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Abstract

The goal of most ultrasonic techniques is to obtain geometrical and/or
mechanical information from structures in a non-destructive way. In order to
achieve an acceptable resolution, the wavelength of the acoustic pulses propa-
gating through the media has to be short compared to the geometrical dimen-
sions of the specimen. When characterizing microstructures and thin films
having sub-micron dimensions, this condition becomes very challenging. For
the inspection of machine parts and airplane structures wavelengths in the mil-
limeter range are sufficient, whereas wavelengths for analyzing microstruc-
tures and thin films need to be in the order of tens of nanometers. Since
classical devices, such as piezoelectrical transducers or layers, are usually
cumbersome on the specimens, the excitation and detection of ultrasound with
such small wavelengths is realized using an optical so-called pump-probe
technique, which has been successfully adapted.

The pump and probe laser pulses are synchronously emitted by an ultrashort
pulse laser unit. Thermoelastically induced acoustic pulses are produced,
through the absorption of a pump laser pulse. The acoustic pulses propagate
perpendicular to the surface into the microstructure. At any discontinuity of
the acoustic impedance the acoustic pulses are partly reflected or transmitted.
With the second laser pulse, the probe pulse, the reflectivity at the surface of
the specimen is measured. The induced temperature, as well as the propagating
acoustic pulse, slightly changes the reflectivity at the surface. These changes
are measured versus time. The temporal resolution of the pump-probe tech-
nique is only limited by the laser pulse duration, which is in the order of 100
femtoseconds. Therefore, phenomena, such as high frequency acoustic pulses,
occurring on time scales shorter than the rise time of currently available photo-
detectors become accessible.

Accurate models form the basis for the inverse problem: the determination of
geometrical or mechanical properties of the specimen by fitting the simulated
results and measured wave propagation phenomena. Apart from an analytical
thermomechanical model, numerical models using finite differences (FTDT)
for describing the fast transient heating after absorption of the pump laser
pulse, the heat transport and the subsequent thermomechanical generation and
propagation of bulk acoustic waves, are developed. Enhanced heat transport
occurs on the very short time scale of the absorption of the laser pulses in
metallic thin films, which is considered using the so-called two temperature
model. The reflectivity change is determined with the calculated temperature
and strain distribution. In the first place, these models were developed for
metallic thin films but can also be used in some cases with semiconducting or
transparent films, for instance.




These techniques are successfully applied for characterizing aluminium and
platinum thin films, as well as multilayers, e.g. an aluminium-gold structure on
a silicon substrate. With the measured bulk wave velocity the thickness or the
Young’s modulus of the layers is determined.

Using thermally induced diffusion intermetallic diffusion layers between an
aluminium and a gold thin film are realized. Measurements with laserbased
ultrasound show that these intermetallic layers can be used for acoustic signal
filtering.

Copper layers are of growing importance for chip manufacturers. To prevent
copper diffusing into the silicon semiconductor it is necessary to deposit thin
diffusion barrier layers (tantalum, tantalum-nitride) in between. With a series
of measurements and simulations the determination of material properties and
thickness of these underlying diffusion barriers is discussed.

Measurements on aluminium coated silicon nitride membranes with a total
thickness of several hundred nanometers and on silicon cantilevers showed
that these techniques can also be used for determining material properties of
freestanding micro- and nanostructures. This is important, since their material
properties vary strongly with fabrication technology. In general, the experi-
ments showed that this measurement technique, which works in a non-contact
and non-destructive way, is a valid approach for deriving mechanical proper-
ties of thin and brittle MEMS-structures.

If mechanical pulses are excited in a structure which is tapered to a point, such
as an AFM tip, these acoustic pulses can be focused depending on the fre-
quency spectrum of the acoustic pulse and the geometry of the structure. Mea-
surements in truncated AFM tips which focusses acoustic pulses, were
performed, for developing new metrology techniques, such as local probe
methods with high time resolution.
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Zusammenfassung

Das Ziel vieler Anwendungen von mechanischem Ultraschall ist, neben der
Lokalisierung von Fehlstellen und Rissen, die zerstorungsfreie Bestimmung
von mechanischen Materialkonstanten oder auch von geometrischen Abmes-
sungen. Um eine hohe Messgenauigkeit zu erreichen, ist es notwendig, dass
die mechanische Wellenlinge im Vergleich zu den Abmessungen der Struktur
klein ist. Bei der Charakterisierung von Mikrostrukturen oder Diinnfilmen ist
diese Voraussetzung schwieriger zu erfiillen als bei grossen Strukturen. Beim
Testen von Flugzeug- oder Maschinenteilen liegt die mechanische Wellen-
lange beispielsweise in der Grossenordnung von Millimetern, bei Mikrostruk-
turen oder Diinnfilmen muss jedoch eine Wellenlinge von einigen
Nanometern verwendet werden. Da piezoelektrische Transducer auf den
Proben iiblicherweise extra aufgebracht werden miissen und ausserdem
storend sein konnen, wurde die Anregung und Messung der hochfrequenten
mechanischen Wellen mit der sogenannten optischen Pump-Probe-Technik
realisiert.

Die Pump- und Probe-Laserpulse werden synchron von einem Ultrakurz-
pulslaser emittiert. Durch die Absorption der Pump-Laserpulse werden ther-
momechanisch akustische Pulse erzeugt, die normal zur Oberfliche in die
Mikrostruktur laufen. An jeder Unstetigkeit der akustischen Impedanz wird
ein Teil der Welle reflektiert, der Rest transmittiert. Mit dem zweiten Laser-
puls, dem Probe-Laserpuls, wird die Reflektivitit an der Oberfldche gemessen,
die durch die induzierte Temperatur und die reflektierten akustischen Pulse
beeinflusst wird. Diese Technik erlaubt, aufgrund der repetitiven Experimente,
Phidnomene aufzuldsen, deren Frequenzinhalt weit {iber der Bandbreite und
den Anstiegszeiten von gegenwirtigen Photodetektoren und Messinstru-
menten liegen.

Genaue Modelle und Simulationen sind die Basis fiir die Losung des inversen
Problems: der Bestimmung von Abmessungen oder Materialparameter durch
Fitten von simulierten Resultaten und der gemessenen Wellenausbreitungs-
phinomene. Neben analytischen Modellen wurden auch numerische Modelle
mittels finiten Differenzen (FDTD) zur Beschreibung der transienten Erwir-
mung nach Absorption des Laserstrahls und der darauffolgenden Ausbreitung
der akustischen Pulse entwickelt. Uberproportionaler Wirmetransport ist
withrend der Absorption des Pump-Laserpulses in metallischen Filmen zu beo-
bachten und wurde in den Modellen mit dem sogenannten Zwei-Temperatur-
Modell beriicksichtigt. Mit der berechneten Temperatur und Dehnung im
Material kann die entsprechende optische Reflexionsidnderung berechnet wer-
den. Zuerst wurden diese Modelle fiir metallische Filme entwickelt, da sie den
Hauptanwendungsfall darstellen. Die Modelle konnen aber auch in einigen
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Féllen fiir halbleitende und transparente Filme angewendet werden.

Die entwickelten Techniken wurden erfolgreich fiir die Charakterisierung von
Aluminium- und Platinfilmen sowie von Mehrfachschichten aus Aluminium
und Gold verwendet. Mit der gemessenen Wellenausbreitungsgeschwindigkeit
konnen die Dicke der Schicht oder deren mechanische Parameter (Elastizitits-
modul) bestimmt werden.

Bei hoheren Temperaturen entsteht zwischen Gold und Aluminium durch
Materialdiffusion eine intermetallische Zwischenschicht. Mittels Laserultra-
schall konnte gezeigt werden, dass diese Schichten fiir akustische Filterung
verwendet werden konnen.

In der Halbleiterindustrie sind Kupferschichten von steigender Bedeutung,
Diese haben jedoch den Nachteil, dass Diffusionssperren aus diinnen Tantal-
oder Tantalnitridschichten notwendig sind, um die Diffusion von Kupfer in
den Halbleiter zu unterbinden. Im Rahmen dieser Arbeit wurde auch die Char-
akterisierung dieser Diffusionssperrschichten unter dem Kupferfilm diskutiert.
Bei Messungen an diinnen Siliziumbalken und an aluminiumbeschichteten
ultra-diinnen Membranen mit einer Gesamtdicke von einigen hundert Nano-
metern, stellte sich heraus, dass diese Technologie auch zur Charakterisierung
von freistehenden Mikrostrukturen verwendet werden kann. Die Messungen
zeigten, dass diese zerstorungsfreie und beriihrungslose Technologie einen der
besten Wege zur Charakterisierung von diinnen MEMS-Strukturen darstellt.
Wenn mechanische Pulse in einer Struktur angeregt werden, die spitz zu
einem Punkt zusammenlduft, wie beispielsweise eine Spitze fiir die Ras-
terkraftmikroskopie, fokussieren sich die akustischen Wellen abhingig vom
Frequenzgehalt und der exakten Geometrie der Struktur. Versuche an modifi-
zierten Siliziumspitzen, wie sie auch fiir Rasterkraftmikroskope verwendet
werden, wurden durchgefiihrt, mit dem Ziel neue Messtechnologien zu
entwickeln, wie beispielsweise Rastermikroskopieverfahren mit hoher zeitli-
cher Auflosung.
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Chapter 1

Introduction

Thin films and microstructures are widely used in the semiconductor industry,
automotive industry, in visual display technologies, biotechnology and numer-
ous other fields such as electrical signal filtering. With the growing impor-
tance of thin films and electromechanical microstructures a great demand
arises for rapid characterization during and after fabrication. Many different
methods such as the well-known scanning probe techniques provide data of
roughness and surface quality and of electrical and optical properties. But for
the mechanical characterization mostly destructive techniques such as nanoin-
dentation are used.

However, the mechanical quantities are usually key parameters for the correct
operation of the microdevices and performance of thin films and coatings.
Since manufacturing processes and conditions and the film thickness signifi-
cantly influence the resulting mechanical properties non-destructive measure-
ment techniques are necessary, which can provide mechanical properties of
coatings or microstructures after fabrication.

In similar problems of bulk testing, common ultrasonic techniques are used to
obtain geometrical and/or mechanical information from structures in a non-
destructive way, by measuring wave propagation phenomena. With the mea-
sured time of flight of the acoustic pulses or the measured wave velocity, geo-
metrical dimensions or mechanical properties are determined. In order to
achieve an acceptable resolution the wavelength of the acoustic pulses propa-
gating through the structure have to be short compared to the geometrical
dimensions of the specimen. This condition becomes especially challenging
when inspecting microstructures and coatings with sub-micron dimensions.
While the wavelength used for the ultrasonic inspection of machine parts, air-




plane and other bulk structures is in the millimeter range, the wavelength
excited to analyze microstructures and thin films needs to be in the nanometer
range. New experimental techniques are necessary because the efficiency of
piezoelectric devices is typically too small for the excitation and detection of
ultrasound with frequencies of several hundred GHz that correspond to these
tiny acoustic wavelengths.

The research group of H.J. Maris was first to observe the generation of very
high frequency acoustic pulses in metallic thin films with short laser pulses.
The excited acoustic pulses have a wavelength in the order of several tens of
nanometers and are small enough for the application in ultrasonic measure-
ments of thin films. Until that time no one had surmised that sound pulses with
such high frequency content could be created (Maris H.J. [37]). By sending a
second laser pulse which is measuring the reflectivity the detection of the
excited longitudinal acoustic pulses is realized. These experiments have been
the basis for a new and special field of scientific research in mechanics.

Picosecond ultrasound "Classical" ultrasound
10-20nm acoustic wavelength 0.5-2mm
100-600GHz frequencies 5-10MHz
thermoelastic by ultra- sound excitation piezoelectrical

short laser pulses

reflectivity scan, inter- sound detection piezoelectrical, inter-
ferometrical, ... ferometrical, ...

Table 1.1 Comparison of picosecond and "classical" ultrasound in typical
configurations

Two more approaches of photoacoustic evaluation of thin films are well-
known, both of which are working with surface acoustic waves instead of bulk
acoustic waves. In one method laser pulses are focussed towards the surface
and excite surface acoustic waves by line or point excitation. The detection
can be realized by a second laser pulse measuring the reflectivity or by other
methods like piezoelectrical or interferometrical detection because the excited
frequencies of the surface acoustic waves are lower. Thickness and/or
mechanical properties are determined with the surface acoustic wave velocity.
In the other technique two or more laser pulses interfere on the surface of the
specimen and excite narrow band surface acoustic waves. In contrast to the
first technique the frequency content is even lower. The reason is that the over-
lapping laser pulses form an interference pattern - called transient grating
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(Rogers J.A. [65]) - which is absorbed and excites surface acoustic waves with
a unique wave vector corresponding to the spacing of the grating. The detec-
tion is performed by diffraction of an incident continuous wave laser beam.

1.1 Review of previous work

1.1.1 Experimental work

Laser techniques have been well established as alternatives to piezoelectrical
and electromagnetic excitation of ultrasound. Advantages such as the non-con-
tact measurement leads to an extension towards various applications. There-
fore, work has been published concerning the excitation of sound waves, the
interactions of the optical and ultrasound field and the detection. The used
laser pulses are usually in the order of nanoseconds and the excited waves
have frequencies in the MHz region.

Since the early 1980s lasers could produce light pulses in the order of 10714
(Maris H.J. [37]). But only as a result of the unexpected possibility to excite
acoustic pulses with frequencies far beyond 100GHz has been the ultrasound
technique extended into a new frequency region. This is reported in a paper
about the generation and detection of phonons in a-As,Te; and cis-polyacety-
lene (CH), by picosecond light pulses published by the group of Maris H.J.
[80]. Measurements in different thin films and multilayers (As,Te; metallic
thin films) and a theory of generation and detection of acoustic pulses by pico-
second laser pulses followed (Thomsen C. et. al. [81]). They also investigated
the detection of ultra-thin interfacial layers (Tas G. et. al. [77]), vibrational
modes of gold nanostructures (Lin H.-N. et. al. [35]), and the acoustic reflec-
tion from solid-liquid interfaces (Tas G. et. al. [78]). Also, a time-resolved
pump-probe experiment with sub-wavelength lateral resolution by means of a
reflection near-field scanning microscope (SNOM) was reported by Vertikov
A. et. al. [84]. Together with a supplier of the semiconductor industry - this
technique has been commercialized for measuring the thickness of thin films
and film stacks, which places great demand on further research.

Wright O.B. published several papers (e.g. [89]) about measuring transparent
thin films. In transparent and semi-transparent films the interpretation of mea-
sured signals is much more challenging as with opaque thin films. A theory
considering all contributions to the reflectivity change was developed by
Wright O.B. [89]. In 1992 the detection of ultrafast surface vibrations by an
angular deflection of the reflected probe laser beam was presented by Wright
O.B. et. al. [92]. Recently an improvement of the ultrafast detection by a mod-
ified Sagnac interferometer was reported (Hurley D.H. et. al. [25]) which was
used for the novel detection of ultra high frequency transverse sound pulses




(Hurley D.H. et. al. [26]). At present the group of Wright O.B. is working also
in the field of high frequency surface acoustic waves and on a detailed theory
describing the detection in various measurement configurations.

Perrin B. and coworkers showed the application of picosecond ultrasound for
the study of elastic and thermal properties of materials (Bonello B. et. al. [2]).
They also published work on photoacoustics in colloids (Devos A. et. al. [14])
and their interferometrical detection (Perrin B. et. al. [51]). Recently they pub-
lished time-resolved acoustic measurements with a lateral resolution in the
order of 100nm (Siry P. et. al. [71]). For such high resolution it was necessary
to work with a tapered fiber in the optical near field. The configuration is dif-
ferent to that used by the group of Maris H.J. [84] because for the incident and
reflected probe light the same fiber was used.

The application of a Michelson interferometer for detection is reported by
Richardson C.J.K. et.al. [63]. Richardson C.J.K. and Spicer J.B. [41] showed
the excitation of narrow band longitudinal waves by a train of four laser
pulses. Working with longitudinal acoustic waves with a narrow frequency
content allows signal filtering with high frequency band pass filters.

Similar experiments are used for investigating time resolved thermal transport
phenomena in thin films and multilayer stacks. For this thesis these experi-
ments are interesting in connection with the modelling of the excitation of the
sound waves by means of ultra-short laser pulses.

Reviewing the published work of the mentioned groups gives a detailed and
almost complete overview of the research work done in the field of picosecond
ultrasound. In addition it is emphasized that nearly no work has been done for
microstructures except by Matsuda O. et.al. [39] who recently published one
paper on the subject.

1.1.2  Theoretical work

Picosecond ultrasonics is a multidisciplinary subject with a main emphasis on
optics, thermodynamics and thermomechanics as well as elastic wave propa-
gation. In this thesis the modelling and theoretical work focuses on the ther-
momechanical laserbased excitation and the propagation of acoustic pulses.

Thermodynamics and thermomechanics

In the paper of Thomsen C. et. al. [81] a theory of the excitation and detection
of acoustic pulses with short laser pulses is presented and it is sufficient as
long as the temperature diffusion plays a minor role or the laser pulses are not
too short. A similar theory was used to describe the excitation of sound waves
with laser pulses of nanosecond duration (Scruby C.B. et. al. [69]). Working
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with ultra-short laser pulses and the very short time scale forces one to look at
the thermodynamics and thermomechanics from a microscopic point of view.
This has the consequence of a different modelling for metals, semiconductors
and insulating materials. Since the setup is optimized for aluminium thin
films, and metallic thin films are the most popular application, the modelling
is developed for conductive materials. In the 1970s Anisimov S.I., et. al. [1]
presented the two-temperature model which describes from a microscopic
point of view the ultrafast and non-equilibrium heating process in metallic
materials. The model was based on work of Kaganov M.1., et.al. [28]. Further
development in this field was done by Tien C.L. and coworkers. They devel-
oped the hyperbolic two-step-model which describes in a similar but more
general way the mechanism of energy transport during ultra-short pulse laser
heating [59]. Experiments for validating the models and the basics of the
numerical solution of the fast transient heating are also presented in papers of
Tien C.L. et. al. [61][62]. The book of Tzou D.Y. [82] gives a very good intro-
duction to the microscale heat transfer with a detailed discussion about the
two-temperature model.

In the paper of Tas G. et.al. [79] the two-temperature model was combined
with the solution of the elastic wave equation. Since analytical solutions are
very difficult and usually only possible for special cases the obvious thing
would be to solve the system of several differential equations in a numerical
way. Recently, during the development of this thesis Chen J.K. et.al. published
several papers about the numerical study of ultrashort laser pulse interactions
with metal films in a 1-D formulation [7]. A quasi-3D axisymmetric study by
Chen J.K. et.al. [6] followed.

The excitation of acoustic pulses in semiconductors is also discussed by
Thomsen C. et. al. [81] and also elaborated in other publications. A good over-
view of excitation in different materials such as semiconductors and piezoelec-
trical materials in various configurations plus the discussion of nonlinear
effects are given in the book of Gusev V.E. and Karabutov A.A. [19].

With an ultra-short pulse laser system it is easy to exceed the damage thresh-
old of nearly any material and excite acoustic pulses with very high ampli-
tudes (shockwaves) through ablation. Excitation of surface shockwaves is not
taken into account in this review because the non-destructive manner is a key
feature of picosecond ultrasound.

Optical detection

A theory for the reflectivity change caused by an acoustic pulse in an opaque
film is proposed by Thomsen C. et. al. [81]. A modulation of the dielectric
constants due to the strain distribution results in a change of the surface reflec-




tivity. This reflectivity change is measured in different configurations which
are mentioned in Chapter 1.1.1. A theory covering the reflectivity change
caused by acoustic pulses in transparent thin films is given in the published
papers of Wright O.B. (see in Wright O.B. [89]). In several recently published
papers Wright O.B. and Matsuda O. [40] developed a general closed theory for
the reflectivity change caused by a strain distribution.

Miklos A. and Lorincz A. [42] showed a detailed calculation of the reflectivity
change based on the solution of the maxwell equations. In their calculations
the reflectivity is being modulated by the transient temperature.

A complete simulation of the experiment consisting of the thermoelastic exci-
tation and the propagation of the acoustic pulse as well as a model for the
detection can be realized by combining the theoretical background of each part
with the appropriate numerical method. Such general numerical models espe-
cially with a calculation of the wave propagation in 1-, 2- or 3D-configurations
has not been realized yet.

1.2 Motivation and goals

The Center of Mechanics has expertise and the appropriate experimental
equipment for measuring wave propagation phenomena with frequency con-
tent up to several MHz. This range is extended into a new frequency region
with the new ultrashort pulsed laser acoustic setup, which was developed
together with Vollmann J.

With the new experimental setup it is possible to measure bulk wave propaga-
tion with sub-picosecond temporal resolution and with a spatial resolution of
several microns. Also a complete numerical simulation covering the excita-
tion, propagation and detection of the acoustic pulses is developed. With these
accurate measurements and appropriate simulations the following new fields
are examined in this thesis:

- Limits for the determination of material properties or thickness of thin diffu-
sion barrier layers below a copper film are systematically investigated

- Intermetallic diffusion layers and their use for acoustic signal filtering are
investigated using laserbased ultrasound

- Characterization of microstructures, such as ultra-thin membranes and canti-
levers using measurements of the bulk wave propagation

- Measurements of the bulk wave propagation in modified silicon tips, which
are usually used in atomic force microscopes.

- Moreover the excitation, propagation and detection of acoustic pulses in sev-
eral different measurement configurations is discussed.
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1.3 Contents of this thesis

The content of this thesis is divided into two main parts. The first part focuses
on the development of the modelling and simulation as well as the experimen-
tal setup. Following this the results of measurements on thin films and micro-
structures are presented in the second part.

Modelling and simulation

The development of an accurate numerical model for the excitation and propa-
gation of acoustic pulses is presented in the first part (Profunser D.M. et. al.
[54]). An accurate model forms the basis for the inverse problem: the determi-
nation of geometrical or mechanical properties of the specimen by fitting the
simulated and measured results. At the beginning a simple thermomechanical
model (Thomsen C. et. al. [81]) is discussed which neglects that the incident
laser pulse is of very short duration. Nevertheless this model is sufficient for
many cases and has even the advantage of its simplicity. Furthermore
improvements are made in describing the absorption of the laser pulse and
considering the heat transport. The influence of heat transport on the acoustic
pulse depends mainly on optical and thermal properties of the top layer mate-
rial. To avoid complex analytical solutions the time dependent absorption of
the laser pulse, the heat transfer and the elastic wave equation are solved in a
numerical way to provide ease of calculation of the results for different geom-
etries and materials. Enhanced heat transportation caused by the shortness of
the laser pulses occurs in metallic thin films. It is considered in the so-called
two temperature model which is implemented in the modelling. All models are
discussed based on examples of aluminium and copper thin films and partly
also platinum and gold coatings. The numerical models can also be applied to
the two or three-dimensional cases, which is necessary if the spot size of the
laser pulse becomes very small compared to the film thickness or if the acous-
tic pulse interacts with the lateral boundary or lateral structure of the speci-
men. The simulation of the experiment is split up as follows:

- Simulation of the absorption of the ultrashort laser pulses and calculation of
the induced temperature rise

- Calculation of the induced strain and the propagation of the acoustic pulses

- Modelling of the detection based on the optical reflectivity changes caused
by the propagating acoustic pulses

The models were developed for metallic thin films but can also be used in
some cases with semiconducting or transparent films.




Experimental setup

The so-called optical pump-probe technique was successfully adapted to carry
out picosecond ultrasound measurements on sub-micron scales (Vollmann J.
et. al. [85]) based on work previously published by the groups of Maris H. J.
[81] and Wright O.B. [92].

Thermoelastically induced acoustic pulses are produced by the absorption of a
femtosecond laser pump pulse. The acoustic pulse propagates perpendicular to
the surface of a microstructure or thin film until it encounters a discontinuity
in acoustic impedance causing the pulse to be partly reflected and partly trans-
mitted. The reflected and/or transmitted acoustic pulse cause a slight change of
the optical reflectivity at the surface of the specimen, which is detected opti-
cally with the probe pulse. In this technique two optical paths of variable
length are used to precisely control the time shift between two synchronously
emitted ultrashort laser pulses. Thus phenomena occurring on time scales
shorter than the rise time of currently available photodetectors can be
observed. Therefore, the time of flight of an acoustic pulse and its pulse shape
can be measured. The research involves the development of a novel dual fre-
quency modulation technique to improve the signal-to-noise ratio of this mea-
surement.

Results - Characterization of thin films

Experiments were successfully performed in different configurations on alu-
minium and platinum thin films and in different multilayers. For example in an
aluminium-gold structure on a silicon substrate. In some materials such as
copper and gold the heat diffusion during the absorption of the ultrashort laser
pulse affects the shape and the acoustic frequency spectrum of the propagating
acoustic pulses. In these materials the acoustic wavelength is usually much
longer (the frequency content much lower) than in aluminium, for instance.
Since copper is of growing importance for chip manufacturers, we discussed
the detectability of very thin diffusion barrier layers below a copper top layer.
We showed that it is very difficult to quantitatively determine the mechanical
properties of these underlying layers even with a very accurate model. Also
the influence on the wave propagation of atomic diffusion between the alumin-
ium and gold layers was discussed by Vollmann J. et. al. [87] using experi-
ments and accurate models.

Results - Measurements on microstructures

The investigations of thin films showed that it is also possible to use this
experimental technique for the determination of geometrical properties like
film thickness based on the known bulk acoustic wave velocity and the mea-
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sured time of flight of the acoustic pulse. Alternatively, the mechanical proper-
ties (Young's modulus) instead of the thickness can be estimated from the data.
Measurements were performed on aluminium coated silicon nitride mem-
branes with a total thickness of several hundred nanometers. Since the Young's
modulus of silicon nitride strongly depends on the deposition technique and
the deposition conditions, experimental data were used to estimate the Young's
modulus of the silicon nitride membrane deposited by LPCVD (low pressure
chemical vapor deposition). In addition, the bulk wave propagation in a alu-
minium coated silicon cantilever was measured. These experiments show that
this measurement technique, which works in a non-contact and non-destruc-
tive way, is a valid approach for deriving mechanical properties of thin and
brittle MEMS-structures such as membranes and cantilevers (Profunser D.M.
et. al. [55]).

Results - Applications

If mechanical pulses are excited in a structure which is tapered to a point these
acoustic pulses can be focused to an extent that depends on the frequency
spectrum of the acoustic pulse and the geometry of the structure. Experiments
are carried out measuring the bulk wave propagation in modified silicon tips.
Such tips are usually used in atomic force microscopes. The application of this
new technique as a transducer or in a new scanning probe method has been
proposed by Profunser D.M. et. al. [53].

The acoustic wave propagation in functionally graded materials like a diffu-
sion layer between an aluminium and a gold thin film can be used in signal fil-
tering devices. Experiments and simulations with different acoustic frequency
spectra were successfully performed in this connection (Vollmann J. et. al.
[86]).
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Chapter 2

Theoretical considerations and modelling of the
experiment

Acoustic pulses with a wavelength below of tens of nanometers are required
for the non-destructive determination of mechanical properties or geometrical
dimensions of sub-micron films and microstructures by ultrasound. This small
wavelength corresponds to acoustic pulses having frequency content beyond
100GHz. To generate (and measure) acoustic pulses with such high frequen-
cies ultrashort laser pulses are an excellent way - basically - the only one.

An accurate model of the light matter interaction as well as the elastodynamic
wave propagation is the basis for solving the inverse problem: the determina-
tion of geometrical or mechanical properties of the specimen by fitting simu-
lated and measured results. Moreover, properties such as thermal conductivity
and photoacoustic properties can be determined. If the solution of the equa-
tions which describes the laser pulse absorption, heat transfer and acoustic
wave propagation is done in a numerical way, it is easy to calculate the results
for different specimen and measurement configurations. An extension of the
models to the two or three-dimensional case is also straight forward. Simula-
tions in two- or three dimensions are necessary if the spot size of the laser
pulses becomes very small compared with the film thickness or if the acoustic
pulse interacts with the boundary or structure of the specimen.

In general this section has the following two main parts:

1) excitation and propagation of the acoustic pulses
2) detection of the acoustic pulses

11



In the first subsection the basics of the excitation and propagation of acoustic
pulses produced by ultra-short laser pulses are discussed using an analytical
model. Some parts of this derivation are based on the work of Thomsen C. et.
al. [81] and Bryner J. [5]. Using finite difference methods for the numerical
simulation of the absorption of the laser pulses, the heat conduction and the
acoustic wave propagation more accurate models are introduced in the subsec-
tions that followed. Then some further aspects such as the surface roughness
which affects the propagation of the acoustic pulses are discussed. The detec-
tion principles and the corresponding theory is presented in the last subsection.
Combining the simulation of the excitation and propagation with the theory of
the detection leads to a complete and accurate model of the experiment. Such a
complete numerical simulation of the overall experiment, which can be easily
applied in different measurement configurations and on various specimens
(single thin films, multilayer stacks, transparent substrates and transparent thin
films) has not been presented. Results are shown in Chapter 2.4.1.3,
Chapter 4.1.1.3 and Chapter 4.1.3.3.

2.1 Excitation and propagation of acoustic pulses pro-
duced by ultra-short laser pulses: analytical model

The modelling of the absorption of the laser pulse and the subsequent transient
heating is only discussed for metal thin films and is different in semiconduct-
ing and isolating materials. The derived equations are applied to four metal
thin films (aluminium, platinum, gold and copper) to illustrate, on the one
hand, the physical meaning and on the other hand, the variations caused by the
different physical properties of each metal film.
The surface of an absorbing metal thin film or metallic coated microstructure
is irradiated with ultra-short laser pulses having durations of less than 100fs. In
the top layer the laser pulses are absorbed within a characteristic, material
dependent distance, the absorption length & The absorption length & or pene-
tration (skin) depth (derived from Thomsen C. et. al. [81])

A
€ = o 2.1
is calculated with the wavelength of the laser A and the imaginary part of the
refraction index x of the top layer material. The time varying intensity in the
in-depth direction z in the thin film is

4

I(z,1) = (I-R) I(1) e : (2.2)

in which R denotes the optical reflectivity of the thin film, /(z) the intensity of
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the incident laser beam and & the penetration depth according to Equation
(2.1).

The absorbed pump laser pulse deposits the following energy dE(z) in an
infinitesimal region at a distance z with width dz and uniformly irradiated area
A, of the thin film

Z

I )\¢
£

with the assumption of a constant intensity /(#) during the pulse duration ¢,
Equation (2.3) reduces to

dE(z) = | (— dizlz(z, 1) A, dz)dt = (I-R) Agdz-[I(t)dt (23)

4

1,
2

The area Aq of the specimen irradiated by the laser pulse is large compared to
the film thickness d and the absorption length & Therefore the excitation of the
acoustic waves is considered in the z direction only. Metallic thin films have
absorption-lengths (penetration depth) & in the order of 10 to 20 nm which is
three orders of magnitude smaller than the experimentally achievable spot size
Aq (=5-50 um in diameter).

dE(z) = (I -R) A It dz (2.4)

Material n K R Pez;;;;c}zltigr[zn(;k]in)
Aluminium 2.80 8.45 0.87 7.54
Platinum 2.84 4.95 0.71 12.86
Gold 0.18 5.12 0.97 12.45
Copper 0.25 5.03 0.96 12.65

Table 2.1 Optical refractive indices n, k (source Palik E.D. [49]) and the
calculated reflectivity R and penetration (skin) depth & of metallic thin films
(Al, Pt, Au and Cu) at an optical wavelength A of 800nm
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Figure 2.1 Calculated optical reflectivity R with respect to the laser wave-
length A of an Al (solid line), Pt (dashed), Cu (dash-dotted) and Au (dotted)
thin film, source of the used refractive indices n and x is Palik E.D. [49]

In general, the temperature increase A7 in a solid is calculated with the
induced energy E, the mass m and the specific heat capacity c as
E

AT = & (2.5)
cm

With the mass dm = p A, dz of the infinitesimal region, where the laser pulse is

absorbed, and the absorbed energy of this region dE(z) (2.4) the temperature
increase A7T(z) yields

(I-R)I 1 (‘@

AT(z) = —Le¢

2.6
Fep (2.6)
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Figure 2.2 Left: illustration of the induced temperature increase Al(z) in thin
film; right: induced temperature in an Al (solid line), Pt (dashed), Cu (dash-
dotted) and Au (dotted) thin film calculated with Equation (2.6) (right)

The temperature is assumed to be homogeneously distributed in the plane and
is exponentially decaying in the thickness direction z with e(#/%) as determined
in Equation (2.6) and illustrated in Figure 2.2 (left and right). For the calcula-
tion of the induced temperature in Figure 2.2 (right) a laser pulse with 100fs
duration (full width at half maximum, FWMH) and a fluence of 2.45]/m?
which corresponds to a laser pulse energy of 4.8nJ (~400mW average power
in our laser system, repetition rate of 81MHz) and an irradiated spot size of
50um in diameter. At a distance z equal to the absorption length & the induced
temperature drops to 36.8% of the temperature increase at the surface. The
temperature increase at a distance of three times the absorption length 3¢&
amounts to only 5%. In other words, the temperature is affected only within a
region of three times the absorption length 3& by the incident pump pulse.
Figure 2.2 (right) shows that the induced temperature change in platinum and
aluminium is similar but the temperature increase in copper and gold is very
small compared to the changes in aluminium and platinum. It is mainly caused
by the higher optical reflectivity of copper and gold (Table 2.1, Figure 2.1).
The calculations in Figure 2.2 (right) are done with Equation (2.6) and the val-
ues in Table 2.1. In addition, the following literature values for density p and
heat capacity c are being used
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Material heat capacity c [J/(kg K)] | density p [ kg/m3 ]
Aluminium 897 2700
Platinum 133 21500
Gold 129 19300
Copper 385 8960

Table 2.2 Heat capacity and density of Al, Pt, Au and Cu (heat capacity c out
of CRC Handbook [11], and density p out of CRC Handbook [12])

Further effects such as heat diffusion and the so called hot electron diffusion
are not taken into account in this simple model. As one of the following chap-
ters shows, these effects lead to reduction of the peak temperatures and spatial
temperature gradients because the heat is strongly spread over the thin film.
The stress-strain-temperature relations which correspond to a generalization of
the Hooke-Duhamel law is

g = Aijkl O+ Oy AT (2.7)
in which g; are the components of the strain tensor, o}, the components of the
stress tensor, Aijkl the elastic compliance tensor, AT the temperature increase
and ¢;; the coefficients of linear thermal expansion, which constitute a diago-

nal-symmetric tensor. Solving Equation (2.7) with respect to oj; leads to

oii = Cijkt €= Cijra %1 AT (2.8)

with Cjj; denoting the stiffness tensor and Cyj; = Aijkl_] . Assuming isotropic
linear elastic material behavior the stiffness tensor Cyj; reduces to

A+20 A A 0 0 0
AoA+2n A 0 0 0
Cint = A A A+2n 0 0 0 2.9)
0 0 0 n 0 0
0 0 0 0 m 0
0 0 0 0 0 no

with 4 and 4 as Lamé constants. Since the spot size is very large compared
with the absorption length £, and film thickness d, the only nonzero compo-
nent of the strain tensor is ¢, and therefore, Equation (2.8) can be reduced to

o, = (A+2n)e,~(31+2p)aAT(z) (2.10)
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So, the stress o, in the thin film consists of a mechanical part o, .., and a
thermal part o, /,0/p-

G, =G ,to (2.11)

z z, mec z,therm

The thermal stress o, .., 18 caused by the instantaneous temperature rise
AT(z,t), which is according to Equation (2.10)

o} = —(3A+2n)aAT(z,t) (2.12)

z,therm

A and u are Lamé constants and « is the linear expansion coefficient. With the
equation of motion of the only nonzero component z, the kinematic relation

0
P 8—2(uz) =" g == (2.13)

and Equation (2.10) the strain component caused by the propagating acoustic
pulse and the time independent strain component caused by the thermal expan-
sion can be calculated according to Thomsen C. et. al. [81] and Bryner J. [5].
(U-R)Lt, 030 +2u

Ecp A+2u

2 <! eyt

. eé I—éeé —sgn(z—c]t)ée s (2.14)

e,(2,1) =

Equation (2.14) is calculated with a stress free boundary condition at the sur-
face of the thin film

6 (z=0) =0 (2.15)

In case of other configurations, for instance an excitation through a transparent
layer, the boundary conditions must be adapted. The effect of the boundary
condition on the pulse shape of the acoustic pulse is discussed in
Chapter 4.1.1.3 and by Wright O.B. et. al. [88].

The strain pulse is propagating in the thickness direction of the thin film (z
direction, Figure 2.3) with the longitudinal wave velocity c¢;, which is deter-
mined by the Lamé constants and the density of the film.

¢, = [A*2H (2.16)
P

The longitudinal wave velocities c¢; of the Al, Pt, Au and Cu thin films are

given in the following Table 2.3
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calculated bulk wave acoustic reflection coefficient r
Material speed ¢; [m/s] (stress) on sapphire substrate
[-]
Aluminium 6362 0.4080
Platinum 3971 -0.3527
Gold 3212 -0.2055
Copper 4694 -0.014

Table 2.3 Calculated bulk wave speed c;in Al, Pt, Au and Cu thin film and

acoustic reflection coefficient r of these thin films on a sapphire substrate
(source of the used mechanical properties see Appendix A, definition of the
acoustic reflection coefficient see Equation (2.17))

The acoustic reflection coefficients listed in Table 2.3 are defined as
po 2224 (2.17)
Z,+Z7Z,
where Z; and Z, are the acoustic impedances of the thin film and the substrate,
respectively, and are determined by the wave speed c¢; and the density p of the
material. If the acoustic impedance of the thin film (Z;) is higher than the
impedance of the substrate (Z,) a sign change of the acoustic stress pulse
occurs. For the calculation of the acoustic reflection coefficient r the density p
of sapphire was 3990 kg/m3, the Young’s modulus E is 345GPa and the Pois-
son ration v was 0.24 (source Appendix A).
Usually the grains of the polycrystalline metallic thin films have arbitrary ori-
entation. The diameter of the irradiated spot size on the surface of the thin film
1s 2 or 3 orders of magnitude larger than the grain size which is usually in the
order of the film thickness. Hence, the measurements are averaged over a large
number of grains with various orientations. So for the calculation of the bulk
wave velocity c¢; isotropic material behavior is assumed. A fact which is well
confirmed by experimental results.
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Figure 2.3 Left: illustration of the propagation of the acoustic pulse in thin

film; right: strain pulse in an Al (solid line), Pt (dashed), Cu (dash-dotted) and
Au (dotted) thin film 10ps after excitation

The quantitative results in Figure 2.3 (right) are based on the induced tempera-
ture change presented in Figure 2.2 and the corresponding laser parameters, as
well as the mechanical properties of Appendix A. According to Figure 2.3 (left
and right) and Figure 2.4 the strain distribution in the thin coating can be
divided into two parts: a static part due to the thermal expansion near the free
surface and a propagating part with a high frequency content up to several
GHz. The propagating strain pulse again consists of two equal components
with opposite signs: During the absorption of the laser pulse one part is propa-
gating directly in the positive thickness direction z (part with negative strain)
during the absorption of the laser pulse and one originally propagating in the
negative direction (-z). The second one is instantaneously reflected at the
stress free boundary, therefore its strain is positive. The acoustic wavelength
and spectrum of the pulse travelling from the boundary into the bulk of the

absorbing medium is mainly determined by the optical absorption length (skin
depth).
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Figure 2.4 Bulk acoustic wave propagation in an Al (solid line), Pt (dashed),
Cu (dash-dotted) and Au (dotted) thin film (thickness 100nm) on a sapphire
substrate after 10ps, 20ps, 30ps and 40ps (physical properties as well as the
laser parameters are the same as in Figure 2.3 (left), the arrow indicates the
propagation direction of the acoustic pulse in the aluminium film (solid line))

In Figure 2.4 the propagation of an acoustic pulse in a 100nm Al, Pt, Au and
Cu thin film on a sapphire substrate is shown every 10ps. Because the dia-
grams show only the region of the thin film the right hand side corresponds to
the interface of thin film and sapphire substrate. After 10ps the acoustic pulses
in all thin films are propagating towards the interface. Again 10ps later the
acoustic pulse in the aluminium film has been reflected the first time whereas
in the other materials the pulses are still propagating towards the interface.
Aluminium has the highest bulk wave speed c; of the four materials. The
reflection coefficient r of the aluminium-sapphire combination amounts to
0.408 and has a positive sign. This means that the amplitude of the reflected
acoustic pulse is 40% of the incident and the pulse shape of the incident pulse
is the same as the reflected one. The acoustic pulse in the platinum thin film
has a smaller amplitude than the pulse in the aluminium case. Also, the acous-
tic reflection coefficient r is smaller and furthermore has a negative sign. The
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variation in signs of the back propagating pulse caused by the different reflec-
tion coefficient r is illustrated in Figure 2.4 if the strain distribution in the alu-
minium and platinum thin films are compared. In the copper case, the
reflectivity coefficient is very low, hence, nearly the total acoustic pulse is
transmitted into the substrate. This fact should be kept in mind because it is
one of the limiting conditions for experiments. Measurements for aluminium
thin films and platinum thin films are presented in Chapter 4.

2.2 Numerical modelling

2.2.1 Numerical model of the one-dimensional linear elastic
wave propagation

On the one hand the presented analytical model gives a fast but rough idea of
the travelling acoustic pulse without extensive calculations. But on the other
hand numerical models are more flexible for describing the travelling wave in
specimens consisting of a stack of various layers. In addition, numerical mod-
els are the only way for calculating the wave propagation in 2 or 3 dimensions.
Furthermore, numerical modelling makes it possible to describe the excitation
of the acoustic pulses by the induced temperature in a more accurate way.

2.2.1.1 Implementation

For the calculation of hyperbolic differential equations like the wave equation
(2.13) it is according to Luh Y. [36] not worthy to use implicit algorithms. The
much higher calculation costs do not result in "smoother" solutions as it is the
case with parabolic or elliptic differential equations. This is the reason why an
explicit staggered algorithm is used. The staggered algorithm presented by
Schubert F. et. al. [68] has the advantage of the simple implementation of the
boundary condition and in addition this algorithm can also be used in 2D or
3D problems. We follow the deduction of Bryner J. [5] which is equivalent to
the one dimensional case of the algorithm presented by Schubert F. et. al. [68].
If the derivative with respect to time of the stress-strain relation (2.10) and the
kinematic relation (2.13) is used we get the following set of differential equa-
tions:

2 0
. 0 o
wave equation (Newton): p —2(”2) =_° (2.18)
0c O, Oc
stress-strain relation: = Y= (M+2p) EZ to % therm (2.19)
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kinematic relation: —° =

ot 010z

O therm 18 the thermal excitation (2.12) induced by the absorbed laser pulses.
If the velocity is introduced

(2.20)

Guz
v, = = (2.21)

the resulting set of equations is

ov ] 0o

Tz _ L 77z 2.22
ot p 0z ( )
0G ov, Oc

T (h+2 'z +__ % therm 2.23
ot ( H) 0z Ot ( )

Equations (2.22) and (2.23) are now discretized in the time and space domain.
In the space domain the grid as presented in Figure 2.5 is used.

R , ,
c-grid v-grid

= = R
Az | \& v} o, \GL

Figure 2.5 Discretization in space domain of the staggered algorithm

In the following 1-D spatial discretization the z-direction corresponds to the
thickness direction of the thin film/substrate configuration and the superscripts
¢, r and 1 denote the center, right and left of the corresponding grid-cell. The
spatial discretization of Equation (2.22) and Equation (2.23) is now as follows

e ] 5 —o

IETP s Al « 2.24
ot p Az (2:24)
oo v oG-

i (L42u)—24 5 therm 22
ot (A+2u) Az ¥ ot (&.25)
The temporal discretization is realized in a similar way

0 (T + Ar) — (T — Ar)

—_ (T = 2.26
ot A 2At (2.26)

The derivative of function f is estimated at time 7 with Equation (2.26) in
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which Af denotes the time-step. If this equation is rewritten one can estimate
the function at time 7+ At

AT+ At) ~ (T = Af) + f(T)2At (2.27)

With Equation (2.27) and a staggered grid in time domain similar to Schubert
F. et. al. [68] the temporal integration is

v(T)~v (T-Ar)+ v'Z(T— -AZ-’) At (2.28)
o [T+ %t) ~o[T- %t) + 0 (T)At (2.29)

The finite difference equations (2.24)-(2.29) approximate the derivatives by
truncated Taylor series. Therefore, inaccuracies occur which can usually not
completely be omitted but can be reduced by choosing the right step size in
time and space domain. For reducing numerical dispersion which results from
frequency dependent velocity errors, the propagating acoustic pulse must be
sufficiently sampled in space domain. According to Leutenegger T. [33] this
leads to the following condition

Az< = — (2.30)

It is obvious that the travelling acoustic pulse (Figure 2.3 (right)) has high fre-

quency content which is caused by the abrupt sign change. Therefore the spa-

tial grid has to be chosen fine enough to reduce errors caused by the numerical

dispersion.

To avoid the exponential growth of the amplitude during calculation, it is nec-

essary to choose a time step At which is limited in size by Equation (2.31)

At < Az (2.31)
€

The critical time step At is governed by the Neumann stability analysis (Leu-

tenegger T. [33]) applied to this one dimensional scheme. The special case in

which

Az = Atc, (2.32)

is called magic time step, because of the remarkable properties of the resulting
finite difference expressions. The solution of the finite difference scheme is
also an exact solution of the wave equation (2.18) despite of the approximation
by Taylor series (Taflove A. et. al. [76]). Numerical dispersion is totally
avoided if the magic time step (2.32) is applied to solve the discretized equa-
tions. Appendix B is dedicated to the discussion of the magic time step.
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The spatially staggered finite difference scheme has a big advantage in the
simple implementation of the mechanical boundary conditions. In the follow-
ing two special cases - the stress free boundary and the rigid fixing - are dis-
cussed. On a stress free boundary the stress in normal direction vanishes at the
surface. An illustration of the implementation of the boundary condition is
presented in Figure 2.6.

RS

surface
= = =

\
\G() (oF] o)) Li_‘

ghost point

Figure 2.6 Implementation of a stress free boundary

The grid cells are chosen in a way that on the physical boundary of the speci-
men lies a grid point for the calculation of the velocity - illustrated by an arrow
in Figure 2.6. For the implementation an additional grid point - a "ghost point"
(op) outside of the specimen is set to the negative value of the occurring stress
on the first grid point (oy) inside the physical boundary.

) = —0; (2.33)
The approximation of the velocity is determined by the interpolation of the

neighboring stress grid points (2.24). Therefore, the stress on the surface van-
ishes due to the value of the "ghost point".

R

surface
\};’_' S = =
im0 v, Az

Figure 2.7 Implementation of a rigid boundary

To implement a rigid boundary is even easier since the grid point for the calcu-
lation of the velocity is on the surface which is simply set to zero.

v, =0 (2.34)

2.2.1.2 Discussion

Figure 2.8 shows the bulk wave propagation in an aluminium film on a sap-
phire substrate calculated with the presented finite difference scheme. In the
aluminium part as well as in the sapphire substrate the magic time step is
applied to the solution of the finite difference approximation. For the pre-
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sented results a time step At of 4fs is chosen. The spatial step size of the grid in
both media is determined by the wave speed c¢; and the time step 4 (2.32). As
the results show the expected numerical dispersion due to the very high fre-
quency content of the acoustic signal is completely eliminated by means of
magic time step. Nevertheless, slight differences arose when comparing the
analytical solution (Figure 2.4) and the numerically calculated results
(Figure 2.8). The spatial grid is slightly too rough for sampling the sharp posi-
tive and negative peaks (marked by dashed circles in Figure 2.8) occurring at
the sign change of the travelling acoustic pulse. Far enough from the surface
the normalized propagating strain pulse should have an amplitude of +/-0.5
and the peak-peak amplitude should always be 1 as in the analytical solution
(Figure 2.4). By reducing the temporal and the spatial step size as well, this
inaccuracies of the sampling can nearly be eliminated.

At interface of thin film and substrate the propagating acoustic pulse is
reflected according to the acoustic reflection coefficient r (2.17). The ratio of
the amplitudes of the incident and the reflected stress pulse is 0.408 and
because of the linear elastic stress-strain-relation the ratio is the same for the
strain pulse. Since the impedance of the substrate is higher than the impedance
of the thin film the amplitude of the transmitted stress pulse with respect to the
incident one is >1. The amplitude of the transmitted strain pulse is in the order
of the reflected one because the substrate (sapphire) is much stiffer than the
thin film. The higher bulk wave velocity in the sapphire substrate leads to a
slightly broader pulse which can be observed comparing reflected and trans-
mitted strain pulse.
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Figure 2.8 Simulated strain (top) and stress (bottom) in a 100nm aluminium
film on a sapphire (gray) substrate (left at 10ps, right at 20ps)

This numerical solution enables the implementation of more accurate descrip-
tions of the laser induced transient heating in the surface region which is the
subject matter of the following two chapters.

2.2.2  Numerical model for the ultrashort pulse laser heating

As mentioned before, the heat conduction inside the thin film has not been
considered in the excitation of the mechanical strain pulses. But while and
after the laser pulse is absorbed the heat diffuses into underlying layers and the
substrate. A numerical solution of the heat conduction equation enables the
consideration of the temporal laser pulse shape which can be very interesting
since the acoustic pulse shape can be modified with the appropriate laser pulse
or laser pulse train.
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2.2.2.1 Theoretical considerations

Q) Due to the heat conduction the induced
i ' temperature is not constant in time
- domain thus the thermal induced stress
Heat- Implicit: : oL NN
equation € CLank-Nicholson  varies. So the excitation varies in time and
space
T(z,t)
O, therm = —(3A+2n) a AT(z,1)(2.35)
Oz therm (Z1) The feedback of the resulting strain or dis-
Wave- Explicit: placemc?nt, respectively, on th'e simulation
equation S}aggered grid of the induced temperature is neglected
&(z) ale. because of its very small contribution,
i i thus the two parts can be performed
: . sequentially. For determining the varyin
Figure 2.9 Algorithm for q y. Tor Tett & ying
. temperature distribution the heat conduc-
the solution of the heat and wave

tion equation must be solved which leads
to a complete solution as illustrated in
Figure 2.9. First, an implicit Crank-Nicholson scheme (Strauss W.A. [74]) is
applied for calculating the temperature distribution. Secondly, the wave propa-
gation problem is solved numerically with an excitation described in Equation
(2.35).

equation

2.2.2.2 Implementation
The heat conduction is described by the following parabolic partial differential

equation
2
or  KoT 1
of _ A + = 2.36
ot C8z2 CQ (2.36)

K denotes the thermal conductivity, C the heat capacity and Q(z,?) is the source
term related to the absorbed energy of the incident laser pulse. According to
Strauss W.A. [74] the equation is discretized with the 3-scheme

1 -T@) (g T D' -2TG) + TG-1)

At (AZ)2
k+1

(2.37)

NACE: D o1t v Tz- D)
2
(Az)
which yields for Equation (2.36)
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B AtKSZT(Z N ])k+] N (2AtK% N 1) T(Z)k+1 B AtKSZT(Z_ 1)k+1 _
C(Az) C(Az) C(Az2)
_ AtK(1 —28 zT(z N ])k N (_ 2AtK(1 —232 4 ]) T(Z)k N
C(Az) C(Az7)
+ Aﬂ%ﬁ(z _ D)4 %[Q(z) (2.38)

C(Az)

At 1s the temporal step size, Az the step size in the space domain. k£ denotes the
number of the actual time step and z the number of the actual spatial step. Q is
the source in W/m> and 4 the so-called 9-parameter. The special case of S
equal to 1/2 is the well-known Crank-Nicholson-scheme which is stable for
arbitrary temporal Af and spatial Az step sizes.

In a first step the boundary conditions for an adiabatic system are imple-
mented. Consequently, the heat flux out of the simulated region (thin film)
must vanish, which is equivalent to a vanishing derivative of the temperature
with respect to z. Thus for all time steps k the finite difference (2.39) is valid at
the boundary

) -1 _,

2.39

2Az ( )
Equation (2.39) yield

70 = T(2)f (2.40)

and similar for the back surface or interface, respectively.

surfqt\:i
. 4 1 t ?

\ \ 7
Ty T, Ts LLJ

ghost point

Figure 2.10 Implementation of the adiabatic boundary condition

2.2.2.3  Discussion

Shortly after absorption of the ultra-short laser pulse the induced temperature
change is approximately the same as the analytical solution which is shown if
the results in the corresponding figures (Figure 2.2 and Figure 2.11 (solid line,
right)) are compared. Then the heat diffuses into the thin film and after several
tens of picoseconds - depending on the thermal conductivity - the thin film is
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in thermal equilibrium. All results of the following figures are calculated using
the same laser parameters as previously used. The 100nm aluminium film is
exposed to laser pulses (FWMH) with 100fs duration and 4.8nJ pulse energy.
It is assumed that the spot on the surface has a diameter of 50 microns. For the
adiabatic solution a spatial grid size Az of 1nm and a step size in the time
domain At of 2fs is used. Variations of the step size both in time and space
domain showed no significant change in the simulation accuracy. A reduction
of the grid size in time or space domain to the half of the usual values leads to
maximal variations of the induced temperature change (AT) below 0.5%.

temperature at Onm, 50nm and 100nm I temperature at 200fs, 500fs and 2ps
,
2 310
Z 310 %
= = 308f
" ] 8
% 308 2 »
£ Onm g 306
2 306 g
- 5
E = 304}
304
302
302 S T Sh
,"'_ ' 100nm
0 10 20 30 time t [ps] depth z [nm]

Figure 2.11 Temperature increase in a 100nm aluminium thin film (adiabatic
system with boundary conditions according to Equation (2.40)) after absorb-
ing a 100fs (full width at medium height - FWMH) ultra-short laser pulse; left:
with respect to time (at the free surface - solid line, at a depth of 50nm -
dashed line and at the back surface (100nm) - dotted line); right: with respect
to thickness (after 200fs - solid line, after 500fs - dashed line and after 2ps -
dotted line)

The main difference of the analytical and the discrete model is that the temper-
ature in the thin film is not constant anymore but diffuses into the thin film.
Since the temperature is varying with time at every spatial point, a non-sym-

metric travelling strain pulse is excited. The shape of the strain pulse is mainly
determined by the ratio
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in which D=K/C denotes the
ratio of the thermal conductiv-
ity K and C the heat capacity
(Thomsen C. et. al. [81]). If
the ratio (2.41) is comparable
to 1 the changes affected by
heat diffusion must be consid-

ered. On the other hand if the
ratio (2.41) is much smaller
than 1 (<<1) the effect on the

0 20 40 60 depthz[nm]  Strain pulse can be disre-
garded, because the acoustic
pulse has left the heated
region before the heat trans-
port affects its shape.

The strain pulse presented in
Figure 2.12 is calculated using
the finite difference scheme
described previously, applying the magic time step (2.32) and a step size in the
time domain At of 10fs. Figure 2.3 shows that the positive part of the strain
pulse has the same amplitude but the negative part is strongly influenced by
the heat conduction.

(2.41)

strain €z [X ]0'4]
) =

(=]

Figure 2.12 Excited strain pulse (only the
propagating part) in an 100nm aluminium
thin film (freestanding) calculated with
numerical modelling of heat conduction
(adiabatic) and wave propagation

2.2.3 Non-equilibrium numerical modelling of the ultrashort
laser pulse heating

Experiments on metallic thin films, above all, on thin films of materials such
as copper or gold showed a very strong heat flux during the short time period
of absorption of the laser pulse. This strong heat flux is caused by non-equilib-
rium heating during the first picosecond after the incidence of the laser pulse
which can not be described with the previous models of Chapter 2.1 and
Chapter 2.2.2. Therefore in this chapter the concept of non-equilibrium heat-
ing is introduced and the corresponding models are discussed. In the following
it is shown, that the non-equilibrium heating has a significant effect on the
amplitude and distribution of the induced temperature increase and therefore
on the amplitude and shape of the excited acoustic pulse. Especially with
decreasing dimensions of thin films or microstructures, respectively, the non-
equilibrium heating must be considered in an appropriate model.

Apart from the application of such models for describing the excitation of
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acoustic pulses the accurate prediction of the thermally affected zone is usu-
ally important for high-precision controllability, since manufacturing technol-
ogy progresses into the nanoscale area. Meanwhile ultrashort pulse lasers are
becoming common for cutting foils and thin sheet metals or for structuring
metallic coatings, for instance, because of their tremendous pulse but low
average power.

According to Qiu T.Q. et. al. [59] there exist basically two different models
describing the mechanism of energy transport during short-pulse laser heating.
One is based on the hyperbolic heat conduction model (Tzou D.Y. [83]) which
was first postulated for gases by Maxwell in 1867. A second model is based on
the thermal non-equilibrium concept of microscopic energy carriers, i.e., elec-
trons and phonons having different temperatures during the heating process
(Kaganov M.1,, et.al. [28], Anisimov S.I., et. al. [1] and Qiu T.Q. et. al. [58]).
The latter has been adapted, numerically implemented and connected with the
modelling of wave propagation in a similar way as shown in Figure 2.9.

2.2.3.1 Theoretical considerations

The non-equilibrium short-pulse laser heating of metals consists of two major
steps:

1) The absorption of the laser radiation by the electrons due to their very small
heat capacity

2) The transmittance of the energy from the electrons to the lattice system by
an inelastic electron-phonon scattering process

The transmittance of the energy from the electrons to the lattice depends on
the material properties and takes about 0.1-1ps until the electrons and lattice
are just about in thermal equilibrium [59]. If the laser pulse duration is in the
same order or shorter than this time period, an appropriate thermal model is
necessary to describe the heating of the material. This non-equilibrium heating
process can be described by the hyperbolic two step model which can be sim-
plified for most cases to the parabolic two-step radiation heating model (PTS,
Qiu T.Q. et. al. [61]) or simply the two-temperature model. The two-tempera-
ture model was first proposed by Anisimov S.I., et. al. [1], based on the work
of Kaganov M.L,, et.al. [28]. The two-temperature model is described with the
following equations

or
C(T) ‘= V(K,VT,)-G(T,-T)+Q (2.42)
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oT,
CIE = G(T,-T)) (2.43)
presented by Qui T.Q. et. al. [61]. 7,, T}, C,, C; and K, are the temperature,
heat capacity and thermal conductivity of the electron (e) and the lattice (/)
system, respectively. G is the electron-lattice coupling constant and Q the laser
heating source term. Due to the small ratio between film thickness d or absorp-
tion length & and diameter of the irradiated spot, which is in the order of 1073,
the coupled differential equations are solved in one dimension with the coordi-
nate z perpendicular to the surface of the thin film. In plane heat conduction in
the thin film is neglected. The temperature dependence of the electron heat
capacity C,(T,) and the thermal conductivity K,(7T,) are given by

C(T,) = 1T, (2.44)
T

KT, = K—Tf (2.45)
[

in which y is the electron specific heat constant and K the thermal conductiv-
ity at equilibrium (Tas G. et. al. [79], Hostetler J.L. et. al. [24]). Heat transport
through the film-substrate interface is assumed to be negligible in the electron
system. In the lattice system the heat flux through the interface is disregarded
for these first series of computations, but in the results presented in
Chapter 4.1.3.3 it is taken into account according to

or
="' = V(K,VT) + G(T,~T) (2.46)

Cl
In general, the heat conduction in the lattice is considered if the coatings are
thin and therefore the acoustic pulse shape is significantly influenced. The
source term Q(zt) is defined as

Z

0(z.1) = I(1) U—RU E (2.47)

S

in which R represents the optical reflectivity of the thin film. The reflectivity R
as well as the absorption length & are wavelength dependent. A denotes the
irradiated area, J the pulse energy, and /(z) the time profile of the femtosecond
pump pulses.

2.2.3.2 Implementation

The equations (2.42) and (2.43) are solved numerically with a Crank-Nichol-
son-scheme (2.37) [13] with a constant grid spacing and also considering addi-
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tionally the temperature dependent thermal properties (2.44) and (2.45).
Usually, a maximum grid spacing of 1nm is chosen and it is also assumed, that
the boundary at the free surface and at the interface, respectively, is thermally
insulated in the electron and lattice system. In the lattice system the thermal
properties (heat capacity) are kept constant, which is a good approximation
since the induced temperature change is very small. The derivative of the tem-
perature with respect to the time is estimated with a forward differential coeffi-
cient. If this simulation is used together with a numerical solution of the wave

equation it is connected with the resulting lattice temperature by adapting
Equation (2.35)

S, therm = —(3M+21) o0 ATY(z, 1) (2.48)

2.2.3.3 Results and Discussion
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Figure 2.13 Induced temperature calculated with the non-equilibrium model
(lattice system - solid line, electron system - dashed line) and with the one-
temperature model (dash-dotted line)

The small heat capacity of the electron system enables that during the absorp-
tion of the ultrashort laser pulse the temperature in the electron system rises
very fast. In most common metal films the electron heat capacity at room tem-
perature C,( [30] is two orders of magnitude smaller than the heat capacity of
the lattice C;, which is in the order of the bulk value C. The heat capacity of the
lattice is kept constant because the induced temperature change is small and is
calculated from C = C, + C,. In cases with higher temperature changes, such
as applications of ultrashort pulse lasers in manufacturing technology, the lat-
tice heat capacity variations caused by the increased temperature must be
taken also into account [7]. Compared with the electron system the lattice tem-
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perature rises much more slowly, which means that during the absorption of
the laser pulse in the first hundreds of femtoseconds the difference of the tem-
perature in the lattice and electron system is the highest (compare Figure 2.14
and Figure 2.15). Consequently the temperature dependent electron heat con-
ductivity (2.45) is the highest during and shortly after absorbing the laser
pulse. Hence, the electron temperature is distributed nearly uniform in the film

after the first picoseconds which can be observed in Figure 2.14.

temperature Te at 50fs, 100fs, 200fs and 300fs

Simultaneously  the

440 energy of the electrons

is transferred through

420+ electron-phonon colli-

L 100fs sion to the lattice. The

= 400+ ‘\‘ intensity of the cou-
= \ pling depends on the
['_q'_, 380 b electron-phonon cou-
2 A pling parameter G
2 360} which is strongly
5 material ~ dependent.
340} An overview of the
electron-phonon cou-

320¢ o pling G of 8 different
O Mt T | metal films is given by

Hohlfeld J. et. al. [23]
where also values of
the electron specific
heat constant, thermal
diffusivity and the
thermal conductivity
can be found. The coupling parameter G of aluminium is chosen from Tas G.
et. al. [79]. If the value of the electron-phonon coupling G is low i.e. for gold
and copper films, the electrons may diffuse significantly more than in cases
where the coupling is stronger (i.e. aluminium, chromium). Thus, the spatial
area over which the energy is spread is much larger than calculated with the
previous models of Chapter 2.1 and Chapter 2.2.2. Therefore, the induced lat-
tice temperature is much lower than determined before, but is being distributed
over a much wider region.

0 20 40 depth z [nm]

Figure 2.14 Electron temperature at 50fs

(solid line), 100fs (dashed line), 200fs (dash-dotted)
and 300fs (dotted) after incidence of the laser pulse
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Figure 2.15 Left: lattice temperature in a 100nm aluminium (freestanding, adi-
abatic) thin film plotted with respect to time (at the free surface - solid line, at
a depth of 50nm - dashed line and at the back side (100nm) - dotted line);
right: spatial distribution of the lattice temperature (after 200fs - solid line,
after 500fs - dashed line, 2ps - dash-dotted line and after Sps - dotted line)

: Hence it follows that the
7.5ps| amplitude of the acoustic
il | pulse must be smaller. This
is the case if the amplitude
of the acoustic pulse in
Figure 2.16 (~1x10"%) is
compared with the strain
0 pulses in  Figure 2.12
(~4.5x10™*) and Figure 2.3.
(~4.5x10%). In addition
Figure 2.16 shows also a
significant broadening of
the acoustic pulse due to
increased heat conduction
0 20 40 60 dépthi[nm] even for aluminium thin
films. In copper or gold
films this effect is much
stronger. If the film thick-
ness is sufficiently thin (in
the order of 100nm
depending on the material)

strain € 7 [x 10'4J

Figure 2.16 Excited strain pulse (only the
propagating part) by the induced tempera-
ture calculated with the two-temperature
model in a 100nm aluminium film (free-
standing)
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the temperature change at
the back of the thin film (in
Figure 2.16 on the right hand
side) excites also a propagat-
ing acoustic pulse which
travels towards the front sur-
face. The amplitude of the
acoustic pulse excited at the
back of the thin film depends
on the strong initial tempera-
ture increase at the back dur-
ing and shortly after the
absorption of the laser pulse.
The amplitude of this addi-
tional pulse depends on the
boundary conditions and the
induced temperature
increase at the back. In gen-
eral, an additional acoustic
pulse can be expected if a

temperature T; at Onm, 50nm and 100nm

300.4+
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:
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300.1
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Figure 2.17 Calculated lattice tempera-

ture in a 100nm freestanding copper thin

film (adiabatic) (free surface - solid line,

depth of 50nm - dashed, depth of 100nm -
dotted line)

sharp increase of the temperature is induced on boundaries or interfaces of dif-
ferent thin films. In the example presented, in Figure 2.16, the strain pulse
excited at the front surface covers a distance of approximately 47nm after
7.5ps. The acoustic pulse excited at the back of the film propagates the same
distance and occurs in Figure 2.16 as a small step at a position z of approxi-

mately 53nm.
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It is important to consider this
phenomenon if the film
’ becomes thinner or the elec-
! tron-phonon coupling G is
low because this leads to a
stronger initial temperature
increase at the back of the thin
film. For example: for a cop-
per thin film with thickness of
| 100nm deposited on silicon
pulse duration 500ps (FWHM) substrate the acoustic pulse
| excited at the interface is in
same order of magnitude than
the pulse excited at the front
surface  (see Figure 4.20).
Figure 2.17 shows the temper-

pulse duration 50ps (FWHM)

temperature T [K]
E

0 200 400 600 “time t[ps]
Figure 2.18 Temperature of electron and lat-
tice system, respectively calculated with the ature distribution in a 100nm

two- and for comparison with the one-tem- copper film after absorption of

perature model in a 100nm aluminium film a 100fs (FWMH) laser pulse
(freestanding, adiabatic) (lattice system - '

solid line, electron system - dashed line) and
with the one-temperature model (dash-dotted
line)

In general the temperature
increase in a copper film is
much lower than in alumin-
ium due to the higher optical
reflectivity. In addition, the
lower electron-phonon coupling yields a nearly uniform temperature distribu-
tion shortly after absorbing the laser pulse, because the electrons can diffuse
over a larger distance, before they are losing their energy. A fact which usually
leads to two propagating acoustic pulses except in films thicker than about
500nm. In such cases the two pulses propagating in opposite directions add up
to a standing bulk wave i.e. a resonance in the thickness direction of the thin
film. Corresponding measurements on copper have been presented in [47].

If the electron-phonon coupling is very high or if the electrons and the lattice
are in thermal equilibrium, equations (2.42) and (2.43) reduce to the classical
Fourier law (2.36). Thermal equilibrium arises if the pulse duration is much
larger than the electron-lattice thermalization time. Two such results are
shown in Figure 2.18. During the absorption time of the 50ps (FWMH) pulse
as well as during the 500ps (FWMH) pulse the electrons and the lattice are in
thermal equilibrium. In both cases, the obtained results match the solution of
the classical Fourier law (2.36) very well.

All laser parameters are the same as used previously, that is to say that the
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pulse energy fluence is 2.45J/m? and the duration amounts to 100fs (FWHM).
The material and thermal properties of the aluminium and copper film are
given in Appendix A.

2.3 Further aspects of the propagation characteristics of
the acoustic pulses

2.3.1 Surface roughness

The wavelength of the excited high frequency acoustic pulses in the metallic
thin film is in the nanometer range. Since the surface roughness is in the same
order of magnitude this section deals with the effects of surface roughness on
the propagating acoustic pulse.

In the paper of Zhu T.C. et. al. [95] the influence of the surface roughness on
the attenuation of the acoustic pulse is discussed with the assumption of a
nearly constant film thickness. If the film thickness is constant only the varia-
tions of the acoustic path lengths cause an attenuation of the acoustic pulse
(see Figure 2.19). These variations of the acoustic path length are proportional
to the film thickness (Zhu T.C. et. al. [95]) and therefore the broadening of the
acoustic pulses increases with increasing film thickness.

Pump beam .. S

Figure 2.19 Influence of the surface roughness

The interface roughness and slight changes of the film thickness have an addi-
tional influence, which is illustrated by the paper of Natarajan A. et. al. [46]
which shows acoustic pulse broadening caused by rough interfaces.
Furthermore, the absorption and reflection of light is affected by the surface
roughness.

2.3.2 Limits of continuum-mechanics

From the governing differential equation, the wave propagation velocity is
determined by the stiffness tensor and the density and hence, it is constant.
The acoustic wave propagation in 1D can be understood at the microscopic
level by a mass and spring model which is well known in solid state physics.
Atomic layers are modeled as hard spheres with the corresponding masses,
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and the interatomic forces are modeled with springs of different spring con-
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Figure 2.20 lllustration of the one spring constant atomic model (1D)
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The forces which act on the atom at position na are

F(na) = C[u((n+ 1)a)—u(na)]+ C [u((n—1)a) —u(na)] (2.49)
The equation of motion of the atom at position na and the force given by
Equation (2.49) leads to
2
M%u(na) = Clu((n+1)a)+u((n—-1)a)—2u(na)] (2.50)
dt

M is the mass of an atom, C the appropriate spring constant and a denotes the
spacing between the atoms. Assuming harmonic oscillations of the masses
with a frequency @

—OJZM u(na) = C[((n+1)a)+u((n—1)a)—2u(na)] (2.51)
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Equation (2.50) reduces to
(2.51) with propagating waves
according to Equation (2.52)

[-]

—inak

u(na) = ue (2.52)
p=
“Q as a solution in which k denotes
z the wave number. Equation

(2.51) and (2.52) lead to the
dispersion relation of the travel-
ling waves

2

' ' 2C
~T/ 0 T/ = — —
a & ] a Iv; (I - cos(ka)) (2.53)

Figure 2.21 Plot of the dispersion relation  or
(2.54) - first Brillouin zone (illustration: > 4C( (1 2
the occurring wave numbers of an acous- @ = ¢ (5’” (Eka)) (2.54)
tic pulse in an aluminium film are grey
underlaid) In the long wavelength limit (ka
<< 1) the dispersion relation

reduces with

cos(ka)~ I — é(ka)z (2.55)
to
o’ = A%(ka)2 (2.56)

which shows that for ka << [ the frequency is directly proportional to the
wave number, or in other words that the phase velocity is independent of fre-
quency. In the continuum limit (a->0) the group velocity, which is defined as
the derivative of the frequency @ with respect to the wave number & tends to
a/k, which is exactly as in the continuum theory. The grey underlaid area in
Figure 2.21 corresponds to the occurring wave numbers in an aluminium film
after excitation with an ultrashort laser pulse. Although this comparison is a
strong simplification of the facts it shows that one can still work with the con-
tinuum theory even with the small wavelength in the order of 10-20nm.

2.4 Detection of the acoustic pulses

Recently a variety of different detection configurations have been presented.
All these detection techniques have the same goal: probing the modulation of
the dielectric constants by an incident ultrashort optical laser pulse. This mod-
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ulation can be caused by several different reasons, for example by increased
temperature and thermal diffusion or propagating acoustic pulses. It is impor-
tant to probe these phenomena with a time resolution that is sufficiently high
to cover the whole frequency range. The spatial resolution of this technique is
limited by the Rayleigh criterion which describes the fact that optical pulses
can in the best case only be focussed to half of the optical wavelength. In the
case presented here the optical spot size is in the order of some microns when
working with microscope objectives.

The simplest way to detect the reflectivity change caused by a modulation of
the dielectric constants is to measure the intensity of the reflected probe pulse
(see Thomsen C. et. al. [81]). To enhance the resolution, in order to measure
very small changes of the reflectivity, one has the possibility to improve the
optical part of the detection and the signal processing. One option is to reduce
the spot size in order to increase the probe light intensity, which is however
limited by the damage threshold of the surface material. Another possibility is
to use interferometrical detection which measures the phase change. Different
interferometrical detections were presented for example Sagnac interferometer
(Nikoonahad M. et. al. [47], Hurley D.H. et al. [25]), Michelson interferometer
(Richardson C.J.K. et. al. [63]) or Mach-Zehnder interferometer (Perrin B. et.
al. [51]). It should be noted that working with interferometrical detection the
detected reflectivity change is caused by the displacement of the top surface
and the modulation of the dielectric constants. A further possibility for the
detection is to measure the angular deflection of the incident probe pulse by
the occurring displacement on the top surface (Wright O.B. et. al. [92]).

In the experimental setup presented here the detection is performed by measur-
ing the reflectivity in a similar way as proposed by Thomsen C. et. al. [81].
Further enhancements are realized in the signal processing (see Chapter 3).
The overall reflectance or transmittance measured by one of the discussed con-
figurations is affected by the following two mechanisms:

- Perturbations of the dielectric constants or the (complex) refractive index.

- Perturbations of the interface or surface positions implying variations of the
film thicknesses.

For the following derivations it is assumed that the coherence length of the
laser pulse is much larger than the film thickness. Since the coherence length
of 100fs laser pulses is in the order of ~30um, films thinner than ~5um satisfy
this assumption (Matusda O. et. al. [40]). According to Figure 3.7 (right) the
bandwidth of the laser pulse depends on the temporal shape and is usually in
the order of +/- ~10-15nm around the central wavelength in the order of
800nm. It is therefore assumed that the laser pulse is monochromatic and
exists only of a single wavelength.
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2.4.1 Perturbations of the dielectric constants (or refractive
index)

The dielectric constants can be perturbed by

- the induced temperature in the thin film and

- the time varying strain in the thin film.

In the following two subsections both cases are discussed.

2.4.1.1 Perturbations of the dielectric constants by the mechanical
strain

In order to isolate the reflectivity

it change caused by the mechanical

\\\ strain only, the reflection r of the sta-

\\\\\\\ tionary system is subtracted from the

»,” measured optical reflection (r + Ar)
”II[” according to Equation (2.57)

Reflected AR = |r+ Ar” = |1 (2.57)

Substrate Thin probe beam
film Ar denotes the modulation of the

optical reflection by the induced

Figure 2.22 Detection configuration — mechanical strain. The dielectric

with opaque top layer constant & in a material in the
absence of any strain is

e = (np+ixp)’ (2.58)

in which n;and «ydenotes the real and imaginary part of the optical refractive
index. The perturbation of the dielectric constant A¢ by the changes induced
by the acoustic pulse (strain &) is represented as (Thomsen C. et. al. [81])

%) oK

Ae = 2(not ien| S 41 ‘ 2.59
£ = 2(np+ixy) 6—8Z+l ESZ(Z’) (2.59)

& 1s the strain in z-direction and depends on the thickness coordinate z and the
time ¢. The derivatives (an)/ (Je,) and (8Kf)/ (0g,) describe the photo-
elastic behavior. In most cases and in particular for metallic thin films, infor-
mation about the dependence of the complex refractive index on strain is very
rare. In addition, the photoelastic behavior depends on the probe laser light
wavelength, which is illustrated for aluminium thin films by Devos A. et. al.
[15]. There it is reported about three measurements on aluminium thin film
with probe light wavelength of 810nm, 850nm and 880nm. The measurements
at 810nm and 880nm show reflectivity peaks, which have opposite signs. At a
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wavelength of 850nm the reflectivity change is nearly negligible. The reason
for this behavior is the dependency of the photoelastic response on the probe
light wavelength. The strain pulse, which gives rise to the reflectivity peaks
has always the same shape. As surmised by Thomsen C. et. al. [81] and shown
by Devos A. et. al. [15] the photoelastic response is strong in spectral regions
of singularities of interband transitions. Also, thermoreflectance measure-
ments have revealed the sensitivity to the interband transitions by showing a
sudden inversion of the detected signal near 1.5eV (830nm) (Devos A. et. al.
[15]). Examples of the thermomodulation spectra of aluminium, gold and cop-
per are given by Rosei R. et. al. [66] - a discussion of the dependency of the
photoelastic response to strain, which is also called piezo-optic behavior is dis-
cussed by Jiles D. C. et. al. [27]. In the Appendix C the connection of the
derivatives (8nf)/ (0e,) and (aKf)/ (0e,) with the photoelastic (piezo opti-
cal) constants Py, is presented.

Similar to Thomsen C. et. al. [81] we can find a change Ar in the reflection
coefficient r caused by the perturbation A¢ of the dielectric constant of

2 00
ik 2ikz '
Ar = 2—];-zvf-rfv- [ " Ae(z, 1) dz (2.60)
0

k, and kg are the wave numbers in vacuum and the film and ¢, is the optical
transmission coefficient (amplitude) from the vacuum into the film and #4, vice
versa (see Hecht E. [22]). It is assumed that the wave numbers in vacuum and
air are the same. Together with Equation (2.59) Equation (2.60) yields

.2

Ar = =¥ ik [ 2oy Ae(Z, 1) d7 2.61
r = kf'tvf'tfv'(nf"'lf)'.'.e £+l'$ az(z,t) Z (2.61)
0 Z
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Al thin || Sapphire substrate This result can be combined with
film equation (2.57), which leads to the
reflectivity change AR

0

sl

(S ]

AR(1) = [f(2) e,(2, )dz' (2.62)
I 0

f(z) 1s the so called sensitivity
0 function, which determines how
strain in different depths contrib-
0 700 560 depth 2 [am] utes to the reflectivity change
measured on the top surface
(Thomsen C. et. al. [81]). The sen-
sitivity function f{z) depends on
the complex optical refractive
index, the probe pulse optical
wavelength, and on the photoelastic behavior of the film material. In general,
the sensitivity function has an overall exponential decaying tendency (e@%))
and shows that strain at positions z below the 2 or 3 times the absorption
length & has a negligible contribution to the reflectivity change

sensitivity function f(z) [x107]

Figure 2.23 Sensitivity function f(z) of an
aluminium film (calculated with proper-
ties given in Appendix A)

2.4.1.2  Perturbations of the reflectivity caused by the induced tem-
perature

Apart from the strain distribution, the induced temperature modulates the
dielectric constants also. Similar calculations as shown in the previous
Chapter 2.4.1.1 can be performed with the temperature instead of the strain
distribution. The general idea is shown in the appendix of the paper presented
by Matsuda O. et. al. [40] and in the report of Miklos A. et. al. [43]. Usually
this problem can be solved with reasonable accuracy by calculating the reflec-
tivity change with

AR = a AT, + b AT, (2.63)

where a and b are constant coefficients describing how electron and lattice
heating (AT, and AT)) affect the reflectivity.
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2.4.1.3 Complete simulation of the experiment on a single opaque
thin film

el

rel. refl. change AR/R [x10 4]
(o]

0 10 20 30 40 tmet[ps]

Figure 2.24 Calculated reflectivity change in a 100nm aluminium film on a
sapphire substrate (solid line - overall reflectivity change, dashed line - contri-
bution caused by strain, dotted - contribution caused by induced temperature)

Figure 2.24 shows the simulated reflectivity change measured on the surface
of an aluminium film. Time varying induced temperature and strain are calcu-
lated numerically with the previously discussed two-temperature model and
subsequently by solving the wave equation. All material properties, optical
constants and laser parameters, are as usual, except the pump pulse laser flu-
ence of 1.225J/m?, which corresponds to an average laser power of 200mW.
Both contributions to the reflectivity change, namely the photoelastic, as well
as the contribution caused by the induced temperature, are presented. The
unknown constants (photoelastic behavior (8nf)/ (0e,) and (GKf)/ (Ce,),a
and b which are constant coefficients describing reflectivity change on the
heating) determining the amplitude of both contributions are chosen in a way
that the results are similar to measurements on aluminium films. An estimation
of these constants is possible by fitting simulations and measurements.
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2.4.2 Perturbations of the refractive index in transparent thin
films and of the interface positions

incident acoustic pulse A fl.lrth?r interesting config-
probe beam uration is the case of a trans-

\ parent top layer. In this case,
three contributions to the
reflectivity change are to be

W N
“\\\‘ distinguished (Matsuda O.
N\ et. al. [40], Wright O.B. [89],
]. le‘];l(,lli}n at GUSCV V. [20])‘
suriace . .
- The oscillations of the
reflectivity chan

reflection at o re ectivity change cause('l by

e W interferences of  various

propagating W W .

acoustic pulse ¥ “\\‘ reflections

S N\ _ :

(rp) R Transparent  opaque The photoelasFlc response
reflection at material (thin  thin film or of the underlying opaque
back interface film or substrate thin film or substrate

substrate) - The perturbations of the

interface positions
Oscillations, which  are
caused by interferences of
the reflected parts of the
probe laser pulses, can be observed. According to Figure 2.25 the incident
probe laser pulse is partly reflected at the surface. The transmitted part is
partly reflected at the propagating acoustic pulse. The remaining part of the
probe laser pulse is finally reflected at the back surface or interface. These
three parts of the probe light pulse interfere, constructively and destructively
depending on the geometrical dimensions and on the propagating acoustic
pulse, which leads to oscillations in the reflectivity (also shown in
Figure 4.24). Since the laser pulse reflection at the propagating pulse r,
depends, according to (2.64) [34]

Figure 2.25 Reflections of the incident probe
laser pulse in a transparent configuration

® ik, c0n
r, = ik,fe ”Za_g”gz(z, 1)dz (2.64)
0 Z

on the derivative (dn,,)/(0¢_), the photoelastic behavior of the transparent
material has a strong influence on the amplitude of the oscillating interfer-
ences. k, and k;, are the wave numbers in vacuum and the transparent material
and n,, denotes the optical refractive index. If further reflections of the laser
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pulse on the propagating acoustic pulse are taken into account (second reflec-
tion for instance) the accuracy of the describing theory is increasing (Wright
O.B. [89]). A solution of the reflectivity change in a transparent substrate
coated with an opaque thin film is derived by Lin H.-N. et. al. [34] - for a
transparent thin film on an opaque thin film or substrate, respectively by Mat-
suda O. et. al. [40], Wright O.B. [89] and Gusev V. [20]. Measurements of
such oscillations are presented in Chapter 4.2.

The photoelastic effect of the strain distribution in the underlying opaque sub-
strate or thin film is the second contribution to the overall measured signal.
The principal theory has been described previously (Chapter 2.4.1).

Aside from the photoelastic contribution, the third effect, which is less known,
contributes also to the overall reflectivity change. This effect is independent of
the coupling of the strain to the refractive index but the optical reflectance is
affected by the motion, of the specimens interfaces or surfaces, respectively
(Matsuda O. et. al. [40], Wright O.B. [89], Gusev V. [20], Perrin B. et. al.
[51]). The varying interferences of the optical probe light reflections at the
interfaces or surfaces which are moving cause the change in the probe light
reflectivity.
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Chapter 3

Experimental setup

To perform dynamic measurements, such as the measurement of the bulk
wave propagation in very thin films or microstructures with dimensions vary-
ing from tens of nanometers to several microns, it is necessary to have a tech-
nique with temporal resolution of femtoseconds or at least picoseconds
(Table 3.1). This can easily be understood if one takes into account that the
bulk wave speed of most materials is in the order of 3000m/s to 11000m/s.
With the pump-probe technique - which will be explained in this chapter - it is
possible to perform measurements with a temporal resolution of several femto-
seconds. The resolution in the time domain is only limited by the laser pulse
duration, which at the moment is in the order of 10fs for commercially avail-
able ultrashort pulse laser systems.

Dynamic measurements in Frequencies Temporal resolution
mm range kHz - MHz us
pm range MHz - GHz ns
nm range GHz - THz ps

Table 3.1 Dependency of the necessary temporal resolution on the geometrical
dimensions

This technique is also applied in solid-state physics in order to analyze struc-
tural properties and electronics for observation of fast rise times. In addition it
is used in non-linear optics, and in chemistry, enabling a time resolved obser-
vation of very fast processes and phenomena such as chemical reactions.
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3.1 Setup

Figure 3.1 shows the schematic experimental setup. The essential parts of this
technique are two optical paths (pump and probe) with variable lengths which
are used to precisely control the time shift between two synchronously emitted
short laser pulses. Usually the setup is built in a way that laser pulses of a com-
mon source are split into pump and probe pulses and the different optical path
lengths are realized with a moving translation table. Another possibility would
be two exactly synchronized ultrashort pulse lasers. The pump laser pulse is
used for excitation, the probe pulse for measuring the experimental response.
This technique leads to a temporal resolution which is only limited by the laser
pulse duration, thus, phenomena occurring beyond bandwidth and rise time of
currently available equipment become accessible.

Translation
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Splitter Pump Lens
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g
=

Photodetector -> Lock in
Figure 3.1 Schematic experimental setup

A detailed scheme of the experimental setup with all optical components is
presented in Figure 3.2. A titanium sapphire laser emits short laser pulses hav-
ing durations of less than 70fs and a wavelength of 780nm to 830nm at a repe-
tition rate of 81MHz. This laser system is described in detail in Chapter 3.2.1.
The wavelength in the order of 800nm is chosen because light of this particu-
lar frequency is well absorbed by aluminium leading to a strong thermo-elastic
interaction which results in relatively high acoustic amplitudes, which can be
easily detected.

Following the laser pulses from the left to the right hand side (Figure 3.1), the
beam is split into a pump beam carrying 90% of the energy and a weaker
probe beam by a partly transmitting mirror (beam splitter).
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Figure 3.2 Detailed experimental setup (NDF - neutral density filter)

The pump pulses are absorbed within a thin surface layer depending on the
measurement configuration and the material characteristics. The pump pulses
induce a temperature increase. Mechanical pulses are excited, caused by the
increased temperature and propagate perpendicular to the surface into the
material. At every impedance mismatch the acoustic pulses are partly reflected
according to the acoustic reflection coefficient. The acoustic pulses and the
increased temperature change the optical reflectivity (Chapter 2.4) at the sur-
face of the material which is measured with the probe laser pulse and a photo
diode. The frequencies of the acoustic pulses, and consequently of the optical
reflectivity change, are depending on the thickness of the absorbing surface
layer but are usually in the order of 100GHz or higher. To measure with pico-
second time resolution, which is necessary for experiments with frequency
content of hundreds of GHz, the optical path of the pump laser pulse is varied
while the path length of the probe pulse remains constant. Thereby the relative
time between measurement and excitation is changed. The whole experiment
is constantly repeated with a repetition rate of the laser (§1MHz). Figure 3.3
illustrates how the optical reflectivity is scanned by varying the relative time
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shift of pump and probe laser pulses. The presented measurement is done with
a specimen of an approximately 100nm aluminium film on a sapphire sub-
strate. Before the pump laser pulse hits the specimen the probe laser pulse
measures no relative change in the optical reflectivity. When the path length of
pump and probe laser pulses is exactly the same, both laser pulses hit the spec-
imen at the same time and an initial reflectivity jump is observed. This reflec-
tivity jump is caused by the increased temperature and strain.

T T T T T

Initial thermal

; reﬂectiv.ityjump - Change of the optical reflectivity at the surface |
: / of the thin film caused by the first mechanical
echo

Secbéecho \ :

Third echo

0 50 100 150 200 time t [ps]
Pump
\|/ \ Wi

Probe v Acoustic pulse

refl. change AR/R [arb. units]

Figure 3.3 Measurement of a 100nm aluminium film on a sapphire substrate

Superimposed on the smooth decay of the reflectivity, which is caused by the
slowly decreasing temperature in the thin film, are acoustic echo induced
peaks in the reflectivity. These peaks are caused by photoelastic effects and
appear when the acoustic pulses reach the surface where the reflectivity is
measured. The sign of the reflectivity peaks depends on the acoustic configu-
ration of the specimen. In this example, the first reflection is measured after
36ps, the second after 72ps and the third is observed after approximately
108ps.

Since the optical reflectivity change is usually very small the goal of the
experimental setup is to increase the signal to noise ratio in a way that the
thermo-acoustic information can be measured. Various concepts, which are
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described in the following, are used for an enhancement of the signal to noise
ratio.

The pump laser beam is modulated harmonically with a frequency of 19MHz
with an electro-optical modulator. The probe laser beam is modulated with
very low frequency in the order of 400Hz using a mechanical modulator
(chopper). Both modulation frequencies are used for lock-in amplification as
described in Chapter 3.3. The exciting laser beam and also the optical path of
the pump beam have vertical polarization, however, the optical path of the
probe laser pulses has horizontal polarization behind the half-wave-plate. The
cross polarization (pump and probe pulse propagates with different polariza-
tion planes) of pump and probe laser pulses is used to achieve a higher signal
to noise ratio. A polarization filter mounted in front of the main collimator
suppresses disturbing influences of scattered light from the pump laser pulses.
The reflected probe laser pulses are filtered by the polarizer and collected with
a collimator. A single mode fiber transmits the light to the balanced photode-
tector. The second fiber connected to the balanced photodetector collects the
light of the reference probe laser beam, which is not affected by the reflectivity
change at the surface of the specimen. The intensities of these two probe
pulses are carefully equalized by a variable neutral density filter (NDF) and a
variable time adjustment line (controller: Newport MM4005, stage: Newport
MTM250PP1), before the experiment is started. During the experiment the
difference of its intensities is amplified by the photodetector. Advantages of
this configuration are the following: The measured and amplified signal of the
photodetector is caused by the reflectivity change only and also lower fre-
quency fluctuations of the laser (caused by the laser unit for instance) are
strongly reduced, thus, the noise is reduced.

A biconvex lens focusses the pump and probe beam on the surface of the spec-
imen. The lens is split with each part mounted on an individual x-y-z-stage,
allowing the position and the focal plane of each laser beam to be adjusted.
Also, the specimen itself is mounted on a motorized x-y-stage (controller:
Newport MM4003, stages: Newport MTM200PP.1) which allows scanning of
a large area. The motorized stage is controlled by a LabView ™ program via
GPIB port of the computer. In addition, the specimen holder has several other
features, such as fibers and photodiodes for initial adjustments when setting up
new experiments. The x-y-stage is twisted about 17 degrees to avoid distur-
bances caused by reflected light, which is following the pump and probe path
back to the laser.
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Figure 3.4 Experimental setup with laser beam path (dashed lines)

3.2 Most important components of the experimental
setup

3.2.1 Ultrashort pulse laser

The laser system consists (see Figure 3.5, Figure 3.6) of a diode pumped Spec-
tra Physics Millenia™ v (5W) continuous wave laser with a wavelength in
the order of 532nm and a Spectra Physics Tsunami ™™ ultrashort pulse laser.
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Figure 3.5 Laser System
The Millenia™ V houses the optical resonator, the neodymium yttrium vana-
date (NdYVO,) gain medium, diode laser fiber delivery, telescope focusing
system, a lithium triborate (LBO) doubling crystal and the output beam tele-
scope system. The highly efficient, diode pumped Nd:YVO, laser crystal
requires far less cooling water than a plasma tube of comparable output power.
According to Spectra PhysicsTM [72] this virtually eliminates low-frequency
optical noise, which is a major problem for water-cooled ion lasers. The output
laser beam of the Millenia ™ V pumps the ultrashort pulse titanium sapphire

laser with approximately SW.

Diode Laser Millenia"™ Vv Tsunami "™ )
(Spectra Physics'™) (Spectra Physics'™") (Spectra Physics'™)
M | pranm
Diode pumped, Ultrashort pulse
cw visible laser laser
Computer, Controll unit Chiller
LabView ™ Model 3955 (Neslab™)
(Spectra Physics™)

Figure 3.6 Scheme of the laser system

The titanium sapphire laser (Spectra PhysicsTM Tsunami™™) emits pulses with
duration (FWMH, full width at medium height) shorter than 80fs. As shown in
Figure 3.7 (left) the temporal shape of a 85fs and a 110fs (FWMH) laser pulse
which is measured with the Spectra Physics Autocorrelator (Model 409) is
nearly gaussian.
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Figure 3.7 Left: temporal shape of a 85fs and 11 Ofs ultrashort laser pulse;
right: wavelength content of two different laser pulses with central wavelength
at 800nm and 810nm

With the prism dispersion compensation control and the wavelength control of
the Tsunami™, the laser pulse duration as well as the wavelength range can
be adjusted. The chosen standard mirror-set of the Tsunami'™ limits the
wavelength range from approximately 720nm to 850nm [73]. Experience has
shown that usually further alignment is necessary working outside a smaller
spectral content of 780nm to 830nm. In general, laser alignment has always a
slight effect on the beam path in the laser and setup. Additionally, the wave-
length content of a laser pulse depends on the laser pulse duration, which is
shown on two examples measured with the laser spectrometer (Figure 3.7
(right)). The maximum average output power of the ultrashort pulse laser is in
the order of 1W. With a laser pulse repetition rate of 81MHz the resulting
pulse energy amounts to 12.3nJ. Nevertheless this small pulse energy leads

with an average pulse duration of 100fs to a peak power higher than 120kW.
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3.2.2 Electro-optical modulator

The Conoptics electro-optical
modulator (Conoptics 350-50) is
used for the modulation of the
pump laser beam in the higher
frequency range.

The electro-optical modulator has |

two different inputs, one for the
bias connection (DC voltage) and
another for the high frequency
modulation signal (RF). The high
frequency modulation signal is in
the order of 19MHz. The EOM is
made of a KD*P crystal, which
changes the polarization of the

Figure 3.8 EOM (Conoptics 350-50) with

tank circuit and capacity

laser light depending on the input voltage. Outgoing laser pulses are filtered
with a polar filter behind the crystal. Both the high frequency modulation sig-
nal (RF) and the bias voltage are connected to the crystal which yields a volt-

age on the crystal according to Figure 3.9.

A
Bias (DC voltage)

Tt

High frequency sinusoidal
voltage (RF)

\
/

A Modulation voltage

Figure 3.9 High frequency modulation signal
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The highest modulation depth is reached when the polarization change of the
crystal oscillates between 0° and 90°. The electrical modulation signal must be
conditioned in a way that it is oscillating between the voltages corresponding
to 0° and 90° polarization change, respectively. In Figure 3.10 the schematic
working of the EOM is shown. The manufacturer gives a voltage of 757V for
changing the polarization of 90°. So, if we have vertically polarized light com-
ing into the EOM the polarization is changed by about 90° through the feed
voltage of 757V and therefore, the outgoing light has horizontal polarization.
Since the polarization filter at the optical output of the EOM lets only the ver-
tically polarized part of the laser light pass, the EOM blocks the total incoming
light at voltage of 757V.

The high-frequency modulation signal is excited by an electronic function
generator (Stanford Research Systems (SRS) DS345) and amplified by a high-
frequency amplifier (ENI 325LA RF Amplifier) as shown in Figure 3.11.

Function Gen. Tank circuit Bias
(SRS DS345) Electrical resonator DC voltage supply
(Conoptics BPS1)

=) OUT =) IN ()[J'}'? 9 ouT

Amplifier % { i

(ENI 325LA RF Ampl.) REIN __ BIASIN C

THnm I =

= IN outTO~ Laser | EOM (Conoptics 350-50)

Figure 3.11 Electrical scheme of EOM
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An electrical resonator amplifies the voltage again before it is connected to the
high-frequency input of the EOM. The electrical resonator is built according to
Figure 3.12. The capacity C1 is 300pF, the coil L1 has 1.6uH and the capacity
C2 is variable between 0.8pF and 12pF, which leads to a resonance frequency
between 18.97MHz and 21.97MHz, depending on the capacity C2.

Figure 3.12 Tank circuit (electrical resonator)

In Appendix D the calculation of the resonance frequency of the tank circuit is
explained. A resonance frequency of 19MHz is chosen because the laser noise
decreases with increasing frequency except at fractions of the repetition fre-
quency. The high capacity C in Figure 3.11 is very important to keep the reso-
nance frequency at the chosen value, because the capacity C connects every
high frequency signal to ground. If the capacity C is missing the high fre-
quency signal is also connected to the bias DC-power supply, which strongly
affects the resonance frequency of the tank circuit.

3.2.3 Mechanical modulator

The mechanical modulator [t Sl e T W

PLI].'I'ID .'__ b

(Figure 3.13), also called chopper
(Stanford Research Systems (SRS)
SR540), modulates the probe laser
beam with a box car signal. The 4 g \
modulation frequency lies between : ~ E’fg;ﬁ?;:;’" '
10Hz and 3kHz. '

Figure 3.13 Mechanical modulator
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3.2.4 Balanced photodetector

The balanced photodetector
(New Focus Model 1607-AC,
Figure 3.14) amplifies the dif-
ference of the incident laser
beams. Optical fibers connect
the reflected probe and the ref-
erence probe laser beam to the
photodetector. High frequency
electrical output is directly con-
nected to the first lock-in

amplifier. . R -
The photodetector is designed Figure 3.14 Balanced photodetector (New
for a wavelength range from Focus Model 1607-AC)

320nm and 1000nm with high-
est sensitivity at about 780nm. The bandwidth of the RF output is 40kHz -
650MHz.

3.2.5 Lock-In amplifiers

With lock-in amplifiers it is possible to measure very small signals even if the
noise is orders of magnitudes higher than the signal of interest. The principle
working of a lock-in amplifier is explained with the following example. In the
lock-in amplifier the signal of interest with a frequency f; is pre-amplified and
then multiplied by the reference signal (frequency f,). The multiplication leads
to two signals, one at the difference frequency (f; - f,) and the other at the sum
frequency (f; + f,) which is removed by low pass filtering. Since the reference
signal has usually exactly the same frequency as the signal of interest the dif-
ference frequency component is a DC signal. The amplitude of this DC signal
corresponds to the amplitude of the signal with frequency f;. The DC signal is
superimposed by higher frequency signal components which depend on the
characteristics of the low pass filter (time constant of the filter (bandwidth),
filter-order (filter roll-off)). The bandwidth of lock-in amplifiers (low pass fil-
ter) can be chosen very small in the order of mHz and therefore the noise is
strongly reduced which allows the measurement of very small signals (fre-
quency f;). A small bandwidth (~mHz) corresponds to a high time constant
(~s) of the low pass filter and high filter order.

In our case the reference frequency has exactly the same frequency as the
amplitude modulation of the laser beams. The chosen modulation frequencies,
bandwidth and signal processing is discussed in Chapter 3.3.

In our setup two lock-in amplifiers are used - one high frequency lock-in
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amplifier (Stanford Research Systems (SRS) SR844) and one for lower fre-
quencies (Stanford Research Systems (SRS) SR850).

3.2.6 Computer-based signal processing with LabView™

The output signal of the lock-in amplifier is recorded with a data acquisition
system (DAQ system PCI-MIO-16XE-10) of National Instruments™ con-
nected with a common Windows™-PC. A LabView™ virtual instrument
controls the movement of the delay table via GPIB port and records the mea-
surement signal with the mentioned DAQ system. Each measurement and an
average of all measurements is shown on the display. It is possible to move the
specimen after a certain number of measurement for lateral scanning pro-
cesses.

3.3 Signal processing

Direct time domain detection of transient reflectivity changes is the simplest
technique but its use in our case is limited by two facts: First of all, every com-
ponent in the setup must have a bandwidth in the order of the reflectivity
changes, otherwise it is acting as a low pass filter and affects the measured sig-
nal shape. In the moment commercial available oscilloscopes and amplifiers
have bandwidth slightly beyond 10GHz, which corresponds to a time resolu-
tion in the order of 100ps, hence, they are to slow for measuring the very fast
reflectivity changes directly. Second, the high necessary bandwidth leads to a
higher noise level (thermal noise, 1/f noise and shot noise) which limits the
sensitivity of the setup.

These two reasons show quite clearly why the pump-probe technique and its
signal processing is used. In Figure 3.15 the components of the signal process-
ing after the optical reflectivity measurement at the surface of the specimen are
presented. Some detailed specifications and the operation of the electro-optic
modulator (EOM), the mechanical modulator and the balanced photodetector
were explained in the previous chapter. The principle of the signal processing
becomes clear when discussed in terms of frequency spectra and how they are
modified by each component. In the presented frequency spectra the DC com-
ponent as well as the higher frequency components are omitted because they
are not needed in this investigation. Since the pump beam and the probe beam
come from the same pulsed laser source, both beams have the same repetition
frequency of 81MHz (Figure 3.15, (1)). The two beams are modulated, which
means multiplied in the time domain with signals of two different frequencies.
A harmonic signal of 19MHz (as generated for the EOM) is used for the mod-
ulation (Figure 3.15, (4)) of the pump beam (Figure 3.15, (5)). The probe
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beam is multiplied with a rectangular signal of 400Hz (as generated by the
mechanical chopper). Although a rectangular signal has a characteristic spec-
trum, it is represented as a narrow bar at its center frequency for simplicity rea-
sons in the spectra shown in Figure 3.15 (2)
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Figure 3.15 Signal processing

A multiplication in the time domain corresponds to a convolution or Faltung in
the frequency domain. The measurement based on a photoacoustic effect, i.e.
the changing optical reflectivity caused by the acoustic pulses, represents a
multiplication in time domain as well, in which the modulated probe beam and
the modulated pump beam are multiplied (Figure 3.15, (6)). The modulation of
the short pulse laser beam leads to a spectrum which consists of the 1I9MHz
and 81MHz peak and two characteristic side peaks at 62MHz and 100MHz
(Figure 3.15, (5)). The situation for the modulated probe beam is similar
(Figure 3.15, (3)). The multiplication in the time domain of the modulated
pump beam and the modulated probe beam leads to the spectrum shown in
Figure 3.15, (6). In this graph the higher frequency components are omitted
because they are not needed in this investigation. The signal of interest which
corresponds to the occurring reflectivity change is the amplitude of the most
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right side peak having a frequency which amounts to the sum of the modula-
tion frequency of the EOM (fpr, 19MHz) and the frequency of the mechanical
modulation (f4 ~400Hz). The signal with the sum frequency is chosen to
avoid optical and electrical crosstalk and disturbances which have either the
frequency of the driving voltage of the EOM or the frequency of the chopper.
In the first lock-in amplifier the signal shown in Figure 3.15, (6) is multiplied
with the reference signal (Figure 3.15, (4)) and low pass filtered. According to
the explanations in Chapter 3.2.5 the 19MHz signal is shifted to DC. Provided
that the bandwidth (illustrated by the dashed line in Figure 3.15, (7)) of the RF
lock-in amplifier is broad enough, the amplitude of the 19MHz peak is mea-
sured while the signal still contains its side peak, which is shifted to 400Hz
(Figure 3.15, (7)). The amplitude of this peak, which is proportional to the
optical reflectivity change caused by the photoacoustic effects, is measured by
a second lock-in amplifier (Figure 3.15, (8), bandwidth of the second lock-in
amplifier illustrated by the dashed line). The pump modulation frequency is
chosen as high as possible but well below the repetition rate. It is also impor-
tant to avoid the situation that the modulation frequency equals or lies near a
rational fraction of the repetition rate (§1MHz). 1I9MHz was chosen after ana-
lyzing the laser noise spectrum and identifying a low noise interval therein.
The frequency of the mechanical modulator is set to ~400Hz because the fre-
quency is small enough to be in the bandwidth of the high frequency lock-in,
working with the filter of highest order.

It is also possible, to work only with a modulation of the pump beam so that
the spectrum of the measured reflectivity change (Figure 3.15, (6)) is equal to
the frequency content of the pump laser beam after the EOM (Figure 3.15,
(5)). But working only with the modulation of the pump laser beam has, apart
from the slightly smaller sensitivity, also the disadvantage that the elimination
of electrical crosstalk and disturbances, caused by the relative high amplitude
of the driving voltage of the EOM, cannot always be ensured.

3.4 Discussion of quantitative aspects

Spot size

For discussing quantitative aspects of the measurements it is essential to know
the absorbed energy fluence which is the ratio of the absorbed energy and the
laser spot size on the surface. Although this sounds easy, an accurate determi-
nation of the spot size in the focal plane has its difficulties. The measurements
of the intensity in vertical and horizontal direction in Figure 3.16 are per-
formed with a 50um fiber connected to a photodetector using the experimental
setup according Figure 3.18.
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Figure 3.16 Horizontal and vertical beam geometry

Figure 3.16 shows a spot size diameter in horizontal and vertical direction in
the order of 200pum. Since the diameter of the fiber has almost the same order
of magnitude as the spot size, the measured intensity is strongly affected by
the fiber. Nevertheless the spot size can be estimated and has in the best case a
diameter of about 100pum.

Signal amplitude and noise

7 0.7

6 0.6

5 0.5

signal voltage [uV]

lock-in output signal [V]
L

| 0.1}
U-J o

0 4000 number of measurement points [-] 0 1 2 3 4 5 6 7 time t [ps]

Figure 3.17 Picosecond ultrasound measurement of an approximately 100nm
thick aluminium film; left: raw data of the 10 measurements; right: average of
these 10 measurements on the left hand side

Figure 3.17 (left) shows the raw data of 10 measurements recorded with a time
constant of the second lock-in of 100ms and a speed of the delay table of
0.5mm/s, which results according to Wright O.B. [89] in an estimated effective
time constant below 1ps. The time constant of the first lock-in was set to
100us. Both lock-ins are using filters with a slope (filter roll-off) of 24dB/
octave so that the -3dB cut-off frequency f 3,5 1s determined by
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0.435
21T

f-3ap = (.1
in which 7 denotes the time constant. Therefore, the cut-off frequency f. 3,5 of
the first lock-in is in the order of 700Hz and of the second one approximately
700mHz. The sensitivity of the first lock-in is usually 100uV and of the sec-
ond 100mV from there the overall gain is 107 (105 X 102), since both lock-ins
have a maximum output voltage of 10V. In Figure 3.17 (left) the output volt-
age of the second lock-in of each measurement cycle is shown, however, in
Figure 3.17 (right) the total gain is taken into account and the plotted signal is
equivalent to the output of the photodetector, which is proportional to the
reflectivity change.

With the second lock-in a noise level of 1.4mV/(Hz)1/ 2 was measured and
yields with the appropriate bandwidth (781mHz) 1.23mV. Since the gain of
the second lock-in is 107 the noise is almost two orders of magnitude smaller
than the measured signal, which also appears from Figure 3.17 (left). A com-
parison of the single measurements in Figure 3.17 (left) and the average in
Figure 3.17 (right) clearly shows that an expected further noise reduction is
achieved by averaging several measurements.

Reflectivity change

The time varying signal in Figure 3.17 (right) is proportional to the transient
reflectivity change, which occurs at the surface of the thin film. In general, the
reflectivity R is the ratio of the power of the reflected beam P ;7 and incident
beam Py so that R = Py 7/Py. On the other hand, the change in the reflectiv-
ity AR is AR = AP gp/Pjy, which (similar to Richardson C.J.K. et. al. [64])
leads to

AR _ APoyr _ AUgyr

(3.2)
R Pour Your

Since the signal magnitude AUy, measured with the experimental setup, is
proportional to the change in reflected power, a signal, which corresponds to
the power of the reflected beam, is required for the estimation of AR/R. The
amplitude (U, 7) of the reflected probe beam measured independently with a
lock-in at the lower modulation frequency (Figure 3.15, f4) 1s equivalent to
the reflected power P,y In the previously discussed case the voltage Ugyr
was 20mV, hence, the maximum relative reflectivity change AR/R in the mea-
surement shown in Figure 3.17 (right) was about 3.4 10. When measuring
the voltage U yrone should make sure that the photodetector is not saturated.
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3.5 Different measurement configurations

With the experimental setup it is possible to work with two different measure-
ment configurations.

; = 3
Specimen S S e . . o
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]
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Probe -------- :: .
) -
Collimator

Photodetector -> Lock In

Figure 3.18 Left: specimen accessed from one side, scheme; right: experimen-
tal setup

In the first configuration shown in Figure 3.18 the specimen is accessed from
one side thus the excitation and the measurement is realized from the same
side. The pump laser beam is focussed with a split biconvex lens towards the
specimen under an angle of 23.4° with respect to the specimen surface. The
incidence angle of the probe laser beam is 11.4°. All reflected probe light is
collected by a collimator, which is connected to one channel of the balanced
photodetector by a single mode fiber. The spot size in this configuration is in
the order of 100um (Figure 3.16).

Specimen
~ J Lense * Camera

microstructures; right: corresponding experimental setup

The second measurement configuration is realized for freestanding structures,
such as membranes or cantilevers and thin films on transparent substrates.
Two microscope objectives focus pump and probe laser beam towards the
specimen according to Figure 3.19. The incidence angle of the pump laser
beam is in the order of 10°, and the probe laser beam has perpendicular inci-
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dence. Both microscope objectives allow to focus the laser beams to a very
small spot size, which is necessary while working with microstructures. The
spot diameter is estimated to be in the order of Spum.
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Chapter 4

Results

The described measurement technique is applied to thin films, multilayer
stacks and microstructures, such as membranes and cantilevers for the charac-
terization of their mechanical properties or geometrical dimensions. Therefore,
the first chapter is dedicated to the measurements and simulations on thin
films and multilayer stacks on a substrate followed by a discussion of mea-
surements in transparent media. The characterization of microstructured sili-
con nitride membranes shows that this technique can also be applied on micro-
and even nanostructures. Finally, measurements on silicon cantilevers and
truncated silicon tips are presented at the end of this chapter.

In this chapter the term "acoustic reflectivity change’ stands for the reflectivity
change only caused by the propagating strain pulse. In these cases the reflec-
tivity change, which corresponds to the induced temperature is subtracted.

4.1 Measurements on thin films

Mechanical characterization of thin film on substrates is one of the main appli-
cations of this measurement technique and is often used in the semiconductor
industry. Semiconductor industry is one of the driving forces for further devel-
opments and places great demand on research because with changing materials
some key parameters for the successful application, such as the photoacoustic
properties, are also widely varying.

This first subsection deals with measurements and corresponding simulations
on various thin films and multilayer stacks. The measurements on single thin
films (aluminium or platinum thin films) show the influence of material prop-
erties such as the linear expansion coefficient or the photoelastic behavior on
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the measurements. Also the application of picosecond ultrasound for the deter-
mination of film thicknesses or material properties on several points on a
wafers is demonstrated and the dependency of the bulk wave velocity of alu-
minium on the film thickness is discussed. A discussion of the influence of the
measurement configuration and the boundary conditions is presented in the
next subsection. Two new fields of the application of picosecond ultrasound
and the corresponding simulations are presented in the last two subsection.
First the characterization of functionally graded materials (materials with
smooth variations of the material properties) is shown on the example of a Al/
Au/Al multilayer with smooth material transitions. Second, the limitations and
accuracy of the thickness determination of diffusions barriers, especially of Ta
and Ta/TaN barriers below a copper top layer, are discussed, using accurate
simulations and measurements.

4.1.1 Aluminium thin films

Since the experimental setup used is optimized for aluminium thin films, first
some measurements on aluminium thin films are discussed.

4.1.1.1  Specimens

All aluminium thin films presented in this investigation with thicknesses
smaller than 100nm are manufactured with the Edwards E306 deposition sys-
tem (Figure 4.1). The aluminium thin films were deposited at room tempera-
ture. The temperature rise during the electron beam evaporation of the
aluminium can be neglected. The substrates are usually randomly oriented
sapphire wafers or glass wafers of 2" diameter. All key parameters are pre-
sented in Table 4.1.

Pressure chamber 1.5 102 mTorr
Current e-beam 80mA
Deposition rate ~5A/s

Table 4.1 Parameters of the electron beam evaporation deposition

All other films are deposited with a deposition system of Leybold Balzers
under approximately the same conditions. The sputter deposition of the alu-
minium films is done with a magnetron sputter device with the following
parameters (Table 4.2)
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Pressure 5 mTorr
Power 400W
Deposition rate ~5Als

Table 4.2 Parameters of the sputter deposition

p 7 —

W _l— i'-beam
il ¥ evaporator

Figure 4.1 Left: deposition system Edwards E306; right: inside vacuum cham-
ber

4.1.1.2 Measurements and Discussion

Figure 4.2 shows measurements on 3 different aluminium thin films with nom-
inal thicknesses of 100nm, 200nm and 300nm, which are deposited according
to Chapter 4.1.1.1.
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Figure 4.2 Measurement on aluminium thin films
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According to the explanations in Chapter 3.1 the reflectivity jump at the begin-
ning (t = Ops) is caused by the induced temperature and strain. The excited
strain pulse propagates towards the interface of the aluminium thin film and
the sapphire substrate. The acoustic pulse is partly reflected at the interface
according to the acoustic reflectivity coefficient , which amounts to 0.408. No
polarity change occurs because the acoustic reflection coefficient is positive.
Reaching the free surface, the acoustic pulse causes a reflectivity change due
to the photoelastic effect. These peaks in reflectivity are superimposed on the
smooth decrease which is caused by the decreasing temperature. At the free
surface the acoustic pulse is totally reflected with a polarity change, which is
the reason for the polarity change of the next reflectivity peak. In the case of
the 100nm aluminium film, the first reflection is measured after 36ps, the sec-
ond after 72ps and the third is observed after approximately 108ps. The first
reflection of the 200nm film occurs shortly before the second reflection of the
100nm film because of the slightly smaller thickness, which is given in the
inset of Figure 4.2. The case with the ~300nm film is also similar. Each curve
of Figure 4.2 represents an average of 30 single measurements. The pump
laser power is in the order of 400mW.

I I
a) g R
= orig
3 . R,
L - = . wio peaks
(.-! ,‘2 M Rculul'i'
= g i R
L S L aveg
Srine
L o
= 1 1
0 100 200 time t [ps]
b) g’ﬁ [5) T T T
e 1 squared difference
E B O detected peaks
o
=
v =
SET T
5 2| Q I
=
g s L W .- WS Y. - W R— ]
0 100 200 time t [ps]
) =3 ;
g —— acorr of squared difference
&h 0 signal of reflection peaks in acorr of sq diff
‘B 2
St
—_
=]
o || 2
&
=
lan]

0 100 200 Gme 1 [ps]

Figure 4.3 Evaluation of measurement on 100nm aluminium film on sapphire

substrate, a) original measurement and filtered, b) squared difference of the
relative reflectivity change, c) auto correlation signal
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Figure 4.3 shows the separation of the thermally and the acoustically caused
modifications of the optical reflectivity change at the surface. The detailed
evaluation of the measurement of the 100nm aluminium thin film is presented.
In the upper graph the original measurement is presented (dashed line) and the
part which is used for the evaluation is illuminated (solid line). In this evalua-
tion, the origin of time is set at the beginning of the measurement, not at the
occurring reflectivity jump. The measured data is low-pass filtered and sub-
tracted from the original measurement. The result is squared and the peaks in
reflectivity are identified through local maximum search. The evaluated mean
value of the time of flight between the detected peaks is 35.00ps. The lower
graph shows the auto correlation signal of the squared difference with an auto-
matically identified maximum at 36.00ps. This procedure enables the determi-
nation of the bulk wave velocity without any model or fitting process with an
accuracy of better than +/-5%. Thus, the determination of the bulk wave veloc-
ity or the determination of the thickness of a single layer is very fast.

The thickness of thin films and the deposition method can have a strong influ-
ence on the bulk wave speed of the deposited material (see for example Lee
Y.-C. et. al. [32]). The influence of the thickness and the sample preparations
on the bulk wave velocity of aluminium films is characterized using 11 sam-
ples with different thicknesses varying from approximately 21nm to 300nm.
First, the film thickness is determined with profilometer measurements. Sec-
ond, the bulk wave velocity is calculated with the round trip time (i. e. time
between the first and second echo) of the bulk acoustic wave (BAW), deter-
mined by the measured reflectivity change. In Figure 4.4 (left) three pump-
probe measurements on a 40nm, 63nm and 86nm aluminium film on random
oriented sapphire substrates are shown. The profilometer and the pump-probe
measurements of each thin film are performed on the same small area
(~2x2mm) to minimize errors caused by the variation of the film thickness
over the whole sapphire wafer. The average value of the wave speed of each
thin film sample is computed with the average of the round trip time and the
average of the thickness measurements. The results are presented in Figure 4.4
(right). Every measured wave speed is inside the indicated error bands. The
errors in thinner films increase. With decreasing thickness the wave speed is
nearly constant and independent of the thickness of the aluminium thin films.
When compared to the value for bulk material, the values for films which are
thicker than 40nm, lie within ~5% error limits. For aluminium films thinner
than 40nm a strong decrease of the wave velocity in the order of 25% is
observed but these values are not considered in Figure 4.4 (right) because of
the following uncertainties.
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A decrease in the bulk acoustic wave velocity can be caused by changes in the
material properties (Young’s modulus or Poisson ratio) or the density. If it is
assumed that the density of a thin film remains constant, independent of the
film thickness, a change in the wave velocity must be the result of variations of
the material properties, which can be caused by several reasons:

- In Mizubayashi H. et. al. [45] and Mizubayashi H. et. al. [44] a decrease of
the Young’s modulus of films thinner than 100nm is reported and furthermore
it is noted that the density shows a good agreement with the values for bulk
aluminium. But for thin films with thicknesses smaller than 20nm the Young’s
moduli are only fractions of the values for bulk aluminium. The decrease of
the Young’s moduli with decreasing thicknesses depend on deposition condi-
tions. It is reported in [45] that the decrease of the Young’s moduli of films
deposited in a vacuum of 10™*Pa on a silicon substrate (100) starts with thick-
nesses in the order of 200nm. The decreasing tendency is smooth and gets
stronger for film thicknesses below 20nm. For films deposited at 10Pa the
decrease starts at film thicknesses of approximately 25nm and is much stron-
ger than in the previous case. Our aluminium thin films are deposited at a pres-
sure below 2.10Pa (Table 4.1) on sapphire substrates. The decrease in the
bulk acoustic wave velocity starts at about 40nm. In Mizubayashi H. et. al.
[45] it is argued, that the reason for the decrease of the Young’s modulus is
caused by an increasing effect of grain boundaries for smaller film thicknesses.
It is assumed that the grain boundary subregions show a lower Young’s modu-
lus, whose influence is increased by the smaller grain size.

- On the other hand, one can also expect an influence of a slightly increased
average temperature induced by the laser pulses.

- The accuracy of the profilometer is in the order of S5Snm and it is obvious that
inaccuracies of the thickness determination plays a more significant role with
thinner films.

For the thicker films the Young’s modulus is estimated of 71GPa, which is
also in good agreement with the modulus of bulk aluminium.

Measurements on sputtered aluminium thin films, manufactured according to
Table 4.2 show a decrease of the wave velocity of about 20% (see for example
one measurement in Figure 4.4 (left) (circle).
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Figure 4.4 Left: measurements on very thin aluminium films, right: summary
of the bulk wave speed of aluminium with different thicknesses

The material properties of sputtered aluminium thin films can vary strongly
with the deposition condition. An overview of the variation of the Young’s
modulus of sputtered aluminium thin films with the deposition conditions,
especially with the argon pressure in the deposition chamber, is given by Chin-
mulgund M. et. al. [9]. The Young’s modulus is estimated with the determined
wave velocity taken from the measurements and the known Poisson’s ratio of
the aluminium thin film. For the density p = 2700 g/c:m3 is chosen and for the
Poisson’s ratio v the value 0.34 is taken. From the measured value of the bulk
wave velocity one can calculate a Young’s modulus of 45.7GPa (47.45GPa
with Poisson’s ratio v 0.33) for the DC planar magnetron sputtered aluminium
thin film, which is in perfect agreement with the measured results of Chinmul-
gund M. et. al. [9]. Since the measured property is the bulk wave velocity it is
important to know that the calculated Young’s modulus depends on the used
density and Poisson’s ratio. Therefore they are given in this chapter and also in
Appendix A.

Thickness measurement of wafers

For the measurement of thicknesses or material properties, such as the bulk
acoustic wave velocity or the estimation of the Young’s modulus of coated
wafers, this technique is the right approach. Without any additional effort it is
possible to determine the time of flight of the acoustic pulse on several points
on a wafer.
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Figure 4.5 Grid measurement of 140nm aluminium thin film on sapphire sub-
strate

Figure 4.5 shows an example of a line scan of a 2" wafer. Every 2mm a mea-
surement of the bulk acoustic wave propagation is performed. Since the first
acoustic reflections occur almost at the same time the measurements show that
the thickness of the 140nm aluminium film is nearly uniform over the scanned
area. This application of the measurement technique is used in chip production
lines for monitoring and analyzing [67].

4.1.1.3 Influence of the measurement configuration and the bound-
ary conditions

The influence of the measurement configuration and the corresponding bound-
ary conditions has been discussed by Wright O.B. et. al. [88]. If a measure-
ment configuration similar to Figure 4.6 is used, it has been shown that the
strain pulse is unipolar in contrary to previous experiments, where the excita-
tion was on a stress free surface. Some new aspects such as the influence of the
measurement configuration on the measured temperature distribution (thermal
reflectivity change) and corresponding numerical simulations are added in this
chapter.

For the measurements presented in Figure 4.6, the experimental setup is modi-
fied in a way that the probe and the pump laser pulses hit the specimen from
opposite sides (Figure 3.19). Additionally, microscope objectives are used to
focus both laser pulses towards the specimen. This results in a smaller spot
size and a higher signal/noise ratio while working with the same average
power.

76



Results

1 Inm

rel. refl. change AR/R [arb. units]

]00ﬁnn.1

0 20 40 60 time t [ps]

Pump beam

Probe beam

Transparent substrate Al

Figure 4.6 Measurements of alu-
minium thin films on glass using
the indicated configuration

For the measurements presented in
Figure 4.6 a transparent substrate (borof-
loat glass) is coated with different alu-
minium films. The excitation of the
acoustic pulses is done through the trans-
parent substrate - the reflectivity is still
measured on the free surface of the alu-
minium film. In the first case, the alumin-
ium film has a thickness of 11nm. The
incident pump pulse is partly absorbed by
the semitransparent 1 1nm aluminium thin
film. The absorption of the pump laser
pulse initiates an instantaneous heating of
the very thin aluminium coating. The
temperature distribution is nearly uni-
form in the thickness direction. Usually,
the initiated temperature decreases expo-
nentially with increasing depth. But due
to the very small thickness (Figure 2.2,
right) of the aluminium layer, which is in
the order of the absorption length, the
temperature distribution within the alu-
minium layer can be assumed to be uni-
form. This is the reason why the sudden
increase at a time of approximately Ops
and the slow decrease of the measured
reflectivity change (which is caused by
the temperature in the aluminium thin
film) can be measured on the opposite
side of the excitation. The measured
reflectivity change of the 11nm alumin-
ium is almost the same as the measure-

ment in a configuration according to Figure 3.18, where the excitation and the
measurement of the acoustic pulse is performed from the same side.
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Figure 4.7 Left: simulation of the induced temperature in the aluminium thin
(thickness 100nm), measured at the free surface of the thin film according to
the indicated configuration; right: measurement and simulation of the reflec-
tivity change caused by the predominant strain distribution (acoustic reflectiv-
ity change)

The characteristics of the reflectivity change measured in the second case on a
32nm aluminium film is in general similar to the 11nm film. But in the third
case, the measurement in a configuration, according to Figure 3.19 of a speci-
men (borofloat glass) coated with 100nm aluminium, looks different. The
reflectivity change caused by the induced temperature in the thin film is
approximately proportional to the temperature increase. A simulation of the
increased temperature is shown in Figure 4.7 (left). The simulation is per-
formed with the material properties of Appendix A and the laser fluence is set
to 15)/m?, which is approximately the same as in the experiments. Uncertain-
ties in the laser fluence are mainly caused by the estimation of the laser spot
size. Borosilicate glass properties are given in Table 4.10. The temperature at
the stress free front surface increases shortly after the absorption of the pump
laser pulse at the back. During non-equilibrium short-pulse laser heating of
metals the electrons of a metal absorb the laser radiation energy first because
of their very small heat capacity. These so-called hot electrons diffuse very
fast through the metal film and lose their energy by inelastic electron-phonon
scattering processes (Chapter 2.2.3). The subsequent diffusion and the energy
transferred from the electrons to the lattice leads to a further increase of its
temperature. After that, the temperature stays nearly constant because the heat
diffusion into the glass substrate, which is considered in the simulation, is very
slow. Although, the spot size is reduced by the means of microscope objec-
tives, the radius is still more than thirty times bigger than the film thickness.
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Thus, the simulation is performed in a one-dimensional way, according to
Chapter 2.2.3 with the extension described in Chapter 4.1.3.3.4. The fast
increase in reflectivity visible in the measurement on the 100nm film pre-
sented in Figure 4.6, is caused by the induced temperature. If we subtract the
temperature reflectivity change, which is proportional to the surface tempera-
ture, from the measurement in Figure 4.6 we can compare the resulting
mechanical response with the simulated one. The reflectivity change caused
by the electron temperature is neglected. The comparison is presented in
Figure 4.7 (right) and shows a good agreement. The strain pulse is excited at
the interface of the glass and the aluminium thin film and is affected by the
changed boundary condition. Hence, the strain pulse is unipolar in contrary to
previous simulations, where the excitation was on a stress free surface (Wright
O.B. et. al. [88]).

4.1.2 Platinum thin films

Since the optical reflectivity of platinum is lower than the reflectivity of alu-
minium, the induced temperature is usually higher when using the same laser
power.

ﬁ_!‘_st echo

second echo
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Figure 4.8 Measurement on 90nm platinum film

Nevertheless, the amplitude of the excited acoustic pulse is about half the one
in aluminium (Figure 2.3) due to the smaller expansion coefficient. The height
of the peaks in reflectivity is much lower than in the measurements with alu-
minium thin films, which is caused by the lower amplitude of the excited
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acoustic pulse and the difference in the photoelastic properties. The measure-
ment indicates that the photoelastic properties of platinum are smaller in con-
trast to aluminium and it shows clearly that an appropriate photoelastic
response is essential for the detection of the acoustic pulses. This should be
considered when measurements on other thin film materials are performed.
Both acoustic reflections have the same negative sign because on the interface
and on the free surface the signs of the acoustic pulses are changed. According
to Table 2.3 the acoustic reflection coefficient of platinum-sapphire combina-
tion amounts to -0.35. The time of flight of the acoustic pulse is 45.5ps, which
corresponds to a thickness of 90.3nm.

4.1.3 Multilayers, stacks of thin films

This measurement technique is a good approach to measure thicknesses or
material properties of complete thin film stacks. Apart from unknown material
properties of several thin films, the application of this technique for the detec-
tion and determination of interface layers between two different thin films, or
the determination of material properties in very thin underlying diffusion bar-
rier layers, are discussed in this section. Also, other groups performed various
measurements on many different thin film-substrate combinations, such as
presented by Perrin B. et. al. [50], Wright O.B. et. al. [91] and Grahn H.T. et.
al. [18].

4.1.3.1 Aluminium - Gold

In Figure 4.9 a measurement of the picosecond ultrasound propagation in an
aluminium-gold-silicon oxide multilayer is presented. The acoustic pulse is
excited at the free surface of the aluminium top layer and propagates towards
the aluminium gold interface where the acoustic pulse is partly reflected and
partly transmitted. The transmitted part is again partly reflected on the gold-
silicon oxide interface.
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Figure 4.9 Measurement on a aluminium-gold-multilayer (measurement (solid
line) and simulation based on a simple model (dashed line) by J. Bryner [5])

The illustration of the propagation of the acoustic pulses above the reflectivity
change in Figure 4.9 makes it possible to assign the peaks of the reflectivity
change to the corresponding acoustic reflections. For the simulation it is
assumed that both films (aluminium and gold thin film) have the same thick-
ness of 85nm because the measured total thickness is 170nm. The material
properties used for the simulation are the same as in Chapter 2 (Table 2.1,
Table 2.2 and Table 2.3) and Appendix A, respectively. The performed simu-
lation is based on a very simple model and is aimed for discussing the wave
propagation characteristics. Therefore the shape of the reflectivity peaks of
simulation and measurement do not fit very well. Since the bulk wave velocity
of gold is approximately the half of aluminium, the strain pulses in the alumin-
ium and gold thin film superimpose periodically at the aluminium-gold inter-
face, which is indicated by the circles in Figure 4.9. Gold has the tendency to
diffuse into aluminium especially at higher temperatures, which is the motiva-
tion for investigations presented in the following chapter.
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4.1.3.2  Functionally graded materials (FGM), in-depth profiling and
applications

This section deals with quantitative in-depth profiling methods as described by
Vollmann J. et.al. [87]. The material combinations and the dimensions of the
specimen are chosen in accordance with the parameters for an optimal detect-
ability. Several methods and techniques have been tested and compared, in
order to obtain a more or less defined continuous transition of the mechanical
properties of one layer to the properties of the neighboring layer within a few
10nm. Among those methods are an electron beam vapor deposition chamber
with two beams and targets, which can individually be controlled, an alternat-
ing sequence of various layers of different thicknesses, ion beam implantation,
and thermally induced diffusion. Thermally induced diffusion turned out to be
the best choice since this method allowed the realization of series of varying
thicknesses by varying the temperature. A standard specimen consists of a
vapor deposited 30nm Au layer embedded between two 60nm Al layers on a
sapphire (Al,O3) substrate. A series of specimen has been exposed to 100°C,
200°C and 300°C in a vacuum oven during 30 minutes. In parallel, a series of
reference specimen consisting of 150nm Al films on sapphire substrates has
been exposed to the same temperature cycles, in order to exclude potential
effects of the grain structure or of the optical surface reflectivity on the photo-
acoustic detection.
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Figure 4.10 Measurement of the diffusion at the interface of aluminium-gold

thin films after exposure to different temperatures (figure by Vollmann J. et.al.
[87], modified)

The diagram of Figure 4.10 shows four independently measured reflectivity
curves. The thicknesses of the multilayer are: 60nm Al / 30nm Au / 60nm Al
on a sapphire substrate. Each curve represents an average of 50 individually
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measured curves.

In the uppermost reflectivity curve one can see the periodic alternation of the
optical reflectivity change which is caused by the stress pulse echoes reaching
the surface, superimposed on the thermal effects. The acoustic pulse is mainly
reflected at the first AI/Au interface. So, in order to demonstrate the depen-
dence of the reflection/transmission ratio on the wavelength/smooth-acoustic-
interface-thickness ratio experimentally, the thickness of the soft acoustic
interface needs to be varied. This has been realized by the exposure of a series
of equally manufactured specimen to different temperature treatments, which
leads to different grades of thermally induced intermetallic diffusion. The
broadening of the diffusion zone causes variations in the acoustic interface,
which results according to Vollmann J. et. al. [87] in a wavelength dependent
acoustic reflection coefficient.

Figure 4.10 shows the photo acoustic measurements of the three standard
specimen which were heated up to 100°C, 200°C and 300°C, in comparison
with the measurement of an untreated specimen. The measured reflectivity
change curves of the thermally treated specimen clearly indicate the broaden-
ing of the diffusion zone, i.e. the broadening of the soft acoustic interface, sup-
presses the acoustic contrast and therefore, the main part of the propagating
acoustic pulse passes the smooth interfaces and is reflected at the Al/sapphire
interface. So, one can see, that the echo which occurs at the Al/sapphire sub-
strate interface remains detectable even after the thermal treatment of 300°C.
Rutherford back scattering (RBS) measurements, which give material profiles
of the cross section, as well as a more detailed description of the one-dimen-
sional bulk wave propagation in smoothly varying interfaces, has been pre-
sented by Vollmann J. et. al. [87].

The Rutherford back scattering (RBS) measurements are performed at the PSI/
ETH Ion Beam Physics Laboratory. RBS relies on the fact that the energy of a
MeV ion backscattered from a target material is a function of the target atomic
mass and the depth at which the scattering took place. Therefore, quantitative
depth profiles of the elemental composition of the target can be obtained. A
depth resolution of 2 nm can be obtained in the near surface region. A detailed
description of the method is given by Chu W.K. et al. [10].

Since the acoustic reflection and transmission of broadened interfaces
becomes wavelength dependent, this technique can be used for filtering high
frequency bulk acoustic waves (Vollmann J. et. al. [86]). An important require-
ment for the realization of filter devices using this effect, is the defined fabrica-
tion of the appropriate interfaces. Such filter devices can be considered as an
application of functionally graded materials.
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4.1.3.3  Copper - tantalum - tantalum-nitride

For some years copper has been replacing aluminium in the semiconductor
industry. Copper has the advantages of superior electrical and thermal proper-
ties, which are necessary for building even higher performing and smaller
microprocessors. Aluminium on the other hand, is a poorer electrical and ther-
mal conductor but has one essential property that copper does not have - alu-
minium does not diffuse into the silicon semiconductor. To prevent copper
diffusing into the silicon semiconductor thin barrier layers, i.e. tantalum or
tantalum-nitride are deposited in between.

i -

Cu  Ta/TaN S102

Figure 4.11 Example of copper-multilayer-stack

The wide variety of problems and defects occurring in chip manufacturing is
reported in [31]. With copper, new materials and new processes are used in the
semiconductor industry, which demand together with the permanently shrink-
ing feature sizes, corresponding metrology techniques.

4.1.3.3.1 Barrier layers

To avoid copper diffusion into a silicon semiconductor diffusion barrier layers
are deposited in between. Apart from a single tantalum (Ta) layer, also tanta-
lum-nitride (TaN), tantalum/tantalum-nitride multilayers and tungsten-nitride
(WN) layers are suitable candidates for diffusion barriers below copper films.
According to Chin B.L. et. al. [8] tantalum and tantalum-nitride are imple-
mented because of the specific film properties that are required for integration
in the copper metallization scheme. In addition to being a good copper diffu-
sion barrier, tantalum and tantalum-nitride have good adhesion to dielectric
and copper films. Since tantalum-nitride has better diffusion barrier properties
than tantalum but the tantalum layer, on the other hand, has other advantages
regarding the reliability, both layers are combined to take advantage of each of
the individual film’s properties (Chin B.L. et. al. [8]).
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4.1.3.3.2 Problem formulation and solution strategy

Problem formulation

The semiconductor industry has an increasing demand to verify the proper
deposition of each individual layer in a non-destructive way. Therefore this
chapter deals with the application of picosecond ultrasound for the non-
destructive determination of the thickness of diffusion barrier layers and its
limitations and accuracy. It is of interest for semiconductor industry if the
thicknesses of the diffusion barrier layers can be determined below a copper
layer which is even more challenging because in copper it is not possible to
generate acoustic pulses with such high frequencies as known from alumin-
ium. The reason is the fast heat conduction caused by the electrons during the
absorption of the optical laser pulse, which is illustrated in Figure 2.17. In
addition it is discussed if it is possible to measure the thickness of each part of
a tantalum/tantalum-nitride multilayer below a copper top layer. The problem
formulation in summary:

- limitations and accuracy of the non-destructive determination of the thick-
ness of a single diffusion barrier layer (Ta or TaN) below a copper film using
picosecond ultrasound

- non-destructive determination of the thickness of each part of Ta-TaN-multi-
layer below a copper top layer using picosecond ultrasound

Solution strategy

Since no other paper have been published discussing these questions, the fol-
lowing solution strategy is chosen:

- Determination of bulk wave velocity of the Cu, Ta and TaN layers.

- Thermomechanical simulation of Cu/Si, Cu/Ta/Si and Cu/Ta/TaN/Si multi-
layers to investigate the limitations of the thickness determination of the diffu-
sion barriers.

Since the mechanical properties (for example Young’s moduli) and therefore
the bulk wave velocity vary strongly with thickness, deposition technique and
deposition conditions it is necessary to determine the bulk wave velocity of
each layer. Furthermore no reliable values of the mechanical properties of Ta
and TaN were available at the time these simulations and measurements were
performed. But their properties are very important to determine their dimen-
sions below a copper film.

The limitations and accuracy of the thickness determination of a single or mul-
tilayered diffusion barrier below a copper top layer are investigated using ther-
momechanical simulations because the experimental setup presented in this
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thesis is optimized for aluminium and so an optical wavelength of 800nm is
used. For measurements on copper the optical wavelength must be in the order
of 600nm or 400nm because of the photoelastic behavior. While the transfor-
mation of the laser pulses with a wavelength of 800nm to a wavelength of
400nm could easily be realized by second harmonic generation (SHG) with a
beta barium borate (BBO) crystal, most of the detecting devices and beam
guiding is realized with components, which are chosen for a small spectral
bandwidth around 800nm.

4.1.3.3.3 Detailed procedure for investigating diffusion barrier layers

Determination of film properties (bulk wave velocity) of Cu, Ta and TaN

Picosecond ultra- Independent film Other material

sound measurements thickness measure- properties:

on aluminium coated ments with: - optical properties

specimens - RBS - thermal properties

(Al/Cu/Ta/TaN/Si) - SEM - density
(Appendix A)

Y

3| Fit with ~—
thermomechanical
simulation of the
optoacoustic
experiment

Determination of Validating the

Cu, Ta and TaN film thermomechanical
properties (wave model

velocity) of

specimen with
aluminum coating

Figure 4.12 Detailed procedure for the determination of film properties bulk
wave velocity) of Cu, Ta and TaN layers (Chapter 4.1.3.3.5)
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On 6 different specimens, which are listed in Table 4.3, simulations and mea-
surements are performed.

Number Specimen with nominal thickness
1 Ta 30nm/Si(100)
2 Ta 60nm/Si(100)
3 Ta 30nm/TaN 30nm/Si(100)
4 Ta 60nm/TaN 30nm/Si(100)
5 Cu 100nm/Ta 30nm/TaN 30nm/Si(100)
6 Cu 100nm/Ta 60nm/TaN 30nm/Si(100)

Table 4.3 Specimens

The different specimen stacks consist of copper, tantalum or tantalum nitride
and additionally, for the measurements using picosecond ultrasound an alu-
minium film has to be deposited as the top layer. This is necessary, because
the experimental set-up presented in this thesis is optimized for aluminium.
The used optical wavelength of 800nm is not suitable for measurements on
copper. The deposited top aluminium layers are about 40nm thick, except for
specimen 3, which is coated with three different aluminium films (thicknesses
are given in the corresponding figures in Chapter 4.1.3.3.5).

According to Figure 4.12 the procedure for the determination of the mechani-
cal properties (bulk wave velocity) of the Ta, TaN and Cu films is as follows:
First of all measurements with picosecond ultrasound are performed on each
specimen of Table 4.3 with the additional aluminium coating.

Then independent measurements of the thicknesses are necessary
(Figure 4.12), since the nominal thicknesses given in Table 4.3 are only guid-
ing values. Therefore, thickness measurements using Rutherford back scatter-
ing (RBS, short description in Chapter 4.1.3.2) are performed. With the
Rutherford back scattering measurements the stoichiometry of the layers is
also measured and with it a significant and unexpected argon component in the
TaN layer has been detected. Very thin oxide layers on the tantalum film,
which are measured with Rutherford back scattering, are not taken into
account in the simulations. But their thickness is added to the measured thick-
ness of the tantalum layer. Additionally, the thickness is measured in images
of the cross section of the thin films using SEM (scanning electron micros-
copy). But the contrast is not always high enough to resolve all layers, espe-
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cially the Ta and TaN layer. The result of the thickness measurements with
Rutherford backscattering and SEM are listed in Table 4.4.

In the third step the results of the thermomechanical model (with extensions
described in Chapter 4.1.3.3.4) are fitted to the measured results by varying
the bulk wave velocity in the model. The density, on the other hand, is kept
constant. Specimen 2, 4 and 6 are used for the determinaton of the bulk wave
velocity. The other specimen of the same type but with other film thicknesses
are used for validating the model and the fitted results.

All other material properties which are necessary for the simulations
(Figure 4.12), such as the optical properties, the thermal properties and the
density are taken from Appendix A.
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Procedure for the detection threshold quantification using thermomechanical

simulations

Determinated
properties (bulk
wave velocity) of

Cu, Ta and TaN films

(Chapter 4.1.3.3.5)

Other material
properties:

- optical properties
- thermal properties
- density

(Appendix A)

'y

Thermomechanical
simulation of
experiments on
specimens without
aluminium coating
(Cu/Ta/TaN/S1)
(Chapter 4.1.3.3.6)

'y

Influence of
variations of other
properties (thermal,
optical) on the
reflectivity change
(Chapter 4.1.3.3.6)

Limitations of

the determination of
Cu, Ta and TaN film
properties (thickness
or wave velocity) on
the original samples
(Chapter 4.1.3.3.6)

Figure 4.13 Detailed procedure for investigating the limitations of the thick-
ness determination of diffusion barrier layers by means of thermomechanical
simulations (Chapter 4.1.3.3.6)

For the discussion of the limits of the thickness determination of diffusion bar-
riers below a copper film accurate simulations with extensions according to
Chapter 4.1.3.3.4 are used. The reason therefore is that for measurements the
optical wavelength would have to be modified, as mentioned before. In this
simulation properties of Appendix A as well as the determined wave velocities
of Ta and TaN are used, for comparison (procedure see Figure 4.13). Also the
influence of variations of other properties, such as the thermal conductivity of
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the tantalum layer, is discussed.

4.1.3.3.4 Extension of the simulations - considering heat flux in the
lattice

The simulation of the non-equilibrium heating process, of which basics are
described in Chapter 2.2.3, is extended with a term corresponding to the heat
flux in the lattice system V(K,VT)), so that the extended two-temperature
model can be described with the following equations (Qiu T. et. al. [60])

oT
C(T)~ ‘= V(K,VT,)-G(T,-T)+Q (4.1)
oT,
Cps; = VKENVT) +G(T,~T) (4.2)

1, T, C,, C, K, and K, are the temperature, heat capacity and thermal conduc-
tivity of the electron (e) and the lattice (/) system, respectively. G is the elec-
tron-lattice coupling constant and Q the laser heating source term. Heat
conduction in the in-plane direction of the thin film is neglected, therefore,
both the equations describing the heating process and the mechanical response
are solved only in the thickness dimension. The temperature dependence of the
electron heat capacity C,(7,) and the thermal conductivity K,(7,) is given in
Chapter 2.2.3. The boundary conditions are chosen as follows (Qiu T. et. al.
[60]):

The heat loss at the surface is small compared to the incident laser intensity
and hence, an insulating boundary condition is assumed

o, or,
1,7, = K, =
107 €10z

Surface

=0 4.3)

Surface

At the interfaces of the different thin films the heat flux is continuous in the
lattice system

e oT, oT, 44
15 = Ky = .
"0z Material n n+10z Material n+1
o =T , (4.5)
Material n Material n+ 1
The heat flux out of the first layer provided by the electrons is neglected.
T 0 (4.6)
“10z Interface 1
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If this simulation is used together with a numerical solution of the wave equa-
tion, it is connected with the resulting lattice temperature by adapting Equation
(2.35) for each layer n.

o = (31, +2u,) o, ATz, 1) (4.7)

z, therm

In general, the numerical solution is realized in a similar way as presented in
Chapter 2.2.3.

4.1.3.3.5 Measurements and simulations with aluminium top layer for
the determination of the bulk wave velocity of Ta, TaN and Cu

In this subsection the measurements and simulations of copper-tantalum-mul-
tilayer stacks, which are coated with an aluminium film (thickness ~40nm
except specimen 3), are discussed. All presented measurements with picosec-
ond ultrasound are an average of 10 or 30 single measurements, using a pump
laser power of approximately 400mW and a probe laser power of about
20mW. The spot size is in the order of 100pum.

For the 6 different specimens (Table 4.3) thickness measurements using RBS
and SEM are presented in Table 4.4.
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Specimen Deter- Used
Num with Measured } ) thickness | Determined
i mined with
ber nominal thickness® b) forwave | thickness®
thickness SEM velocity
1 Ta 30nm/ 43nm/sub- - - 38nm
Si(100) strate (44nm)/
sub.
2 Ta 60nm/ 71nm/sub- 79nm/sub. 71nm -
Si(100) strate (79nm)/
sub.
3 Ta 30nm/ | 31nm/18nm/ | 56nm (Ta+ - 31nm*/
TaN 30nm/ substrate TaN)/sub- 20nm/sub.
Si(100) strate
4 Ta 60nm/ | 67nm/18nm/ | 86nm (Ta+ | 67nm**/ -
TaN 30nm/ substrate TaN)/sub- | 18nm/sub-
Si(100) strate strate
5 Cu 100nm/ 150nm/ 157nm/ - 153nm/
Ta 30nm/ | 35nm/21nm/ | 70nm (Ta+ 58nm (Ta+
TaN 30nm/ sub. TaN)/sub. TaN)/sub
Si(100)
6 Cu 100nm/ 130nm/ 130nm/ 130nm/ -/90nm
Ta 60nm/ | 69nm/17nm/ | 98nm (Ta+ 69nm/ (Ta+TaN)/
TaN 30nm/ sub. TaN)/sub. | 17nm/sub. substrate
Si(100)

Table 4.4 Specimens ( Y _ measured with RBS, ¥ - measured Jfrom SEM image
(for bilayer diffusion barriers (Ta+TaN) only the total thickness can be

estimated), <) _ determined from acoustic measurement, *,** - thickness and

material properties fixed during fit)

Specimen 2, 4 and 6 are used for determining the bulk wave velocity by fitting
the thermomechanical model to the results measured with picosecond ultra-
sound. The other specimen of the same type but with other film thicknesses
(specimen 1, 3 and 5) are used for validating the model and the fitted results.
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Figure 4.14 Comparison of measurements on the following multilayers: Al/Ta/
Si (specimen 1) - solid line, Al/Ta/TaN/Si (specimen 3) - dashed line, Al/Cu/
Ta/TaN/Si (specimen 5) - dotted line, the curves are vertically shifted, the
identified peaks are caused by reflection at the following interfaces: 1) Al/Ta,
2) Al/Cu, 3) Ta/Si, 4) Al/Ta (second), 5) Al/Cu (second), 6) superimposed
reflections of Al/Ta, Ta/TaN, TaN/Si, 7) Cu/Ta

In Figure 4.14 a set of measurements on specimen 1, 3 and 5, all coated with
approximately 40nm aluminium are, presented.

The first reflectivity peak of the measurement on the Al/Ta/Si specimen (1,
Figure 4.14, solid line) is caused by the reflection of the acoustic pulse at the
Al/Ta-interface, but the third and negative peak (3, Figure 4.14) corresponds
to the reflection at the Ta/Si interface. The second negative peak (between 1
and 3, Figure 4.14, solid line) corresponds to the second reflection of the
acoustic pulse at the Al/Ta interface.

At the beginning the measurement on the Al/Ta/TaN/Si specimen (specimen
3, Figure 4.14 dashed line) has the same characteristics as the measurement on
the Al/Ta/Si specimen. The first positive peak (1, Figure 4.14, dashed line)
and the following negative peak (4, Figure 4.14, dashed line) are caused by the
first and the second reflection at the Al/Ta interface. Acoustic reflections at the
Ta/TaN (small acoustic reflection) and at the TaN/Si interface superimpose (6,
Figure 4.14, dashed line).

Compared with the previous two measurements the third one on the Al/Cu/Ta/
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TaN/Si specimen (specimen 5, Figure 4.14 dotted line) is very different. At the
beginning the echoes from the Al/Cu interface (2 and 5, Figure 4.14, dotted
line) are observed. The next significant peak in the reflectivity occurs at about
80ps and is assigned to the acoustic reflection at the Cu/Ta interface (7,
Figure 4.14, dotted line). Then the acoustic reflections from the Ta/TaN and
TaN/Si interface are expected, but the peaks in the reflectivity change are
smaller than the previous ones and therefore they can not easily be identified.

Tantalum

With a first measurement on the Al/Ta/Si sample (specimen 2, measurement
not shown) the wave velocity inside the tantalum film is determined with the
known film thickness. Using the measured thickness of the tantalum film of
71nm the wave velocity is determined as 3987m/s, however with the thickness
out of a SEM image (79nm) the wave velocity amounts to 4450m/s. It is obvi-
ous, that the determination of the wave velocity depends on the precision of
the thickness measurements, which leads to an estimated accuracy of the wave
velocity of 10%. This velocity is independently checked with specimen 1
(solid line in Figure 4.14 and Figure 4.15). In general, the two slightly differ-
ent specimens of each thin film configuration allows a valuable cross check of
the determined bulk wave velocity.
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Figure 4.15 Left: simulation (solid line) and measurement without thermal
reflectivity change (acoustic reflectivity change, dashed line) of specimen 1
(time scale starts at 5ps),; right: average of 10 single measurements (raw data,
dashed line) including the thermal reflectivity change (solid line) which is sub-
tracted to give the dashed line left (acoustic reflectivity change)
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As mentioned before the first reflectivity peak (1, Al/Ta/Si sample in
Figure 4.14 and Figure 4.15 (left)) in the measurement is caused by the reflec-
tion of the acoustic pulse at the Al/Ta-interface. The third one (3, Figure 4.14
and Figure 4.15 (left)) is assigned to the reflection at the Ta/Si interface. A
comparison of this measurement with the appropriate simulation, calculated
with a wave velocity of 3987m/s is presented in Figure 4.15 (left). For com-
parison of simulation and measurement in Figure 4.15 (left) the reflectivity
change caused by the induced temperature change is subtracted from the raw
data (Figure 4.15 (right)) and only the acoustic reflectivity change is shown.
The determined thickness amounts to 38nm (with 3987m/s) and 44nm (with
4450m/s). Between the first and second reflection of the Al/Ta interface
(dashed circle in Figure 4.15 (right)) the difference of predicted and measured
reflectivity is significant. Most likely this difference is caused by inaccuracies
of thermal properties (tantalum-oxide layer, electron-phonon constant G or
thermal conductivity K of aluminium and tantalum) since the other part of the
comparison, mainly determined by acoustic properties is in good agreement.
Effects of variations in the thermal conductivity for instance are shown in
Figure 4.21 (right) in slightly different configuration. The other peaks in the
measured reflectivity change are further echoes such as the second acoustic
reflection at the Al/Ta interface (second negative peak) or are caused by super-
position.

i S I I R T = S |

rel. refl. change AR/R [-]

Figure 4.16 Left: measurement of specimen 1 without aluminium top layer,

solid line - original measurement (dashed line - acoustic reflectivity change

(measurement without thermal decay) and vertically stretched by factor 3);
right: SEM image of the cross section of specimen 5

Additionally, Figure 4.16 (left) shows a measurement on the Ta/Si specimen
without an aluminium top layer. The photoacoustic response on tantalum at a
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wavelength of 800nm is strong enough to get a quite clear signal. Moreover,
the optical surface reflectivity is 0.73 and therefore, enough energy is absorbed
for launching quite strong acoustic pulses. With the previously determined
results the first peak should occur at 19.1ps using the wave velocity of
3987m/s and film thickness of 38nm or 19.8ps with 4450m/s and the corre-
sponding film thickness of 44nm. The nearly sinusoidal oscillations of the
reflectivity change is mainly caused by the large optical absorption length of
about 18.5nm at a corresponding wavelength of 800nm.

Tantalum-nitride

With the measurements on specimen 4 (Figure 4.17, dashed line) the wave
velocity of the underlying tantalum-nitride layer is calculated, using the infor-
mation of the determined velocity and thickness of the tantalum film. For esti-
mating the bulk wave velocity of tantalum-nitride the procedure is as follows:
the measured film thickness (67nm) of the tantalum film of specimen 4 and its
determined wave velocity (3987m/s) is kept constant, while varying the wave
velocity of the tantalum-nitride film, for assigning the reflectivity peaks to the
acoustic reflections they belong. The determined wave velocity is in the order
of 5700m/s and the corresponding comparison of measurement and simulation
is shown in Figure 4.19.
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Figure 4.17 Comparison of measurements on specimen 3 and 4 with informa-
tion on the nominal film thicknesses (curves are vertically shifted)
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Figure 4.18 Comparison of specimen 3 coated with 3 different aluminium thin
films of nominal 17nm, 40nm and 60nm thickness (curves are vertically

shifted)
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Figure 4.19 Comparison of the measurement (das
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hed

line) and simulation (solid line) of specimen 4 coated

with approximately 40nm aluminium

The negative peak
marked by the
dashed circle corre-
sponds to the acous-
tic reflection of the
TaN/Si interface.
The acoustic reflec-
tion from the Ta/
TaN interface is in
the order of 13%

(using the deter-
mined  properties)
and further influ-

enced by the trans-
mission coefficient
of the Ta/Al inter-
face. Until 40ps the
agreement of simu-
lated and measured

results is good, which emphasizes the correctness of the results of the tantalum
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film, however, the predicted acoustic echoes of the TaN/Si interface (dashed
circle) are much bigger than the measured signals. The reason are manifold:
first of all, attenuation in the tantalum nitride film can be a reason, because a
significant concentration of argon is detected in the tantalum-nitride film,
which might affect the structure. Secondly, also variations of the density
(because of the argon) and effects of the interfaces Ta/TaN and TaN/Si are
conceivable. For the simultaneous determination of the properties of the tanta-
lum and tantalum-nitride film, also a good match of the amplitudes is essen-
tial, since the acoustic contrast of the Ta/TaN interface is small. The estimated
velocity of the TalN film is used for the determination of the tantalum-nitride
thickness of specimen 3 (measurements in Figure 4.18) using the known prop-
erties and thickness of the tantalum film, as mentioned in Table 4.4. The
results on the 3 measurements performed on specimen 3, with varying thick-
ness of the aluminium top layer are all in the order of 20nm (17nm Al: 19-
20nm, 40nm Al: 21nm, 60nm Al: 19-20nm), which 1s 10% thicker than the
measured thickness. Because the determined wave velocity of TaN depends on
the acoustic properties of the tantalum film and other properties, such as the
TaN and Ta film thickness the accuracy of the determined wave velocity of
TaN can only be estimated, and is in the order of 20-25%. For more reliable
and accurate values of the wave velocity of TaN further measurements on sin-
gle TaN layers are necessary.

Since the measurements on the uncoated Ta/Si specimen presented in
Figure 4.16 (left) are very accurate, it is expected that measurements on the
uncoated Ta/TaN/Si specimen can provide more reliable data of the TaN film.
But until now measurements directly on the Ta/TaN specimen provide no
meaningful acoustic results. High resolution images which show the structure
of the Ta/TaN specimen can give potentially an answer on this unexpected
results.

Copper

With the determined wave velocity of the tantalum and tantalum nitride film
the measurements on the specimen with the additional copper film can be dis-
cussed. Measurements on specimen 6 lead to a wave velocity of the copper
layer of 4770m/s. The third measurement presented in Figure 4.14 (left, dotted
line) is performed on an Al/Cu/Ta/TaN/Si-substrate (specimen 5) thin film
stack. The reflected acoustic pulse from the Cu/Ta interface is clearly identi-
fied at 78.4ps (dashed circle Figure 4.14 (left)) and using the identified acous-
tic reflection of the Al/Cu interface after 14.5ps, as well as the determined
wave velocity of the copper layer, the determined thickness of 153nm is in
good agreement with the other measurements and the SEM image presented in
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Figure 4.16 (right). Similar as with the Al/Ta/TaN/Si specimens, only the
thickness of the tantalum and tantalum-nitride layer together can be deter-
mined, because of the small acoustic reflection of the Ta/TaN interface and the
mismatch in the measured and simulated amplitudes of the reflectivity peaks
corresponding to acoustic reflection of the TaN/Si interface (similar to
Figure 4.19). The reasons are the same as with specimen 3 and 4.

In conclusion, the mechanical properties (bulk wave velocity) of Ta, TaN and
Cu are determined and validated with the second specimen of each type. It is
shown, that properties (thickness or material properties) of a single diffusion
barrier layer (Ta) can be determined without further effort. In the case with a
bilayer diffusion barrier (Ta and TaN), a further acoustic characterization
(attenuation, ...) of the tantalum-nitride layer is necessary to improve the simu-
lations, so that both layers can simultaneously be identified. Below the copper
layer the determination of thickness or material properties of the Ta/TaN mul-
tilayer is much more challenging even with the aluminium top layer acting as
good acoustic transducer.

4.1.3.3.6 Simulations with copper top layer

Due to the lack of an experimental set-up operating with a wavelength of
400nm, the feasibility of the determination of geometrical dimensions of
underlying diffusion barriers is discussed, using an accurate numerical model.
The induced temperature distribution is calculated using the two-temperature
model with the extensions of additional heat flux in the lattice, described in
Chapter 4.1.3.3.4. The launched acoustic pulses and the corresponding pre-
dominant strain distribution are computed by a numerical solution of the wave
equation. The main sequence of the numerical calculations is similar as
described in Chapter 2.2.2. The step sizes are chosen as follows

temporal step size spatial grid
Temperature simulation 2fs Inm
Acoustic simulation 10fs using ‘magic time step’

Table 4.5 Temporal and spatial time step
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The spatial grid size is
chosen as near as pos-
sible to a grid size
defined by

Az =Ate,, (48

\ in which c,,,, is the

highest bulk wave
velocity of all materi-
als in the thin film
stack - in this case the
bulk wave velocity of
silicon (<100> direc-
tion), which is about
10 20 30 40 50 60  tmet[ps] $300m/s. The step size
defined in (4.8) is
called magic time step
with remarkable prop-
erties, such as vanish-

acoustic refl. change AR/R [arb. units]

Figure 4.20 Normalized (maximum amplitude)
simulations of the acoustic reflectivity change
caused by a propagating acoustic pulse in a single
100nm copper film on a silicon substrate (solid line

- simulation 1, dashed line - simulation 2, dotted M8 nuIrllerlcal
line- simulation 3) dispersion. Details are
discussed in

Appendix B.

Copper thin film on silicon substrate
Figure 4.20 shows the acoustic reflectivity change of a propagating acoustic
pulse in a 100nm thick copper film on a silicon substrate. The reflectivity
change caused by the induced temperature is already subtracted. All material
properties are listed in Appendix A.

K, oq IW/(mK)] | K; [W/(mK)] | Energy flux [J/m2]

simulation 1 398 398 0.611
simulation 2 398 5 0.611
simulation 3 398 398 6.11

Table 4.6 Properties varied for the simulations presented in Figure 4.20

The heat diffusion in copper, similar as in other noble materials, is very high
and additionally, increased by the rather small electron-phonon constant G. As
a result, the heat is spread almost over the whole thickness of the thin film on a
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very short time scale as it is illustrated in Figure 2.17. This leads to an acoustic
pulse excited at the surface and an additional acoustic pulse excited at the
interface of the copper thin film and the silicon substrate. One part of the
acoustic pulse from the interface is propagating into the substrate, the other
towards the free surface and causes the negative reflectivity peak after approx-
imately 20ps. The part initiated at the surface needs twice the time of the one
initiated at the Cu/Ta interface to reach the surface again. Since some of the
assumed properties, such as the laser spot size, are only approximately known,
their influence is discussed. To get significant differences these properties are
varied in a wide range. Comparing the normalized simulations 1 (solid line in
Figure 4.20) and 3 (dotted line in Figure 4.20) show the difference in the pho-
toacoustic response caused by the much higher induced temperature. The max-
imum amplitude of each simulated reflectivity change is used for normalizing
the simulations in Figure 4.20. The energy flux of the incident pump pulse is
in simulation 3 ten times higher than in simulation 1. This leads, because of
the temperature dependence of the heat capacity and conductivity in the elec-
tron system, to a slightly increased heat flux. Therefore the normalized photo-
acoustic response caused by the backside acoustic pulse is slightly increased.
The absolute photoacoustic signal in simulation 3 is ten times higher than in
simulation 1, but it is normalized in Figure 4.20 for comparison. A similar
result occurs when the lattice heat conductivity is reduced. Because the heat
transport into the substrate is much lower, the temporal varying temperature
distribution causes an acoustic pulse with a higher amplitude at the interface.
And therefore, the negative reflectivity peaks corresponding to the induced
acoustic pulses from the back have again an increased amplitude.
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Copper/tantalum on silicon substrate
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Figure 4.21 Left: normalized simulated acoustic reflectivity change for a Cu/
Ta thin film stack on a silicon substrate (solid line - simulation 4, dashed line -
simulation 5, dash-dotted line - simulation 6, dotted line- simulation 7), the
indicated reflectivity peaks of simulation 4 (solid line) are caused by acoustic
reflections at the following interfaces: 1) Cu/la, 2) Ta/Si; right: influence of
the heat conductivity in the tantalum film (solid line - simulation 6, dashed line

- simulation 8)

Cu. film thickness [nm] | Ta film thickness [nm]
simulation 4 100 36
simulation 5 100 10
simulation 6 100 12
simulation 7 88 20

Table 4.7 Variation of the thickness of the copper and tantalum layer in

simulation 4, 5, 6 and 7

Figure 4.21 (left) shows the acoustic reflectivity change of 4 different Cu/Ta
thin film stacks, which are described in Table 4.7. For simulation 4 (solid line
-Figure 4.21 (left)) the thickness (36nm) of the tantalum thin film below the
copper top layer can easily be determined by assigning the different peaks to
the corresponding acoustic pulse. The first negative peak is launched at the
Cu/Ta interface and the other peaks are superpositions of acoustic waves
reflected at the Ta/Si and Cu/Ta interfaces, respectively. According to the
results of the three other simulations presented in Figure 4.21 (left), it is obvi-
ous that it becomes more difficult to estimate the geometrical dimensions of
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the thin films because the several acoustic reflections at the Cu/Ta or Ta/Si
overlap already after 20ps. To check if the thickness of the two films can inde-
pendently be identified in simulation 7, the copper film is only 88nm but the
tantalum film thickness is increased and amounts to 20nm. These thicknesses
are chosen because the total time of flight of the acoustic pulse from the sur-
face to the Ta/Si interface and back is similar to a 100nm copper and a 10nm
tantalum film. So, it can be shown whether the two layers can be resolved
independently. The general shape of the photoacoustic response is similar to
the one of simulation 5, but with the differences especially between 20ps and
40ps as well as 60ps and 90ps the thicknesses can be estimated by fitting sim-
ulated results to the measurements. The modelling must take the very fast
spreading of heat and the resulting more complicated acoustic response into
account. But the very small differences between simulation 5 and 6 show that
the accuracy of the thickness estimation is limited, because a lot of slightly
varying properties in the simulation, such as the thermal conductivity, lead to
changes in the photoacoustic response, which have the same order of magni-
tude. This is illustrated in Figure 4.21 (right).

: thermal conductivity of
thin film stack Ta layer [W/(mK)]
simulation 6 | 100nm Cu/12nm Ta/Si-substrate 57.5
simulation 8 | 100nm Cu/12nm Ta/Si-substrate 7.1

Table 4.8 Properties varied (thermal conductivity of the Ta layer) of the
simulations presented in Figure 4.21 (left)

All the material properties used and their sources are listed in Appendix A.

Copper/tantalum/tantalum-nitride on silicon substrate

Apart from a single tantalum layer, also tantalum-nitride (TaN), tungsten-
nitride (WN) and tantalum/tantalum-nitride multilayers are suitable candidates
for diffusion barriers below copper films - as mentioned above. For single tan-
talum-nitride or tungsten-nitride layers the limitations are similar to the tanta-
lum layer. Hence, they are not discussed in detail. In this section we discuss
the possibility for resolving the dimensions of the tantalum/tantalum-nitride
diffusion barriers, which seems to be even more challenging than a single
layer.
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Figure 4.22 Acoustic reflectivity change calculated with simulation 10 (left)
and 9 (right) according to Table 4.9; solid line - with properties of
Appendix A, dashed line - also with properties of Appendix A except the wave
velocities, which are experimentally determined in Chapter 4.1.3.3.5; the
illustrations above shows the path of the propagating acoustic pulse (simula-
tion 10 and 9, solid lines) with respect to time and thickness

Simulation 9 in Figure 4.22 (left) using a rather thick bilayer diffusion barrier
shows that in this case the dimensions of the layers can be identified by assign-
ing the peaks to the appropriate travelling distance in the different materials. If
not mentioned, all material properties are according to Appendix A.

copper tantalum tantalum-nitride

thickness [nm] | thickness [nm] | thickness [nm]
simulation 9 100 10 10
simulation 10 100 36 36
simulation 11 100 12 10
simulation 12 100 10 12

Table 4.9 Properties varied in simulation 9, 10, 11 and 12

The illustration above the calculated reflectivity change in Figure 4.22 shows
the path of the propagating acoustic pulses with their reflections (in time-
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thickness plane). With the first peaks in the reflectivity change, the geometri-
cal dimension of the layers can be identified, although, except for the first
peak, all following negative peaks overlap, so that also in this case an accurate
model gets necessary. The effect can be observed in comparing the path of the
acoustic pulse with the corresponding reflectivity change. The assignment of
the reflectivity peaks to the corresponding acoustic reflections in simulation 8
is limited by the fact that several reflections at the interfaces are superimposed.
The dashed lines in Figure 4.22 represent calculations with the same film
thickness and also the same material properties (Appendix A), except for the
bulk acoustic wave velocity, which is modified according to the measured val-
ues (Chapter 4.1.3.3.5). Significant changes can only be observed in simula-
tion 9 corresponding to the rather thick bilayer diffusion barrier (36nm Ta,
36nm TaN).

If the time of flight of the acoustic pulse in the tantalum-nitride is in the same
order of magnitude as the time the acoustic pulse needs to cover the absorption
length right at the free surface of the copper film, the determination of the
thickness with an acceptable accuracy becomes challenging.
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Figure 4.23 Left: acoustic reflectivity change of simulation 8 (solid line), 10
(dashed line) and 11 (dash-dotted line; right: acoustic reflectivity change of

simulation 8 caused by different absorption length in the modelling of the
detection (14.4nm - solid line, 18nm - dashed line, 10nm - dash-dotted-line)

acoustic refl. change AR/R [arb. units]
acoustic refl. change AR/R [arb. units]

The three simulations in Figure 4.23 (left) illustrate the small variations, which
must be sufficient to determine the thickness of these diffusion barrier layers.
But it emphasizes also that after multiple reflections small variations in the
time of flight occur (at 80ps) which can possibly be used for limited thickness
estimation. The detection is modelled with the theory described in Chapter 2.4
using the a calculated absorption length of 14.4nm for copper at 800nm.
Figure 4.23 (right) shows the effect of a larger absorption length of 18nm and
a smaller one of 10nm using the same strain distribution.

105



4.1.3.3.77 Discussion

This qualitative analysis indicates the limitations for the determination of the
layer thickness, if the underlying barrier layers become very thin. The main
limiting factors are on the one hand, the increased heat transport in the copper
layer and on the other hand, the larger absorption length, which is the double
of aluminium and limits the detectability of very high frequencies. However, a
series of experiments on copper using a modified experimental setup working
with 400nm optical wavelength, would provide also information about proper-
ties, which are disregarded in the simulation, such as the attenuation of the
travelling acoustic pulses.

4.2 Measurements on transparent materials

Measurements of the wave propagation in transparent materials enable the
determination of the bulk wave velocity. The presented measurement tech-
nique is performed with the setup according to Figure 3.19. A measurement on
aluminium coated transparent borosilicate glass (Pyrex, Corning 7740) is pre-
sented. Using this measurement configuration (probing through a transparent
substrate) oscillations in the reflectivity change caused by interferences in the
transparent media are expected from theory (Chapter 2.4). The measurement
shows these oscillations very well and fits with the frequency predicted by the-
ory. Similar work, but with other materials or measurement configurations,
respectively, has been done by Lin H.-R. et.al. [34] and with transparent thin
films by Wright O.B. [90] [93].

4.2.1 Specimen

The specimen of this investigation is a borosilicate glass (Pyrex, Corning
7740) coated with a 100nm aluminium thin film. It is the same specimen as
used in Chapter 4.1.1.3, but the measurements are performed in a different
configuration (Figure 3.19). The borosilicate glass (Pyrex, Corning 7740) has
the following material properties

Source
Density [kg/m3] 2230 [56]
Young’s modulus [GPa] 62.75 [56]
Poisson ratio 0.2 [56]
Thermal expansion coefficient (at 25°C) [1/K] | 3266 107 [56]

Table 4.10 Material properties of borosilicate glass (Pyrex, Corning 7740)
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Source
Thermal conductivity (at 25°C) [W/(m K)] 1.13 [57]
Specific heat [J/(kg K)] 754.2 [57]
Refractive index at 800nm (estimation) 1.4657 [57]
Acoustic reflection coefficient (Al/Glass 7740) -0.1588

Table 4.10 Material properties of borosilicate glass (Pyrex, Corning 7740)

The 100nm aluminium coating is deposited under the conditions mentioned in
Chapter 4.1.1.1.

4.2.2 Measurements and Discussion

The experimental setup used for the measurement presented in Figure 4.24 is
modified in a way that the probe and the pump laser pulses hit the specimen
from opposite sides (Figure 3.19). Both laser pulses are focussed with micro-
scope objectives towards the specimen. The acoustic pulses are excited on the
free surface of the aluminium film - the reflectivity is measured through the
transparent substrate. As described in Chapter 2.4 the reflectivity is affected
by reflectivity changes of the aluminium film caused by the induced tempera-
ture and the excited strain pulse. Additionally, it is modulated by reflections of
the laser pulse on the propagating strain pulse in the transparent substrate.
Since the thermal conductivity of the borosilicate glass is very small in the
order of 1.13W/(m K), it can be assumed that the calculated temperature distri-
bution in Figure 4.7 is similar to the one in this case. Thus, Figure 4.7 shows
the temporal temperature distribution at the interface of aluminium and glass
substrate after the absorption of the laser pulse at the free surface.
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Figure 4.24 Left: reflectivity measurement according to the configuration in
the inset (average of 30 single measurements using pump pulse power of
20mW) on a transparent glass substrate coated with approximately 100nm
aluminium; right: fast fourier transform of the measurement left (solid line -
reflectivity change from 150ps to 450ps is considered, dashed line - total mea-
surement

The temperature at the interface increases shortly after the absorption of the
pump laser pulse at the free surface because of the non-equilibrium short-pulse
laser heating. Therefore, the measured reflectivity, which is proportional to the
temperature, increases shortly after absorption. Before the reflectivity
decreases smoothly, it increases further within the first 30ps. The first peak of
the reflectivity curve at approximately 16ps corresponds to the acoustic pulse,
which is reaching the interface of aluminium and glass. Most of the acoustic
pulse is transmitted into the glass because the acoustic reflection coefficient is
about 15%. In the transparent substrate the incident probe laser light is
reflected at the interface of aluminium and borosilicate glass and at the propa-
gating acoustic pulse, which leads to interferences. These interferences occur
in the reflectivity signal as sinusoidal variation of the reflectivity superim-
posed on the thermal reflectivity change. The bulk wave velocity of the acous-
tic pulse in the substrate can be determined with the frequency of the
interferences of about 21GHz. Additionally, the frequency of the interference
depends on the optical wavelength in the substrate, which again depends on
the optical refractive index. The frequency of the oscillations leads to the bulk
wave velocity using the following equation

¢; = %f (4.9)
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in which A denotes the wavelength inside the substrate and f the frequency of
the oscillations. The frequency was calculated by fast fourier transformation of
the reflectivity curve between 150ps and 450ps, because the first part of the
measured reflectivity signal contains additionally the second and third acoustic
reflection of the pulse in the aluminium film. The determined frequency of the
oscillations amounts to 20.8GHz (Figure 4.24 (right), solid line). With a probe
light wavelength of 800nm and the refractive index of Table 4.10 this leads to
a bulk wave velocity of 5676m/s. The calculated wave velocity 1s 5592m/s
(calculated with the parameters given in literature (Table 4.10)) and is very
close to the measured one. The relative error is only about 1.5%.

4.3 Bulk wave propagation in membranes

Very thin membranes are part of numerous micro-electromechanical systems
(MEMS), e.g. sensors, actuators or bulk acoustic wave filters. Usually, the
mechanical properties of the membranes are important parameters for the cor-
rect operation of the MEMS device. Manufacturing processes and conditions
significantly influence the resulting mechanical properties of a microstructure,
which will be shown in the example of silicon nitride. After finishing of the
manufacturing process of MEMS it is very difficult to measure any material
property in a non-destructive way with the conventional methods. Picosecond
ultrasound is the right approach for providing mechanical properties of thin
and brittle MEMS-structures, such as cantilevers and membranes in a non-
contact and non-destructive way.

Since nearly no work has been done for microstructures except by Matsuda O.
et.al. [39] who recently published also one paper on this subject (GaAs
bridge), the following two chapters deals with the application of picosecond
ultrasound for the characterization of microstructures such as membranes, can-
tilevers and truncated micro-tips.

4.3.1 Specimen

The specimen of this investigation is a silicon nitride (Si3N4) membrane which
is coated with aluminium films of different thicknesses according to
Figure 4.25. The aluminium films are deposited by electron beam evaporation
(see Chapter 4.1.1.1).
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Figure 4.25 Silicon nitride membrane with surrounding silicon support (left:
top view under microscope, right: schematic cross-section)

The commercially available silicon nitride (Si3N4) membrane shown in
Figure 4.25 has a surrounding silicon support of 300 microns thickness. The
dimensions of the freestanding membrane are 460 microns squared. The thick-
ness of the membrane is in the order of 520nm and is measured by means of a
profilometer. The silicon nitride membrane has an amorphous structure and is
grown by an LPCVD process at about 700°C. The Young’s modulus of silicon
nitride varies in a wide range depending on the conditions of deposition. Some
literature values of the Young’s modulus are shown in Figure 4.26. The high-
est value (Hilg B. [21]), which lies in the order of 380GPa, is nearly three
times higher than the value of sputtered silicon nitride thin films given by
Petersen K.E. [52]. The numbers of the Young’s moduli of films deposited by
LPCVD (Tabata O. et. al. [75]) and PECVD (Tabata O. et. al. [75]) are in
between.

Young's Modulus Silicon-Nitride
400

200
) l
0
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Figure 4.26 Comparison of the Young’s modulus of silicon nitride films grown
with different techniques.
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The specimens used are described in Figure 4.25. They are coated with alu-
minium films of different thicknesses. The aluminium films are deposited by
electron beam evaporation. The thickness of the deposited films ranges from
10nm to 120nm. The measurements with laser based ultrasound are performed
directly on the membrane and for comparison beside the membrane on the
supported part.

4.3.2 Measurements and Discussion

The silicon-nitride layer is nearly transparent for the laser light at a wavelength
of 800nm. So, all specimens are coated with aluminium films having different
thicknesses to launch acoustic pulses. In the first section, measurements on sil-
icon nitride films coated with 10nm aluminium are reported. Results presented
below are measured on a silicon nitride membrane coated with a 120nm alu-
minium thin film. The measurements are performed in different configurations
as shown in the Figure 4.27 and Figure 4.28.

4.3.2.1 Measurements on supported membranes coated with 10nm
aluminium

The specimen, which is shown schematically in Figure 4.27 (left), is coated
with a 10nm thick aluminium layer. The incident pump pulse is partly
absorbed by the semitransparent 10nm aluminium thin film. The absorption of
the pump laser pulse initiates an instantaneous heating of the very thin alumin-
ium coating. The temperature distribution is nearly uniform in the thickness
direction. Usually, the initiated temperature decreases exponentially with
increasing thickness (compare Figure 2.2). But due to the very small thickness
of the aluminium layer, which is in the order of the absorption length, the tem-
perature distribution can be assumed to be uniform. The sudden increase at a
time of Ops and the slow decrease of the measured reflectivity change shown
in Figure 4.27 (right), is caused by the induced temperature change in the thin
aluminium film.

The increased temperature in the aluminium thin film launches acoustic
pulses, which are reflected several times at the interface of aluminium and sil-
icon nitride and at the free surface of the aluminium thin film, respectively.
This leads to a decaying oscillation at the beginning of the measured reflectiv-
ity change within the first 15ps. The launched acoustic pulse is travelling in
the silicon nitride film towards the interface of silicon nitride and the silicon
support. Only a small fraction of the acoustic pulse is reflected at the interface.
The other part is transmitted into the silicon support. After a round trip time in
the order of 105ps, the reflected acoustic pulse is detected back at the surface
of the thin aluminium film. The oscillating characteristic of the reflected
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acoustic pulse is still present after one reflection. After half of the round trip
time in the order of 52ps a small peak in the measured reflectivity change can
be observed. Most likely, the small peak is caused by an acoustic pulse, which
is excited by the transmitted part of the pump laser pulse, which is absorbed at
the interface of silicon nitride and silicon substrate. Travelling from the inter-
face towards the free aluminium coated surface, the pulse can be detected
exactly after half the round trip time.

W

1 Silicon-nitride

10nm aluminium on silicon-nitride

~10nmt g Aluminium
S—= Probe beam
N
g —

Pump beam

reflectivity change AR/R [arb. untis]

0 20 40 60 80  timet[ps]
Figure 4.27 Left: measurement configuration; right: measured reflectivity
change

112



Results

4.3.2.2 Measurements on a free silicon-nitride membrane coated
with 120nm aluminium

120nm aluminium film on silicon-nitride

according configuration
below «

according configuration
below

refl. change AR/R [arb. untis]

0 20 40 60 80 timet[ps] O 50 100 150 timet [ps]
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~300 um Z=S '
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:
3

"\_é
Probe beam S==

Pump beam

Figure 4.28 Bottom: measurement configurations, top: measured reflectivity

change (solid line - measurements with configurations indicated below, dashed

line - measurements on the silicon supported part of the membrane accessed
from the stress free aluminium surface)

The excitation and detection of the acoustic pulses of the measurement accord-
ing to Figure 4.28 (left) is performed through the nearly transparent silicon-
nitride membrane. At the interface of the aluminium and the silicon-nitride
membrane the incident pump pulses are absorbed, initiate a temperature distri-
bution in the membrane and launch acoustic pulses into the silicon-nitride and
the aluminium part of the membrane, as schematically indicated with the
arrows in Figure 4.28 (left) on the left hand side. Each mechanical pulse is
reflected at the free surface of the aluminium and the silicon-nitride part of the
membrane, respectively. The corresponding reflectivity change is also mea-
sured at the interface by the probe laser pulses, as shown in Figure 4.28 (left) -
solid curve. After 39ps the reflected mechanical pulse in the aluminium part
reaches the interface, which corresponds with the beginning of a sharp
decrease in the measurement. This steplike decrease is a superposition of dif-
ferent effects, which are discussed in detail in Chapter 2.4. The decrease at
39ps in the solid curve of Figure 4.28 (left) corresponds to the peak (first
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reflection) in the dashed curve. The dashed curve represents the reflectivity
change excited and measured at the free surface of the aluminium coating
(backside of the aluminium coating) on the supported part of the membrane. A
second reflection of the mechanical pulse in the aluminium coating cannot be
clearly identified. The acoustic pulse launched in the silicon-nitride film
reaches the interface after 105ps and causes a broad peak in the reflectivity
change (solid curve).

The solid curve in Figure 4.28 (right) represents a measurement, which is car-
ried out on the same specimen as the measurements described before, but the
specimen is accessed from the other side (aluminium coating). As usual, the
absorbed pump pulse initiates a temperature distribution in the membrane and
excites mechanical pulses travelling according to the arrows in Figure 4.28
(right). The first reflection, which can be observed again at 39ps, is caused by
the acoustic pulse reflected at the aluminium/silicon-nitride interface. This
peak can also be observed in the dashed curve, which is measured on the sup-
ported part of the membrane. The second reflection of the acoustic bulk wave
at the interface cannot be clearly identified in the measurement. After 142ps a
negative peak in the reflectivity change is observed, which corresponds to the
acoustic pulse reflected at the free surface of the silicon nitride part of the
membrane. The sign change occurs at the free surface of the silicon nitride
film. Due to the calculated acoustic reflectivity coefficients the negative
reflectivity peak should have a higher amplitude than the first, positive peak.
Reasons for the reduction of the peak amplitude are damping and a not ideal
bonding of aluminium and silicon nitride, which results in modified acoustic
reflectance and transmission coefficients. In the supported case, the second
peak does not occur, because of the weaker acoustic reflection at the silicon-
nitride and silicon interface, compared with the strong reflection at the free
surface in the freestanding membrane.

4.3.2.3  Comparison of measured and simulated results of a mem-
brane coated with 40nm aluminium

In order to compare measurements and theory, simulations are performed for a
40nm aluminium coating on the membrane. According to Chapter 2.2.3 and
Chapter 4.1.3.3 a coupled numerical scheme for the induced temperature in the
membrane and the bulk wave propagation is used for the simulations. The sim-
ulated reflectivity change (Figure 4.29) of the silicon-nitride membrane coated
with 40nm aluminium is in good agreement with the measured results. The
propagation of the bulk waves is similar to the configuration in Figure 4.28
(right). The first reflection of the wave in the aluminium can be observed after
approximately 13ps. The negative peak at 117ps is caused by the wave
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reflected at the free end of the silicon-nitride surface. And again after 13ps this
wave reaches the free aluminium surface a second time, after the reflection at
the interface of aluminium and silicon-nitride.

40nm aluminium film on silicon-nitride

/R)

measured

s .
Ao simulated
Ty dan s

]
i e = T =

acoustic refl. change (AR/R-AR .,

[arb. units]

20 40 60 80 100 120 time t [ps]
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~5200m} |Silicon 1) Reflections
~ 40 ]_“,nt ’ S - DT e
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——
b = = "":‘_’—f
Probe beam ==

Pump beam

Figure 4.29 Bottom: measurement configurations, top: measured reflectivity
change (using the configuration indicated below, solid line - measured results,
dashed line - simulated results)

4.3.2.4 Summary of the measured results

With the presented results in Chapter 4.1.3.1, Chapter4.3.2.2 and
Chapter 4.3.2.3 and the known thickness of the aluminium and silicon nitride
membrane the bulk wave velocity is determined. The average of the thickness
of the membranes amounts to 520nm and the average of the round trip time in
the silicon-nitride membrane is 104ps, which leads to a bulk wave velocity of
10*m/s. To estimate the Young’s modulus of the silicon-nitride membrane, a
density p of 3100 g/cm? (source Petersen K.E. [52]) and a Poisson’s ratio v of
0.24 (source Shackelford J.F. et. al. [70]) is chosen. The calculated value of
the Young’s modulus of 263GPa is 10% lower than the modulus given in
Figure 4.26 for LPCVD silicon-nitride membranes. Nanoindentation measure-
ments on the supported part of the silicon nitride membrane however, are in
good agreement with the Young’s modulus determined here. Inaccuracies of
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the estimated number of the Young’s modulus are caused by the measurement
of the thickness; a change in thickness of 10nm and the same numbers for all
other parameters leads to a change in the Young’s modulus of 10GPa. Investi-
gations on silicon nitride cantilevers recently presented by Khan A. et. al. [29]
report about a Young’s modulus of amorphous silicon nitride of 280GPa and
289GPa, respectively. A Poisson’s ratio v of 0.2 was estimated. With a Pois-
son’s ratio v of 0.2 [48] our measurements also yield a Young’s modulus of
280GPa. Since the measured property is the bulk wave velocity it is important
to know that the calculated Young’s modulus depends on the used density and
Poisson’s ratio. Therefore they are given in this chapter and also in
Appendix A.

4.4 Measurements on cantilevers and AFM tips

Most applications of the presented measurement technique deal with the char-
acterization of single thin films and thin film stacks deposited on substrates.
This chapter deals with a new application of picosecond ultrasound for the
characterization of single microstructure such as membranes or cantilevers. In
the previous chapter microstructured membranes were non-destructively char-
acterized by picosecond ultrasound. The technique is now extended to the
characterization of cantilevers. Cantilevers are, aside from membranes, one of
the most used MEMS-structures. In several different applications the mechani-
cal properties or the geometrical dimension of the cantilever are important for
the correct working of a device (AFM for instance).

For silicon cantilevers a strong dependency of the measured reflectivity
change on the optical probe wavelength is observed in the experiments. This
dependency and possible applications are also discussed in this chapter.

4.4.1 Cantilevers

Picosecond ultrasound is generated and measured with ultrashort laser pulses
in a pump-probe configuration. In this case, the measured bulk acoustic wave
propagation is used for the determination of material properties or geometrical
dimensions of a single cantilever. The acoustic pulses are launched at the alu-
minium coating of the cantilever by absorbing the pump laser pulses. With the
probe laser pulses the reflectivity on the opposite side of the cantilever is
scanned versus time.
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Figure 4.30 Schematic illustration of the measurement configuration, pumping
on the aluminium coated side, probing on opposite side

The commercially available cantilevers (Nanosenors CONTR-16 with reflex
coating), which are usually used for AFMs (atomic force microscope)
(Figure 4.30) have typical thicknesses of 2um and mean widths of 50um. The
cantilever length is in the order of 450um. The silicon cantilever is coated on
one side with a very thin, approximately 30nm thick, aluminium film (reflex
coating). The tip is on the opposite side, which is not coated and is oriented in
the <100> direction. The silicon is boron doped.

Double-side aluminium coated cantilever

The following measurement is performed on the described AFM cantilever,
which has an additional aluminium coating (approximately 30nm thickness,
deposited with e-beam evaporation according to Chapter 4.1.1.1) on the side
of the incident probe pulse. The measurement configuration is illustrated in
Figure 4.30. The acoustic pulses are launched at the free surface of the alumin-
ium coating on the pumping side by absorbing the incident laser pulses. The
propagating strain pulse has a similar shape, as presented in Figure 2.3. But
the shape is affected by the electron diffusion (see Figure 2.16) and the small
thickness of the aluminium coating of about 30nm. The acoustic pulses
launched at the free surface of the aluminium coating are almost completely
transmitted into the silicon cantilever, since the acoustic reflection coefficient
is in the order of only 6% for the combination of aluminium and silicon in
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<100> direction. After propagating through the cantilever, the acoustic pulses
are detected by the probe laser pulses on the opposite side of the cantilever. On
the opposite side the majority of the acoustic pulse is again transmitted from
the silicon cantilever into the aluminium coating. The arriving acoustic pulse
leads to the peak in the reflectivity at about 258ps in Figure 4.31 (right).

Pump beam

\
S
\
=

~30nm _

~2um

~30nm |

Probe beam

acoustic refl. change AR/R [arb. units]

e |

200 220 240 260 280 300 time t [ps]
Figure 4.31 Left: illustration of the measurement configuration, right: mea-
sured acoustic reflectivity change of the propagating mechanical pulse

The measurement presented in Figure 4.31 is carried out on the freestanding
part of the cantilever near to the mounting chip at a laser wavelength of about
800nm. The pump pulses have an average power of ~10mW and the probe
pulses are much weaker and in the order of ~2mW. The smaller reflectivity
peaks after the main peak at 258ps are caused by the acoustic reflections at the
interface of the excitation and detection aluminium layer. In addition, the ther-
mal diffusion during excitation and the excitation of an acoustic pulse also at
the Al/Si-interface affect the detected pulse shape.

One-side aluminium coated cantilever

The acoustic pulses are again launched at the free surface of the aluminium
coating by absorbing the incident pump laser pulses. The detection is per-
formed on the opposite side of the cantilever (boron doped silicon) and leads
to the peak in the reflectivity at about 240ps in Figure 4.32. The measurement
presented in Figure 4.32 is carried out in the described configuration on a free-
standing part of the cantilever in the region near the mounting chip at a wave-
length of 794nm. To get a good signal to noise ratio and to work with low laser
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power to avoid damage of the cantilever, microscope objectives are used to
focus pump and probe pulses towards the specimen. Thus, the focal spot size
Is in the order of some microns. On the one hand, the reflectivity change dur-
ing the first 40ps strongly depends on the geometrical overlapping of pump
and probe laser spots.

Pump beam S:"": *E i
o~ =
N < |
~30nm | — et B y

= & ; ; '
—_ =i i
— 5| __ *"““’“"V“‘

Doped Si — = . | .

|

Probe beam

0 50 100 150 200 timet[ps]
Figure 4.32 Left: Illustration of the measurement configuration; right: mea-
sured reflectivity change of the acoustic pulse

On the other hand, the relative reflectivity change after approximately 40ps
shows always the same characteristic. The presented results are only averaged
10 times, which takes only few minutes. The acoustic pulse reaching the free
silicon surface of the cantilever can be clearly identified after 237ps. For more
clearness, the inset in Figure 4.32 shows the part of the measurement from
150ps to 270ps after subtraction of the thermal reflectivity change and vertical
zoom of four times.

If one is changing the thickness of the cantilever or the wavelength of the used
laser, it has a significant influence on the peak height of the reflectivity change
caused by the acoustic pulse. Changing the wavelength from 814nm to 794nm
the peak in the reflectivity is constantly changing from a positive to negative a
sign. The reason is that the absorption length of silicon at a wavelength of
800nm is in the order of 10 microns at room temperature. This means that the
silicon part of the cantilever is almost transparent. Also, Bosco C.A.C., et. al.
[3] showed oscillations in the reflectivity change caused by the semi-transpar-
ent characteristic of silicon even at a wavelength of 388nm and 413nm, where
the absorption length is 2 or 3 orders of magnitude smaller. Figure 4.33 shows
the continuous change from a positive to a negative sign of the peak in the
reflectivity in a very good way for a variation of the laser wavelength from
794nm to 814nm.
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With the theory of the reflectivity change in transparent thin films on an
opaque substrate, caused by acoustic pulses, the changes in the measurements
can be explained as follows. In general three contributions to the reflectivity
change are to be distinguished (Table 4.11, see also Chapter 2.4):

Contributions to
reflectivity change

Oscillations Interferences of reflections of the probe
laser pulse at the surface or the Al/Si inter-
face, respectively and on the propagating
acoustic pulse

Photoelastic contribution | Change of the reflectivity caused by the
acoustic pulse in the underlying alumin-
ium film through photoelasticity

Motion of the surface/ Different motions of the surface and the
interfaces Al/Si interface leads to changes in the
reflectivity because of interference effects

Table 4.11 Contributions to the reflectivity change
Each contribution is now explained more in detail:

1) Oscillations

Oscillations can be observed, which are caused by the fact that the incident
probe pulse is reflected at the surface and the other part is transmitted into the
transparent film, where it is partly reflected by the propagating acoustic pulse.
This part of the probe light pulse interferes constructively and destructively,
depending on the propagating acoustic pulse with the part of the probe laser
beam reflected at the surfaces (interface of transparent thin film and opaque
substrate), which leads to oscillations of the signal detected by the photodetec-
tor. In this case (silicon cantilever), we can only observe these oscillations if
we are working with a higher probe laser pulse power, which is explained by
the very small photoelastic properties (Etchegion E. et. al. [16]). Then small
oscillations are observed in the reflectivity with a frequency of 78GHz.
According to Lin H.-N. et. al. [34] this leads to a wave speed of ~8500m/s
assuming a real part of the refractive index ng; of 3.7 for silicon at a laser wave
length of 800nm. In the measurement presented in Figure 4.32 (right) these
oscillations can not be observed, because the probe laser pulse power is kept
very low (~2mW) to avoid damage of the cantilever.
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In some other semi-transparent or transparent materials these oscillations can
be measured easily even with small probe laser pulse power, because they have
a much stronger photoelastic response than silicon at a optical wavelength of
about 800nm. An example is presented in Chapter 4.2.2.

2) Photoelastic contribution
The photoelastic effect, which is the second

\f\ 2 contribution, must only be considered at the
812nm “\ 814nm o .
\"\ beginning of the measurement and at the time
7 \\,\- when the acoustic pulse is reaching the alu-
5 803“m\~\'“ 810nm minium coating, which is in the order of
£ ¢ Bl 480ps. At the beginning of the measurement, it
— : ™~ 806nm . . . _r . .
o 80411m\\,\ is almost impossible to distinguish all contri-
_f::“ : P butions to the reflectivity change. Beside the
; 300nm ¥\r\ 802nm photoelastic contribution, the induced and dif-
2 fusing heat in the cantilever also has an influ-
©

79-$nm :\v_/' ??Snm enee.

—\f\794nm 3) Motion of the surface/interface
In addition, the third effect, which 1s less

known, contributes also to the reflectivity

change in the first 10 to 20ps at the beginning

Figure 4.33 Reflectivity of the measurement. This effect is independent

change depending on the  of the coupling of the strain to the refractive

laser wavelength index. But the optical reflectivity is affected by

the motion of the cantilevers interfaces or sur-

faces, respectively. The varying interferences of the optical probe light reflec-

tions at the interfaces or surfaces which are moving cause the change in the
probe light reflectivity.

200 240 time t [ps]

The motion of the free silicon surface when the acoustic pulse is reflected is
the main reason for the reflectivity peak at 237ps in Figure 4.32. Since the
photoelastic constants of silicon at a wavelength in the order of 800nm are
very small (Etchegion E. et. al. [16]), the photoelastic contribution to the
reflectivity change is neglected. After the first 40ps, as long as the acoustic
strain pulse with general shape and displacement similar to Figure 4.34 is
propagating in the silicon cantilever, no reflectivity change occurs because the
distance between the free silicon surface and the interface is not changed. At
the moment the acoustic strain pulse reaches the silicon surface, the stress-free
silicon surface moves according to the displacement shape of the acoustic
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pulse. Namely, with twice the amplitude of the displacement pulse because of
the stress free boundary condition.

displacement

strain [arb. units], displacement [arb. units]

0 10 20 30 40 50 _ film depth z [nm]
Figure 4.34 General pulse shape (strain and displacement), calculated for alu-
minium film
With the equations for the reflectivity change caused by the surface and inter-

face motion 4R, out of Wright O.B. [89] (Eq. 23) formulated for perpendicu-
lar incident angle

_ 16 ar (14 L s I-r 4.1
AR, = Az +"1—S—"JS— kgirg(1-15)n, - (4.10)
l Z
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Az denotes the surface displacement, d the thickness of the silicon part of the
cantilever, ny; and x,; the complex refractive index of the aluminium layer, ng;
the refractive index of silicon, A the laser wave length. Furthermore, it is
assumed that the photoelastic contribution (dng; )/(de,) can be neglected.
The surface displacement Az is in the order of ~0.003nm (Wright O.B. et. al.
[92]). The presented results in Figure 4.35 are calculated for a single wave-
length (monochromatic light). To illustrate the influence of a broader spectral
content of the laser pulse, the convolution product of a typical laser pulse with
gaussian spectral shape and the dependency of the reflectivity change with
respect to the wavelength, is calculated. For the calculation, we set the spectral
content to +/-16nm (see Figure 3.7), which is the same as spectral measure-
ment shows in the experiments. The inset in Figure 4.35 shows the calculation
with one wavelength (solid line) and the calculation for the broader spectral
content (dashed line). The inset shows also the comparison of the peak height
of the measurements presented in Figure 4.33 (points in Figure 4.35) and the
calculated reflectivity change (dashed line in Figure 4.35), which shows an
almost perfect agreement.
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Figure 4.35 Dependency of the reflectivity change on the wavelength, calcu-
lated with (4.10) for the silicon cantilever, inset: comparison of the calculated
change of reflectivity with the measured one (solid line - calculation with one

wavelength, dashed line - illustration for a broader spectral content)

For silicon a refractive index ng; of 3.7 1s used in the simulation and the imagi-
nary part is neglected. The refractive index of aluminium (n4;+ ixy;) 1s 2.8 + 1
8.45. It 1s assumed that no light is transmitted through the aluminium coating.
The incidence of the probe laser beam is perpendicular to the surface of the

123



cantilever. The thickness of the silicon part of the cantilever is chosen to
1.951um so that the zero crossing of the calculated reflectivity change is at the
same wavelength as the measured one (807nm). Assuming a bulk wave speed
in silicon (<100> direction) of 8430m/s and adding the time for the acoustic
pulse propagation through the approximately 30nm aluminium coating, with a
bulk wave speed of 6360m/s, one gets a total time of 236.1ps. This is in good
agreement with the measurements (237ps) in Figure 4.33, if it is considered
that all material properties - elastic and optical - are slightly affected by the
induced temperature in the cantilever.

In conclusion, measurements of the bulk acoustic wave propagation in a sili-
con cantilever, which are used for the determination of geometrical dimen-
sions or material properties, are presented. The measured signal corresponds to
the reflectivity change which is dominated by the surface motion, because the
photoelastic constants of silicon at a wavelength of 800nm are very small. The
sign of the reflectivity depends on the laser wavelength, which is shown in the
measurements and corresponds very well with the theory. The measured
reflectivity change caused by the acoustic pulse is proportional to the displace-
ment of the free silicon surface. This allows to estimate the displacement and
the strain amplitude of the acoustic pulse. Furthermore, it is possible to study
the influence of material properties, such as the electron-phonon coupling or
the film thickness in case of very thin coatings on the acoustic pulse shape.

44.2 AFM tips

The temporal resolution of the presented measurement technique is very high
and only limited by the laser pulse duration (100fs). Therefore a very high res-
olution in the propagation direction (thickness direction) of the acoustic pulses
is achieved (>1nm). The introduction of an acoustic focussing tip (modified
AFM tip), in which the acoustic pulses (wavelength 10nm-20nm) are focussed
is a new possibility to improve the lateral resolution, which is currently limited
in the order of some microns.

The following experiments show for the first time that the proposed combina-
tion of a micro-scale acoustic focussing tip and the accurate high frequency
acoustic experiment is feasible. This leads to a device with very high resolu-
tion in time and space. In this section the possibilities and limitations of the
modifications by means of a focussed ion beam (FIB) are shown. Additionally,
first acoustic experiments on AFM tips are presented.

4.4.2.1 Motivation - focussing of acoustic pulses

The wavelength of the excited longitudinal acoustic pulses is in the order of
the absorption length of the laser light. As mentioned before, metallic thin
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films have absorption lengths of 10nm to 20nm, which correspond to frequen-
cies of several GHz. The detection system demands a very high temporal reso-
lution in order to detect mechanical pulses having such high frequencies. The
resolution in the time domain is realized with a delay line (Chapter 3) and
therefore the minimal time step 4¢,,;,, amounts to

At .~ Asﬂl (4.16)

nmin C

A4s,,;, 18 the minimal step size of the
"' ' translation table and ¢ the speed of
' light. In the presented experimental
setup the minimal step size A4s,,;, of
s ““‘ ?;;T:;:ﬁg the mechanical tre.lnslation table
Prisha Fesi _ amounts to 1um, which corresponds
o to a temporal resolution of 3.33fs.
Figure 4.36 Scheme of the focusing ~ This very high temporal resolution is
tip acting as an acoustic lens only limited by the laser pulse dura-
tion, which 1s, in our case, shorter
than 100fs. With a microscope objective the spot size of the laser pulse is in
the order of a few wavelengths of the laser light. In contrast to the small wave-
length of the acoustic pulse and the high resolution in time domain, the spot
size (pump and probe laser pulse) is orders of magnitude larger. The introduc-
tion of a focussing tip, in which acoustic pulses are focussed (Figure 4.36),
leads to a device for exciting and measuring acoustic waves or other effects
with very high lateral and in-depth resolution. The lateral resolution depends
on the geometry of the tip. The acoustic waves are excited at the base of the tip
with the strong pump laser pulse. Due to the reflections at the boundaries, the
acoustic pulse is focussed towards the sharp end of the tip and its amplitude is
increased. The introduced focussing tip has two major advantages:
- increased amplitude at the sharp end of the tip and
- small cross-sectional area at the sharp end (high lateral resolution)
The increase of the amplitude depends on the wave propagation inside the tip,
both depending on the frequency of the acoustic pulse and the geometry of the
tip. The wave propagation in similar cases, but with macroscopic dimensions,
is discussed by Profunser D.M. et. al. [53]. An application of this new tech-
nique as a transducer or in a new scanning probe method is conceivable.

Probe-Beam

Pump-Beam

125



4.4.2.2  Specimen preparation

The specimens for a first series of
experiments are prepared with a
focussed ion beam (FIB) at EMPA
Diibendorf. The focussed ion beam
technique enables modifications with
a resolution in the order of 100nm.
The used workstation incorporates a
FIB and a SEM stage. The operating
principle of a focussed ion beam
machine is similar to a SEM, but a
focused beam of Ga™ ions is scanned
across the specimen instead of elec-
trons (Gasser P. et. al. [17]). FIB is
widely used, for example in the modi-

Figure 4.37 Silicon cantilever used

for modifications with focussed ion _ : : :
beam (FIB) fication of electronic chip designs,

TEM sample preparation and for
modifications of micro- and nanostructures. So, it is the right approach for pre-
paring the tip of silicon cantilevers (Figure 4.37) for measurements with pico-
second ultrasound. The silicon cantilever is the same as the one used in

Chapter 4.4.1.

incident
Ga ion
beam

1.0 pr

Figure 4.38 AFM tip preparations using focussed ion beam (FIB), images
taken during modification

Figure 4.38 shows two images during the removal of the sharp end of the tip.
The incident Ga* ion beam is indicated by an arrow (Figure 4.38 (right)).
Since the Ga™ ion beam has a total divergence angle of approximately 1.3°.
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The cantilevers were tilted by the half of this angle to achieve a cross section
of the tip, which is parallel to the cantilever. Typical FIB parameters for the
modification of the tip are as follows

Acc. Voltage [kV] Current [pA]
Removing main part of the tip 30 1000
Final improvement of the sur- 30 100
face

Table 4.12 FIB parameters

10 pm H

Figure 4.39 Truncated AFM tip for measuring picosecond ultrasound

Figure 4.39 shows one of the prepared tips with a total height (including the
thickness of the cantilever) of 7.40um. The bombardment of the sample with
heavy, and therefore, highly energetic Ga* ions cause a damage of the surface
layer (several nanometers) of the truncated tip, resulting in an amorphization
of the surface (Gasser P. et. al. [17]). This can be observed in Figure 4.39
(dark part) in the cross section of the truncated tip. Moreover, Ga is implanted
in the specimens surface because of the scanning with the ion beam during
imaging with the ion beam (Gasser P. et. al. [17]). To avoid most of the dam-
age, the ion beam current is kept as low as possible. Since a decrease of the
current has the consequence of a strongly increased duration for removing the
tip, it was performed in two steps (Table 4.12). First, the main part of the tip
was removed with a high current (1000pA). Then, a small part of the cross
section, the main part of the amorphous layer, was removed with a lower cur-
rent (100pA).
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4.4.2.3 Measurements on truncated AFM - tips

time t [ps]

650 time t [ps]

650 time t [ps]

2| 53.6°

Figure 4.40 Measurements and measurement configuration (cantilever thick-
ness ~21m)

For measuring the wave propagation in the modified AFM tips, the setup,
according to Figure 3.19, is used, where the specimen is accessed with pump
and probe beam from opposite sides. Therefore truncated AFM tips are used
for the investigation of the wave propagation on the microscopic scale. On the
left hand side of the cantilever (thickness ~2pum) in Figure 4.40, the acoustic
pulses are launched on the aluminium coating of the cantilever. As indicated
with the arrows, the reflectivity is scanned versus time on the opposite side. In
the following, the acoustic measurement on a ~5.5um high (including the can-
tilever) truncated tip is discussed. In general, the location of the tip on the can-
tilever can be found easily, because the sloping sides of the truncated tip
causes a diffusive reflection of the probe laser beam, which corresponds also
to a small, almost vanishing, light intensity in the photodetector. Nevertheless,
several measurements along the cantilever are performed, to ensure measure-
ments on the correct location and to show the difference of measurements on
the cantilever and on the truncated tip. This lateral scan along the cantilever is
started in the order of 40um away from the tip in the middle of the cantilever.
On the starting point, the signal corresponding to the reflectivity change is
optimized. In Figure 4.40, two measurements are presented, one approxi-
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mately 25um away from the tip and one at about 12.5um. In both measure-
ments, a reflectivity peak at 680ps can be observed. The reason for the lower
quality compared with thin film measurements is that the setup is only opti-
mized once, at the beginning of the lateral scan along the cantilever and that
these measurements are only averaged 5 times. The peak at 680ps corresponds
to the acoustic pulse which travelled 3 times through the cantilever. But if the
line scan is continued, one reaches a region, where no probe light is reflected
back to the photodetector, because of the diffusive reflection at the slopes of
the tip. Reaching the tip, the reflectivity peak occurs at 640ps, which corre-
sponds to a travelling distance of 5.44um. With the SEM in the focussed ion
beam machine, a tip height of 5.5um is determined.

Cantilever 9, on truncated tip (5.5um)

Truncated AFM tip (5.5um)

rel. refl. change AR/R [-]
acoustic refl. change AR/R [-]

0 80 f[GHz)
560 600 640 680  tmet[ps]

540 580 620 660 time t [ps]

Figure 4.41 Left: Two measurements on the truncated AFM tip; right: same
measurement as the upper one on the left hand side, but after high pass filter-
ing (inset: fast fourier transform of the measured signal)

The two curves in Figure 4.41 (left) show measurements using the same con-
figuration. The peak of the reflectivity change at 640ps can be observed
clearly in both measurements, which represent an average of 50 single mea-
surements using a pump average power of approximately 15mW and a center
wavelength of about 790nm. The difference between the two measurements is,
the further optimizing of the reflectivity change by small changes of the pump
beam position. In the reflectivity change, again oscillations occur, which have
a frequency of about 80GHz. Most likely these oscillations are interferences of
the probe light reflected at the tip surface and the reflections at the propagating
acoustic pulse, similar to the explanations presented in Chapter 4.2. Using the
real part of the refractive index of silicon ng; 3.7, these oscillations should
have a frequency (Equation (4.9)) of 78 GHz, which is very close to the mea-
sured frequency. Reasons for the difference of the frequencies might be, on the
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one hand, the slightly different optical properties of the surface (cross section
of the tip), which are modified through the FIB and on the other hand, an
increased temperature in the tip.

Experiments with another tip of 6.2um height show similar results. In a next
step, the experiments should be performed in the configuration proposed in
Figure 4.36, which is discussed in the following outlook.
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Chapter 5

Conclusions and Outlook

5.1 Simulation and modelling of the experiment

A thermo-mechanical simulation is presented using numerical FDTD meth-
ods. For describing the absorption and induced temperature change caused by
the absorbed laser pulses different models were implemented. Also non-equi-
librium heating is considered, which is caused by the very short duration of the
laser pulses. Linear elastic material is assumed for the calculation of the wave
propagation. The simulations were applied for determining the fast transient
heating in different materials, such as aluminium or copper, as well as for dis-
cussing the characterization of diffusion barriers below a copper top layer.
Acoustic pulseshaping by means of trains of ultrashort laser pulses or varia-
tions of the laser pulse shape itself is a field, where these accurate simulations
enable the production of the appropriate laser pulse shape for a desired sound
wave. Additionally this thermo-mechanical simulation can show, which acous-
tic pulse shape in the chosen material and configuration can be excited. Fur-
thermore, the interaction of these more complex acoustic pulse shapes with
structured specimens are an interesting future field.

Extension of the one-dimensional thermodynamic models to the 2D and 3D
cases is an interesting field since the numerical simulations of the mechanical
wave propagation for the axi-symmetric quasi 3D case are already realized.
This quasi 3D simulations are interesting in connection with the application of
picosecond ultrasound on specimens structured with dimension smaller than
the spot size. Using such simulations, the measured reflectivity change can be
assigned to defects or variations of geometrical dimensions, although the
structures have sub-wavelength dimensions. Moreover, the discussion of
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excited surface acoustic waves is an interesting future field using accurate sim-
ulations.

5.2 Experimental setup

Two different experimental setups using the same laser source were devel-
oped. In the first setup pump and probe pulses hit the specimen from the same
side. Due to the chosen optical realization the achieved spot size on the speci-
men is in the order of 100pum and is suitable for working with thin film charac-
terization. However, the second setup is realized with microscope objectives
and therefore, the spot size is much reduced such that ultrasonic experiments
in single structures, with dimensions below Sum, are possible. Pumping and
probing is performed from opposite sides.

So, a modification in which the specimen is accessed with pump and probe
laser from one side, focussed with a single microscope objective (co-linear
pump-probe setup) could provide a similar spot size and would be very inter-
esting in connection with ultrasonic measurements in microstructures or lateral
structured thin films.

Since the same microscope objective is used for focussing pump and probe
beams towards the specimen, optical crosstalk with the consequence of a
poorer signal to noise ratio might become a limiting problem. A solution
would be to work with different optical wavelength for pumping and probing.
In addition, the accuracy of the positioning devices should be improved.
Using parts of high frequency optical communication technology enables mea-
surements with extremely high frequency content. The application of these
developments for real time measurements, without using a delay line, is con-
ceivable and would be very interesting from an engineering point of view.

5.3 Experimental results

Thin film characterization

Measurements of the bulk acoustic wave propagation were used for measuring
sound velocity in aluminium films as a function of the thickness of the coating.
This can be applied to any other material to investigate the dependency of its
properties on thickness or process conditions. Well characterized thin alumin-
ium films can be used as transducers at a optical wavelength of 800nm if the
photoacoustic response is too small.

Diffusion
It has been shown that the diffusion layer of a gold and aluminium interface
can quantitatively be characterized by means of ultrashort pulse laser acous-
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tics. The use of defined diffusion layers with varying mechanical properties for
acoustic filtering devices has already been investigated and is further pursued.

Diffusion barrier layers

Thin diffusion barrier layers are used to avoid diffusion of copper into the sili-
con semiconductor. Apart from a single tantalum layer, also tantalum-nitride
(TaN), tungsten-nitride (WN) and tantalum/tantalum-nitride multilayers are
candidates for diffusion barriers below copper films. In this thesis it has been
shown that the resolution of picosecond ultrasound is high enough to deter-
mine mechanical properties or the thickness of mono- or bilayered diffusion
barriers below a copper or an aluminium/copper layer. In addition, the limita-
tions of this technique, with respect to minimal film thickness and accuracy,
are investigated and the bulk wave velocity of tantalum and tantalum-nitride is
determined, which can be used for estimating their Young’s moduli.

Because mechanical properties of most new thin film materials, such as tanta-
lum-nitride are very rare, picosecond ultrasound is the right approach to deter-
mine these properties and their almost unknown dependency on deposition
condition or deposition technique, respectively. In the semiconductor industry
the requirements on speed, feature size and reliability always lead to changing
thin film stacks, use of new materials and technologies and therefore, to many
specific, but interesting problems from a scientific and engineering point of
view.

Microstructures

Non-destructive characterization of
silicon-nitride membranes and sili-
con cantilevers with dimensions in the
micrometer range or lower has been
shown, using high frequency ultra-
sound excited by ultrashort laser
pulses. By measurements in semi-
transparent silicon cantilevers it is
shown, that a detection of the acoustic
pulses is also possible, if the photoa-
coustic effect vanishes. Instead of the
photoacoustic effect, the difference of
the motion of front and back surface
of the cantilever changes the reflectiv-
ity, which could be shown by the
changing sign of the measured reflectivity change.

53, Bum ' Eum

Figure 5.1 Picosecond ultrasound
measurement on a single aluminium
line (top width ~5um)
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This technique is developed in a way that is suitable for the characterization of
any freestanding or substrate-supported microstructure. The minimum feature
size of a single structure corresponding to the lateral resolution, is in the order
of 4 microns (Figure 5.1) which was tested with different single aluminium
lines. Using several similar objects, such as carbon nanotubes or metallic lines
with nanometer dimensions, it might be also possible to even characterize
them if their dimensions are smaller than the spot size, when their number is

increased with decreasing size.

AFM tips

For the first time measurements of the bulk
wave propagation in a single truncated sili-
con AFM tip is presented. An optical setup
was used, where pump and probe beam hit
the AFM tip from opposite sides.

Future studies, for instance, the interaction of
propagating acoustic bulk waves with near
field forces or the effects of wave focussing
in the AFM tip, demand further develop-
ments on the experimental setup.

Apart from or in connection with the AFM
tips acoustic lenses at the surface
(Figure 5.2), where the laser pulses are

Figure 5.2 FIB milled acous-

tic lenses (diameter 2 um and

Sum) at the surface of a sili-
con cantilever

absorbed are interesting for the focussing of acoustic pulses.
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Appendix A: Material properties

Appendix A: Material properties

Property Al Cu Ta TaN Si
Heat capacity ¢ 897 385 140 205 705
[J/(kg K)I [11]
Lattice heat capac- 239E6 | 342E6 | 2.18E6 | 2.94E6 | 1.64 E6
ity C; [J/(m*K)] ¥
Elec. heat capacity 2776 E4 | 294 E4 - - -
C, [J/(m’K)] ®
Thermal conductiv- 237 398 57.5 7.99 130%
ity K [W/(mK)] [38]
Electron-phonon 49E17 | 6.0E16 - - -
coupling constant G
[W/(mK)] [79] [94]
Density p [kg/m?] 2700 8960 | 155869 | 143609 | 2330
[12]
Young’s modulus E 71 123 145 461°) 130
[GPa]
Poisson constant v 0.34 0.35 0.34 0.34 0.28
Expansion coeffi- 23.1E-6 | 16.5E-6 | 6.3E-6 | 3.6 E-6 2.6
cient o [1/K] [12] E-6°)
Reflectivity R 0.87 0.96 0.73 - -
(800nm)
Reflectivity R - 0.51 - - -
(400nm)
Absorption length 7.54 12.65 18.5 - -
[nm] (800nm)
Absorption length - 14.41 - - -
[nm] (400nm)
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Property Au Pt Sapphire
Heat capacity ¢ [J/ 129 133 -
(kg K)] [11]
Density p [kg/m°] 19300 21500 3990
[12]
Young’s modulus E 78 170 345
[GPa]
Poisson constant v 0.42 0.39 0.24
Expansion coeffi- 142 E-6 | 88 E-6 -
cient o [1/K] [12]
Reflectivity R 0.97 0.71 -
(800nm)
Absorption length 12.45 12.86 -

[nm] (800nm)

- calculated with C = C 1+ C, from heat capacity and density
calculated with parameter out of [23]

_b

- ©) database of IOFFE (www.ioffe.rssi.ru)

- 9 internal report

- ® internal report, estimated from measurements

- all optical properties (reflectivity and absorption length) calculated with data

out of [49]
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Appendix B: Magic time step

Appendix B: Magic time step

The limit of the Neumann stability analysis, which results according to [33] in
Az

Ar< =% (B.1)
€y

is the special case, in which
Az
€y

At = (B.2)

and is called magic time step. At denotes the time step, Az the step size in space
domain and c; the bulk wave velocity.

In the following one-dimensional derivation u is a function depending on the
parameter z. The derivatives of u with respect to z are developed from the Tay-
lor-series at the point z;4+4z, and z;-Az. z; denotes the multiplication of the
index i with the step size Az. The Taylor-series of function u at these space
points z;+Az and z;-Az are

o 2
!Az} 8u !Azgm+28(m+ )u (B.3)
2 62 Z (m+2)!azm+2 )
m

i - i

u(z;+Az) = u; + Az—
1 aZ

A 8 A m+2 m+2
f Z! u —AZ u
m=1

in which u; denotes the function u at the point z;. The subtraction of these two
equations (B.3) and (B.4) yields the first derivative of u with respect to z at
position z;

2m 2m+ 1
oul _ Miel il Z (A7) 0 u (B.5)
8zz 2Az (2m+1)' Z2m+1 )

Consequently, the derivative of u with respect to z is approximated by the first
term in equation (B.5). The second part relates to the error from the exact

derivative. If both Taylor-series (B.3) and (B.4) are added, the second deriva-
tive with respect to z yields

2 2m 2m+ 2
—| = > Z (LLzm_,_g)vW (B.6)
0z (Az)

i

In a similar way the n'" derivative can be developed.
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For the discretization of the one-dimensional wave equation

= ¢, u (B.7)

u ZZ

1t

the approximation of the second derivative (B.6) is used in time and space

n+] 2 n—] om L 2m+2
l - l Z ! ! 8 u —
2m + 2)! 2m+2
(At) ( " ) Zp b,
n n n o om 2m+2
2 Uiy g —2u; + Uy (Az)" 0 u
€1 2 "2 X Qm+2)ameo (B-8)
(Az) = 0z .

i’°n

n denotes the index in the time domain and A¢ is the time step. With equation

(B.8) the function at the new time step ul-”” is estimated using ;" and u;" L
The error of the estimation as given by the summation terms is
* 2m+2 2m+2 2 2m _2m+2
_ 5 (At) 0 u . 2(At) (Az) O u
r 2 (2m+2)! 5, A2m+2 F@2m+2) 52m+2
Zj> tn ¢ Zj> tn
(B.9)
Equation (B.9) yields
2 2m
» ((At)zm M2 (A7) )(A;)282m+2u
m=1 0z Z,t

P n

considering the general solution of d’Alembert. In case of infinitesimal small
steps in the time and hence, in space domain, the estimated error vanishes
according to equation (B.10) - or the error vanishes if

2 2m
(A "e e (A7) =0 (B.11)
which is equivalent to
Az
€

At = (B.12)
Therefore, the time step determined by equation (B.12) is called magic time
step Aty 44 (Taflove A. et. al. [76]). If the numerical experiments are run with
the magic time step, the numerical dispersion vanishes and the result is the
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Appendix B: Magic time step

exact solution of the wave equation sampled with the chosen spatial resolu-
tion. The following Figure B.1 presents a comparison of the numerical simula-
tions of the wave propagation of an acoustic pulse induced by an ultra-short
laser pulse calculated with different time steps. The resulting curve right at the
bottom of Figure B.1 is calculated with the magic time step Az,,,,4;., however,
the other ones with smaller time steps Az. Since the frequency content of this
acoustic pulse is very high the effect of the numerical dispersion on the pulse
shape is strong, as it is shown in Figure B.1.

Extensions for using the magic time step for 2D- and 3D-wave propagation
problems are not successful, because usually the different waves, i.e. shear
waves and longitudinal waves, have also different wave speeds and require
different time steps.

10.45ps

i
A=
©
= S O I SR . L o, L R - |
[72]
&
—
Q
=

."”’ -

R e

54 56 62 66  thickness d [nm]
Figure B.1 Comparison of the numerical simulations (vertical shifted) of the
acoustic wave propagation in an aluminium thin film (100nm) with (solid line,

right at the bottom) and without magic time step (right at the top (dotted line):
At = Atyy0;/8, second (dash-dotted): At = Aty,, 4, /4, third (dashed line): At =

Atmagic/z)

Further explanations on the magic time step are given by Taflove A. et. al.
[76].
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Appendix C: Reflectivity change

To connect the derivatives of the refractive index with respect to the predomi-
nant strain distribution ((0n)/(0¢,) and (0k)/(0¢,) of Chapter 2.4.1) with
the photoelastic (piezo optical) constants P;;, we follow the explanations of
Matsuda O. et. al. [40].

Henceforth the strain is denoted with 7, instead of &, so that one does not con-
fuse the components of the strain with the dielectric tensor. The contribution
of the uniaxial strain 7, to the change A¢ of the dielectric constants is

P, 0 0
Ae = |0 P, 0|n, (C.1)
0 0 P,

assuming an isotropic photoelastic tensor in which P;; and P;, are the only
two independent photoelastic constants. The photoelastic constants Pj; can
also be expressed using Pockels coefficients p;; (Matsuda O. et. al. [40]). If the
probe laser beam incidence is perpendicular to the surface of the specimen
only A¢, and Ag, of the change of the dielectric tensor have to be considered,
to describe the optical modulation.

From equation (C.1) follows

2
Ag, = Agy = P;,m, = € ppm, (C.2)

According to [40] equation (C.2) can be rewritten in terms of the complex
refractive index n*

P >
12 n
Ant =M=~ 5 PM; (C.3)
or as
3
0 4« _0On .0k P, n*
n* = +1i = = ——p (C4)
om, on, on, 2p* 2 712

It is understood that the photoelastic constants are wavelength dependent and
in opaque material also complex quantities.
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Appendix D: Electro-optical modulator

Appendix D: Electro-optical modulator

The electrical resonator is built according to Figure D.1. Capacity C1 is
300pF, the coil LI has 1.6uH and the Capacity C2 is variable between 0.8pF
and 12pF. According to the manufacturer one can approximate the electro-
optical modulator as capacity of 30pF I, Measurements at the Laboratory for
Electromagnetic Fields and Microwave Electronics of ETH Zurich turned out
a capacity Cgoyy of 32pF. This capacity Cg,, should be taken into account, if
the resonance frequency fg,, is calculated. The resonance frequency fg, of the
open-circuit is

1
fRes =

i — (D.1)
2n,|L,C,

but if the EOM is connected to the tank circuit, the resonance frequency fg,
changes to

_ 1
ZRJL](C2+ Crom)

With the values mentioned above the resonance frequency fg,, 1s between
JRes_min = 18.97MHz (with C2,,,,y and fres max=21.97MHz (with C2,,;,).

Uic l(:1T vl i J—c
I -

Figure D.1 Scheme of the tank circuit (electrical resonator)

(D.2)

fRes

The adjustment of the capacity C2 is done in an experimental way so that the
resonance frequency is exactly at 1I9MHz. The measurements are performed at
the Laboratory for Electromagnetic Fields and Microwave Electronics. With
the use of a network analyzer (NWA) the ratio of the reflected power to the
incident power (S77) is measured with respect to the frequency, according to
the measurement configuration in Figure D.2. At the resonance frequency
most of the power is transmitted through the resonant circuit and hence it fol-
lows, that the ratio S// has a minimum at the resonance frequency fg,, of the
circuit.
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! Oral contribution of the manufacturer ConOptics for our EOM-Type 350-50

Tank circuit
Electrical resonator

Bias
DC voltage supply

Network
Analyzer

/-—-O IN OUT? 9 ouT
O

%# |

RFIN  BIASIN
EOM

Figure D.2 Measurement configuration for the adjustment of the resonance
frequency of the electrical resonator

Laser

In general, measurements of the resonance frequency of resonant circuits, such
as the used tank are slightly difficult since the probe disturbs the results even if
the capacity is very low or the ohmic resistance very high. The results of the
measurements are presented in the charts in Figure D.3. The upper chart shows
the frequency dependence of the reflected power S/17 at the maximum of the
variable capacity C2 (C2,,). At the resonance frequency fr.s min
(18.746MHz) the reflected power S17 is lowest and in the presented case -
21.261dB which means that most of the power is transmitted to the output of
the tank circuit. The measured resonance frequency fgr.s ;uac With minimum of
the variable capacity C2 (C2,,;,) is 21.558MHz and S11 is only -15.709dB.
For values of S/7 below -15dB the adjustment is very good and it is guaran-
teed that most of the power is transmitted to the output of the resonant circuit.
The agreement of the measured resonance frequencies with the predicted val-
ues is also very good if one bears in mind that parasitic elements such as para-
sitic resistors or capacitors are neglected.
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Appendix D: Electro-optical modulator

AT

>H1 511 log MAG = 3B/ REF = a:

Figure D.3 Frequency dependence of the parameter S11; top: minimum of the
resonance frequency fges in at the maximum of the variable capacity C2

(C2,,4x); bottom: maximum of the resonance frequency fros mqy at the mini-
mum of the variable capacity C2 (C2,,;,); values of S11 and the resonance fre-

quency which correspond to the marker 1 are given in the right upper corner
of each diagram (vertical scale: -5dB/division, start (top) 0dB; horizontal
scale: IMHz/division, start (left) 15.5MHz)
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