for a specific problem only. No general, closed-form solutions, as obtained from
analytical models, can be derived from a FEM solution. This means that a generalization
of the results obtained by FEM simulations is difficult, since FEM is an approximation
of a mathematical model only. Also numerical problems can result in wrong predictions
from these models. The three main causes of faulty results of FEM can be summed up
by:
discretization poor choice of elements shape or size, boundary shape, constraints
formulation

poor choice of elements, i.e. element choice based on the assumption of
linear behavior applied in a nonlinear problem

numerical

number of significant digits (truncation), round on/off error accumulation

Overall, in order to obtain reliable results, the use of FEM requires well-thought assumptions for the preparation of a model, as well as experience in interpreting the results.
Implementation Procedure of FEM Simulations
The implementation procedure of FEM simulations can be described in five steps, as
stated below:
1. Discretization: divide the model into the desired number of sub-domains. The
accuracy increases with the number of elements, but so does the necessary computational power. Symmetry considerations can greatly reduce the computation
time.
2. Define the stiffness matrix for each sub-domain
3. Assembly: assemble the sub-domains to form the overall structure, define the
boundary conditions, etc.
4. Solution of the problem, i.e. static or dynamical solution solver
5. Solution of all other parameters, e.g. stress, strain, . . .
The solver in step 4 is chosen according to the desired problem. In more general cases,
multiple solvers can be combined. These five steps are illustrated in the next paragraph.
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Static Approach of FEM Simulation
The following descriptions are adopted from Reference [146]. The static approach of
an FEM simulation is explained in the following with the help of the example of the
simulation of the effects of static load onto an object, i.e. a one-dimensional bar. The
problem is illustrated in Figure 5.1. A typical statical question could be the effect of a
point load at the end of the bar, while the bar is fixed at the wall.
Steps 1-3: The bar is modeled with a discrete number of elements (1-5). In one dimension, each element connects two nodes
(I-VI). The nodes describe the interaction
between the elements, in this case using Q
for the displacement and F for the load.
Within one element a linear interpolation
is applied between the two nodes, therefor
smaller elements result in a higher simulation accuracy. Mechanical calculations
between elements follow the same rules
(e.g. boundary conditions, continuity at
boundaries, etc.) as described in Section 2.2: Numerical Modeling. The point
load would be applied at the node VI.

I

1
2

FII

QII

II
III

3
IV
4
V
5
VI

Step 4: The iteration process calculates
the effect of the point load for each ele- Figure 5.1: FEM-nodes and elements illustrated
on the two-dimensional example of a bar with a
ment and at each node. The solution is defixed and an open end. The bar is divided into
rived via the Potential Energy Approach,
five elements (1-5). At each boundary between
which states that minimizing the poten- two elements sits a node (I-VI). At these nodes
tial energy yields the possible solutions. the boundary conditions of displacement and load
This approach follows from the Minimum are applied, connecting the neighboring elements.
Potential Energy Theorem: “Of all possi- Inside each element a linear distribution of disble displacements that satisfy the bound- placement and load is assumed.
ary conditions of a structural problem,
those corresponding to equilibrium configurations make the potential energy assume a minimum value.”. From this theorem, it
follows that under considerations of the boundary conditions, minimizing the potential
energy yields the possible solutions of the problem [146].
Dynamical Solutions
Dynamical solutions, e.g. eigenfrequencies of a system, can be obtained by solving the
corresponding eigenvalue problem. This is done in the FEM simulations in this thesis
in order to obtain the eigenfrequencies of the nanostructures.
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Taking the potential energy and the Hamilton principle, it is possible to solve the generalized eigenvalue problem. The method applied is the inverse iteration scheme. This
scheme uses a probe vector, e.g. for the displacement in z direction uz0 = A sin(ωz),
where A is the amplitude, to find the lowest eigenvalue for this probe vector. The
problem then writes as
K~u = λM~u,
(5.1)
where K denotes the stiffness matrix, M the √
mass matrix and ~u the eigenvector for the
2
test frequency with the eigenvalue λ = ω = 2πf .
The inverse iteration scheme follows numerically the procedures described below [146].
Step 1: Estimate an initial trial vector: ~u0 . Iteration index: k=0.
Step 2: Set k = k + 1.
Step 3: Determine right side of ~v k−1 = M~uk−1 .
Step 4: Solve equation: K ~uˆk = ~v k−1 .
Step 5: Denote ~vˆk = M ~uˆk .
Step 6: Estimate eigenvalue: λk =

T
~vˆk ~vˆk−1
.
ˆ
~
ukT ~vˆk

ˆk
Step 7: Normalize eigenvector: ~vˆk = √ ~v T

ˆk ~vˆk
~
u

Step 8: Check for tolerance:

λk −λk−1
λk

.

≤ tolerance.

This algorithm converges to the lowest eigenvalue of the probe vector, given that the
probe vector is not one of the eigenvectors. Other eigenvalues can be evaluated by
shifting the probe vector. This procedure is used in Comsol to find the mechanical
eigenfrequencies in the simulations of the beam and disk nanostructures investigated in
this thesis.
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5.2 From Membranes to Beams
The confinement of acoustic modes inside a membrane was discussed in the previous
chapter. For all previously presented results in this thesis, the lateral dimensions of the
membranes were at least one order of magnitude larger than the membrane thickness,
which allowed to ignore the influence of the in-plane extension of the membranes, thus
treating this problem as purely one-dimensional.
From the experimental geometry, i.e. the geometry of the set-up, primarily acoustic
modes are detected, which are traveling perpendicular to the membrane’s surface, or
perpendicular to the lateral extension of the membrane, as illustrated in Figure 5.3 (left).
Given the assumption of an infinitely extended membrane, the properties of the acoustic
modes depend (in first order) only on the membrane’s thickness, and the material parameter of the membrane, see Equation 2.44. Therefore, the following question consequently
arises:
How do the vibrational properties of the membrane change when the lateral
dimensions of the membrane are reduced into the micro or nanometer range?
This question is illustrated on the left of Figure 5.2. The sketch shows a membrane
(black lines) of thickness h, where the lateral extent is indicated for three different cases
(A,B,C) by the red lines. For better understanding, a SEM image is shown above the
sketch, where a series of membranes (or beams) can be seen. The red circle illustrates
the size of the laser focal spot. Case A describes a membrane which is larger than the
focal spot, a case which is discussed in the previous chapter. If the membrane’s width w
is reduced to a value which is in the order of the size of the focal spot (B), effects of the
confinement of the membrane or plate are expected to be detectable in the experiments.
When the width is comparable to the thickness of the structure, these structures are,
with decreasing width, more generally referred to as plates, beams or bars. The third
case (C) shows a bar where the width is of similar size as the height of the bar. The
ultimate limit is shown in the right of Figure 5.2, where a thin beam of almost squared
cross-section (w ∼150 nm , h ∼110 nm) of 2.5 µm length is shown.
With respect to the measurement geometry and to the limitations from the set-up, e.g.
focal spot size and frequency resolution, the above mentioned complex question can be
reduced to the twofold question: What happens to the vibrational properties, when the
lateral extension of the membrane is reduced to
a) the order of the lateral extension of the laser’s focal spot, or
b) the order of the thickness of the membrane?
In this thesis, it was only possible to touch on this topic due to its complexity. Therefore
only a short overview over the first results is presented in the following. A similar question was discussed elsewhere for macroscopic beams [147–149]. A more recent theoretical
discussion of the question also included the effect of localized edge modes and their coupling to propagating membrane/beam modes [150, 151]. The effect of such edge-modes
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Figure 5.2: Illustration of the concept of changing membrane width. Left: The sketch shows
a membrane of thickness h and in blue the intensity distribution of the laser’s focal spot.
Three cases of membrane width w are illustrated by red lines. Case A is the case in which the
membrane is wider than the focal spot, as seen for example in the previous chapter, where the
system could be treated as a one-dimensional confined system. Case B and C illustrate the
effect of the lateral confinement, i.e. a narrow membrane/bar or a wide beam (B) or a thin
beam (C). Here differences in the vibrational properties compared to case A are expected. All
three cases are further shown in the SEM picture above, which shows a series of bars and beams
cut from a free-standing membrane. Right: SEM image of a beam structure of 2.5 µm long
beam of ∼150 nm width, illustrating the limit of case C. The red circle indicates the extension
of the ∼ 2µm diameter of the laser focal spot.

is also of concern when the width of the plate is smaller than the diameter of the focal
spot, as for example in case B. Here, the beam is placed at the slope of the intensity
distribution, small changes in the width of the beam can lead to large changes in the
reflected intensity (red arrows). This results in a large contribution of such an edgemode in the obtained experimental spectra, especially when compared with a thickness
oscillation alone.
Mode Conversion
The first and primary question here is: Can membrane modes be excited and/or detected
with this setup when the ratio of membrane thickness h to width w approaches 1, or
more general wh ≤ 1, as illustrated in Figure 5.2. In the case of a beam or membrane
with a metal transducer, a plane wave is excited in the top layer, as discussed in the
previous chapter. This plane wave then travels into the underlying second layer of the
membrane/beam. Therefore the general assumption should be that such a fundamental
breathing mode can be excited in both structures. This assumption is illustrated in
Figure 5.3 for a membrane (left) and for a plate or beam (right). Apart from the
excitation mechanisms, the vibrational properties are mainly influenced by the geometry
of the structure, i.e. if the sides can move in-plane of the membrane’s lateral extend.
In Figure 5.3 the effect of a free or fixed side of a beam on the propagation of a plane
wave is illustrated. In the case of fixed sides, the wave travels through the membrane
and is reflected at the bottom. As the sides are fixed in the in-plane direction, only
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plane wave

plane wave

free sides

fixed sides

Figure 5.3: Illustration of the effect of fixed and free sides of a membrane or beam. A plane
wave is excited in the top layer of the membrane/beam and propagates into the bottom layer.
Left: Here the case of an infinitely extended membrane is illustrated. For an excited plane
wave, at a certain place of the membrane, the “sides” can be considered to be fixed, as the
infinite extent of the membrane prohibits free movement in the direction of the membranes
extend. Therefore this is a purely one-dimensional problem, and the wave travels perpendicular
to the membrane’s lateral extension, and is reflected at the bottom. Right: If the plane wave is
excited in a beam, or a membrane where the lateral extensions are in the order of the membrane’s
thickness, the sides are free, i.e. the side of the beam can extent perpendicular to the traveling
direction of the plane wave. This allows for mode conversion at every point of the side of the
beam the wave is passing by. The result are reflected waves travelling into the beam. The
resulting superposition of these waves is more complex than in the membrane case, and is not
analytically solvable. A set of four fundamental types of resulting modes is shown in Figure 5.4.

movement along the propagating direction is allowed. In the case of free sides, such
as seen in a bar or beam, the side wall can extend outwards, perpendicular to the
propagation direction. This allows for mode conversion at this boundary, and waves
start to travel into the beam, leading to a more complex mode spectrum. The result
of this mode conversion is illustrated in Figure 5.4, where four fundamental types of
modes of a beam are illustrated (cross-section), ignoring the extension of the beam
along the z-direction (the beam’s long axis). The longitudinal mode is the analogue of
the membranes fundamental breathing/dilatational mode, and consequently turns into
this mode in the limit of an infinitely extended membrane. If one considers as well the
extension of the beam in the z-direction, i.e. the full three-dimensional problem, it is
useful to use finite element methods to search for the fundamental beam modes.

x
longitudinal

torsional

y
bending

Figure 5.4: Four fundamental types of beam or plate modes. Shown is the cross section of
a beam (x,y-direction). The beam is assumed to be infinitely long in the z-direction. The
longitudinal mode is the analogue to the membrane’s fundamental breathing mode. Adopted
from Reference [150].
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Experimental Indications of Mode Conversion
The experimental data shown in Figure 5.5 illustrates the effect of the above discussed
influence of the confinement. Compared are two numerical fast Fourier transform (FFT)
of measurements from a 57 nm thick silicon nitride membrane with a 20 nm thick gold
transducer, and a 800 nm wide and ∼ 2.5 µm long beam, made from the same material
system. The FFT shows the membrane’s fundamental breathing mode (∼28 GHz) and
the first harmonic thereof. For clarity, the graph scales only to 80 GHz, as in the frequency range above 80 GHz only membrane modes (∼90 GHz, ∼121 GHz) are present.
Deviations from the purely linear dependance can be explained by a first order perturbation theory, as described in Reference [46]. The membrane modes cannot be seen in
the FFT of the beam. Instead, a series of low frequency modes below 20 GHz and a
single mode at 45 GHz are present. The type of these beam modes are discussed in the
following sections. This result indicates that the lateral confinement has significant influence on the fundamental dilatational (membrane) mode already at a width to height
ratio of 10 : 1.
A more detailed analysis of this transition from membrane to beam modes is not shown,
as this is beyond the scope of this thesis. To note is that this topic very complex, and the
investigations to fully understand and model the vibrational properties of this transition
depend on a variety of parameters, which need to be carefully controlled. For example
it is not possible to ignore the beam length when discussing the width dependance of
these beam modes. This will be shown in the next section.

FFT amplitude (arb.units)

membrane
800 nm beam

~2 µm

height

20 nm Au
57 nm Si3N4
~2 µm

width
800 nm
0

20

40
frequency (GHz)

60

~2.5 µm
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Figure 5.5: Comparison of the experimental results of a membrane and a wide beam, made
from silicon nitride with a top layer of ∼ 20 nm gold. Shown on the left are the numerical
Fourier Transform of measurements from a membrane, with lateral extent larger than the focal
spot, and of a wide beam with a length larger than the focal spot and a width of 800 nm. The
geometry is illustrated at the right. The FFT shows the membrane’s fundamental mode and the
first harmonic thereof (blue). The beam does not show the membrane’s fundamental mode, but
a series of low frequency modes below 20 GHz (red). This indicates that at a ratio of ∼ 10 : 1
(width to height) the confinement shows significant influence on the vibrational spectrum.
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5.3 Nanomechanical Beam Structures
The resonant excitation of nanomechanical systems and the detection of acoustic eigenmodes received significant attention in recent years for their capabilities in the use as
sensors, in optomechanics or evenin the quantum ground state cooling of macroscopic
objects [3, 152]. Special focus lied on nano-electromechanical systems (NEMS), such as
single and double clamped elastic beams. Main interests are to achieve high frequencies,
low damping and high quality factors (Q-factors) of the eigenmodes. Most approaches on
mechanical resonator structures were performed with electrical excitation [3, 4, 152–154]
or optical excitation by means of (modulated) CW laser light [155, 156]. The readout
is mostly accomplished electrically or by interferometry and investigations have concentrated on the MHz frequency range, yet fundamental modes in the GHz range have been
reported [157–159].
Silicon nitride (Si3 N4 ) nano strings, or beam resonators, are especially interesting for
the application as sensors, as they inhibit high Q-factors and a high tolerance to uncertainties in the fabrication process for beams vibrating in the MHz range. As Si3 N4
is highly chemically inert, it is difficult to use in sensing applications alone, but needs
a chemically functional surface. Such a surface can be easily provided with the help
of a gold coating, which then can be functionalized by adding a molecular layer with
a thiol-group anchoring on one end (binding to the gold), and any desired group (for
sensing) at the other end of the molecule [160, and references therein]. From these considerations, Si3 N4 seems to be similar to the diamond, as discussed before, yet Si3 N4 is
much cheaper to prepare and easier to integrate into existing devices.
This chapter investigates the high frequency modes in mechanical resonator structures,
in this case silicon nitride (Si3 N4 ) and gold bilayer beam nanostructures. Similar structures, Si3 N4 beams without gold layer, were investigated by Unterreithmeier et al. [153],
concentrating on the characterization of the flexural modes of beams of 5 to 35 µm
length with electrical methods. At these length scales, the beams behave more like a
string, leading to resonances of mainly flexural modes, and it is legitime to neglect the
rectangular cross section of the beam and the related modes. The reported vibrational
frequencies were in the MHz range, far below the lower frequency resolution limit of the
ASOPS system. Si3 N4 -gold bilayer beams have been investigated by Biswas et al. [160]
in the kHz range, who demonstrated that the gold layer had little effect on the Q-factor
of certain fundamental flexural modes of the beams, however, only regarding modes in
the kHz frequency range. These modes can be suppressed by altering the boundary
conditions of the beam, increasing the fundamental oscillation mode of such a beam
structure into the GHz frequency range. In the GHz range, neither the cross section
nor the gold loading can be neglected. This opens up a completely new view on the
vibrational behavior of these structures, which has not been considered before.
First, a short overview of preliminary results covering the length and width dependance
of the acoustic spectrum of two-layered beams is given, whereas the main focus lies
in the second part of this section, the selective tailoring of the mode spectra of beams.
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The discussion of the free-standing beams illustrates the complex vibrational behavior of
two-layered, three dimensional beams, where multiple modes are found in the vibrational
spectrum, and spans the bridge between the free-standing structures (membranes) to the
main topic of this chapter, the soft-landed beams.

5.3.1 Length, Width and Thickness Dependence of Beam Modes
This section shows preliminary results of two examples of how pump-probe spectroscopy
can be used in the investigation of the vibrational properties of free-standing nanomechanical resonators, and how it is possible to identify individual beam modes in the
GHz-frequency range. By using the thickness and length dependance of the frequency
shift of the individual modes, it is possible to identify the nature of the detected modes
when comparing them to finite element simulations. The results presented in this section
are discussed in more detail in the master’s thesis of Moritz Merklein [161].
First, the thickness and length dependance of the lowest detected mode is used to illustrate that this mode can be identified as a higher order of a string-like resonance.
Following this argumentation, the length and width dependance of the three lowest (in
frequency) detected modes is discussed. Here it will be shown that it is possible to
identify and simulate the shape of the modes, showing the different origins within the
beam structure.
The beams which are discussed in the following are all fabricated from stoichiometric
silicon nitride of either 57 nm, 107 nm or 157 nm thickness, all with a top layer of 20 nm
gold. Two widths (450 nm, 400 nm) are discussed in order to illustrate the width dependance of the vibrational spectra of these beams. In addition to the width variation, also
the lengths of the beams are changed, from 1-5 µm, here a small shift in mode frequency
is also apparent.
Figure 5.6 shows the numerical FFTs of 400 nm wide beams of varying length and thickness. The complete spectra, Figure 5.6a, is taken from a 107 nm thick beam, showing
clearly distinguishable peaks at 2 GHz, 6 GHz and 13 GHz, as well as an additional peak
at 45 GHz. The 45 GHz correspond to the vibration of the gold film, which are discussed
in detail in Section 5.3.4.1 on Page 136. The FFT of beams with 57 nm and 157 nm
thickness show the same pattern, with slightly shifted frequencies, but are omitted here
for clarity. The data indicates that the peak position changes slightly with beam length.
In order to illustrate this behavior a normalized zoom into the frequency range below
6 GHz is shown in Figure 5.6b. This graph now shows the first mode obtained from the
measurements of the 57 nm (broken line) and 157 nm (solid line) thick beams, where the
107 nm data was omitted for clarity. The curves are normalized in order to illustrate the
behavior more clearly. For both set of curves the peak position shifts with increasing
beam length, and the overall frequency increases with increasing thickness. The data
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Figure 5.6: Numerical Fourier Transform obtained from measurements of 400 nm wide silicon
nitride beams with 20 nm gold layer on top and different lengths. (a) Complete spectrum with
clearly distinguishable peaks at 2 GHz, 6 GHz, 13 GHz and 45 GHz. The nature of these modes
is explained in the text and in Figure 5.7. (b) Length dependance of the normalized lowest
frequency mode obtained from beams of 57 nm and 157 nm thickness. For both set of curves
the peak position shifts with increasing beam length, and the overall frequency increases with
increasing thickness.

for the frequency shift, especially for the ∼2 GHz values, are shown for qualitative reasoning only, as the shift is smaller than the measurement uncertainties of 0.8 GHz from
the width of the Fourier window.
The dependance of the frequency shift to the nitride thickness and to the beam length
indicate that the shape of this mode is a vibration of the whole beam, with a modulation
similar to a vibrating string mode. These assumptions find even more support when
considering the mode shape, as it is shown in Figure 5.7, left.
Through comparison with finite element simulations it is possible to identify the nature
of the three modes: The simulated mode shapes are illustrated in Figure 5.7, right. The
color code shows the estimated displacement amplitude, where blue corresponds to zero
amplitude and red to a large displacement amplitude. The mode at 2 GHz resembles
a “classical” beam mode, or in other words a higher harmonic (n=5) of a string mode,
when compared to the Euler-Bernoulli beam theory. The modes with higher frequencies
are primarily located in the upper part of the beam, i.e. the gold film. The 6 GHz
mode shows a modulation located mainly at the edges of the beam, while the 13 GHz
mode shows the highest modulation at the center of the beams width. Both modes show
a high frequency modulation along the beams long axis, which illustrates the length
dependance of these modes.
Remarkably, the observed length dependance here hints towards a reversed behavior,
i.e. the mode frequencies tend to increase with increasing beam length. For the 2 GHz
mode, this behavior is well below the measurement uncertainty (± 0.2 GHz), and even
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for the higher frequencies only a small change of ∼ 0.8 GHz is observed. The physical
reason behind this behavior could not be found, although very good agreement with the
modeling was achieved. Additionally a correlation between the beams width and the
frequency can be seen: wider beams (450 nm) tend to show a slightly lower frequency
than narrow beams (400 nm), see Figure 5.7 as well. This phenomenon agrees with the
classical Euler-Bernoulli theory that shorter length lead to higher stiffness and thus to
higher frequencies.
Interesting to note is that the mode frequencies shift only by 0.2 GHz with respect to
length changes of several µm, yet width changes of 50 nm lead to a change in frequency
of 0.5 GHz. The small length dependance is probably due to the fact that the beam
length is larger than the focal spot size, i.e. the beam can be assumed to approximate
an infinitely extended beam, similar to the membranes.
Limitations of the Presented Results
To note is that the here presented mode shapes are preliminary results and need further
confirmation, as the complete interaction between the suggested modes and the detection
is not completely integrated in the simulations. The overall strain distribution in the
beam plays an additional important role in the detection process. This will be discussed
in the following section in more detail.
A second other limitation comes from the frequency resolution of the experimental setup of 800 MHz. The simulations provide a number of similarly shaped modes within a
very small frequency range, the actual measurement might as well be a superposition of
these modes. In order to follow the evolution of these modes, more measurements with
beam variations in much smaller step sizes would be necessary to identify and estimate
any trend. Further detailed simulations would be necessary to distinguish different
contributions of multiple modes and to eliminate uncertainties due to mode coupling,
crossing, anti-crossing or similar phenomena, see for example Reference [150].
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The shape of the modes and the limitations of this prediction are discussed in the text.
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Figure 5.8: Left: SEM pictures of a free-standing (top) and a soft-landed beam (bottom).
The lateral dimensions of the structures investigated are given in the top picture. The beams
themselves consist of a layer of 107 nm Si3 N4 and a top layer of 20 nm gold, at a width of
177 nm. The bottom picture is a close-up to illustrate the soft-landed character of the beam.
Right: Schematics of the soft-landing process. Here, the boundary conditions of the vibrations
of the beams are indicated (a) for the free-standing case (BC1) and (c) for the soft-landed case
(BC1 and BC2).

5.3.2 Preliminary Considerations on Tailoring the Mode Spectra
of Beam Structures
For the experiments of the tailoring the mode spectra beams were chosen with the highest
possible fundamental (flexural) mode frequency. Due to the focal spot size of less than
2 µm a beam length of 2.5 µm was chosen, slightly larger than the spot size, in oder to
reduce the influence of the supporting pads.
The beam structures in this thesis were thus dimensioned to be of 2.5 µm length, 177 nm
width and 107 nm height of Si3 N4 , covered with a top layer of about 20 nm gold. The
gold layer’s purpose is twofold: Protection of the beam during the etching process,
and acting as optical transducer in the experiment. Aluminum would have been a more
suitable optical transducer, due to better impedance mismatch and the small density, but
it was not possible to use for its poor etch resistance. The structures were fabricated
as described in Section 3.2.4. In Figure 5.8 (left), two scanning electron micrograph
(SEM) pictures of such a free-standing and a so-called soft-landed beam are shown. The
dimensions of these beams are indicated in the top graph.
The vibrational properties of such a free-standing beam can be described in terms of
flexural and torsional vibrations of the whole beam, and additional, more complex vibrational processes, such as thickness oscillations of the individual layers, as well as
combined oscillations of the layers, and superpositions of the above named oscillation
types. The types and the frequencies of the individual modes of vibration strongly depend on the material parameters of the beams, and on the imposed boundary conditions
(BC). In the case of a free-standing beam, the system can be seen as a beam structure

130

5.3 Nanomechanical Beam Structures

Figure 5.9: Dispersion relation of free-standing (blue) and soft-landed (red) beams, simulated
with Comsol. The grey shaded area marks the modes which are suppressed in the soft-landed
case. All modes are shown up to their respective cut-off frequency.

with a fixed-fixed boundary condition on both ends, see Figure 5.8, right top (BC1).
The fundamental flexural vibrations of such a structure can be calculated using the
Euler-Bernoulli beam theory, and are in the MHz regime. Therefore only higher order
modes (n & 5) of these vibrations can possibly be detected with our set-up.

5.3.3 Simulation of the Mode Spectrum
The aim of this project was the tailoring of the vibrational mode spectra of such beams,
and the (selective) modification and suppression of certain modes. The modification
employed in this thesis was the release of the beam structure from the substrate, and the
subsequent removal of the pedestals of the beam structure, as described in Section 3.2.4
and illustrated in Figure 5.8, right. By soft-landing the beam directly onto the substrate,
a second boundary condition (BC2) – a fixed bottom – was applied to the beam. This
added boundary condition strongly affects the vibrational mode spectra. The effect of
this modulation was simulated using the finite element simulation software Comsol1 .
In Figure 5.9, a dispersion relation like picture for the first five vibrational modes,
1

As the structures investigated in this section are not analytically solvable due to their complexity, Comsol, a finite element simulation software, was used. The simulations were performed by
E. Barrettto of the group of Elke Scheer, University of Konstanz. Figures 5.9, 5.10, 5.11 and 5.15
were provided by E. Barretto.
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Figure 5.10: Shapes of the modes given in Figure 5.9 for the free-standing (blue) and softlanded (red) beams. The figure shows the displacement along the beam, where the direction of
the displacement and the relative magnitude are indicated using arrows, and a cross-section view
at the center of the beam (Color code: blue – small displacement, red – large displacement).
Simulated with COMSOL.

simulated for free- and soft-landed beams, is shown2 . This dispersion relation was constructed from calculations of the distinct eigenmodes of the beam with their respective
higher harmonics, and is strictly correct only for the discrete values given at the y-axis.
The connecting lines can be seen as “an guide to the eye” only. The calculations were
performed by running an eigenfrequency analysis over the considered geometry with the
respective boundary conditions. The resulting frequencies were then assigned to the corresponding mode and mode number. The modes of the free-standing beam are shown in
blue, with frequencies of the fundamental (n=1) mode order ranging from a few hundred
MHz (modes A, B, C) to several GHz (modes D and E). The modes of the soft-landed
beam are given in red, starting at frequencies for the n = 1 order at 5 GHz (mode F)
and higher (modes G to J).
The additional boundary condition shifts the complete mode spectrums lower bound,
starting at values of some hundred MHz, towards starting values just above 5 GHz,
completely suppressing the modes of the free-standing beam and allowing only for a
new set of modes F to J. These modes do have a certain similarity to the modes of the
free-standing beam, yet one has to keep in mind that there is no direct link between
these modes, i.e. no transition from free to soft-landed modes can be assumed.
2

Due to the complex structure of the beam and the nature of these simulations, the dispersion curves
cannot be scaled to other geometries
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Figure 5.11: Strain distribution of the modes of the free-standing and soft-landed beams as
simulated by Comsol. The strain magnitude is given by the color code. Due to symmetry
considerations only modes with a symmetric strain distribution along the beam contribute to the
detected signal.(Color code: white = no strain, increasing color intensity = increasing strain)
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In Figure 5.10 the corresponding displacements of the modes from Figure 5.9 are displayed for the mode of order n = 1. The arrows indicate the direction and relative
magnitude of the displacement of the beam, also the corresponding cross section displacement at the center of the beam is given for each mode (color code: blue to red
indicates increasing displacement).
Detection Process and Symmetry Considerations
The complete detection mechanism of the vibrational modes is not yet fully understood,
as for this the light-matter interaction of the beam would have to be implemented into
the Comsol model. Yet the dominant contribution to the detection is presumed to
be the strain distribution along the beam structure, as it is shown in Figure 5.11. As
the focal spot has the size of the beam, it will average over the total strain distribution.
Therefore only modes with a relatively uniform symmetric strain distribution along the
beam (same sign) are expected to contribute significantly to the time dependent change
in reflectivity. In the case of anti-symmetric strain distributions the contribution to the
reflectivity change is expected to average out over the length of the beam. From the
volumetric strain distribution, see Figure 5.11, and the symmetry of the modes, it follows
that only the modes B and E are suitable to contribute to the signal of the free-standing
beam, whereas for the soft-landed beam mainly the modes H and J are expected to
contribute significantly to the signal. To calculate the detected strain distribution, the
volumetric strain was integrated over the whole structures (top) surface and was then
normalized by the maximum strain amplitude. The resulting strain is later compared
to the experimental results.

5.3.4 Experimental Results: Free-Standing and Soft-Landed
Beams
Figure 5.12 shows the time domain reflectivity changes ∆ R/R obtained at the freestanding beam (blue curve) and at the soft-landed beam (red curve). The dynamical
behavior at both beams follows the following description: At zero time delay between
pump and probe a sharp and pronounced rise in ∆ R/R is observed, followed by a
superposition of an ∼ 43 GHz oscillation and several lower frequency oscillations. The
sharp rise is due to the absorption of the pump pulse in the gold layer, which results
in a rapid heating of the electron gas. The heated electron gas induces a strong change
in the dielectric function and thus in ∆ R/R [38]. As the electron gas thermalizes with
the lattice in the gold film, an impulsive thermal stress is generated therein [38]. This
thermal stress acts as the source for the observed set of vibrational modes.
By removing the electronic background the vibrational contributions can be extracted.
The above described dynamics are in principle identical in both systems, except the
amplitude and the life-time of the 43 GHz oscillation of the soft-landed beam cannot
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Figure 5.12: Time-domain reflectivity changes obtained at the free-standing beam (top) and
the soft-landed beam (bottom). The corresponding numerical fast Fourier transforms for both
beams are given in Figure 5.13. The high frequency oscillations in the first 600 ps of the signal
of the free-standing beam correspond to the 43 GHz thickness oscillations of the gold film, as
discussed in Section 5.3.4.1.

be seen as easily as in the case of the free-standing beam, and the resulting vibrational
modes depend on the boundary conditions of the beam, see Section 5.3.2.
Figure 5.13 shows the corresponding numerical fast Fourier transforms (FFT) of the
oscillations from Figure 5.12, for the free-standing (blue) and the soft-landed beam
(red) of equal dimensions. The FFT of the free-standing beam is dominated by a broad
peak at ∼ 6 GHz and additional peaks at ∼ 9.25 GHz and at ∼ 43 GHz. The FFT of the
soft-landed beam shows a dominant peak at ∼ 12.2 GHz and a small peak at ∼ 10 GHz.
The top panel of the graph shows the calculated and normalized volumetric strain of
the simulated modes. Blue squares correspond to the modes of the free-standing beam,
whereas red triangles correspond to modes of the soft landed beam. Circles represent
modes of the gold film only, which are discussed in Section 5.3.4.1. Excellent agreement
between the position of the computed modes and the experimental data is obtained.
The modes ∼ 6 GHz and ∼ 43 GHz can be identified with the gold film modes, as it is
discussed later, see Section 5.3.4.1. The modes at ∼ 9.25 GHz and ∼ 12.2 GHz can be
identified with the mode shapes E and H, see Figure 5.10. These modes are symmetrical
regarding the beams long axis and reproduce in their maximum displacement amplitude
the excitation profile of the laser spot.
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Figure 5.13: Top: Calculated and normalized volumetric strain obtained from Comsol calculations. A excellent agreement between the position of the peaks in simulation and experiment
is obtained. The calculated mode at 43 GHz is shown on a logarithmic scale to improve visibility
due to normalization.
Bottom: Numerical fast Fourier transform of the extracted oscillations from Figure 5.12, showing the free-standing beam (blue) and the soft-landed beam (red). The peaks at 6 GHz and
43 GHz correspond to the gold film oscillations, the other modes to the individual beam modes.

A direct comparison of the spectral amplitudes of the simulation and the experiment is
not possible, as the amplitudes are strongly influenced by the detection process, which
was not implemented in the simulations. The lower-oder modes of the simulation are
difficult to see in the FFT of the experiment, as due to the data processing (background
removal, etc.) it is difficult to give accurate estimates of the amplitude contribution of
low frequency modes (≤ 4 GHz) to the overall signal.

5.3.4.1 Gold Film Thickness Oscillations
At the beginning of the obtained time traces of both, soft-landed and free-standing
beams, see Figure 5.12, the thickness oscillations of the gold layer are present. In the
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case of the free-standing beam, these oscillations are dominating the signal in the first
200 ps, for the soft-landed beam they are only visible after extracting them from the low
frequency part of the signal. These oscillations can be used to estimate the gold film
thickness, and the lifetime of these modes can be used to estimate the coupling/bonding
between the gold film and the Si3 N4 beam. A clear difference in the lifetime of the modes
can be seen, see Figure 5.14. Two factors might contribute to the observed behavior.
A first explanation could be from the fabrication process. As already mentioned in
Section 3.2.4, during the fabrication two different Si3 N4 wafers were used. Deviations
in the fabrication of the waver could have led to different surface qualities, which might
be the reason in the noticeable difference in coupling/bonding between the gold layer
and the nitride of the wafers. A second explanation could be the influence of laser
irradiation on the adhesion between the gold film and the beam [162–164]. Thermal
stress can lead to delamination of thin films or layers, mostly due to a mismatch of
thermal expansion coefficients. The contact to the substrate might lead to a higher
thermal coupling and faster heat dissipation of the soft-landed beam to the substrate,
compared to the free-standing beams. This might results in an overall reduced heating
of the soft-landed beam, and therefore in a smaller thermal expansion, reducing the
effect of delamination. The adhesion delamination phenomena at interfaces in MEMs
have been widely discussed as well by Khanna [58].
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Figure 5.14: Extracted oscillations of the gold film for poor (a) and good (b) bonding/adhesion
between film and underlying Si3 N4 -layer. The damping in case (a) is four to five times smaller
than in case (b). Note the difference in scales between (a) and (b).

In the case of the free-standing beam the gold film oscillations can be clearly identified
in the numerical fast Fourier transform (FFT) of the full time trace, see Figure 5.13 at
43 GHz. In the case of the soft-landed beam the spectral contribution of this mode is
too small to be seen in the FFT of the full time trace.
By removing the underlying low frequency oscillations in the time domain trace and
filtering the noise above 200 GHz using a FFT-filter, the decaying oscillations can be
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extracted and finally fitted by a single, exponentially decaying sine-function, see Equation 4.2 and Figure 5.14 (a). The decay-time τ ∼ 194 ps is fairly large compared to,
for example, the decoupled gold films investigated by Hettich et al. [29], who achieved
damping times of 100 ps by decoupling the gold film from the substrate by means of
intermittent molecular boundary layers. However, it is not as high as for free-standing
gold films yielding a damping time of ∼ 524 ps for a 19 nm thick membrane, as investigated by Frick [165]. These results illustrate that the large impedance mismatch, and
the poor bonding of gold to silicon nitride, and the fabrication uncertainties remains a
challenge to the GHz acoustic in such nanostructures. Already small deviations in the
properties of the structure lead to large changes in the acoustic response.
Looking further at the case of the good bonding/adhesion, here given by the example
of the soft-landed beam, see Figure 5.14 (b), the damping time is found to be below
40 ps, indicating good coupling compared to the free-standing beam and a comparable
damping time to the good bonding/adhesion of Au/SiO2 /Si or Au/Si interfaces found
in Reference [29].
Assuming a sound velocity vl =3240 m/s and an open-pipe type of oscillation of the gold
film, it’s thickness can be calculated using f=vl /(4d), Equation‘2.45. Using f = 43 GHz
from the FFT, a film thickness of d = 18.7 nm is found. This agrees well with the nominal
thickness from the evaporation process (20 nm ± 2 nm) and the small thickness reduction
due to the sputtering effect of the RIE process (2 nm ± 1 nm).
In the case of the poor bonding/adhesion of the gold film (free-standing beam), an
different gold mode can be simulated by Comsol which is also found in the FFT spectra.
This mode is found at 6.04 GHz, and is displayed in Figure 5.15. It is of a Lamb-wave
nature in the gold film. The displacement of the mode correlates with the symmetry
of the beam and the focal spot, having its maximum displacement at the center of the
beam. This mode can also be estimated analytically, yielding good agreement within
experimental uncertainties. With respect to the large impedance mismatch between
gold (Z = 61.8 m/s·kg/cm3 ) and Si3 N4 (Z = 38 m/s·kg/cm3 ), the velocity of the lowest
symmetric Lamb mode in the gold film is calculated using [166]:
s
 2
vT
vs0 = 2vT 1 −
= 2300 m/s,
vl
where vT =1240 m/s is the shear wave velocity in gold. Using vs0 , the first resonance for
Lamb waves along the width-direction of the cantilever is predicted to be at
fs0 = vs0 /2w = 6.4 GHz,
where w = 177 nm represents the width of the beam, which again corresponds well to
the experimental results and the Comsol simulations, within the experimental error.
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Figure 5.15: Simulated 6.04 GHz mode in the gold film, assuming poor bonding/adhesion
between gold film and Si3 N4 -layer. Left: Displacement field, Right: Strain distribution.

5.3.4.2 Fundamental Mode of the Soft-Landed Beam
Comparing the obtained spectra of the soft-landed beam with spectra obtained from
the free-standing beam with the same dimensions (Figure 5.13), it is obvious that by
coupling the beam to the substrate the modes below 10 GHz are suppressed and only
one mode at 12.5 GHz is visible.
The soft-landed beam was modeled using Comsol, showing a fundamental eigenmode of
the system at 12.8 GHz. Figure 5.16 illustrates the surface displacement along the whole
beam (right). The left side in Figure 5.16 shows the cross section of the beam with the
corresponding displacement, taken at the center of the beam structure (at x = 1.25 µm).
Both graphs show a maximum of displacement in the center of the beam structure (long
axis), concentrated in the upper part of the beam, indicating a lowest order symmetrical
beam mode. For this simulation the bottom of the structure was mechanically fixed at
the interface to the substrate as well as on both ends of the beam (boundary conditions
BC1 and BC2 in Figure 5.8). The corresponding values for the material properties were
taken from the Comsol database.
The physical reason for the observation of the 12.5 GHz lowest order mode in the considered beam is found in its elastic contact with the substrate. It is known that in
plates rigidly attached to substrates, cut-off frequencies exist for propagating wave guide
modes [167, 168], which coincide with the frequencies of the acoustic resonances for the
waves propagating normally to plate faces, while the modes with arbitrary low frequencies do not propagate. Similarly, in the beams rigidly attached to the substrate, the
cut-off frequencies are expected to coincide with the resonances of the cross-sectional
vibrations of the beam.
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Figure 5.16: Finite element simulation of the eigenmode at 12.8 GHz in the soft-landed beam
structure. Shown is the (exaggerated) displacement amplitude over the whole beam. Left is
the cross section at the cantilevers center shown, where the strongest displacement occurs. In
this simulation the bottom of the structure is fixed to the substrate. (Color code: blue = no
displacement, red = large displacement)

One can estimate analytically the lowest resonance frequencies for the symmetric3 , and
anti-symmetric vibrations of the cross-section from the conditions of quarter wavelength
resonances for the plate and the flexural waves, respectively, propagating vertically between the bottom and the top of the beam. This estimate shows that the role of the gold
layer consists mostly in mass loading of the silicon nitride core. The lowest symmetric
resonance, which is of similar structure as the vibration depicted in Figure 5.16, is predicted at 11.9 GHz, while the lowest anti-symmetric resonance is predicted at 5.2 GHz.
The detection based on the photoelastic effect is weakly sensitive to the motion with
the dominant shear strain as it is in the anti-symmetric mode. This could be the reason
why only the symmetric mode above 11.9 GHz is detected. Above this cut-off frequency
the phase velocity of the symmetric mode, which propagates along the beam, abruptly
decreases with increasing frequency from its infinite value at 11.9 GHz. The experimentally detected vibration frequency of 12.5 GHz corresponds to half wavelength resonance
of the mode propagating along the beam of 2.5 µm length with the phase velocity of
62.5 km/s. This velocity is much higher than the velocities of the lowest in frequency
modes allowed in the free-standing beams, i.e., which are not lying on the substrate.
For comparison the flexural mode resonances of the free-standing beams clamped at one
end are just approaching the GHz frequency range when the beams are shorter than
0.5 µm [158].
3

Relative to the vertical axis y in Figure 5.16
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Figure 5.17: Time-domain reflectivity changes obtained while scanning in 600 nm steps with
the laser spot over the soft-landed beam structure. Graph (a) shows a scan across the beam
only, as indicated in the inset. Here only the evolution of the 12 GHz mode of the beam is
visible. Graph (b) shows a scan across the whole structure, along the beams long axis. Here
three regimes, pad-beam-pad, are visible. The inset indicates the direction of scanning, the
outline at the side illustrates the approximate position of the focal spot on the structure for
each trace.

5.3.4.3 Spatially Resolved Probing of Modes
In this section, the detection of the spatial resolved contribution of the individual vibrational modes within a complex micro-structure is demonstrated, employing the example
of the soft landed-beams. In order to do this, the structure was moved through the focalspot using a motorized scanning stage. Figure 5.17 shows the time domain reflectivity
changes ∆ R/R obtained from two scans with the focal spot across the structure. The
insets in each graph illustrate the scan direction. In Figure 5.17 (a) the scan was across
the beam only, perpendicular to the structures long axis. In Figure 5.17 (b), the scan
was along the whole structure’s long axis, including measurements of the pads and the
beam. Each curve represents a single measurement point at the structure. The measurements were laterally separated by steps of ∼ 600 nm. The first transients in each
scan, the bottom ones in both graphs, are taken as a reference next to the structure
on the silicon substrate. Here, the typical response of silicon, a sharp drop in ∆ R/R,
is observed [62]. The signal is dominated by the drop in ∆ R/R due to excitation and
subsequent slow relaxation of the e-h-plasma, which is excited by the pump-pulse. No
acoustic contributions are detected.
Moving onto the structure, the electronic contribution at the beginning of the transients
changes towards a rapid, positive change in ∆ R/R. This sharp and pronounced rise
in ∆ R/R is due to the excitation and relaxation of free carriers in the metal film of
the structure [38]. This rise reaches its maximum amplitude when the focal spot fully
overlaps with the squared pads. Following the scan across the structure two regimes can
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Figure 5.18: (a) Fast Fourier transform of the oscillations from Figure 5.17 (a). Shown is
the variation of the 12 GHz peak while scanning across the beam. Colors match the colors in
Figure 5.17 (a). Inset: Maximum FFT amplitude plotted against relative scan position. The full
width half maximum corresponds to the focal spot size of the set-up. (b) Extracted oscillations
obtained while measuring at a pad of the soft-landed structure. Inset: Corresponding FFT of
the measurement.

be distinguished. On the square pads the large electronic contributions of the gold film
are followed by small amplitude high frequency oscillations, as shown in Figure 5.18 (b),
with frequencies up to 250 GHz, originating from the vertical motion of the Au/Si3 N4 /Si
layer system. A numerical fast Fourier transform of these oscillations is given in the
inset of Figure 5.18 (b).
While measuring between the pads, at the beam of the structure, the picture changes
as follows: The electronic contribution is strongly reduced due to the reduced overlap
between the focal spot and the smaller, gold covered area of the beam. The signal
is dominated by strong and long living low frequency oscillations with a frequency of
12.5 GHz, which are observed throughout the whole measurement window. These oscillations are slowly decaying, the lifetime exceeds the measurement window of 1.25 ns. In
contradiction to the measurements at the pads, the high frequency oscillations are not
observed any longer, except for the fast decaying 43 GHz oscillations of the gold film,
which are discussed in Section 5.3.4.1.
While scanning across the beam only, see Figure 5.17 (a), the evolution of the 12.5 GHz
oscillations can be observed as the focal spot overlaps with the beam. Numerical fast
Fourier transform (FFT) of the extracted oscillations yields a peak at 12.5 GHz. In
Figure 5.18 (a) the corresponding FFTs of the scan are shown, plotted again with an
off-set equal to the spot size of 600 nm. When plotting the maximum amplitudes of
these peaks as a function of the relative focal spot position, see inset in Figure 5.18 (a),
a clear rise in amplitude is observed as the focal spot overlaps with the beam structure.
The Gaussian fit reveals a FWHM of 1.7 µm, which agrees well with the convolution of
the focal spot size of the setup and the width of the beam.
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The investigation of the dephasing times or quality factors (Q-factor) in this measurement set-up is limited by the width of the Fourier window, i.e. the minimum width of
the peaks in the Fourier transform. The systems available time window of 1.2 ns thus
limits the resolution to 0.8 GHz, therefore the correct Q-factor cannot be determined
directly. The Q-factor of a mode could be investigated by a detuning of the repetition
rate of the pump laser to a subharmonic of the mode [19], but this was not done during
the context of this thesis, as it would have required an extensive rebuild of the laser system. At the current system status, the repetition rate of the laser is at 800 MHz, which
corresponds to the 15.625th ’subharmonic’, therefore a detuning to 781 MHz would have
been required, in order to have the systems repetition rate corresponding to a full integer
subharmonic.

5.3.5 Summary and Outlook
In this chapter it was demonstrated how it is possible to investigate the acoustic mode
spectrum of a single, two-layered and double-clamped nanomechanical beam structure,
and how the mode spectrum of such a beam is modified by altering the boundary conditions of the vibrational degrees of freedom. Further the lateral distribution of the
vibrational modes was investigated.
The investigated structure was a free-standing beam, consisting of a 2.5 µm long silicon
nitride beam with a 200 nm × 200 nm cross-section. In order to excite and detect the
vibrational dynamics, the beam was covered with a 20 nm thick gold film. This further
allows to compare the results to other MEMS systems, in which gold is used as electrical
transducer for nanomechanical beams, mostly for electro-magnetic driving, e.g. the
excitation of flexural beam modes. In comparison to these systems, the pump-probe
approach allows to investigate GHz frequency modes, which are not easily accessible by
other methods.
By selectively removing the supporting pads, it was possible to soft-land such a beamstructure on the substrate, introducing a second boundary condition to the vibrational
degrees of freedom. The altered mode spectrum shifted towards higher fundamental
frequencies, resulting in a single, first order vibrational mode at 12 GHz, and suppressing
all other low-frequency modes of the beam. This open the path to a new approach for
sensing applications, as for similar, freestanding structures the fundamental flexural
modes, which are commonly used in sensing applications, are approaching the GHz
range only for structure sizes below 0.5 µm.
It was further possible to identify the obtained modes, and their physical mode shape,
by comparing the obtained mode spectra with finite element simulations, giving further
insight into the vibrational behavior of such beam structures at GHz frequencies.
Finally, the use of the microscope set-up allowed for the investigation of the lateral
distribution of the detected modes within the structure. A scan along and across the
soft-landed beam structure showed, that the origin of the fundamental mode is found at
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the center of the beam, corresponding well with the Comsol simulations, whereas at
the supporting pads the mode could not be detected. Here the high frequency spectrum
of a layered system was detected.
The measurements at the beam structures demonstrated clearly the influence of the
lateral confinement and the difference between one dimensional confined systems, e.g.
two-layer membranes, and a two dimensional confined system. The influence of the
additional lateral confinement on the mode spectrum could not be calculated analytically, therefore simulations using finite element software were needed. These simulations
showed a set of frequencies in the lower GHz range, coinciding in frequency with the measured frequencies. The confined longitudinal modes of the membrane system, with its
higher harmonics up to several hundred GHz, could neither be detected, nor simulated
for the beam structure. This leads to the conclusion that the additional confinement
leads to some form of mode conversion from the one dimensional confined modes, which
are expected to be excited in the beam as well, since the beam has the same excitation
geometry as a gold covered membrane.
The detected fundamental resonance of 12 GHz is the highest so far reported fundamental
frequency of beam structures of this size, as comparable resonating beam structures
approach GHz frequencies only when the structure size is below 1 µm. The here presented
results therefor open up the possibility of investigations of large µm sized structures as
high-frequency sensors, only by tailoring the boundary conditions.
Outlook
An interesting approach to investigate the behavior of mode conversion as a function
of beam width could be the investigation of a series of beams, with dimensions ranging
from some µm width to some tens of nm width. For beam widths larger than the focal
spot size of the set-up a membrane like behavior is expected. With reduced beam size a
transition to the here observed vibrational behavior of the beams can be expected from
the presented results. Yet, the preliminary experiments that were presented in this thesis
showed that a variation of the beam width of 50 nm is not sufficiently small to track
changes in the mode spectra. In addition to smaller step sizes in the width variation,
it would be helpful to investigate additionally in one-layered material system, such as
silicon or gallium arsenide, where the mode spectra should be more simple, and changes
should be easier to track. Investigations of beams fabricated from silicon or gallium
arsenide only can profit from the results from the membrane section of this thesis, where
it was shown that the absorption profile of pump and probe light has influence on the
type of the excited and detected vibrational modes. This influence could be utilized in a
selective excitation of beam modes. For example, using silicon, the symmetric excitation
and detection profile could enhance the detection of symmetric modes only, improving
greatly the assignment from detected modes to simulated modes.
The general problem of the investigation of the beam modes would still be persistent in
all of these approaches: The limited frequency resolution of the experimental set-up, i.e.
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the lower boundary of 800 MHz, is a drawback for such systems, in which the simulations
show a mode spacing which is much smaller than 800 MHz, as for example for the higher
order modes of the free-standing, two-layered beams.
The tracking of individual beam modes over a series of beam widths would give the
possibility to experimentally verify the dispersion relations of such beam modes, as
for example calculated in Reference [150], and to investigate in phenomena like mode
coupling, crossing, anti-crossing or others [150].
This work presented here also provided fundamental results and new understanding
of GHz frequency acoustical properties of NEMS. These results are important for the
investigation and understanding of dissipation in NEMS, as for example discussed in
Reference [169]. Dissipation is still not very well understood and the presented results
bridge the gap between the MHz frequency range investigations of string-like vibrations
and the GHz/THz frequency range of heat transfer and thermal properties. Using the
here gained knowledge and fabrication techniques it is now possible to modify the existing structures, eg. with special designed shapes, boundary conditions or defects, in
order to gain more insight in the mechanisms of heat transfer and dissipations. In combination with other measurement methods, i.e. electrical excitation and readout, the
here presented results show how a local probing of the beam might give new insight
in the interaction between GHz and MHz vibrations, with a lateral resolution of some
µm, allowing to investigate how dissipation of low frequency modes and high frequency
modes into the thermal background might occur.
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5.4 Nanomechanical Disk Resonators
The availability of the silicon nitride and the developed fabrication process made it
possible to fabricate free-standing disk resonators from silicon nitride and gold. These
resonators are interesting, as they represent an additional step from the membranes,
via the beams, to three-dimensionally confined systems. Disk resonators are further
interesting candidates in the field of opto- and nano-mechanics [170] and in the field of
nanophononics [171]. However, so far most of these systems are fabricated using gallium
arsenide or silicon [172, 173], reporting MHz and GHz mechanical frequencies. Results
from silicon nitride disks have not been reported so far. Most of this work was done in
the context of the bachelor thesis of Krüger [174] and the diploma thesis of Merklein
[161], and parts of the data can be found there.
In the previous sections it was shown that the boundary conditions strongly influence
the shape and frequency of the vibrations of nanostructures. For example, the beam
showed an increase in fundamental frequencies of the modes, when the bottom of the
beam was assumed to be fixed to the substrate. In all simulations of the beam modes,
it was assumed that the ends of the beam were fixed at the junction between the beam
and the supporting pads. This is a common assumption in the theory of vibrating
beams and bars, where only different clamping conditions, e.g. fixed, sliding, or free,
are assumed. The properties of the supporting structure are commonly not of special
interest in the investigation of the beam modes. This assumption was also adopted in
the FEM simulations in this thesis. However, the questions that arises, especially when
interpreting and simulating the results of the free-standing beam is:
In how far does the choice of the boundary conditions, i.e. the clamping of
the beam, influence the results from the finite element simulations, and can
this influence be seen in the experimental results?
In other words: Is it sufficient, in the case of a free-standing beam, to look a the beam
only, or is it necessary to take the supporting pads into account as well, in order to fully
understand the vibrational spectra obtained from the experiment.
The structures that were chosen to investigate the above mentioned question are disk
resonators with different diameters. The structures consist of a thin disk that is elevated
above the substrate by a pedestal, see Figure 5.19, and Section 5.4.1 for a detailed
descriptions.
The disk resonators were chosen for the following reasons:
• The rotational symmetry allows for easier interpretation of results.
• The nm-sized undercut provides GHz-range, fundamental flexural frequencies.
• In 2D, the disks are comparable with simple Euler-Bernoulli beam theory.
• In 2D it is possible to neglect torsional and complex in-plane modes.
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The reasoning, why the disk resonators can be simulated and approximated with a two
dimensional model, and how this model is comparable to the two dimensional EulerBernoulli beam theory, is given in Section 5.4.2.

5.4.1 Disk Structures
The nanomechanical disk structures investigated are fabricated from the same material
system as the investigated cantilevers. They consist of a thin Si3 N4 disk of different
thicknesses, covered with a thin gold layer. The disks are suspended on a thin SiO2
pedestal about 400 nm above the silicon substrate, see Figure 5.19.
The preparation process is described in Chapter 3.2.4. Overall, three different disk sizes
(0.75 µm, 1 µm, 2 µm) with a variation in nitride thickness (57 nm, 107 nm, 157 nm) were
investigated. Additionally to the disk variation, samples with different undercuts were
fabricated, to investigate the effect of the undercut on the mode spectra of the disks.
The undercut (ui ), see Figure 5.19 (b), can be controlled by the etching time in the last
wet-etching step of the preparation process. The isotropic etch releases more and more
of the disk with increasing etching time, resulting in a larger undercut (u) and a thinner
pedestal. In Figure 5.19 (a), two disks with different diameters are shown. Both disks
are fabricated on the same chip, therefore the length of the undercut is the same, here
in the order of 200 nm.

u2

Au

(a) SEM micrograph of a disk resonator

u1

Si3N4

SiO2

si

(b) Schematic of the disk resonators

Figure 5.19: Scheme of the disk resonators: A thin Si3 N4 disk is suspended on a SiO2 pedestal
of 400 nm height and covered with a thin gold layer. The undercut ui of the disks results from
different etching times ti (t2 > t1 ).
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5.4.2 FEM Simulations of Disk Resonators
To describe and illustrate the mode shape of the measured frequencies and the effect of
the undercut on the resonances found at the disk resonators, a finite-element-method
(FEM) simulation was used. In contrast to the modeling of the beams, the modeling of
the disks could be simplified using several assumptions regarding the mode shape and
the excitation and the detection mechanisms. Since the disks as well as the laser spot
had a coinciding rotation symmetry, the modeling can be reduced to a 2D model, and
the modal shape can then be extracted by rotating the 2D around a fixed axis. This
assumption of rotation symmetry is valid in so far as the focal spot in all measurements
was centered on the disks and the spot size was larger (0.75 µm and 1 µm disks) or in the
order of the disk itself (2 µm disk). In addition, the fast diffusion of the hot electrons
within the gold film supports the argument of homogenous excitation of the gold film
over the whole disk in sizes up to 2 µm. Further, for the disks investigated, it is highly
unlikely that modes with complex vibration pattern, lacking axial symmetry, are excited
by a Gaussian [175].
Figure 5.20 (left) shows the steps of the modeling of the disk resonators. At the top, the
2D FEM model of the micro disk is illustrated. This side-view shows the cross section of
a disk resonator, and the implied boundary conditions (red lines). The nitride disk has a
fixed boundary at the bottom, where the SiO2 pedestal is attached, which is assumed to
be infinitely rigid. On the left the rotation axis is shown, which is used to simulate the
whole 3D structure. The rotation axis is also assumed to be fixed, in order to account for
the continuity of the displacement, when rotating the results in order to get the full 3D
structure. Below the FEM model, an example of a simulated eigenmode in 2D is given.
The color code illustrates the magnitude of the displacement, where blue represents no
displacement, as seen at the fixed boundary at the pedestal, and red corresponds to a
large displacement amplitude. The displacement in the graph is strongly exaggerated
for illustration purposes. By rotating this mode, the 3D illustration can be obtained,
see the bottom of the graph.
The use of the 2D modeling step greatly reduces the computational effort needed to
calculate the vibrational modes of the disk. The drawback of this method is that only
rotationally symmetric modes are found. Since the detection-/excitation symmetry is
also rotationally symmetric, this is still a good approximation.
The use of the simple 2D cantilever allows for comparison with the 2D Euler-Bernoulli
beam theory of a cantilever with a fixed and a free end. These calculations show that
the fundamental frequencies of such a cantilever reach the GHz frequency range as the
beam length approaches 0.5 µm, as stated before in Section 5.3.4.2. The frequencies of
the two layered Euler-Bernoulli cantilever of length l can be calculated via [152]:
s
ESi3 N4 ISi3 N4 + EAu IAu
ωn2
,
(5.2)
fn =
2
2πl
λSi3 N4 + λAu
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Figure 5.20: Illustration of the simulation procedure of the disk resonators. Left: The FEM geometry is defined in 2D with a fixed
boundary (red) for the pedestal and the rotation axis. All other boundaries of the disk are free.The free boundary at the bottom equals
the length of the undercut. Using this geometry, the eigenmodes of the disk are calculated in 2D. Shown is the displacement of such
a bending mode. Bottom: By rotating the 2D results, the 3D representation of the bending mode is obtained, illustrating the overall
displacement of such a mode in a disk. Right top: Comparison of the displacement between an Euler-Bernoulli cantilever and a FEM
modeling. The Euler-Bernoulli theory assumes a completely rigid support without any displacement, whereas in the FEM simulation the
displacement can extend into the support itself.
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where Ei is the elastic modulus, Ii is the moment of inertia, and λi is the linear mass
density for each material (i = Au, Si3 N4 ). ωn2 denotes the natural frequencies of the
system, see Reference [152] for details.
For the here discussed structures, the Euler-Bernoulli beam theory yields frequencies
which scale very fast into the high GHz-range. For example, for a beam of 157 nm
nitride thickness with a 17 nm gold layer and an undercut of 290 nm, the Euler-Bernoulli
theory yields the following frequencies for the first five fundamental modes of a cantilever:
2.24 GHz, 14.06 GHz, 39.38 GHz, 77.22 GHz and 127.64 GHz.
Compared to the Euler-Bernoulli theory, the FEM simulations provide a higher number
of modes in the range below 15 GHz. The origin of this behavior can be found in the
boundary conditions for the cantilever, i.e. at the junction between the free part and the
center of the disk, as it is illustrated in the left of Figure 5.20. The Euler-Bernoulli theory
is considering movement of the free-standing part only. The FEM simulation, in contrast,
also considers movement which extends towards the center of the disk, where the bottom
boundary is fixed. The result of this extended “range of movement” is a number of
possible vibrational modes which extend into the center of the disk. Nevertheless, good
agreement for the fundamental mode of both simulations/calculations is obtained, see
the fundamental mode in Figure 5.21. Therefore, it is possible to use the frequency of
the fundamental mode to estimate the length of the undercut of the disk via comparison
with FEM or using calculations from Euler-Bernoulli beam theory.

5.4.3 Experimental Results
All measurements on the disk resonators were performed in the microscope set-up using a
pump-wavelength of 790 nm and a probe wavelength of 820 nm. The disks were centered
in the middle of the pump and probe spot. By doing so, rotational symmetry in the
excitation and detection process was ensured, which allows for the simplification of the
modeling of the mode spectrum.
Overall Mode Spectrum
In Figure 5.21, the numerical fast Fourier transform (FFT) of a measurement of a disk
of 2 µm diameter, 157 nm nitride thickness with ∼ 17 nm gold layer is displayed. The
FFT shows typical spectral contributions, as it can be found for all investigated disks.
The spectrum consists of a series of peaks in the range from 2 GHz to 15 GHz. Red
bars indicate the frequencies of modes simulated with FEM for this type of disk. A
good agreement between the simulated frequencies and the frequencies obtained in the
experiment is found. For three modes, the simulated mode shape is displayed as well
(color code: displacement amplitude, see also Figure 5.20). The lowest-order mode
corresponds to a bending mode located solely in the free-standing part of the disk, similar
to the first order Euler-Bernoulli cantilever mode. The frequencies of the first two EulerBernoulli modes are indicated by the red circles in the graph, 2.24 GHz and 14.06 GHz, in
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FFT amplitude (arb. units)

good agreement with the experimental data and the FEM simulated lowest-order mode.
The modes in between 2.2 GHz and 15 GHz can be simulated by FEM only. The insets
show that the displacement of these modes extends over the whole disk. In the case of
the 10 GHz mode, the displacement even takes it maximum at the center of the disk.
Therefore, these modes cannot be calculated using the Euler-Bernoulli theory, which
considers deflections of the free part of the beam/disk only. The black circle indicates
a mode at ∼ 4 GHz, which cannot be simulated assuming rotational symmetry alone,
indicating that this mode has possibly no rotation-symmetric mode shape.
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Figure 5.21: Numerical FFT from a 2 µm disk resonator of 157 nm nitride thickness. The red
bars illustrate the position of FEM simulated modes. The inset shows three examples of mode
shapes. Compared to the Euler-Bernoulli theory, which predicts only 2 modes in this frequency
range (red circles), the FEM simulations yield good agreement with the experimental data. The
absence of a FEM simulated mode at ∼ 4.7 GHz (black circle) indicates that also modes are
detected, which cannot be simulated with the purely rotation-symmetric approach.

Fundamental Vibrational Mode
Using the previous discussed findings, namely the agreement between the numerical
simulations and the Euler-Bernoulli theory, it is possible to estimate the undercut of
the disk resonators for various resonator sizes. Examples of various disks are given in
Table 5.1. The estimated length of the undercut agrees well with the undercut estimated
from the SEM images, see for example Figure 5.19 (a).
When further investigating the frequencies of the fundamental mode of the investigated
disks, two phenomena can be observed. Firstly, a strong dependence of the fundamental
frequency on the nitride layer thickness, and second, indications that the frequency of
the fundamental mode is highly independent of the overall disk diameter.
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Nitride
Thickness
[nm]

Disk
Diameter
[µm]

57

0.75
2.0

1.44
1.67

190
175

107

2.0

1.57
1.61

270
265

157

0.75

2.74
2.8

260
255

2.0

2.19
2.15
1.68
1.69

290
290
325
330

157

Frequency Calculated
Fund. Mode Undercut
[GHz]
[nm]

Table 5.1: Frequencies of fundamental modes obtained in the experiment. Given are the
lowest measured frequencies for several measurements on disks of different sizes and nitride
thicknesses. The calculated values for the undercut are obtained form Euler-Bernoulli beam
theory, assuming a 2D beam. The values indicate that for the lowest detected frequency the
mode frequency depends more on the length of the undercut, and not as much on the overall
disk diameter. Overall, the frequency increases with increasing nitride thickness, for similar disk
sizes and undercut.

An increase in the frequency of the fundamental mode can be seen, which scales with the
thickness of the silicon nitride. With increasing nitride thickness from 57 nm to 157 nm,
the frequency of the fundamental mode increases from 1.4 GHz to 2.7 GHz for disks with
0.75 µm diameter, and from 1.67 GHz to 2.1 GHz for 2.0 µm diameter. This increase in
frequency is clearly present, although the estimated undercut increases, which should
lead to in decrease in frequency, see Equation 5.2.
The results indicate further, in agreement with the simulations and the proposed analogy
to the Euer-Bernoulli theory, that the fundamental mode of the disk is, for a given
thickness, dependent on the undercut only, and does not show strong dependence on the
overall disk diameter. This dependance agrees well with the assumption that the mode
in a movement of the free-standing part of the disk only.
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5.4.4 Summary: Disk Resonators
The disk resonators section illustrated the highest degree of confinement discussed in
this thesis. As an example of three dimensionally confined structures, free-standing disk
resonators were introduced. The disk resonators were made from silicon nitride, with
a top layer of gold as acoustic transducer. The disks are elevated above the substrate
on a silicon dioxide pedestal, holding the disk in the center. The disks can therefore be
assumed as free standing.
The vibrational properties of the disks were simulated with FEM simulations. Taking
advantage of the rotation symmetry of the structure and of the excitation and detection
mechanism allowed for a rotation symmetric modeling. The modeling could therefore
be reduced to a 2D model, reducing the complexity of the modeling, especially when
compared to full 3D modeling. It was shown that the vibration pattern of the disk could
be reduced, in 2D, to the vibrational behavior of a cantilever with a fixed and a free end.
Due to this simplification, it was also possible to compare the results to the calculations
obtained when considering a simple, 2D Euler-Bernoulli beam theory. Particularly for
the fundamental vibration mode, excellent agreement between simulation and calculation
was obtained. However, deviations were found between the calculated results from the
Euler-Bernoulli theory and the experimental results: The calculations provided only
two frequencies in the range up to 15 GHz, whereas the experimental results showed a
series of eight distinct frequencies between 1 GHz and 15 GHz. In contrast, excellent
agreement between the FEM modeling and the experiment was achieved, here seven
out of eight experimentally found modes could be simulated. The failure of the EulerBernoulli theory can be explained when comparing it’s assumptions to the assumptions
of the FEM modeling. Specifically, the Euler-Bernoulli theory did not take into account
any influence of the center parts of the disk, but considered only the free-standing part
of the beam. The FEM model showed that the fixed part is needed to explain the
modes from experimental results. For the modes which could not be estimated using
Euler-Bernoulli, the FEM model showed that the vibrations of the free standing part
of the disk extend into the fixed part of the disk. This illustrates that it is necessary
to take the clamping condition into account when modeling the acoustic vibrations of
nanostructures.
The frequency of the fundamental vibrational mode of the disks were found to increase
with increasing nitride thickness, as expected from Euler-Bernoulli beam theory, as the
increase in thickness leads to a higher stiffness of the beam, and thus to the higher
fundamental frequency.
Finally, there were some indications, that the fundamental vibration mode of the disk
resonators might be independent of the disk size itself, and rather depend only on the
length of the undercut of the structure.
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5.5 Summary: Higher Order Confinement
The section starts with an overview of pump-probe experiments on single nanostructures
and an introduction to the concepts of modeling nanostructures using finite element
methods (FEM). Following this introduction, some preliminary results illustrating the
transition from membranes to beams are given – the membrane mode diminishes, while
other modes, with larger contribution in the spectral domain, appear when the beam
width reduces to a width smaller than the focal spot diameter. The origin of these newly
appearing modes is explained by a change in boundary conditions (BC): The ability of
the beams’ side wall to extend in the lateral direction allows for a mode conversion at the
side of the beam. This mode conversion is prohibited in a membrane, as the membrane
is assumed to be infinitely rigid in the in-plane direction.
Preliminary results from pump-probe measurements on two-layered beams are shown as
the first GHz-range characterization of such structures. The results show indications of
a cross-section and length-dependance of the modes of the free-standing beams, which
could be exploited to identify the mode shape with the help of FEM simulations.
Nanomechanical Beam Structures
The section’s main focus is on the influence of the boundary conditions on the vibrational
model spectrum of silicon nitride beam structures. Specifically, using FEM modeling,
it is shown how changes in boundary conditions can be used to taylor the vibrational
properties of the beam.
The free-standing beam showed a number of modes in the spectral range below 20 GHz,
which could be identified with the help of FEM modeling as a superposition of various
flexural and torsional beam modes.
By soft-landing the beam on the substrate, the bottom of the beam was kept fixed,
adding a third boundary condition. This change in BCs resulted in a shift of the mode
spectrum towards higher frequencies, shifting the fundamental mode from the MHz
regime into the GHz regime. The frequency of the fundamental mode is the highest
reported fundamental resonance frequency (12 GHz) of such a µ-m sized beam. Similar
frequencies are usually reported for structure sizes in the sub-µm range. Comparison
with FEM simulations illustrate the nature of this mode with a maximum of displacement
in the center of the beam structure (long axis), concentrated in the upper part of the
beam, indicating a lowest order symmetrical beam mode.
Indications of boor bonding between the gold film and the nitride of the beam were
found in the case of the free-standing beams. Here, a mode with 6 GHz frequency was
found, which could be identified with the lowest symmetric Lamb wave in the gold film,
in good agreement with analytical calculations and numerical simulations.
The last part of the section shows the spatially resolved probing of vibrational modes in
a µm-sized structure, demonstrating the different origins of the individual modes within
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the structure. At the supporting pads, the vertical movement of the layermsystem was
detected. This is as predicted, as the pads are larger than the focal spot size. When
moving over the structure onto the beam, the contributions of the vertical movement
disappear, while the beam mode appears. Here, the influence of the confinement can be
seen again.
Nanomechanical Disk Resonators
Nanomechanical disk resonators are presented as an example of three-dimensionally confined structures. The free-standing disk resonators were fabricated from silicon nitride,
with a top layer of gold, similar to the beam structures. The disks were elevated above
the substrate by a silicon dioxide pedestal.
Disks were chosen as a shape because their rotation symmetry allowed, in combination
with the rotation symmetry of the excitation/detection (Gaussian focal spot profile), for
rotation symmetric modeling. Due to the rotation symmetry, it was possible to reduce
the model to a two-dimensional model, i.e. to reduce the free part of the disk to a 2D
cantilever with a fixed and a free end. The section shows that in 2D, the simulations are
comparable to a simple Euler-Bernoulli cantilever. Further, excellent agreement between
the results of the numeric simulation and the experimental results was obtained, much
better than between the Euler-Bernoulli calculations and the experimental results. The
differences between the Euler-Bernoulli theory, the FEM modeling, and the experimental
results can be explained by the slight deviations in the assumed clamping conditions.
It is shown that the rigidly attached center of the disk is needed to explain all modes
from experimental results, and that the vibrations of the free standing part of the disk
extend into the upper part of the center of the disk. In addition, a good agreement
between layer thickness increase and increase of frequency of fundamental mode was
found. Finally, some indications were found that the fundamental vibration mode might
be independent of the disk size itself, and presumably depend only on the length of the
undercut of the structure.
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Central Theme of the Thesis
The central theme investigated in this theses is acoustic phonons in confined geometries
at the nanoscale. In this context, confined geometries refers to the concept that the
lateral extend of the investigated structures are, in one or more dimensions, of the same
order of magnitude as the acoustic phonon propagation distance.
Using pump-probe spectroscopy, the influence of the geometry, i.e. the boundary conditions or the reduced dimensions, on the vibrational properties of the nanostructures
was investigated. In addition to the geometry, the influence of the absorption length of
the pump and probe light on the obtained phonon spectra was investigated.
The order of topics in this thesis follows an increase in complexity of the investigated systems, in regards to excitation and detection processes, acoustic properties and material
combinations, and boundary conditions.
Previous Research
Previous work in the field of phonon spectroscopy has mainly focused on single-layer and
bulk systems, on superlattices and embedded cavities, or on specific aspects of phonon
propagation, e.g. interface modification.
In the area of nanostructures, prior research either focussed on the MHz regime for
beam structures, or on much smaller nanostructures for pump-probe measurements.
Beam structures were mostly investigated in the MHz regime, with excitation mainly by
electrical means and only a few reports on optical excitation. Only very little work had
been done in the transition regime, i.e. the GHz acoustic properties of beam structures.
For nanostructures, mostly single particles or core-shell particles had been investigated,
with a focus on the intrinsic properties, or the interaction with the embedding matrix.
Outline of the Thesis
This thesis builds on and expands previous research by investigating additional material
systems, by introducing higher complexities, i.e. two-layered membranes and additional
boundary conditions, and by extending the research from membranes to nanostructures.
The thesis can be divided into three main parts: Theoretical considerations and sample
fabrication, experimental results of one-dimensionally confined systems, and experimental results of higher-order confinement.
In the first part of the experimental results, the thesis introduces the topic of onedimensionally confined systems with the example of the least complex case, single-layer
membranes with homogenous excitation and detection (silicon membranes), building
on the work of Hudert et al. [18] and Bruchhausen et al. [19]. The investigations are
then extended to asymmetric excitation and detection (gallium arsenide membranes)
and then to two-layered membranes, specifically semiconductor membranes with a thin
metal transducer.
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In the second part of the experimental results, higher-dimensional confinement, is discussed on the example of beam structures and disks. The complexity of investigating
the acoustic properties of such nm-sized structures is illustrated. It is shown in detail
how the acoustic properties of nanomechanical beams can be modified by altering the
boundary conditions of the structures. The second part closes with a short overview of
investigations of free-standing disk resonators, including a more in-depth discussion of
the effect of clamping conditions and an example of how symmetry considerations can
reduce the modeling effort.
Summary of Results
The effects of confinement on acoustic phenomena in the GHz range have been investigated in membranes and nanomechanical bridge and disc resonators. The generation
and detection processes are compared for systems with increasing complexity. General
trends can be observed by careful comparison of the different systems. These will be
summarized in the following:
Excitation/Detection Profile The more asymmetric the excitation/detection profile,
the more complex is the membrane’s mode spectrum. In particular, with homogenous excitation, only odd (breathing) modes can be excited, whereas inhomogeneous excitation results in both odd and even membrane modes. Under strongly
asymmetric excitation, acoustic echoes can be generated which lead to acoustic
frequency combs in the frequency domain. The amplitude and shape of the echoes
depends on the generation mechanisms and the generation efficiency, as well as on
the thermal conductivity of the material.
Layer System The acoustic response of two-layered systems varies with the acoustic
mismatch, the interface properties, and the optical absorption of the layers. Materials with high acoustic mismatch and good bonding show similar responses as
one-layered systems (e.g. gold-diamond membrane). In the case of poor bonding, localized vibrations in the individual layers (e.g. gold film on diamond) and
frequency-dependent damping at the interface can be detected.
Degrees of Confinement A reduction of the lateral extend of the investigated structure below the focal spot diameter leads to additional frequencies in the spectrum.
This indicates that additional vibrational modes are generated/detected as a result of the changed boundary conditions, which provide a higher degree of freedom
for the acoustic vibrations. A critical examination of the boundary conditions is
needed, when simulating the acoustic eigenmodes of the investigated structure, as
small deviations can lead to significant changes in the mode spectrum.
In addition to these general patterns, each topic covered additional aspects:
Silicon Membranes This section presents the first pump-probe measurements on sub10 nm thick silicon membranes. The measurements of thicknesses ranging from
7 nm to 200 nm allowed to investigate the damping times over the corresponding
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frequency range from 500 GHz to 20 GHz, respectively. The results allow for a
deeper understanding of the damping of acoustic phonons in silicon, especially
in thin membranes. At these thicknesses, the interface/interface roughness plays
a major role in the damping, and it is shown that (bulk) damping models are
insufficient to explain the observed damping times. A new model including the
surface roughness is suggested, improving the understanding of damping in such
confined systems.
Gallium Arsenide Membranes This section illustrates the variability of the experimental set-up by combining temperature-dependent measurements and exploiting the
possibilities of the wavelength tuneability of the ASOPS system. The wavelengthdependent measurements at low temperatures illustrate the different contributions
to the electronic response of the membranes. The large variation of the oscillation
amplitude in these measurements demonstrates the high sensitivity of this technique to small thickness variations in such a membrane. Furthermore, the high
sensitivity of this measurement method was exploited to determine the width of
a 3.5 kHz-wide resonance curve with a center frequency of 12.8 GHz, a sensitivity
which had not been reported before, with the technique of subharmonic resonant
driving. The measurements reveal a monoatomar flatness of the membrane which
allows to determine the intrinsic acoustic damping without surface roughness contributions.
Diamond Membranes In this section, the first measurements of GHz resonances in
diamond membranes are reported. The membranes were cut using a focused ion
beam, providing several membranes of different thicknesses on one sample. The
combination of gold as a transducer and a diamond membrane resulted in a twolayer membrane, which acted, due to the excellent acoustic mismatch, similar to
an acoustic one-layer system. The investigations further show how the surface
treatment, i.e. the polishing of the surface, influenced the adhesion of the acoustic
transducer. Open questions remain with regard to the observed acoustic spectra,
in particular the occurrence of unaccounted double peaks in the frequency response
of the membrane system.
Metal-Semiconductor Membranes This section demonstrates on various material combinations how the choice of acoustic transducer affects the acoustic response of the
investigated system. The results from different material combinations illustrate
the differences in acoustic generation and the different contributions of the generation processes. Using a thin aluminum film as acoustic transducer on a silicon
membrane, a frequency comb spanning up to 300 GHz was detected. The frequencies correspond to a series of acoustic echoes in the time domain. The shape of
these echoes can be explained by the different contributions of the deformation
potential and thermoelastic generation. Further, it is illustrated how the acoustic
transducer can be used in metrology to probe the interface quality, or how the
same acoustic response can be achieved with different material combinations. One
example shows how minor variations in sample preparation, i.e. the native oxide
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layer accumulated when transferring the sample from the etch to the evaporation
chamber, can influence the acoustic transport through the interface, across the
oxide layer, and how such a minor difference can be detected using picosecond
ultrasonics.
Nanomechanical Beam Structures The section starts with some preliminary results
illustrating the transition from membranes to beams – the membrane mode diminishes, while beam modes appear, when the width decreases below the focal spot diameter. Also, preliminary results show first GHz-range, pump-probecharacterization of two-layered beams, indicating a cross-section and length-dependance of the beam modes of free-standing beams. The mode shapes are identified
with the help of finite element method (FEM) simulations. The section’s main
focus is the influence of the boundary conditions on the vibrational model spectrum of silicon nitride beam structures. Specifically, it is shown how changes in
boundary conditions can be used to taylor the vibrational properties of the beam.
By soft-landing the beam on the substrate, the bottom of the beam was kept fixed,
adding a third boundary condition. This change in BCs resulted in a shift of the
mode spectrum towards higher frequencies, shifting the fundamental mode from
the MHz regime into the GHz regime. The frequency of the fundamental mode is
the highest reported fundamental resonance frequency (12 GHz) of such a µm sized
beam. Similar frequencies are usually reported for structure sizes in the sub-µm
range. The last part of the section shows the spatially resolved probing of vibrational modes in a µm-sized structure, demonstrating the different origins of the
individual modes within the structure.
Nanomechanical Disk Resonators Nanomechanical disk resonators are presented as
an example of three-dimensionally confined structures. Due to the rotation symmetry, it was possible to reduce the model to a two dimensional model. In 2D, the
simulations are comparable to a simple Euler-Bernoulli cantilever. Differences between the Euler-Bernoulli theory, the FEM modeling and the experimental results
are explained by the slight deviations in the assumed clamping conditions. It is
shown that the rigidly attached center of the disk is needed to explain all modes
from experimental results, and that the vibrations of the free standing part of the
disk extend into the upper part of the center of the disk. In addition, a good agreement between layer thickness increase and increase of frequency of fundamental
mode was found. Finally, some indications were found, that the fundamental vibration mode might be independent of the disk size itself, and presumably depend
only on the length of the undercut of the structure.
Methodological Contributions
In addition to the pump-probe measurements, the thesis made a number of methodological contributions. Specifically, several new methodologies, covering sample preparation,
improvements in the experimental setup and finite element modeling have been developed during the course of the thesis and will be summarized in the following.
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Sample Preparation A major amount of work in the context of this thesis dealt with
the optimization of the sample fabrication processes, which, apart from the fabrication of the diamond membranes, was newly developed and optimized for the
research questions under investigation. Compared to research in the MHz regime,
which is relatively robust to (sub-) nm variations in structure size, in GHz acoustics, small deviations in the sample preparation procedure can lead to significant
changes in the acoustic response of the system. In the context of this thesis, accordingly, high demands on sample quality, reliability, and accuracy called for an
optimization of the sample fabrication process. Examples of this sensitivity can
be found throughout the thesis, for example in
• Silicon Membranes: influence of surface roughness
• Gallium Arsenide Membranes: resonance curve (thickness variation) and subharmonic driving: detection of atomar flatness of the membrane
• Metal-Semiconductor Membranes:
– Layer thicknesses
– Diamond: differences between polished and unpolished surfaces
– Metrology: acoustic pulses.
The effect of such nm-size variations in the structure’s dimensions, interface bonding or surface roughness played an even greater role in the investigations of the
beam and disk structures, compared to the membranes.
Limits of the Experimental Set-Up The thesis demonstrates the limits of the experimental set-up, in terms of lateral resolution when scanning the beam structure, as
well as in terms of frequency resolution when determining the resonance width of
the GaAs membrane. The lateral resolution was diffraction-limited, while for the
resonance, the length of the laser cavity was stabilized to mechanical fluctuations
below 30 nm, at a cavity length of 30 cm. The method was pushed to its ultimate
limits with wavelength-dependent measurements at cryogenic temperatures (close
to 4 K) with diffraction-limited lateral resolution.
FEM Modeling of Nanostructures The thesis demonstrates how the nature of acoustic vibrations in nanostructures can be identified by comparing experimental results with FEM modeling, taking into account boundary conditions and symmetry
considerations. Specifically, the discussion of the disks resonators illustrates how
symmetry considerations can be used to reduce the modeling effort, and how careful consideration of the choice of boundary conditions can lead to an improved
match between the simulations and the experimental results.
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Conclusion
In conclusion, the thesis demonstrates how the ASOPS pump-probe technique can be
used for investigations of the properties of acoustic phonons in nanostructures. The thesis gives a novel overview over the properties of acoustic phonons in confined geometries,
covering a wide range of material combinations. Further, it illustrates the transition to
higher confinements as well as beam structures using pump-probe, which had not been
done before. It demonstrates the dependency of the vibrational properties of nanostructures on the confinement and boundary conditions, the absorption profile of pump and
probe light, and the material’s acoustic properties. It provides a general discussion and
comparison of all industry-relevant semiconductor membranes in one work, with a particular focus on materials interesting for silicon-based IC integration, and chemically inert
materials for sensors in harsh environments, such as diamond, silicon nitride, and gold.
Furthermore, the methodological contributions provide a base for further investigations
in this research area.
Outlook
This thesis covers fundamental research on a broad variety of material systems and
topics. It illustrates with various examples a number of interesting findings in regard to
the aspects of acoustic phonons in confined geometries. From these findings many new
questions arise, especially when considering the obtained results of all topics.
Temperature-dependent measurements of the damping in silicon could help to distinguish the contributions of intrinsic and extrinsic damping to the overall damping. In
particular, the transition from room temperature to cryogenic temperatures could be
interesting. Such a measurement would be interesting for the GaAs membranes as well,
where the resonance or subharmonic resonance driving method could be applied concurrently in order to determine the exact line-width of the modes. The frequency doubling
of the pump and/or probe laser could also be interesting, allowing to further investigate
the absorption length dependance of measurements with 400 nm light. Here, silicon is
expected to show a similar behavior as the GaAs membranes, with an enhanced photoelastic contribution to the detection. GaAs should show even shorter absorption length
as well: similarities to the metal films are expected [74].
The results of the silicon membranes with aluminum transducer open up a way to use
frequency combs in metrology. The excited frequency comb can be used to investigate
acoustic damping over large frequency ranges at the same time, and to investigate the
frequency-dependent influence of interface resistance and acoustic mismatch. In such
measurements, the interface roughness would be the same for all frequencies, an advantage over membranes of different thickness from different samples. The distinct acoustic
echoes allow for a direct estimation of the amplitude damping and investigations of the
damping time over the frequency range up to 800 GHz, by determining the spectral amplitudes for each pulse at a time, as illustrated by Grossmann et al. [46]. These data
could, in combination with the measurements of the thin silicon membranes, shine light
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on the frequency-dependent damping mechanisms. Temperature-dependent measurements could also help to distinguish between the contributions of intrinsic and extrinsic
damping.
The fabrication of the GaAs membranes and the diamond membranes, and several attempts to fabricate nanostructures with the focused ion beam, illustrate a challenge
when fabricating such structures with a focused ion beam: When cutting material with
the ion beam, Ga+ -ions are implanted in the material in the vicinity of the cut, which
alters the structural properties of the sample. In the case of diamond, a polishing of the
surface led to an increase in adhesion between the gold and diamond, suggesting that
a careful surface treatment with ion beams, or ion implantation as suggested by Tas
et al. [85], opens up a broad range of possibilities to modify the surface’s influence on
the damping of the confined modes. The influence of chemical modification of the surface (wet-etching) was already shown by Klingele [59], representing another option of
influencing the surface properties.
The above presented suggestions are also interesting for higher degrees of confinement.
From a theoretical point of view, it would be desirable to fabricate single layer nanostructures from silicon and gallium arsenide, as less complicated mode spectra are expected [151]. This would even allow for analytical estimates of the fundamental vibrational modes. Also, a comparison between homogenous excitation/detection (silicon
beams, red light) and inhomogeneous excitation/detection (blue light) could give more
insight into the vibrational properties of such structures. The fabrication of these kinds
of structures is the more challenging aspect of such investigations, as the fabrication
processes would first need to be established. Cutting beam structures from membranes
would also allow to investigate in the transition regime between membranes and beams.
The fabrication process presented in this thesis is limited by the height of the sacrificial
layer, only allowing to fabricate beams of a maximum width of ∼ 800 nm. This limitation could be overcome, when cutting beams directly from membranes. Investigation
in the transition regime would allow to further investigate the questions arising from
Reference [176, 177], where the influence of mode crossing and edge-modes are discussed
theoretically.
Further, it could be interesting to fabricate beams with defects which would allow to
investigate the possibility of further tailoring of the vibrational properties of such beams.
Defects could be designed and integrated in the fabrication process, or subsequently
injected using (focused) ion beam.
The measurement of the lateral distribution of the modes of the beam structure also
demonstrates a very interesting possibility of the experimental set-up. Damping mechanisms, or the dissipation of energy, remain a challenging question in the field of nanomechanics. In order to gain insight into the dissipation processes between low and high
frequency modes, this pump-probe set-up could be combined with a set-up, in which a
beam structure is electrically driven and excited in the MHz range. The combination
of both measurement methods would allow to investigate in MHz and GHz properties
of such structures simultaneously, and to investigate the interplay/modal interactions
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between the high and low-frequency beam modes, allowing to probe the interplay at
different locations on the beam, e.g. nodes and anti-nodes of low frequency modes.
Further technical modifications to the set-up could be an exchange of one or both crystals
in the laser system in order to shift the center frequency of pump and/or probe beams to
1064 nm, and furthermore to obtain 532 nm light via frequency doubling or even exploit
white-light generation for probing, as it has been demonstrated by Krauß et al. [178].
Such a modifications would expand the possibilities of the above discussed suggestions
to an additional wide range of materials. Several of these modifications are currently
under development.
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Zusammenfassung

Zentrales Thema der Arbeit
Das zentrale Thema dieser Arbeit sind akustische Phononen in eingeschränkten Geometrien. Eingeschränkte Geometrien werden im Rahmen dieser Arbeit so verstanden, dass
die laterale Ausdehnung der untersuchten Strukturen in ein oder mehreren Raumrichtungen in derselben Größenordnung wie die typische Ausbreitungslänge der Phononen
liegt. Der Einfluss der Geometrie, bzw. der Randbedingungen oder der eingeschränkten
Dimensionen, auf die akustischen Eigenschaften von Nanostrukturen wurde mit Hilfe
von Anrege-Abfrage-Spektroskopie untersucht. Zusätzlich zur Geometrie wurde ebenfalls
der Einfluss von Anrege- und Abfrageprozessen auf die Phonenspektren untersucht. Die
Reihenfolge der Themenschwerpunkte in dieser Arbeit folgt einer zunehmenden Komplexität der untersuchten Systeme, variiert wurden zum Beispiel das Absorptionsprofil von
Anrege-und Abfragelicht, akustische Eigenschaften und Materialkombinationen, sowie
die Randbedingungen.
Bisherige Forschung
Bisherige Arbeiten im Bereich der Phonenspektroskopie haben vor allem einfache Einund Mehrschichtschichtsysteme wie z.B. dünne Filme auf Substrat und Übergitterstrukturen untersucht, bzw. spezielle Aspekte der Phonenausbreitung wie beispielsweise
Grenzflächeneigeschaften betrachtet. Im Bereich von Nanostrukturen haben sich vorherige Arbeiten bei freitragenden Balkenstrukturen auf den MHz-Frequenzbereich konzentriert, während im Bereich der Anrege-Abfrage-Spektroskopie deutliche kleinere Nanostrukturen untersucht wurden. Die Forschung im Bereich der Balkenstrukturen wurde
vornehmlich mit elektrischer Anregung durchgeführt, nur bei wenigen Arbeiten wurde
optische Anregung verwendet. Der Übergangsbereich zwischen MHz und GHz, insbesondere die GHz-Eigenschaften von freitragenden Balken, wurde bisher nur wenig untersucht. Im Bereich der Nanostrukturen wurden vornehmlich einzelne, wenige nm-große
Partikel untersucht. Hier lag der Hauptfokus auf intrinsischen akustischen Eigenschaften
oder der Interaktion mit der einbettenden Matrix.
Organisation der Arbeit
Die vorliegende Arbeit erweitert vorhergehende Untersuchungen insofern, als dass mittels Anrege-Abfrage-Spektroskopie zusätzliche Materialsysteme und höhere Komplexitäten, wie zum Beispiel zweischichtige Membranen und zusätzliche Randbedingungen,
untersucht werden. Zusätzlich werden die Untersuchungen von Membranen auf Nanostrukturen (freitragende Balken und Scheiben) erweitert. Die Arbeit kann in drei Teile
unterteilt werden: Theoretische Grundlagen und Probenherstellung; experimentelle Ergebnisse von eindimensional eingeschränkten Systemen; sowie experimentelle Ergebnisse
der höherdimensional eingeschränkten Systeme.
Zu Beginn der Darstellung der experimentellen Ergebnisse wird das Konzept der eindimensional eingeschränkten System eingeführt. Dies geschieht mithilfe des einfachsten
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Falles einer einschichtigen Membran mit homogener Anregung und Detektion (SiliziumMembran). Dieser Fall baut direkt auf der Arbeit von Hudert et al. [18] und Bruchhausen
et al. [19] auf. Diese Untersuchungen werden im Folgenden auf asymmetrische Anregung und Detektion (Gallium-Arsenid-Membrane), und anschliessend auf zweischichtige
Membranen, hier Halbleitermembranen mit Metallfilm, erweitert.
Im zweiten Teil der experimentellen Ergebnisse werden höher eingeschränkte Systeme diskutiert. Beispiele sind freitragende Balkenstrukturen und Scheiben. Hier wird
die Komplexität der Untersuchung der akustischen Eigenschaften von nanometergroßen
Strukturen aufgezeigt. Im Speziellen wird gezeigt, wie sich die akustischen Eigenschaften von nanomechanischen Balkenstrukturen mit den Randbedingungen verändern. Der
zweite Teil der experimentellen Ergebnisse schließt mit einem kurzen Überblick von Untersuchungen an freitragenden Scheiben. Hier wird der Einfluss der Eigenschaften der
Aufhängung diskutiert und an einem Beispiel gezeigt, wie Symmetrieüberlegungen die
Modellierung solcher Strukturen vereinfachen können.
Zusammenfassung der Ergebnisse
Es wurde gezeigt, wie die akustischen Eigenschaften von Nanostrukturen im GHz-Bereich
von den mechanischen Randbedingungen abhängen. Als Beispiele dienten Membranen,
Balken und Scheiben aus Halbleitermaterialien mit Metall-Beschichtung. Zudem wurde
der Einflußvon Anrege- und Abfrageprozessen auf die akustische Antwort untersucht
und an verschiedenen Systemen mit zunehmender Komplexität untersucht. Durch den
Vergleich der verschiedenen Systeme können die folgende Trends beobachtet werden:
Anrege-/Abfrage-Profile Es hat sich gezeigt, dass das Modenspektrum einer Membran zunehmend komplexer wird, wenn das Anrege-/Abfrage-Profil asymmetrisch
wird. Insbesondere bei homogener Anregung werden nur ungerade (symmetrische)
akustische Eigenmoden der Membran angeregt, wohingegen bei inhomogener Anregung gerade (asymmetrische) und ungerade (symmetrische) Eigenmoden angeregt
werden. Ist die Anregung stark asymmetrisch, können akustische Echos angeregt
werden, welche sich im Spektralbereich als Frequenzkämme zeigen. Sowohl die
Form als auch die Amplitude der Echos hängen vom Erzeugungsmechanismus, der
Erzeugungseffizienz und der thermischen Leitfähigkeit des Materials ab.
Schichtsysteme Die akustische Antwort von zweischichtigen Systemen hängt von der
akustischen Fehlanpassung der Materialien, den Eigenschaften der Grenzflächen,
und der optischen Absorption ab. Materialien mit guter akustischer Fehlanpassung und guter Haftung zeigen ähnliche Antworten wie Einschichtsysteme, wie am
Beispiel der Gold-Diamant-Membran gezeigt wurde. Im Falle schlechter Haftung
können lokale Schwingungen in den einzelnen Schichten (z.B. Goldfilm auf Diamant) und frequenzabhängige Dämpfung an den Grenzflächen beobachtet werden.
Grad der Einschränkung Wenn die laterale Ausdehnung der Strukturen kleiner wird
als die laterale Ausdehnung des Laserfokus, können zusätzliche Frequenzen im
Spektrum auftreten. Dies kann als Indiz dafür betrachtet werden, dass zusätzliche
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akustische Moden generiert/detektiert werden. Das Auftreten der Moden ist ein
Ergebnis von den veränderten mechanischen Randbedingungen, welche den akustischen Schwingungen höhere Freiheitsgrade einräumen. Bei der Simulation der
akustischen Eigenmoden der Strukturen müssen die Randbedingungen sorgfältig
untersucht werden, da kleine Abweichungen zu großen Änderungen im Modenspektrum führen können.
Zusätzlich zu diesen generellen Mustern ergaben sich in jedem Themenbereich weiter
spezifische Ergebnisse:
Silizum-Membranen In diesem Abschnitt werden die ersten Anrege-Abfrage-Messungen
auf sub-10 nm-dicken Silizium-Membranen präsentiert. Die Messung von Membranen in Dicken von 7 bis 200 nm erlaubte die Bestimmung von Lebensdauern in
einem Frequenzbereich von 500 bis 2 GHz. Die Ergebnisse eröffnen ein tieferes Verständnis der Dämpfung von akustischen Phonen in dünnen Silizium-Membranen.
Es wird gezeigt, dass bei derartigen Membrandicken die Oberflächenrauigkeit einen
großen Einfluss auf das Dämpfungsverhalten hat, und dass “klassische” (Festkörper) Dämpfungsmodelle nicht ausreichen, um die beobachteten Dämpfungszeiten
zu erklären. Um die Dämpfungszeiten zu erklären wird ein neues Modell vorgeschlagen, welches die Oberflächenrauigkeit einschließt und das Verständnis von
Dämpfungen in derartigen Systemen verbessert.
Gallium-Arsenid-Membranen Dieser Abschnitt demonstriert die Variabilität des experimentellen Aufbaus mit der Kombination von temperaturabhängigen Messungen
mit wellenlängenabhängigen Messungen. Die wellenlängenabhängigen Messungen
bei niedrigen Temperaturen zeigen die unterschiedlichen Beiträge zu der elektronischen Antwort einer Membran. Die hohe Sensitivität dieser Technik in Bezug auf
kleine Variationen in der Membrandicke zeigt sich in starker Änderung der Oszillationsamplitude. Die hohe Sensitivität der Messmethode wurde darüber hinaus
genutzt, um die Breite einer 3,5 kHz-breiten Resonanzkurve bei einer Zentralfrequenz von 12,8 GHz zu vermessen. Dies entspricht einer Frequenzauflösung wie
sie bisher nicht mit dieser Methode gezeigt wurde. Zudem zeigt die Messung eine monoatomar-flache Oberfläche über die gesamte Fläche des Laser Fokus. Dies
erlaubt, die intrinsische Dämpfung ohne Einflußder Oberflächenrauhigkeit zu messen.
Diamant-Membranen Dieser Abschnitt zeigt erste GHz-Messungen an Diamant-Membranen. Die Membranen wurden aus Diamant-Vollmaterial mittels fokussiertem
Ionenstrahl (FIB) geschnitten. Dabei wurden verschiedene Membranen mit unterschiedlicher Dicke auf derselben Probe hergestellt. In Kombination mit einer aufgebrachten Goldfilm entstanden so zweischichtige Membranen, welche aufgrund
der exzellenten akustischen Fehlanpassung ein Verhalten ähnlich akustisch einschichtiger Systeme zeigen. Die Untersuchungen zeigen darüber hinaus, wie eine
Oberflächenbehandlung, in diesem Falle das Polieren der Oberfläche mittels FIB,
die Haftung zwischen Film und Membran beeinflusst.
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Metall-Halbleiter-Membranen In diesen Abschnitt wirde anhand von verschiedenen
Materialkombinationen gezeigt, wie die akustische Antwort des Zweischichtsystems von der Wahl des Metallfilms abhängt. Die Ergebnisse verschiedener Kombinationen von Metallfilmen und Halbleitermembranen zeigen Unterschiede in der
Generation der akustischen Dynamik in den einzelnen Systemen und erlauben
es, die unterschiedlichen Beiträge zum Generationsprozess zu identifizieren (Deformationspotential und thermoelastischer Beitrag). Mit Hilfe eines dünnen Aluminiumfilms auf einer Silizium Mmembran konnte ein Frequenzkamm generiert
werden, welcher Frequenzen bis 300 GHz umfasste. Diese Frequenzen können einer Serie von akustischen Echos im Zeitbereich zugeordnet werden. Die Form der
Echos kann mit Hilfe der verschiedenen Beiträge im Generationsprozess erklárt
werden. Zusätzlich wird gezeigt, wie die Qualität der Grenzfläche zwischen den
beiden Schichten untersucht werden kann, oder wie ähnliche akustische Antworten
mit Hilfe verschiedener Materialkombinationen erreicht werden können. Anhand
eines Beispiels wird gezeigt, wie kleine Variationen in der Probenherstellung einen
großen Einfluss auf den akustischen Transport durch die Grenzfläche haben können. In diesem Falle handelt es sich um das native Oxid, welches sich während des
Transports der Probe von der Ätze in die Aufdampfe auf der Oberfläche gebildet
hat. Dieses Oxid beeinflusst den akustischen Transport durch die Grenzfläche und
kann mit Hilfe von Pikosekunden-Ultraschall gemessen werden.
Nanomechanische Balken Zu Beginn dieses Abschnitts werden vorläufige Ergebnisse gezeigt, welche den Übergang von Membranen zu Balken illustrieren. Sobald
die Balkenbreite kleiner oder gleich dem Durchmesser des Lasersfokusses ist, verschwindet die reine Membranmode, wohingegen andere Moden mit höheren Beiträgen im Spektralbereich erscheinen. Zusätzlich werden weitere vorläufige Ergebnisse von zweischichtigen Balken gezeigt. Bei diesen handelt es sich um die ersten
Charakterisierungen solcher Strukturen im GHz-Bereich. Die Ergebnisse zeigen
Hinweise auf eine Querschnitts- und Längeabhängigkeit der Moden in freistehenden Balken, welche genutzt wurde, um die Form der Mode mit Hilfe von FiniteElemente-Methode Simulationen (FEM) zu identifizieren.
Der Hauptfokus dieses Abschnitts liegt auf der Modifikation der Randbedingungen von Silizium-Nitrid-Balkenstrukturen. Gezeigt wird, wie sich das akustische
Spektrum ändert, wenn sich die mechanischen Randbedingungen ändern. Unter
Verwendung von FEM-Simulationen wird gezeigt, wie Veränderungen in Randbedingungen genutzt werden können, um die Vibrationseigenschaften gezielt zu verändern. Eine dritte Randbedingung wurde hinzugefügt, in dem der Balken auf dem
Substrat aufgelegt wurde. Dadurch kann die Unterseite des Balkens als fixiert betrachtet werden. Diese zusätzliche Randbedingung resultiert in einer Verschiebung
des Modenspektrums hin zu höheren Frequenzen. Dabei wurde die fundamentale
Mode aus dem MHz-Bereich in den GHz-Bereich verschoben. Die Frequenz der
fundamentalen Mode (12 GHz) ist die höchste bisher beobachtete fundamentale
Resonanzfrequenz eines solchen µm-großen Balkens. Ähnliche Frequenzen werden
für gewöhnlich nur in Strukturen gefunden, deren Größe im sub-µm-Bereich liegt.
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Im letztem Teil des Abschnitts wird gezeigt, wie es möglich ist, die Schwingungen einer µm-großen Struktur ortsaufgelöst zu untersuchen. Hier zeigen sich die
unterschiedlichen Ursprünge der verschiedenen Moden innerhalb der Struktur.
Nanomechanische Scheiben Freitragende nanomechanische Scheiben werden hier als
Beispiel einer dreidimensional eingeschränkten Struktur gezeigt. Die freistehenden Scheiben wurden aus Siliziumnitrit hergestellt und mit einer Oberflächenschicht aus Gold versehen. Als Aufhängung dient ein Podest aus Siliziumdioxid. Die
Scheibenform wurde gewählt, da die Rotationssymmetrie der Scheibe in Kombination mit der Rotationssymmetrie der Anregung/Detektion (Gauss’sches Strahlprofil) eine rotationssymmetrische Modellierung erlauben. Aufgrund dieser Rotationssymmetrie ist es möglich, das Modell auf ein zweidimensionales Modell zu
reduzieren, insbesondere den freistehenden Teil der Scheibe als einen zweidimensionalen Balken mit einem freien und einem festen Ende zu betrachten. Damit
wird gezeigt, dass diese zweidimensionalen Simulationen mit einer einfachen EulerBernoulli-Balkentheorie verglichen werden können. Es wirde eine hervorragende
Übereinstimmung zwischen den Ergebnissen der numerischen Simulation und den
experimentellen Resultaten erreicht. Diese Übereinstimmung ist deutlich besser als
die Übereinstimmung zwischen der Euler-Bernoulli-Theorie und dem Experiment.
Die Unterschiede zwischen Euler-Bernoulli-Theorie, den numerischen Simulationen und den experimentellen Ergebnissen können über leichte Abweichungen in
den angenommenen Randbedingungen, genauer: der Einspannung, erklärt werden.
Es wird gezeigt, dass die teilweise fixierte Mitte der Scheibe benötigt wird, um alle
Moden des experimentellen Ergebnisses zu erklären. Dies ergibt sich daraus, dass
sich die Schwingungen des freistehenden Teils der Scheibe bis in den oberen Teil
der Mitte der Scheibe ausdehnen. Schlussendlich wurden Hinweise gefunden, dass
die fundamentalen Oszillationen unabhängig von der Scheibengröße sind, sondern
vorwiegend von der Länge des Unterschnitts der Struktur abhängen.
Methodische Beiträge
Neben den Anrege-Abfrage-Messungen wurde einige methodische Beiträge geleistet, vornehmlich im Bereich der Probenherstellung, der Optimierung des experimentellen Aufbaus, und der Finite-Elemente-Methode-Simulationen.
Probenherstellung Ein signifikanter Teil der Arbeit im Rahmen der Dissertation umfasste die Optimierung der Prozesse der Probenherstellung, welche, von der Herstellung der Diamantmembranen abgesehen, für die Fragestellung dieser Arbeit
neu entwickelt oder optimiert wurden. Forschung im MHz-Frequenzbereich ist relativ robust gegenüber (sub-)nm-Variationen in der Strukturgröße. Im Vergleich
dazu können bei Untersuchungen im GHz-Bereich kleinste Abweichungen in der
Probenherstellung zu signifikanten Änderungen in der akustischen Antwort der
Probe führen. Daher mussten im Zusammenhang mit dieser Arbeit sehr hohe Ansprüche an die Qualität der Proben gestellt werden, und die Herstellungsprozesse
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entsprechend optimiert werden. Beispiele dieser hohen Empfindlichkeit finden an
verschiedenen Stellen der Arbeit, wie zum Beispiel:
• Silizium-Membran: Einfluss der Oberflächenrauigkeit
• Gallium-Arsenid-Membran: Resonanzkurve (Dickenvariation) und subharmonische Anregung: Detektion von atomar flacher Oberfläche
• Metall-Halbleiter-Membran:
– Schichtdicken-Messungen
– Diamant: Unterschied zwischen polierter und unpolierter Oberfläche
– Metrologie: Akustische Pulse
Der Einfluss dieser nm-großen Variationen in den Strukturgrößen, der Obverflächenrauigkeit, oder der Grenzflächenhaftung spielte bei den Untersuchungen von
Balken und Scheiben dementsprechend eine noch größere Rolle als bei den Membransystemen.
Grenzen des experimentellen Aufbaus Diese Arbeit demonstriert die Grenzen des experimentellen Aufbaus in Hinsicht auf laterale Auflösung bei den Messungen der
Balkenstrukturen, sowie hinsichtlich der Frequenzauflösung bei der Bestimmung
der Resonanzbreite der GaAs-Membran. Die laterale Auflösung war beugungslimitiert. Bei der Bestimmung der Resonanz musste die 30 cm betragende Länge
des Laserresonators auf mechanische Längenfluktuation unter 30 nm stabilisiert
werden. Das ultimative Limit dieser Messmethode wurde mit den wellenlängenabhängigen Messungen bei Temperaturen nahe dem absoluten Nullpunkt und beugungslimitierter lateraler Auflösung erreicht.
Finite-Elemente-Methode-Simulationen von Nanostrukturen Diese Arbeit zeigt, wie
es möglich ist, die Eigenschaften von mechanischen Vibrationen in Nanostrukturen zu identifizieren. Dies geschah durch den Vergleich von experimentellen Ergebnissen mit den Ergebnisse von FEM-Simulierungen, unter Berücksichtigung
von Randbedingungen und Symmetrieüberlegungen. Insbesondere die Diskussion
der Scheiben zeigt, wie Symmetrieüberlegungen genutzt werden können, um den
Modellierungsaufwand zu reduzieren, und wie sorgfältige Betrachtung der Randbedingungen zu einer verbesserten Übereinstimmung der Simulationen und der
experimentellen Ergebnisse führen kann.
Fazit
Zusammenfassend zeigt diese Dissertation, wie die Eigenschaften von akustischen Phonen in Nanostrukturen mit Hilfe der (ASOPS-)Anrege-Abfrage-Spektroskopie untersucht
werden können. Die Arbeit gibt einen neuartigen Überblick über die Eigenschaften von
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akustischen Phonen in eingeschränkten Geometrien über eine Vielzahl von Materialkombinationen hinweg. Zusätzlich beleuchtet sie den Übergang von halb-unendlich ausgedehnten Systemen (Membran) zu endlich ausgedehnten Systemen (Balken, Scheibe). Es
wird gezeigt, wie die akustischen Eigenschaften von Nanostrukturen von den Randbedingungen, vom Absorptionsprofil von Anrege- und Abfragelicht, sowie von den akustischen
Eigenschaften der verwendeten Materialien abhängen. Es werden alle industrierelevanten
Halbleitermembranen in einer Arbeit diskutiert, mit besonderem Fokus auf Materialien
für siliziumbasierte integrierte Schaltungen und chemisch inerte Materialien für Sensoren in schwierigen Umgebungen wie Diamant, Silizium-Nitrid und Gold. Zudem werden
einige methodische Beiträge geleistet, welche die Grundlage für weitere Untersuchungen
in diesem Bereich legen.

175

Bibliography
[1] M. Grossmann et al. Time-resolved detection of propagating Lamb waves in thin
silicon membranes with frequencies up to 197 GHz. Appl. Phys. Lett., 106:171904,
2015.
[2] T. H. Mainman. Stimulated Optical Radiation in Ruby. Nature, 187(4736):493,
1960.
[3] K. L. Ekinci and M. L. Roukes. Nanoelectromechanical systems. Rev. Sci. Instrum., 76(6):061101, 2005.
[4] T. Rocheleau et al. Preparation and detection of a mechanical resonator near the
ground state of motion. Nature, 463(7277):72–75, 2010.
[5] A. D. O´Connell et al. Quantum ground state and single-phonon control of a
mechanical resonator. Nature, 464(7289):697–703, 2010.
[6] I. Wilson-Rae et al. Theory of Ground State Cooling of a Mechanical Oscillator
Using Dynamical Backaction. Phys. Rev. Lett., 99:093901, 2007.
[7] B. Ilic et al. Attogram detection using nanoelectromechanical oscillators. J. Appl.
Phys., 95(7):3694–3703, 2004.
[8] T. Braun et al. Micromechanical mass sensors for biomolecular detection in a
physiological environment. Phys. Rev. E, 72(3):031907–, 2005.
[9] A. Gupta et al. Single virus particle mass detection using microresonators with
nanoscale thickness. Appl. Phys. Lett., 84(11):1976–1978, 2004.
[10] R. Lifshitz and M. L. Roukes. Thermoelastic damping in micro- and nanomechanical systems. Phys. Rev. B, 61:5600–5609, 2000.
[11] M. N. Luckyanova et al. Coherent Phonon Heat Conduction in Superlattices.
Science, 338(6109):936–939, 2012.
[12] T. C. Zhu et al. Attenuation of longitudinal-acoustic phonons in amorphous SiO2
at frequencies up to 440 GHz. Phys. Rev. B, 44:4281–4289, 1991.
[13] C. Thomsen et al. Surface generation and detection of phonons by picosecond light
pulses. Phys. Rev. B, 34(6):4129–, 1986.
[14] J. Cuffe et al. Lifetimes of Confined Acoustic Phonons in Ultrathin Silicon Membranes. Phys. Rev. Lett., 110:095503, 2013.

177

Bibliography
[15] B. C. Daly et al. Picosecond ultrasonic measurements of attenuation of longitudinal
acoustic phonons in silicon. Phys. Rev. B, 80:174112, 2009.
[16] M. Trigo et al. Confinement of Acoustical Vibrations in a Semiconductor Planar
Phonon Cavity. Phys. Rev. Lett., 89:227402, 2002.
[17] A. Fainstein et al. Strong Optical-Mechanical Coupling in a Vertical GaAs/AlAs
Microcavity for Subterahertz Phonons and Near-Infrared Light. Phys. Rev. Lett.,
110:037403, 2013.
[18] F. Hudert et al. Confined longitudinal acoustic phonon modes in free-standing
Si membranes coherently excited by femtosecond laser pulses. Phys. Rev. B,
79(20):201307, 2009.
[19] A. Bruchhausen et al. Subharmonic Resonant Optical Excitation of Confined
Acoustic Modes in a Free-Standing Semiconductor Membrane at GHz Frequencies
with a High-Repetition-Rate Femtosecond Laser. Phys. Rev. Lett., 106(7):077401,
2011.
[20] F.E.Lytle et al. An Introduction to Time-Resolved Pump/Probe Spectroscopy.
Appl. Spectrosc., 39(3):444, 1985.
[21] O. Ristow. Ultrafast microscopy of acoustical dynamics in nanostructures. Diplomarbeit, University of Konstanz, 2009.
[22] P. A. Elzinga et al. Pump/probe method for fast analysis of visible spectral signatures utilizing asynchronous optical sampling. Appl. Opt., 26(19):4303–4309,
1987.
[23] A. Bartels et al. Femtosecond Time-resolved Optical Pump-probe Spectroscopy
At Kilohertz-scan-rates Over Nanosecond-time-delays Without Mechanical Delay
Line. Appl. Phys. Lett., 88(4):041117–3, 2006.
[24] R. Gebs et al. High-speed Asynchronous Optical Sampling With Sub-50fs Time
Resolution. Opt. Express, 18(6):5974–5983, 2010.
[25] A. Bartels et al. Ultrafast Time-domain Spectroscopy Based On High-speed Asynchronous Optical Sampling. Rev. Sci. Instrum., 78(3):035107–8, 2007.
[26] A. Bruchhausen et al. Investigation Of Coherent Acoustic Phonons In Terahertz
Quantum Cascade Laser Structures Using Femtosecond Pump-probe Spectroscopy.
J. Appl. Phys., 112(3):033517, 2012.
[27] M. Hettich et al. Modification of vibrational damping times in thin gold films by
self-assembled molecular layers. Appl. Phys. Lett., 98(26):261908, 2011.
[28] M. Hettich. Investigation of Multilayer Systems by Coherent Acoustic Phonon
Spectroscopy. Ph.D. thesis, Universität Konstanz, 2013.
[29] M. Hettich et al. Imaging of a patterned and buried molecular layer by coherent
acoustic phonon spectroscopy. Appl. Phys. Lett., 101(19):191606–191606, 2012.

178

Bibliography
[30] M. Schubert et al. Spatial-temporally resolved high-frequency surface acoustic
waves on silicon investigated by femtosecond spectroscopy. Appl. Phys. Lett.,
101(1):013108, 2012.
[31] M. Grossmann. Kohärent akustische Anregung von Nanostrukturen. Diplomarbeit,
University of Konstanz, 2011.
[32] B. A. Auld. Acoustic Fields and Waves In Solids. John Wiley & Sons, Inc., 1973.
[33] D. Royer and E. Dieulesaint. Elastic Waves in Solids. Springer Verlag, 2000.
[34] D. M. Profunser. Laserbased Ultrasound for Characterization of Thin Films and
Microstructures and Resulting Applications. Ph.D. thesis, Swiss Federal Institute
Of Technology, 2004.
[35] F. Vallée. Energy Exchange at Short Time Scales: Electron-Phonon Interactions in Metals and Metallic Nanostructures. In S. Volz (ed.), Microscale and
Nanoscale Heat Transfer, vol. 107 of Topics in Applied Physics, chap. 12, pp.
309–332. Springer Berlin Heidelberg, 2007.
[36] G. Tas and H. J. Maris. Electron diffusion in metals studied by picosecond ultrasonics. Phys. Rev. B, 49:15046–15054, 1994.
[37] O. Wright. Ultrafast nonequilibrium stress generation in gold and silver. Phys.
Rev. B, 49(14):9985, 1994.
[38] C.-K. Sun et al. Femtosecond-tunable measurement of electron thermalization in
gold. Phys. Rev. B, 50(20):15337–15348, 1994.
[39] T. Gehrke. Zeitaufgelöste Phononenspektroskopie an Nanostrukturen. Bachelorarbeit, University of Konstanz, 2010.
[40] J. Demsar and T. Dekorsy. Carrier Dynamics In Bulk Semiconductors and Metals
after Ultrashort Pulse Excitation, chap. 8, pp. 291–327. Optical Techniques for
Solid-State Materials Characterization. Francis & Taylor, New York, 2011.
[41] J. A. Kash et al. Subpicosecond Time-Resolved Raman Spectroscopy of LO
Phonons in GaAs. Phys. Rev. Lett., 54:2151–2154, 1985.
[42] G. Segschneider et al. Energy resolved ultrafast relaxation dynamics close to the
band edge of low-temperature grown GaAs. Appl. Phys. Lett., 71(19):2779–2781,
1997.
[43] S. S. Prabhu and A. S. Vengurlekar. Dynamics of the pump-probe reflectivity
spectra in GaAs and GaN. J. Appl. Phys., 95(12):7803–7812, 2004.
[44] N. P. Wells et al. Transient reflectivity as a probe of ultrafast carrier dynamics
in semiconductors: A revised model for low-temperature grown GaAs. J. Appl.
Phys., 116(7):073506, 2014.

179

Bibliography
[45] J. L. Hostetler et al. Measurement of the Electron-Phonon Coupling Factor Dependence on Film Thickness and Grain Size in Au, Cr, and Al. Appl. Opt.,
38(16):3614–3620, 1999.
[46] M. Grossmann et al. Femtosecond spectroscopy of acoustic frequency combs in the
100-GHz frequency range in Al/Si membranes. Phys. Rev. B, 88:205202, 2013.
[47] F. Hudert.
Asynchrones optisches Abtasten - eine neue Methode für die
Pikosekunden- Ultraschallspektroskopie. Ph.D. thesis, Universität Konstanz, 2009.
[48] M.R.Brozel and G.E.Stillman (eds.). Properties of Gallium Arsenide. INSPEC,
The Institution of Electrical Engineers, London, United Kingdom, 1996.
[49] R. Ogden. Nonlinear Elastic Deformations. Dover Publications Inc., Mireola, New
York, 1984.
[50] S. Reyntjens and R. Puers. A review of focused ion beam applications in microsystem technology. J. Micromech. Microeng., 11(4):287, 2001.
[51] M. K. Zalalutdinov et al. Ultrathin Single Crystal Diamond Nanomechanical Dome
Resonators. Nano Lett., 11(10):4304–4308, 2011.
[52] H. Harms. Optik und GHz-Akustik mit Diamant-Nanostrukturen. Diplomarbeit,
University of Konstanz, 2010.
[53] S. S. Verbridge et al. High Quality Factor Resonance At Room Temperature With
Nanostrings Under High Tensile Stress. J. Appl. Phys., 99(12):124304, 2006.
[54] Z. Cui. Nanofabrication, Principles, Capabilities and Limits. Springer Science+Media, LCC, 233 Spring Street, New York, NY 10013, USA, 2008.
[55] MicroChemCorp. PMMA-Data-Sheet. Micro-Chem, 1254 Chestnut Street Newton,
MA 02464, 2001.
[56] K. G. Kirt R. Williams and M. Wasilik. Etch Rates for Michromachining Processing - Part II. J. Micromech. Syst., 12:761, 2003.
[57] K. R. Williams and R. S. Muller. Etch Rates for Michromachining Processing. J.
Micromech. Syst., 5(4):256, 1996.
[58] V. K. Khanna. Adhesion–delamination phenomena at the surfaces and interfaces
in microelectronics and MEMS structures and packaged devices. J. Phys. D: Appl.
Phys., 44(3):034004, 2011.
[59] M. Klingele. Excitation and Detection of Coherent Phonons in Silicon Membrane
based Material Systems by Femtosecond Pump and Probe Experiments. Masterarbeit, Universität Konstanz, 2013.
[60] J. Cuffe et al. Phonons in Slow Motion: Dispersion Relations in Ultrathin Si
Membranes. Nano Lett., 12(7):3569–3573, 2012.

180

Bibliography
[61] A. Shchepetov et al. Ultra-thin free-standing single crystalline silicon membranes
with strain control. Appl. Phys. Lett., 102(19):192108, 2013.
[62] O. B. Wright and V. E. Gusev. Acoustic generation in crystalline silicon with
femtosecond optical pulses. Appl. Phys. Lett., 66(10):1190–1192, 1995.
[63] NSM Archive – Physical Properties of Semiconductors. Internet Database, 2013.
[64] A. Akhiezer. J.Phys., 1:277, 1939.
[65] H. J. Maris. Interaction of Sound Waves with Thermal Phonons in Dielectric
Crystals. In W. P. Mason and R. Thurston (eds.), Principles and Methods, vol. 8
of Physical Acoustics, chap. 6, pp. 279 – 345. Academic Press, 1971.
[66] D. G. Cahill et al. Thermal conductivity of epitaxial layers of dilute SiGe alloys.
Phys. Rev. B, 71:235202, 2005.
[67] S. Tamura and H. J. Maris. Temperature dependence of phonon lifetimes in dielectric crystals. Phys. Rev. B, 51:2857–2863, 1995.
[68] G. P. Srivastava. Calculations of anharmonic phonon relaxation times. Pramana,
6:1–18, 1976.
[69] F. Hofmann et al. Intrinsic to extrinsic phonon lifetime transition in a GaAs-AlAs
superlattice. J. Phys.: Condens. Matter, 25(29):295401, 2013.
[70] D. Aspnes and A. Studna. Dielectric functions and optical parameters of Si, Ge,
GaP, GaAs, GaSb, InP, InAs, and InSb from 1.5 to 6.0 eV. Phys. Rev. B, 27:985–
1009, 1983.
[71] Band structure and carrier concentration of Gallium Arsenide (GaAs). Internet
Database, 2013.
[72] E. D. Palik (ed.). Handbook of Optical Constants of Solids. Academic Press, N.Y.,
1985.
[73] P. Scheel. Herstellung und Charakterisierung von III-V Halbleiternanostrukturen.
Bachelorarbeit, Universität Konstanz, 2012.
[74] P. Babilotte et al. Femtosecond laser generation and detection of high-frequency
acoustic phonons in GaAs semiconductors. Phys. Rev. B, 81:245207, 2010.
[75] M. Schubert et al. Generation and detection of gigahertz acoustic oscillations in
thin membranes. Ultrasonics, 2014.
[76] J. Liu et al. High-Q optomechanical GaAs nanomembranes. Appl. Phys. Lett.,
99(24):243102, 2011.
[77] L. Sekaric et al. Nanomechanical resonant structures in nanocrystalline diamond.
Appl. Phys. Lett., 81(23):4455–4457, 2002.

181

Bibliography
[78] P. Ovartchaiyapong et al. High quality factor single-crystal diamond mechanical
resonators. Appl. Phys. Lett., 101(16):163505, 2012.
[79] C. J. Morath et al. Picosecond optical studies of amorphous diamond and diamondlike carbon: Thermal conductivity and longitudinal sound velocity. J. Appl.
Phys., 76(5):2636–2640, 1994.
[80] M. Prelas et al. Handbook of Industrial Diamonds and Diamond Films. Taylor &
Francis, 1997.
[81] J. Tang. Coherent phonon excitation and linear thermal expansion in structural
dynamics and ultrafast electron diffraction of laser-heated metals. J. Chem. Phys.,
128(16):164702, 2008.
[82] B. Perrin. Investigation of Short-Time Heat Transfer Effects by an Optical PumpProbe Method. In S. Volz (ed.), Microscale and Nanoscale Heat Transfer, vol. 107
of Topics in Applied Physics, chap. 12, pp. 333–359. Springer Berlin Heidelberg,
2007.
[83] A. Khan et al. Young‚Äôs modulus of silicon nitride used in scanning force microscope cantilevers. J. Appl. Phys., 95(4):1667–1672, 2004.
[84] J. C. Duda et al. Influence of interfacial properties on thermal transport at
gold:silicon contacts. Appl. Phys. Lett., 102(8):081902, 2013.
[85] G. Tas et al. Picosecond ultrasonics study of the modification of interfacial bonding
by ion implantation. Appl. Phys. Lett., 72(18):2235–2237, 1998.
[86] S. Franssila. Introduction to Microfabrication. Wiley, 2010.
[87] G. V. Hartland. Optical Studies of Dynamics in Noble Metal Nanostructures.
Chem. Rev., 111(6):3858–3887, 2011.
[88] N. C. Lindquist et al. Engineering metallic nanostructures for plasmonics and
nanophotonics. Reports on Progress in Physics, 75(3):036501–036501, 2012.
[89] M. van Dijk et al. Detection of acoustic oscillations of single gold nanospheres by
time-resolved interferometry. Phys. Rev. Lett., 95(26):267406–267406, 2005.
[90] G. V. Hartland. Ultrafast studies of single semiconductor and metal nanostructures
through transient absorption microscopy. Chemical Science, 1(3):303–309, 2010.
[91] P. Zijlstra and M. Orrit. Single metal nanoparticles: optical detection, spectroscopy and applications. Reports on Progress in Physics, 74(10):106401–106401,
2011.
[92] A. L. Tchebotareva et al. Probing the acoustic vibrations of single metal nanoparticles by ultrashort laser pulses. Laser & Photonics Reviews, 4(5):581–597, 2010.
[93] T. Dehoux and B. Audoin. Non-invasive optoacoustic probing of the density and
stiffness of single biological. J. Appl. Phys., 112(12):124702–124702, 2012.

182

Bibliography
[94] K. Jensen et al. An atomic-resolution nanomechanical mass sensor. Nature Nanotech., 3(9):533–537, 2008.
[95] P. K. Jain et al. Noble Metals on the Nanoscale: Optical and Photothermal
Properties and Some Applications in Imaging, Sensing, Biology, and Medicine.
Acc. Chem. Res., 41(12):1578–1586, 2008.
[96] P. Yu et al. Photoinduced Structural Dynamics in Laser-Heated Nanomaterials of
Various Shapes and Sizes. J. Phys. Chem. C, 112(44):17133–17137, 2008.
[97] M. Nisoli et al. Coherent acoustic oscillations in metallic nanoparticles generated
with femtosecond optical pulses. Phys. Rev. B, 55(20):R13424–, 1997.
[98] C. Guillon et al. Coherent Acoustic Vibration of Metal Nanoshells. Nano Lett.,
7(1):138–142, 2007.
[99] W. Huang et al. Coherent Vibrational Oscillation in Gold Prismatic Monolayer
Periodic Nanoparticle Arrays. Nano Lett., 4(9):1741–1747, 2004.
[100] W. Huang et al. The Optically Detected Coherent Lattice Oscillations in Silver and
Gold Monolayer Periodic Nanoprism Arrays: The Effect of Interparticle Coupling.
J. Phys. Chem. B, 109(40):18881–18888, 2005.
[101] N. Del Fatti et al. Time resolved investigation of coherent acoustic mode oscillations in silver nanoparticles. Physica B, 263:54–56, 1999.
[102] V. Juvé et al. Probing Elasticity at the Nanoscale: Terahertz Acoustic Vibration
of Small Metal Nanoparticles. Nano Lett., 10(5):1853–1858, 2010.
[103] H.-N. Lin et al. Study of vibrational modes of gold nanostructures by picosecond
ultrasonics. J. Appl. Phys., 73(1):37–45, 1993.
[104] T. D. Krauss and F. W. Wise. Coherent Acoustic Phonons in a Semiconductor
Quantum Dot. Phys. Rev. Lett., 79(25):5102–5105, 1997.
[105] O. L. Muskens et al. Femtosecond Response of a Single Metal Nanoparticle. Nano
Lett., 6(3):552–556, 2006.
[106] Y. Guillet et al. Optoacoustic response of a single submicronic gold particle revealed by the picosecond ultrasonics technique. Appl. Phys. Lett., 95(6):061909–3,
2009.
[107] A. Crut et al. Anisotropy effects on the time-resolved spectroscopy of the acoustic
vibrations of nanoobjects. Phys. Chem. Chem. Phys., 11(28):5882–5888, 2009.
[108] P. V. Ruijgrok et al. Damping of Acoustic Vibrations of Single Gold Nanoparticles
Optically Trapped in Water. Nano Lett., 12(2):1063–1069, 2012.
[109] A. Lombardi et al. Surface Plasmon Resonance Properties of Single Elongated
Nanoobjects: Gold Nanobipyramids and Nanorods. Langmuir, 28(24):9027–9033,
2012.

183

Bibliography
[110] K. Yu et al. Excitation Wavelength and Fluence Dependent Femtosecond Transient
Absorption Studies on Electron Dynamics of Gold Nanorods. J. Phys. Chem. A,
115(16):3820–3826, 2011.
[111] G. M. Sando et al. Ultrafast studies of gold, nickel, and palladium nanorods. J.
Chem. Phys., 127(7):074705–074705, 2007.
[112] R. J. Newhouse et al. Coherent Vibrational Oscillations of Hollow Gold
Nanospheres. J. Phys. Chem. Lett., 2(3):228–235, 2011.
[113] T. Dehoux et al. Vibrations of microspheres probed with ultrashort optical pulses.
Opt. Lett., 34(23):3740–3742, 2009.
[114] T. Dehoux et al. Vibrations of microspheres probed with ultrashort optical pulses
(vol 34, pg 3740, 2009). Opt. Lett., 35(7):940–940, 2010.
[115] T. Dehoux et al. Relaxation dynamics in single polymer microcapsules probed
with laser-generated GHz acoustic waves. Soft Matter, 8(9):2586–2589, 2012.
[116] J. Burgin et al. Time-resolved investigation of the acoustic vibration of a single
gold nanoprism pair. J. Phys. Chem. C, 112(30):11231–11235, 2008.
[117] P.-T. Tai et al. Selective acoustic phonon mode excitation of multi-mode silver
nanoprisms. Chem. Phys. Lett., 496(4-6):326–329, 2010.
[118] P.-T. Tai et al. Photoinduced multimode coherent acoustic phonons of metallic
nanoprisms and the effects of shape-induced anisotropic electronic stresses. J.
Chem. Phys., 134(18):184506–184506, 2011.
[119] J. Y. Sun et al. Brillouin study of confined eigenvibrations of silver nanocubes.
Solid State Commun., 152(6):501–503, 2012.
[120] T. A. Kelf et al. Ultrafast Vibrations of Gold Nanorings. Nano Lett., 11(9):3893–
3898, 2011.
[121] R. Marty et al. Damping of the Acoustic Vibrations of Individual Gold Nanoparticles. Nano Lett., 11(8):3301–3306, 2011.
[122] A. Amziane et al. Ultrafast acoustic resonance spectroscopy of gold nanostructures:
Towards a generation of tunable transverse waves. Phys. Rev. B, 83(1):014102–
014102, 2011.
[123] D. Mongin et al. Acoustic Vibrations of Metal-Dielectric Core-Shell Nanoparticles.
Nano Lett., 11(7):3016–3021, 2011.
[124] D. Mongin et al.
Ultrafast Photoinduced Charge Separation in MetalSemiconductor Nanohybrids. Acs Nano, 6(8):7034–7043, 2012.
[125] M. F. Cardinal et al. Acoustic Vibrations in Bimetallic Au@Pd Core-Shell
Nanorods. J. Phys. Chem. Lett., 3(5):613–619, 2012.

184

Bibliography
[126] A. Crut et al. Vibrations of spherical core-shell nanoparticles. Phys. Rev. B,
83(20):205430–205430, 2011.
[127] A.-M. Dowgiallo and J. Knappenberger, Kenneth L. Ultrafast electron-phonon
coupling in hollow gold nanospheres. Phys. Chem. Chem. Phys., 13(48):21585–
21592, 2011.
[128] A.-M. Dowgiallo et al. Structure-Dependent Coherent Acoustic Vibrations of Hollow Gold Nanospheres. Nano Lett., 11(8):3258–3262, 2011.
[129] Y.-S. Chen et al. Silica-Coated Gold Nanorods as Photoacoustic Signal Nanoamplifiers. Nano Lett., 11(2):348–354, 2011.
[130] M.-Y. Ng and Y.-C. Chang. Laser-induced breathing modes in metallic nanoparticles: A symmetric molecular dynamics study. J. Chem. Phys., 134(9):094116–
094116, 2011.
[131] H. E. Sauceda et al. Vibrational Properties of Metal Nanoparticles: Atomistic
Simulation and Comparison with Time-Resolved Investigation. J. Phys. Chem. C,
116(47):25147–25156, 2012.
[132] G. Baffou and H. Rigneault. Femtosecond-pulsed optical heating of gold nanoparticles. Phys. Rev. B, 84(3):035415–035415, 2011.
[133] F. Banfi et al. Temperature dependence of the thermal boundary resistivity of
glass-embedded metal nanoparticles. Appl. Phys. Lett., 100(1):011902–011902,
2012.
[134] Y. R. Davletshin et al. A Quantitative Study of the Environmental Effects on the
Optical Response of Gold Nanorods. Acs Nano, 6(9):8183–8193, 2012.
[135] M. Hettich et al. Modification of vibrational damping times in thin gold films by
self-assembled molecular layers. Appl. Phys. Lett., 98(26):261908–261908, 2011.
[136] V. Kotaidis et al. Vibrational symmetry breaking of supported nanospheres. Phys.
Rev. B, 86(10):100101–100101, 2012.
[137] A. S. Vahdat et al. Doubling of rocking resonance frequency of an adhesive microparticle vibrating on a surface. Appl. Phys. Lett., 101(10):101602–101602,
2012.
[138] C. Voisin et al. Environment effect on the acoustic vibration of metal nanoparticles.
Physica B, 316:89–94, 2002.
[139] Y. Guillet et al. All-optical ultrafast spectroscopy of a single nanoparticle-substrate
contact. Phys. Rev. B, 86(3):035456–035456, 2012.
[140] J. Park et al. Heat Transport between Au Nanorods, Surrounding Liquids, and
Solid Supports. J. Phys. Chem. C, 116(50):26335–26341, 2012.

185

Bibliography
[141] S. Kuang and J. D. Gezelter. Simulating Interfacial Thermal Conductance at
Metal-Solvent Interfaces: The Role of Chemical Capping Agents. J. Phys. Chem.
C, 115(45):22475–22483, 2011.
[142] L. Hu et al. Determination of interfacial thermal resistance at the nanoscale. Phys.
Rev. B, 83(19):195423–195423, 2011.
[143] M. T. Carlson et al. Local Temperature Determination of Optically Excited
Nanoparticles and Nanodots. Nano Lett., 11(3):1061–1069, 2011.
[144] H. Baida et al. Ultrafast Nonlinear Optical Response of a Single Gold Nanorod near
Its Surface Plasmon Resonance. Phys.Rev.Lett., 107(5):057402–057402, 2011.
[145] T. Schumacher et al. Nanoantenna-enhanced ultrafast nonlinear spectroscopy of
a single gold nanoparticle. Nature Comm., 2:333–333, 2011.
[146] A. D. B. Tirupathi R. Chandrupatla. Introduction to Finite Elements in Engineering. Pearson Education, Inc. , Upper Saddle River, NJ., 2012, fourth edition
edn.
[147] A. H. Nayfeh and W. G. Abdelrahaman. An approximate model for Wave Propagation in Rectangular Rods and Their Geometric Limits. J. Vib. Control, 6:3–17,
2000.
[148] R. W. Morse. Dispersion of Compressional Waves in Isotropic Rods of Rectangular
Cross Section. J. Acoust. Soc. Am., 20(6):833–838, 1948.
[149] R. W. Morse. The Velocity of Compressional Waves in Rods of Rectangular Cross
Section. J. Acoust. Soc. Am., 22(2):219–223, 1950.
[150] J. Ma and H. J. Maris. Localized vibrational modes in bars and plates. J. Appl.
Phys., 107(10):104904, 2010.
[151] N. Nishiguchi et al. Acoustic phonon modes of rectangular quantum wires. J.
Phys.: Condens. Matter, 9(27):5751, 1997.
[152] A. N. Cleland. Foundations of Nanomechanics. Springer, 2004, 1st edn.
[153] Q. P. Unterreithmeier et al. Damping of Nanomechanical Resonators. Phys. Rev.
Lett., 105(2):027205, 2010.
[154] Q. P. Unterreithmeier et al. Universal transduction scheme for nanomechanical
systems based on dielectric forces. Nature, 458(7241):1001–1004, 2009.
[155] A. Sampathkumar et al. Photothermal operation of high frequency nanoelectromechanical systems. Appl. Phys. Lett., 88(22):223104, 2006.
[156] B. Ilic et al. Theoretical and experimental investigation of optically driven nanoelectromechanical oscillators. J. Appl. Phys., 107(3):034311, 2010.
[157] X. M. Henry Huang et al. Nanoelectromechanical systems: Nanodevice motion at
microwave frequencies. Nature, 421(6922):496–496, 2003.

186

Bibliography
[158] N. Liu et al. Time-domain control of ultrahigh-frequency nanomechanical systems.
Nature Nanotech., 3(12):715–719, 2008.
[159] X. Sun et al. Femtogram Doubly Clamped Nanomechanical Resonators Embedded in a High-Q Two-Dimensional Photonic Crystal Nanocavity. Nano Lett.,
12(5):2299–2305, 2012.
[160] T. S. Biswas et al. High-Q gold and silicon nitride bilayer nanostrings. Appl. Phys.
Lett., 101(9):093105, 2012.
[161] M. Merklein. Femtosekunden Spektroskopie akustischer Anregung von Nanostrukturen. Diplomarbeit, University of Konstanz, 2012.
[162] T. Pezeril et al. Lumped oscillations of a nanofilm at adhesion bond. Eur. Phys.
J. Special Topics, 153(1):207–210, 2008.
[163] F. Kneier et al. Nanosecond laser pulse induced vertical movement of thin gold
films on silicon determined by a modified Michelson interferometer. Appl. Phys.
A, 110(2):321–327, 2013.
[164] E. Buks and M. L. Roukes. Stiction, adhesion energy, and the Casimir effect in
micromechanical systems. Phys. Rev. B, 63:033402, 2001.
[165] A. Frick. Attenuation Of Coherent Longitudinal Acoustic Phonons In Metal Membranes. Masterarbeit, Universität Konstanz, 2013.
[166] C. Desmet et al. All-optical investigation of the lowest-order antisymmetrical
acoustic modes in liquid-loaded membranes. J. Acoust. Soc. Am., 103(1):618–621,
1998.
[167] W. M. Ewing et al. Elastic Waves in Layered Media. McGraw-Hill, New York,
1957.
[168] L. Boeckx et al. Investigation of the phase velocities of guided acoustic waves in
soft porous layers. J. Acoust. Soc. Am., 117(2):545–554, 2005.
[169] M. Imboden and P. Mohanty. Dissipation in nanoelectromechanical systems. Phys.
Rep., 534(3):89 – 146, 2014. Dissipation in nano-electromechanical systems.
[170] M. Aspelmeyer et al. Cavity Optomechanics: Nano- and Micromechanical Resonators Interacting with Light. Quantum Science and Technology. Springer Berlin
Heidelberg, 2014.
[171] S.-i. Tamura. Vibrational cavity modes in a free cylindrical disk. Phys. Rev. B,
79:054302, 2009.
[172] L. Ding et al. High Frequency GaAs Nano-Optomechanical Disk Resonator. Phys.
Rev. Lett., 105:263903, 2010.
[173] L. Ding et al. Wavelength-sized GaAs optomechanical resonators with gigahertz
frequency. Applied Physics Letters, 98(11):113108, 2011.

187

Bibliography
[174] T. Krüger. Herstellung von Nanostrukturen und deren Charakterisierung mittels Pikosekundenultraschallspektroskopie. Bachelorarbeit, University of Konstanz,
2011.
[175] A. Amziane et al. Ultrafast acoustic resonance spectroscopy of gold nanostructures:
Towards a generation of tunable transverse waves. Phys. Rev. B, 83:014102, 2011.
[176] J. Ma and H. J. Maris. Localized vibrational modes in bars and plates. J. Appl.
Phys., 107(10):104904–104904, 2010.
[177] G. A. Antonelli et al. Picosecond ultrasonics study of the vibrational modes of a
nanostructure. J. Appl. Phys., 91(5):3261–3267, 2002.
[178] N. Krauß et al. Two-colour high-speed asynchronous optical sampling based on
offset-stabilized Yb:KYW and Ti:sapphire oscillators. Opt. Express, 23(14):18288–
18299, 2015.

188

Curriculum Vitae
Name:

Oliver Ristow

Date of Birth:

May 13th 1981

Nationality:

german

Scientific Education
11/2009-10/2013

PhD studies in the group of Prof. Dr. T. Dekorsy at the
University of Konstanz, Germany.

10/2008-10/2009

Diploma studies in the group of Prof. Dr. T. Dekorsy at the
University of Konstanz. Title of the diploma thesis: Ultrafast microscopy of acoustical dynamics in nanostructures

03/2005-09/2005

Practical internship at ALOMAR, Andoya Rocket Range,
Andenes, Norway

10/2002-09/2008

Studies of Physics (Diploma) at the University of Konstanz,
Germany.

Conferences and Summer Schools
09/2012

Son et Lumiere, Summer School, Les Houchez, Frankreich

07/2012

Phonons, Conference, Ann-Arbour, MI, USA

03/2012

DPG-Frühjahrstagung, Conference, Berlin, Germany

05/2011

Eurotherm91, Conference, Poitiers, France

09/2011

Son et Lumiere, Summer School, Cargese, France

05/2011

CLEO Europe, Conference, Munich, Germany

189

Supervised Theses
In the context of this thesis, the following bachelor and diploma theses were supervised.
Some of the experimental work, which is presented in the context of this thesis, was done
in cooperation with the students, or while supervising them. Therefore, some parts of
the work presented here, can also be found their theses. These parts are also referenced
in the context, when they are used.
Martin Grossmann, Kohärent akustische Anregung von Nanostrukturen,
Diplomarbeit, Universität Konstanz, 2011.
Timo Krüger, Herstellung von Nanostrukturen und deren Charakterisierung mittels Pikosekundenultraschallspektroskopie, Bachelorarbeit, Universität Konstanz, 2011.
Moritz Merklein, Femtosekunden Spektroskopie akustischer Anregung von
Nanostrukturen, Diplomarbeit, Universität Konstanz, 2012.
Patricia Scheel, Herstellung und Charakterisierung von III-V Halbleiternanostrukturen, Bachelorarbeit, Universität Konstanz, 2012.
Other parts of this work can be found in the theses of Gerhke and Harms, which were
not directly supervised:
Tim Gehrke, Zeitaufgelöste Phononenspektroskopie an Nanostrukturen,
Bachelorarbeit, Universität Konstanz, 2010.
Hauke Harms, Optik und GHz-Akustik mit Diamant-Nanostrukturen,
Diplomarbeit, Universität Konstanz , 2010.

190

Acknowledgment
This thesis would not have been possible without the help and support of many people.
Special thanks goes to:
Prof. Thomas Dekorsy for being my supervisor during the last 5 years, providing
helpful suggestions and ideas. He gave me a lot of academic freedom, yet pushing
me in the right directions when needed, and letting me find my own way most of
the time.
Prof. Elke Scheer for being second supervisor of this thesis, fruitful discussions and
academic advise during this thesis and the preparation of the defense.
Prof. Vitalyi Gusev for providing most theoretical derivations, many fruitful discussions and support during the writing of the thesis.
Jochen Best friend and endless source of knowledge about sample prep - basically all I
now about nanostructure fabrication is from him.
Axel and Mike Being in the lab from the beginning of my diploma thesis until I left
the lab to start summing up results of the thesis, they provided much help inside
and outside of the lab, and much support during the writing of the thesis.
Martin Diploma Student, fellow PhD, sailing companion, fellow sailing instructor, spending endless time helping in the lab, sorting out theory, proof reading and much
more.
Moritz, Timo, Patricia, Tim Bachelor and Master Students, all of them spent many
hours in the nano lab and the optics lab. Many results base on their work in
fabrication of samples.
Fanni, Dirk, Johanna, Delia, Chuan fellow doctoral students, always being good company and help inside and outside the lab.
Matthias Hagner Of great help with any questions concerning lithography, sample
prep, and all the stuff around the focused ion beam - including very stimulating discussions during nights spend at the nano-lab.
The rest of the AG Dekorsy for giving me a good time during my time of the thesis
and for providing a very friendly work atmosphere.
My family for all their love and support.

191

