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Sammanfattning

Snabba fenomen, som inträffar efter laserexcitation, har studerats med tidsupplöst
röntgendiffraktion (TXRD). I de flesta experimenten har en ljuspuls fr̊an en fem-
tosekundlaser använts för att excitera provet, och dynamiken har undersökts med
röntgenljus. Tidsupplösta röntgendiffraktionsmätningar har utförts för att studera
fasta halvledarmaterial, vätskor, ferro-elektrisk domänswitchning i kaliumdivätefosfat
(KDP) och tryckv̊agsutbredning i grafit och halvledande nanotr̊adar.

När en laserpuls absorberas av ett fast material kan en mängd olika fasöverg̊angar
och andra fenomen induceras. Om laserpulsen inneh̊aller tillräckligt mycket energi
för att smälta materialet, kan repetitiv belysning skapa periodiska strukturer p̊a
provets yta. Denna effekt har studerats med statisk röntgendiffraktion, och har visat
sig vara viktig d̊a vätskespridningsexperiment utförs p̊a repetitivt smälta prover.
När energin i laserpulsen inte är tillräcklig för att inducera smältning kan koherenta
fononer exciteras. Denna effekt har studerats i halvledande nanotr̊adar.

Tidsupplösningen för en synkrotronljuskälla bestäms av längden av en elektron-
puls i lagringsringen, och är typiskt 50 - 300 ps. Bättre tidsupplösning kan uppn̊as
genom att använda kortare röntgenpulser, som de som produceras vid Swiss Light
Source (SLS), eller snabba detektorer, som t.ex. streak-kameran som används vid
MAX-lab.

Röntgendiffraktion är en mycket känslig teknik för att studera strukturer, efter-
som röntgenfotoner sprids fr̊an alla elektroner i provet. Spridd röntgenstr̊alning kan
användas för att rekonstruera provets atomära struktur. I TXRD exciteras provet
och belyses därefter med röntgenljus efter en given tidsfördröjning. Detta ger en
ögonblicksbild av strukturen vid en tidpunkt. Flera bilder kan sammanställas för
att skapa en film som visar de strukturella ändringarna i realtid. Detta har uförts
med nanosekund-upplösning vid MAX-lab när en laser-genererad vätska studerades.
Utvecklingen av en streak-kamera med tidsupplösning bättre än en pikosekund har
varit en förutsättning för flera av studierna som presenteras i denna avhandling.
Denna detektor har använts för att studera akustiska vibrationer i nanotr̊adar av
indiumantimonid (InSb). Oscillationer med en period av 30-70 ps har detekterats,
och har härletts till akustiska fononer i nanotr̊aden. En dramatisk sänkning av ljud-
hastigheten har ocks̊a observerats i dessa strukturer.
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Abstract

Fast phenomena occurring after laser excitation were studied using time-resolved X-
ray diffraction (TXRD). In most experiments, a femtosecond laser pulse was used
to excite the sample, and X-rays were used as a probe. The X-ray diffraction tech-
nique was used to study bulk semiconductor samples, molten liquids, ferro-electric
domain switching in potassium dihydrogen phosphate (KDP), and strain propagation
in graphite and semiconductor nanowires. When a laser pulse is absorbed by a solid,
a wide range of phase transitions and phenomena can be induced. If the laser flu-
ence is high enough to melt the material, repetitive illumination will create periodic
structures on the surface of the sample. This effect was studied using static X-ray
diffraction, and it was shown that the effect is important if liquid scattering experi-
ments are carried out on molten samples using the laser in repetitive mode. When the
laser fluence is too low to cause sample melting, coherent acoustic phonons can be ex-
cited, and this effect was studied in semiconductor nanowires. The time resolution of
the synchrotron light source is defined by the length of the electron bunch in the stor-
age ring, and is typically 50-300 ps. In order to achieve higher time resolution, short
X-ray pulses, such as those at the SLS, or fast detectors, such as the streak cameras
available at MAX-lab can be used. X-ray diffraction is a very sensitive technique for
the study of structures, since X-ray photons scatter from all the electrons in the sam-
ple. Scattered X-rays can be used to recreate the atomic structure in the sample. In
TXRD the sample is perturbed and subsequently probed after a certain delay, giving
a snapshot of the structure at a given time. Several images can be merged providing
a real-time movie of the structural changes. This was achieved with nanosecond time
resolution at MAX-lab, when a laser-created liquid was studied. The development
of a sub-picosecond, hard X-ray streak camera was one of the prerequisites for many
of the studies presented in this thesis. This detector was used to study the acoustic
vibrations in InSb nanowires. Oscillations with a period of 30-70 ps were recorded,
and were attributed to acoustic phonons in the semiconductor nanowire. A dramatic
decrease in the velocity of acoustic waves was also observed in these structures.
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Chapter 1

Introduction

The best known method of studying the structure of condensed matter on the
atomic scale is X-ray diffraction. It is mainly used to analyse crystalline structures
such as semiconductors [1] and metals [2], but it can also be applied to improve
our understanding of nanomaterials such as nanowires [3]. Diffraction is observed
when electromagnetic radiation interacts with structures that have a geometric size
comparable to the wavelength of the radiation. Since the wavelength of X-rays is
comparable to the interatomic distances in crystals and molecules, X-ray diffraction
patterns can be used to accurately determine atomic positions.

Time-resolved X-ray diffraction (TXRD) is a relatively new technique, allowing
atomic and molecular dynamics to be visualized [4], [5]. This method combines
ultrafast lasers and X-ray diffraction, where the laser is used to excite the sample
and X-rays are used as a probe. In order to follow the fast dynamics initiated by
the laser, short X-ray pulses or fast detectors such as a streak camera must be used.
The time resolution is determined by the duration of the X-ray pulse or the response
of the detector. The pulse duration of a typical X-ray bunch from a synchrotron
radiation source is a few hundreds of picoseconds, while fast detectors can provide
sub-picosecond time resolution. The constant development of X-ray sources is open-
ing up new opportunities. Nowadays, there are X-ray sources that can produce pulses
shorter than 100 fs. Examples are free-electron lasers (FELs), X-ray slicing sources
at synchrotrons and laser-based X-ray sources.

The work presented in this thesis is mainly based on time-resolved X-ray scatter-
ing techniques, which were used to probe the structural dynamics in materials. The
time scale studied ranges from below a picosecond to several microseconds.
This thesis is organized as follows. Chapter 2 reviews the general formalism of X-ray
diffraction. Static and time-resolved X-ray scattering from solids and liquids is dis-
cussed. Chapter 3 describes the materials that were investigated, and the scientific
motivation for the studies is discussed. In Chapter 4, the sample excitation mecha-
nisms are described, including the creation and detection of coherent acoustic phonons
in bulk semiconductors and nanowire samples. Chapter 5 describes beamline D611
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at MAX-lab, where most of the experiments were carried out. The X-ray source, the
laser system and the fast detector are discussed in detail. Chapter 6 provides general
information on the experiments performed. The experimental set-up and geometry
are briefly explained. Finally, Chapter 7 provides an outlook on future work.



Chapter 2

Description of X-ray Methods

2.1 X-ray scattering

Electromagnetic waves (X-rays) and condensed matter interact in two ways: by elas-
tic and inelastic scattering. In the case of elastic scattering the X-ray energy is
unchanged, while inelastic scattering results in a decrease in the X-ray photon en-
ergy. Incoming X-rays can ”kick out” electrons from their bound states in a process
called photoionization. In this process, momentum and energy are transferred from
the incoming photon to excite the electron. Another inelastic scattering process is
Compton scattering, where part of the photon energy is transferred as kinetic energy
to an electron and the decreased photon energy results in a red shift. Inelastic scat-
tering can often be neglected, since scattered waves have different energies and will
not add coherently. At low energies the dominant scattering mechanism is Thomson
scattering, during which the X-rays are elastically scattered by electrons. This can
be envisioned by considering that electrons that are subjected to an electromagnetic
wave start to oscillate at the frequency of the incoming electromagnetic wave and
become a source of dipole radiation. In this case the photon energy is conserved.
The wavelength of the emitted radiation will be the same as that of the incoming
wave, but the phase will be shifted by 180 degrees. Since this phase shift occurs for
every scattered wave it will not influence the scattering intensity pattern from a given
electron distribution.
The scattering of X-rays by a single electron is illustrated in Fig. 2.1.
The intensity of the scattered radiation at a distance

I(R) = I0
r2e
R2

P (2.1)

where re = e2/(4πε0mc
2) is the classical electron radius, R is the distance from

the scattering centre, P is the polarization factor.

When X-rays interact with a number of electrons the scattered waves interfere.
Scattering from the atom can be visualized if one assumes that the scattered X-rays

5
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Figure 2.1: Scattering of X-rays by a single electron.

originate from an electron cloud with a charge density ρ(~r) The total scattering is then
calculated by summing over the whole atom (electron cloud), taking phase differences
into account:

f( ~Q) =

∫
ρ(~r)exp(i ~Q~r)d~r (2.2)

where f( ~Q) is called atomic scattering factor or form factor, ~r is the position

vector, ~Q is the scattering vector.
The scattering vector is defined as ~Q = ~k − ~k0, where ~k0 and ~k are the incoming
and scattered wave vectors, respectively, and |k| = 2π/λ. In the case when ~Q = 0,
integration need only be performed for the charge distribution. In this case, the
integral is equal to the number of electrons in the atom, Z. If ~Q > 0, the form factor
has to be calculated as a function of ~Q. The form factor f( ~Q) converges towards

zero for large ~Q, f( ~Q⇒∞) = 0 , since different volume elements scatter out of phase.

X-ray scattering from single atoms has been calculated for all chemical elements
using various quantum mechanical methods, and can be parameterized using the
following expression:

f =

4∑
j=1

ajexp(−bjsin2θ/λ2) + c (2.3)

where the coefficients aj , bj and c can be found in International Tables for Crys-
tallography [6].
If the atoms are arranged and form a molecule the scattering consists of atomic con-
tributions and can be expressed by the structure factor:

Fmol( ~Q) =
∑
~rj

fj( ~Q)exp(i ~Q~rj) (2.4)

where ~rj is the position vector of the atom in the molecule.

The intensity of scattering scales with the square of the structure factor. Hence,
in a diffraction experiment where the intensity is recorded, the phase information is
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lost. In order to determine the intensity of the X-rays scattered from a crystal, one
can decompose the crystal into a lattice and a basis. A basis can consist of more than
one atom. A copy of the basis is placed at each lattice point see (Fig. 2.2).

+ =

Basis Lattice Crystal

Figure 2.2: Schematic representation of the crystal.

The lattice is a mathematical construction of points that reflects the translational
symmetry of the crystal. The basis gives the atomic position within the unit cell
defined by the lattice. If ~Rn denotes the lattice vectors defining the lattice, and ~rj
the positions of the atoms in the unit cell, the scattering from the crystal can be
written:

F crystal( ~Q) =

structure factor︷ ︸︸ ︷∑
~rj

Fmolj ( ~Q)exp(i ~Q~rj)

lattice sum︷ ︸︸ ︷∑
~Rn

exp(i ~Q ~Rn) (2.5)

The expression above can be understood as an integral over the electron density of
all atoms fj( ~Q). It can be divided into a sum over the atoms in a unit cell (structure
factor), and a sum over all lattice vectors (lattice sum). Scattering is strong when the

terms exp(i ~Q ~Rn) add up in phase. Hence the maximum intensity will be observed
if:

~Rn · ~Q = 2mπ (2.6)

where m is the reflection order.

The lattice vectors ~Rn are defined as:

~Rn = n1 ~a1 + n2 ~a2 + n3 ~a3 (2.7)

where n1, n2, n3 are integers and ~a1, ~a2, ~a3 are basis vectors of the lattice. A solution
to a Eq. 2.6 can be found if one introduces reciprocal lattice basis vectors ~b1, ~b2, ~b3
so that reciprocal lattice vector ~G is:

~G = h~b1 + k~b2 + l ~b3 (2.8)

where h, k, l are integers and

~b1 = 2π
~a2 × ~a3

~a1 · ( ~a2 × ~a3)
, ~b2 = 2π

~a3 × ~a1
~a1 · ( ~a2 × ~a3)

, ~b3 = 2π
~a1 × ~a2

~a1 · ( ~a2 × ~a3)
(2.9)
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Calculating the direct product of the reciprocal lattice vector ~G and the direct
lattice vector ~Rn gives:

~G · ~Rn = 2π(hn1 + kn2 + ln3) = 2π ×m (2.10)

where m is an integer. From Eq. (2.10) it can be seen that the scattering amplitude
from the crystal is maximal if the scattering vector coincidences with a reciprocal
lattice vector:

~Q = ~G (2.11)

In a crystal, atoms are arranged periodically in planes separated by a distance called
the interplanar distance. If the incoming X-rays enter the crystal at a specific angle
to the surface, constructive interference from two lattice points A and D in adjacent
planes can be written as BD + DC = dsinθ + dsinθ, see Fig. 2.3. This is Bragg’s
law:

λ = 2dsinθ (2.12)

A

B C
D

Figure 2.3: Diffraction from a crystal.

where θ is the angle of the wave vectors of the incident and reflected waves with respect
to the diffracting lattice planes, d is the interplanar distance and n is an integer that
denotes the reflection order. Constructive interference can only be achieved when the
phase shift is a multiple of λ. Using Bragg’s law one can find the position of the
scattered X-rays in space.

2.2 X - ray scattering from solids and liquids

In order to describe X-ray scattering from perfect crystals, where multiple X-ray
scattering and absorption cannot be neglected, dynamical diffraction theory must be
used. Dynamical diffraction theory was used in the present work to model experimen-
tal results quantitatively (Paper II) [7]. The aspects of dynamical diffraction theory
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that are important for this thesis are highlighted below. The details of dynamical
diffraction theory can be found elsewhere [8], [9].

An incident beam becomes attenuated in a crystal, as shown schematically in
Fig. 2.4. Attenuation is due to two phenomena: absorption and extinction. X-ray
absorption is due to photoionization, and different materials have different X-ray
absorption lengths [10], [11]. Extinction is due to elastic scattering, and is described
by the dynamical theory of diffraction.

ki kr

kr1

kr2

kr3

Figure 2.4: X-ray scattering from a perfect crystal.

The principle of the dynamical theory of X-ray diffraction is explained here, based
on Darwin’s model, where X-ray scattering from each atomic plane is taken into
account [9]. Both the transmitted and the scattered waves shown in Fig. 2.4 must
be taken into consideration. The transmitted beam is attenuated by both absorption
and extinction. The depth at which the intensity is reduced by 1/e is called the
attenuation depth, and this is a measure of how deep the beam propagates into the
material. By making sure the X-rays enter at a grazing angle, it is possible to control
the attenuation depth and hence the probe depth. The probe depth must match the
laser pump depth when using a laser pump/X-ray probe technique. For low-Z mate-
rials the attenuation depth could be a few tens of micrometres, while the laser pump
depth can be of the order of a hundred nanometres or less. Asymmetric reflection
is a simple means of reducing the penetration depth, and hence probing the crystal
only near the surface. In semiconductors, optical photons typically penetrate very
little (of the order of nm) [12] while X-rays typically more than a micrometer [11].
Therefore, the sample-X-ray geometry must be carefully considered.

The reflectivity curve describes the ratio of the absolute square of the amplitudes
of the incoming and reflected waves, as a function of the energy (or wavelength). The
bandwidth: ∆E/E = ∆λ/λ, i.e. the width of the reflectivity curve, can be expressed
using the differential form of Bragg’s law:

∆λ/λ = ∆θ/tanθ and ωFWHM
Darwin =

3

2
√

2
tan θ ξtotalDarwin (2.13)

where ξtotalDarwin = 4/π(d/m)2re |F | /vc, d is the thickness, m is an integer (the order
of the reflection), vc is the volume of the unit cell and, F is the structure factor.
The width of the reflectivity curve depends on various factors, such as the X-ray
energy, Bragg angle, structure factor and asymmetry angle. Reflectivity curves are
asymmetric and the reflectivity is always less than 1 due to absorption (see Fig. 2.5).
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Figure 2.5: InSb 111 reflectivity curve at different photon energies. The
reflectivity from InSb was calculated in connection with the work described in
Paper II.

The diffraction geometry is referred to as symmetric if the sample surface is
parallel to the diffracting planes, otherwise it is asymmetric. The asymmetry ratio
is defined: γ = cos(ψh)/cos(ψ0), where ψh is the angle between the normal to the
crystal surface and the reflected direction, and ψ0 is the angle between the normal to
the crystal surface and the incident direction. Fig. 2.6 shows three diffraction geome-
tries. Different X-ray diffraction geometries result in different shapes, amplitudes and
positions of the reflectivity curve. The asymmetric shape of the reflectivity curves
arises from X-ray absorption, while the width of the rocking curves is dependent
on the X-ray penetration depth. Another characteristic effect is the shift of the
reflectivity curve, which can be explained by refraction. The diffraction peak moves
towards higher angles for higher asymmetry ratios.
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Figure 2.6: Symmetric and asymmetric reflections from the 111 plane of an
InSb crystal.
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Lattice vibrations (Debye-Waller factor)

Atoms are not stationary, but oscillate around their average position. The intensity
of the scattered X-rays can be written [13]:

I =
∑
m

∑
n

f( ~Q)e−
1
2Q

2〈u2
Qm〉ei ~Q· ~Rmf∗( ~Q)e−

1
2Q

2〈u2
Qn〉ei ~Q· ~Rn

+
∑
m

∑
n

f( ~Q)ei
~Q· ~Rmf∗( ~Q)e−i

~Q· ~Rn
{
eQ

2〈uQmuQn〉 − 1
}

(2.14)

where ~Rn is the time-averaged mean position in the unit cell, ~un is the displacement
and, ~Q is the scattering vector. The first term in Eq. 2.14 corresponds to elastic
scattering from the lattice with a reduced atomic form factor:

fatom = f( ~Q)e−
1
2Q

2〈u2
Q〉 ≡ f( ~Q)exp(−M) (2.15)

where the exponential term is called the Debye-Waller factor. Thermal diffuse scatter-
ing is background between the Bragg peaks, which gives information about the phonon
population. As the temperature increases, the average displacement increases, result-
ing in a decrease in the intensity in the elastic Bragg peak, but its width remains
unchanged.

X-ray scattering from liquids

X-ray scattering techniques can also be applied to non-crystalline forms of matter
such as liquids, rubber-like materials and gases. The structure of liquids is very
different from that of crystals and hence the X-ray diffraction pattern is different.
This is because there is no long-range order in liquids as the atoms are constantly in
motion. However, there is some short-range order due to next-neighbour interactions,
resulting in broad diffraction rings, as can be seen in Fig. 2.7.
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Figure 2.7: Schematic representation of X-ray scattering from a liquid (left),
and a typical graph of the intensity of scattered X-rays as a function of the
scattering vector (right).
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The intensity distribution of scattered X-rays over the reciprocal space is described
by the Debye scattering equation [8]:

I(Q) =
∑
m

∑
n

fmfn
sin(Qrmn)

Qrmn
(2.16)

where Q = 4πsinθ/λ, rmn is the distance between atoms m and n, f is the atomic
scattering factor. The equation above can be applied to any material that has only
short-range order. The experimentally observed scattered X-ray intensity is expressed
in arbitrary units, and must be normalized in order to calculate the radial distribu-
tion function. The radial distribution function can reveal information about nearest
neighbour distances and coordination numbers (the number of nearest neighbours).
The way in which the radial distribution function is calculated can be found in the
literature [8].

2.3 Time-resolved X-ray diffraction

Many atomic processes take place on very short time scales (picoseconds or femtosec-
onds). Examples of such processes are chemical reactions [14], [15], the relaxation
of excited electrons [16], [17], and non-thermal melting [18], [19], [20], [5]. The time
scale is very short for a fundamental reason. For instance, a typical fast chemical
reaction takes place on the femtosecond time scale because the typical length scale
is of the order of an angstrom (i.e. the bond length [21]) and the atomic velocity is
comparable to the speed of sound.

So-called pump/probe techniques can be used to resolve fast phenomena if short
pulses are available. Present day technology can deliver both short laser pulses and
short X-ray pulses [22]. A short laser pulse initiates a structural change, which
manifests itself in a change in the scattered X-ray intensity, which is measured as a
function of time. The time resolution is determined by the pulse duration and jitter.
Several combinations of pump and probe can be used, depending on the aims of the
experiment. The most common ones are: laser pump/probe, laser pump/X-ray probe
or X-ray pump/probe [22], and X-ray pump/laser probe [23]. Monochromatic or
broadband X-ray radiation can be used, depending on the kind of phenomenon to be
studied. A visible pump together with an X-ray diffraction probe is the most direct
technique for observing structural dynamics in matter. Light excitation induces vari-
ations in the intensity of the Bragg reflections and changes in peak position. The peak
shifts are related to changes in the lattice constants. Laser illumination usually warms
the sample, resulting in rapid heat expansion, which in term triggers acoustic waves.
Acoustic waves induce changes in lattice spacing that can be studied with X-rays.
Another interesting field in which optical pump/X-ray probe techniques have proven
to be useful is the study of the ultrafast solid to liquid phase transitions that occur at
the surface of a semiconductor when irradiated by a high-fluence laser pulse. Typi-
cally, a layer of a few tens of nanometres will melt in a few hundred femtoseconds [24].
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2.4 Time-resolved specular X-ray reflectivity

A phenomenon known as total external reflection can be observed when X-rays are
incident at small angles on a sample surface. This is because the refractive index is
less than 1 for X-rays and can be written [13]:

n = 1− δ + iβ (2.17)

and

δ =
2πρref( ~Q)

k2
(2.18)

where

β =
µ

2k
(2.19)

where δ is the decrease in the refractive index, β is the absorption index, k is the
wave vector, ρ is the electron density, re is the classical electron radius and µ is the
absorption coefficient.
Thus, if the angle between the incoming X-rays and the surface is smaller than a
critical angle total external reflection occurs. This critical angle, αc, is defined as:

αc =
√

2δ (2.20)

This phenomenon can be used, for example, to study surface roughness, thin films and
their properties [25]. Information on layer thickness, density and roughness can be
extracted from the experimental data using a fitting procedure [26]. This technique
was successfully applied in time-resolved studies, using a laser pump/X-ray probe
technique (Paper III). Fig. 2.8 shows the simulated specular reflectivity for different
configurations.
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Figure 2.8: Simulated variation in X-ray intensity as a function of the angle
between the X-rays and the sample surface. The effect of layer thickness and
surface roughness can be clearly observed.

The oscillatory part derives from the constructive interference between the waves re-
flected from the vacuum/SiO2 and SiO2/Si interfaces. The period gives the thickness
of the layer. The laser-introduced surface roughness has an impact on the contrast of
the interference fringes.
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Chapter 3

Materials Investigated

A number of different materials were investigated in the work presented in this thesis.
In the following sections the properties of bulk InSb, InSb nanowires, natural graphite
and amorphous graphite are summarized. The characteristics of the materials and
sample preparation are described briefly.

3.1 InSb crystals: bulk and nanostructures

Indium antimonide (InSb) is a narrow-band-gap (0.17 eV at 300 K) Group III-V
semiconductor material with elements of high atomic numbers. It can be used in
fast electronics and infrared detectors, due to its small effective electron mass and
small band gap, allowing for electron-hole pair generation using photons with en-
ergies corresponding to wavelengths of 1-5 µm. It is also a promising material for
thermoelectric applications [27].

Developments in the semiconductor industry raise new problems and new ways
of solving them. For instance, making artificial semiconductor structures such as
nanowires could in principle provide the solution to many problems [3]. Nowadays,
these structures can be made using chemical beam epitaxy or metal organic vapour
phase epitaxy (MOVPE). It has been found that semiconductor nanowires are a bet-
ter choice than bulk material for thermoelectric applications [28], [29]. This is because
the heat transport in nanowires is slower than in bulk materials, due to the domina-
tion of different phonon scattering mechanisms. The large surface-to-volume ratio of
nanowires gives them an advantage in photonics, e.g. in solar cells or LEDs [30], [31].
Although substantial efforts have been, and are being, made to characterize nanowires,
it is still not possible to verify some of their predicted properties. Some of the difficul-
ties in investigating these materials lie in the fact that the technology is advanced and
nanowires are difficult to grow. A better understanding of the underlying physics of
nanowires could be achieved by carrying out structural dynamic studies using TXRD.
Pump/probe experiments on nanostructures are difficult since the excitation mecha-
nisms with visible radiation are not well known. X-ray probing can be problematic
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due to poor X-ray reflectivity and the risk of inducing permanent radiation damage.
The advent of new intense powerful X-ray sources such as SLAC National Accelerator
Laboratory, USA, MAX IV in Sweden and The European X-ray Laser Project XFEL
in Germany, may help to overcome these problems.

Bulk InSb

Most bulk III-V semiconductor materials have a zinc blende (ZB) crystal structure
(FCC), and InSb is no exception. It consists of two heavy elements with Z = 49 (In)
and 51 (Sb). They are bound to each other by covalent sp3 bonds that are oriented
tetrahedrally (see Fig. 3.1). InSb is a very popular material for TXRD experiments
due to its high scattering power.

In

Sb

Figure 3.1: The zinc blende crystal structure of bulk InSb.

InSb nanowires

Bulk and nanowire InSb both have a zincblende crystalline structure, whereas other
III/V nanowires may have a ZB structure, a wurtzite (WZ) structure, or a mixture
of both. The WZ structure consists of two hexagonal close packed lattices (see Fig.
3.2). In both cases, the atoms are tetrahedrally bound to their neighbours, but the
two different structures have different properties. For instance, the band gap is larger
in WZ. The crystal structure of the nanowire can be controlled to some extent by the
growth conditions [32].

III

V

Figure 3.2: The wurtzite crystal structure of an InSb nanowire.

The difference in atoms and their electronegativity ”modifies” the covalent bonds
introducing an ionic component called the a.k.a. ionicity [33]. The ionicity determines
whether the material is WZ or ZB; higher ionicity favouring the stable WZ crystal
structure [34], [35].



Chapter 3. Materials Investigated 17

3.2 InSb nanowires: growth, characterization and
properties

The samples used for experimental studies in this thesis were grown using MOVPE
[36]. In order to grow nanowires, a catalyst or seed particle is required for each
wire, usually gold (Au). The size of the seed particle determines the diameter of
the wire, while the length of the wire depends strongly on the growth conditions
(temperature, time, etc.). The gold particles are first deposited on the substrate (e.g.
InAs), after which the sample is placed in a reactor. The gold-assisted nanowire
growth mechanism can be explained using the vapour-liquid-solid model [37], [38].
The seed particle acts as a collector that attracts the material (Group III) from the
vapour. Nanowire growth starts under the seed particle, where supersaturation is
reached and where crystallization of the material starts. The growth of the nanowire
is based on the fact that the material precipitates to the liquid/solid interface. In
this way, the system goes from a state of high to low chemical potential. Since
the Au/substrate interface is the only place where supersaturation is reached, the
precipitated Group III material combines with the Group V material from the gas
phase to form a crystal. The nanowires grow perpendicular to the surface of the
substrate. If the growth conditions are correct the fastest growth is under the seed
particle, thus, the facets of the wire and the substrate grow very little. A schematic
illustration of nanowire growth is shown in Fig. 3.3

Seed particles
are deposited first

Sample is annealed
at high temperature

Nanowire 
sample growth

Vapor

Liquid

Solid

Figure 3.3: Schematic illustration of how nanowires are grown.

Sample characterization

It is not possible to obtain complete information on the quality of the samples using
an optical microscope (OM), as the resolution is limited by the wavelength of light,
as can be expressed using the Abbe equation:

d =
0.612λ

nsinθ
(3.1)

where λ is the wavelength, n is the refractive index and θ is the aperture angle.

Since the length of the nanowires is of the order of a micrometre the OM can give
some information about its structure. However, a more detailed picture is usually
required and, therefore, a scanning electron microscope (SEM) is often used. The de
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Broglie wavelength of electrons is very small and depends on the accelerating voltage
of the microscope, and a resolution better than 1 nm can be achieved. When the
electron beam interacts with the sample a number of different ”signals” are produced.
These are detected and converted into an electronic signal. Fig 3.4 illustrates the
interaction of the electron beam with a sample and shows a typical SEM image of
nanowires.

Electron beam

Secondary electrons

Backscattered electrons

Auger electrons

X-rays

Sample

Figure 3.4: Interaction of the electron beam with a sample generates a number
of different signals (left). A typical SEM image (right).

Another tool that can be used to study nanometre-sized objects is the atomic
force microscope (AFM). An AFM can be used to study nano-scale structures on
both conducting and insulating surfaces. In this work, an AFM was used to visualize
the morphology of a laser-irradiated InSb surface. The data were used to simulate
X-ray reflectivity curves (Paper II). Fig 3.5 shows a sketch of an AFM and a typical
AFM image.

Laser

Detect.

Feedback
system

Piezo
stage

Monitor

Figure 3.5: The working principle of an AFM (left) and a typical image from
AFM measurements (right).

Heat transport in nanowires and thermoelectrics

The studies presented below focused on thermal transport in nanowires. It has been
shown theoretically and experimentally that heat transfer in silicon nanowires is slower
than in bulk material [38]. The suitability of a material for thermoelectric applications
can be described by the thermoelectric figure of merit, denoted ZT: the higher the
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value, the better the thermoelectric device that can be made:

ZT = S2σT/κ (3.2)

where S is the thermoelectric power, σ is the electrical conductivity, κ is the thermal
conductivity, T is the absolute temperature (operating temperature of the device).

An ideal thermoelectric material is one that scatters phonons efficiently while
electronic transport is not affected [39]. It is difficult to increase ZT for bulk mate-
rials due to the Wiedemann-Franz law, which relates the electric and thermal con-
ductivities: κ/σ = LT , where L is the Lorenz number (2.44x10−8 WΩ/K2). In
nanostructures (quantum well superlattices and nanowires) there is the potential to
increase ZT [40]. Semiconductors such as InSb are interesting since the thermal
conductivity can be separated into two parts, the electronic part and the phononic
part (κ = κelectron + κphonon), where the electronic contribution is smaller than the
phononic. The confined electrons are able to move freely (at least in one direction),
while phonon scattering is increased due to the surfaces of the wire. As a result, the
thermal conductivity of the lattice is reduced and ZT is increased. A reduction in
the speed of sound reduces the thermal κ = 1/3(Clv) , where C is the specific heat,
l is the mean free path of the phonons and v is the velocity of sound [41]. This can
be achieved, using materials with high atomic numbers. The electronic heat con-
ductivity can be neglected and only the phononic conductivity need be considered.
Nanostructures could be produced in such a way that the dimensions are smaller
than the mean free path of the phonons, and at the same time larger than that of
electrons and holes. The phonons, which are mainly responsible for heat transfer,
experience increased scattering from the surfaces. This indicates that the thinner the
wire, the larger the surface area per unit volume, thus the greater the scattering, and
the smaller the thermal conductivity. At the same time, electrons can move freely
along the wire and the electrical properties should be similar to those of the bulk
material. It has been found that thermal conductivity is strongly dependent on di-
ameter. The conventional method of measuring thermal conductivity is challenging
with respect to sample preparation [29]. Since the speed of sound is directly related
to thermal conductivity [42], an alternative method is to measure the speed of sound,
e.g. using TXRD [42], [43]. The advantage of this method is that sample preparation
is less complex, and the measurements can be conducted on the ensemble of wires
on the substrate. Such experiments were included in this work and are described in
Paper V and Paper VI.

3.3 Carbon-based materials: natural crystalline
graphite and amorphous graphite

Carbon-based materials come in many forms due to the ability of carbon to form
different types of bonds. Laser-excited carbon material can undergo a structural
change, which has been shown experimentally and proven theoretically [44], [45].
Carbon-based materials find applications in many areas [46], [47], and, therefore, a
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more detailed understanding of its nature is needed. A number of carbon samples have
been studied in the present work using the pump/probe technique. Amorphous carbon
is made using standard film deposition and growth techniques (for instance, chemical
vapour deposition). It exhibits only short-range order and has many dangling bonds.
Its properties depend on the growth parameters. Paper III describes how the time-
resolved X-ray specular reflectivity technique can be used to record small changes
in the X-ray scattering signal on very fast time scales. Crystalline graphite is the
form of carbon that is found naturally. It has a hexagonal layered structure in which
graphene sheets are stacked in the order AB and shifted slightly with respect to each
other (see Fig. 3.6).

A

B

A

Figure 3.6: Structure of natural crystalline graphite.

The graphene layers are bound to each other by weak van der Waals forces, while
the in-plane bonds are strong covalent bonds. Each carbon atom has three in-plane
neighbours. Carbon has four valence electrons; three of which are used to make
strong covalent bonds with their neighbours in the plane, while the fourth electron
is ”free” and can travel along the sheet. Because of its layered structure graphite
is very anisotropic. For instance, it is a good thermal insulator along the c-axis
perpendicular to the graphene sheets, while in-plane heat is transported very quickly.
Graphene layers can be removed from a graphite crystal using laser ablation. The
precursor to this is a large strain wave propagating into the material. Laser-induced
strain waves propagating in natural graphite have been investigated and are discussed
in Paper IV.



Chapter 4

Material Excitation and
Relaxation Mechanisms

There are many ways to excite the sample for pump/probe studies. The most common
is light excitation using a laser. In this chapter, the processes that take place in the
sample after laser excitation are described.

4.1 Phonons and the dispersion relation

Atomic vibrations in solids are quantized into phonons, the energy of which is de-
termined by the vibrational frequency. The frequency ω and the wave number k are
related via the dispersion relation. The number of branches in the dispersion rela-
tion is related to the number of atoms in the unit cell. Three branches originate
from acoustic phonons (one longitudinal and two transversal modes) and have zero
frequency at k = 0, while the remaining branches with non-zero frequency arise from
optical phonons. The number of optical branches is 3N-3, where N is the number of
atoms in the unit cell. The number of branches can vary significantly in very thin
wires, where quantum effects influence the phonon dispersion relation [48], [49].

4.2 The interaction of light with solids

A wide range of processes is initiated when light is absorbed in a solid material such
as a semiconductor. If the intensity of the incoming light is low, the energy deposited
only increases the temperature near the surface of the sample, and the morphology
of the surface is unchanged. If the intensity of the incoming light is very strong
it may melt the sample, causing permanent damage, and ripple-like structures can
be observed (Paper II). When the incoming light reaches the sample surface, part
of it is reflected and the other part is transmitted into the sample. The splitting
of the light at an interface can be calculated using Fresnel’s equations [50]. The
electromagnetic waves (light) are able to exchange energy with matter only in quanta
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~ω. In a semiconductor at absolute zero (0 K) the valence band is completely filled
and the conduction band is empty (see Fig. 4.1). In this case, absorption takes place
only when the energy of the photon is greater than the band gap. When the electron
is excited to the conduction band a hole is created in the valence band.

p/a-p/a
k

E

Conduction band

Valence band

Band gap

Figure 4.1: Semiconductor band structure.

It should be noted that the optical parameters of the material depend strongly on the
intensity of the incoming light. At high intensity a number of nonlinear effects can be
observed, such as multiphoton absorption, free carrier absorption and the so-called
Burstein-Moss shift. The Burstein-Moss shift means that the absorption edge is blue
shifted due to the population of electron states close to the bottom of the conduction
band. Briefly, after laser irradiation, the carriers are not in thermal equilibrium with
the lattice. Depending on the excitation power and the material, the temperature
of the carriers is usually higher than the lattice temperature, and excess energy is
released through scattering processes.

4.3 Relaxation mechanisms

The absorbed photon can create an electron-hole pair or excite a free carrier. In semi-
conductors where the incident optical photons have energies larger than the band
gap, interband absorption is usually dominant. Energy is released via carrier-carrier
collisions and the emission of phonons [51]. Free carrier absorption and multiphoton
absorption can usually be neglected. This kind of excitation mechanism is called
displacive. Before the short laser pulse hits the sample, the atoms are in their equi-
librium state. If the incoming pump pulse is absorbed, the electronic distribution in
the material will be changed, and the atoms will no longer be in their equilibrium
state. They will move towards new equilibrium positions, causing atomic oscillations,
which can be identified as coherent phonons [52].

The process following the almost instantaneous absorption process is rapid
thermal-ization of the excited carriers via carrier-carrier scattering. In this fast
process (typically a few tens of femtoseconds), electrons and holes thermalize with
each other. This is followed by recombination. Auger recombination is the dominant
mechanism, and is proportional to the square of the carrier density. At this time,



Chapter 4. Material Excitation and Relaxation Mechanisms 23

the lattice and electron temperatures are different and thus the carriers and the
lattice thermalize. This process is called carrier lattice thermalization and starts
with carrier-phonon scattering. The carriers thermalize with the lattice by emitting
longitudinal optical phonons. As the process continues, the population of the optical
phonons increases, resulting in phonon-phonon scattering. The optical phonons decay
into two acoustic phonons, due to energy and momentum conservation [41]. This
brings the lattice into local thermal equilibrium once more, and after a few tens of
picoseconds most of the carriers are in thermal equilibrium with the lattice.

4.4 The Thomsen model

The model proposed by Thomsen et al. [53] is used to explain how a laser-generated
strain pulse is launched into a solid. Here, the laser pulse is absorbed in a thin
surface layer of the sample. The free carriers generated by the laser pulse cause
electronic stress, and the increase in lattice temperature leads to thermal stress. The
Thomsen model was used in this work as a simple model to fit experimental data.
Therefore, electronic stress was neglected and the thermal stress was assumed to be
instantaneous. The near-surface stress generated is then released as an acoustic wave,
which propagates into the material at the speed of sound. The total energy deposited
by the laser pulse per unit volume at a distance z (direction parallel to the surface
normal) is given by the following expression:

W (z) =
(1−R)Q

Aξ
exp(−z/ξ) (4.1)

where R is the reflectivity, Q is the energy of the light pulse, ξ is the absorption
length, A is the illuminated area. The absorbed laser light results in rapid heating of
the sample. Initially, heating occurs in a constant volume, meaning that only stress
is created instantly. The stress is released via expansion, which triggers a strain wave
that has the following form:

η(z, t) =
(1−R)Qβ

ACξ

1 + ν

1− ν

[
e−

z
ξ

(
1− 1

2
e−

vt
ξ

)
− 1

2
e−|z−vt|/ξsgn(z−vt)

]
(4.2)

v =

√
3

1− ν
1 + ν

B

ρ
(4.3)

where β is the linear expansion coefficient, C heat capacity, ν is the Poission’s ratio,
v is the longitudinal speed of sound, B is the bulk modulus, ρ is the density, sgn is
the sign function. Fig. 4.2 shows strain as a function of depth for various times.
Close to the surface one can see the non-propagating part, which consists of ther-
mal expansion that follows the exponential profile of the absorbed laser beam. The
dynamic part, the acoustic wave, moves away from the surface. The width of the
wave is about twice the absorption depth. The strain wave can be regarded as a
distribution of coherent phonons, with the spectrum shown below in Fig. 4.3. Here
one can see that some phonon modes are more populated than others.
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Figure 4.2: Simulated strain profile in an InSb crystal using the model de-
scribed by Thomsen et al. at four points in time after laser excitation: 50 ps,
100 ps, 150 ps and 200 ps.
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Figure 4.3: Fourier transform of a strain wave from a single laser pulse.

4.5 Ultrafast phase transitions

Short laser pulses enable the study of fast phase transitions often occurring on the
time scale of a few picoseconds. For example, a transition known as non-thermal
melting occurs in less than a picosecond. This has been observed in a number of
materials [18], [54], [4]. The melting of a solid usually occurs when the thermal atomic
vibrations become so energetic that the atomic bonds holding the atoms together
break. In a liquid, the atoms move more freely and atomic bonds are easily created
or broken. Thermal melting is a slow process since the atoms must gain sufficient
kinetic energy, which takes time since carrier lattice thermalization is slow (many
picoseconds). Another way of melting a sample is to break the bonds holding the
atoms together directly with laser light. If a semiconductor is irradiated with an
intense femtosecond laser pulse, and roughly 10% or more of the valence electrons
are excited, then melting occurs. In other words, the intense laser pulse flattens the
interatomic potential and the atoms move away from each other with the kinetic
energy they had before melting. There is not yet a unified physical model to describe
the early process of non-thermal melting, and different groups have proposed different
explanations [5], [55], [56].



Chapter 5

Beamline D611 at MAX-lab

Almost all the experimental work described in this thesis was carried out at beamline
D611 at the Swedish National Laboratory MAX-lab. The beamline is a bending
magnet beamline dedicated to time-resolved studies. The X-ray source, the laser
system and the fast detector used for the TXRD experiments are briefly described
below.

5.1 The X-ray source

Beamline D611 at the MAX II electron storage ring is dedicated to laser-pump/X-ray
probe experiments. MAX II is a third-generation synchrotron light source with 1.5
GeV electron energy and 90 m circumference, which has been in operation since 1996.
X-rays are generated in a bending magnet and focused by a gold-coated toroidal mir-
ror onto a 400 x 200 µm2 spot with 7 x 0.7 mrad2 divergence (horizontal x vertical).
The beamline has a double-crystal monochromator equipped with InSb crystals and
multilayer mirrors. The X-ray energy can be varied between 1.8 keV and 9 keV .
The MAX-II storage ring provides 30 electron bunches separated by 10 ns (see Fig.
5.1). The ring can be operated in two modes: the even filling mode and the non-even
filling mode. In the first case the electron bunches are very similar in size. This
is the most common mode of operation. However, non-even filling is advantageous
for time-resolved studies, because only a single electron bunch - the largest one - is
used. The duration of the X-ray pulse resulting from a single electron bunch is about
700 ps. In order to perform time-resolved experiments with a high time resolution
a fast detector is used. The beamline is equipped with a streak camera that has
a temporal resolution better than one picosecond. The streak camera was used in
most of the experiments performed at D611 and is described in detail in Section 5.3.
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Figure 5.1: Part of an X-ray pulse train showing the two different operation
modes of the MAX II storage ring: even filling mode (left) and non-even filling
mode (right).

5.2 The laser system

Short laser pulses were generated by a passively mode-locked, titanium-doped sap-
phire oscillator followed by a cryogenically cooled Ti : Al2O3 multipass laser amplifier.
The highest repetition rate of the amplifier is 10 kHz, but it was operated at 4.25 kHz.
The short laser pulses from the oscillator were sent to the amplifier as seed pulses.
The amplifier uses the chirped pulse amplification technique, meaning that the pulse
is stretched before amplification and recompressed afterwards by a pair of gratings.
The stretched laser pulse passes through the liquid-nitrogen-cooled Ti : Al2O3 crystal
11 times. The amplified and compressed laser pulse is then split into three parts see
(Fig. 5.2).
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Figure 5.2: Schematic overview of the laser system.

About ten percent of the beam is sent to a photoconductive switch that is used to
generate a fast voltage ramp. The remaining parts are used to excite the sample and
to generate the UV beam that is sent directly to the streak camera cathode, where
it serves as a temporal reference. The characteristics of the amplified laser pulse are
listed in Table 5.1. In order to conduct time-resolved experiments, the laser system
must be synchronized with the X-ray source, such that the laser pulse arrives at the
sample as the same time as the X-rays. This is achieved by locking the oscillator to
the radio frequency signal from the accelerating cavities of the synchrotron ring with
a jitter below 30 ps. The repetition rate of the oscillator is determined by the length
of the cavity. The end mirror in the oscillator is mounted on a translation stage, and
a piezo element is glued to the top of the mirror. The piezo element is used for fast
adjustments, while the translation stage is used to compensate for slow fluctuations.
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Table 5.1: Typical laser pulse characteristics

Repetition rate 1 - 10 kHz
Pulse energy 1 mJ
Average power 4 W
Pulse duration 50 fs
Wavelength 780 nm

A small fast photodiode picks up the 100 MHz pulse train and sends it to a 100 MHz
band pass filter, after which it is amplified. The signal from the storage ring is taken
from the beam pick-up monitor sensor. It is also sent to a 100 MHz band pass filter,
amplified and passed through a phase shifter, where an arbitrary phase shift can be
added to introduce a delay between the laser and the X-rays. Since the delay between
two X-ray pulses is 10 ns, a phase shift of 2π corresponds to a delay of 10 ns. The
filtered and amplified electronic signals from the oscillator and the storage ring are
mixed and an error signal is derived. This signal is used as feedback in a phase-lock
loop. Frequency fluctuations are accounted for by changing the cavity length of the
oscillator. The laser amplifier cannot work at 100 MHz, and its frequency is adjusted
between 1 and 10 kHz. The trigger signal can be taken from the oscillator using the
photodiode or from the X-ray signal.

5.3 The streak camera

Work has been performed using an in-house designed and constructed X-ray streak
camera, when a time resolution better than 700 ps is required. A streak camera works
in a similar way to an analogue oscilloscope, where time is converted into distance.
The streak camera is shown schematically in Fig. 5.3.
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Figure 5.3: Working principle of the streak camera installed at D611.

The X-ray signal from the sample hits the CsI cathode. A cloud of photoelectrons
is created via the photoelectric effect. The X-rays are incident on the cathode at
grazing angle, in order to better match the X-ray penetration depth and the photo
electron escape depth. The electrons are then accelerated towards the anode. They
pass through a 100 µm wide anode slit and enter the space between two sweep plates.
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A fast ramped voltage created by the laser pulse via a photoconductive switch deflects
the electron beam. The deflected or streaked electrons pass through the electron fo-
cusing element and enter the multi-channel plate (MCP). Here they are amplified and
projected onto a phosphor screen. The streaked image is then recorded using a charge
coupled device (CCD) camera. The time resolution of the streak camera depends on
a number of factors such as slit size, the electron transition time in the cathode-anode
assembly, sweep speed and jitter. The energy spread of the photoelectrons depends
on the material and has been measured for common cathode materials [57]. All these
factors can be optimized to achieve sub-picosecond time resolution.



Chapter 6

Experiments

6.1 Time-resolved X-ray scattering from laser-molten
indium antimonide

As non-thermal melting occurs a non-equilibrium liquid is created. Non-thermal
melting occurs in less than 1 ps, and the thickness of the molten layer is a few tens of
nanometres. The layer remains molten for a relatively long time, tens of nanoseconds,
since there is a thick layer of hot solid InSb beneath it, and InSb has a high melting
enthalpy. X-ray scattering from non-equilibrated liquid has been measured previously
with femtosecond time resolution [58]. In the present work, it was found that this
type of experiment can be performed at a synchrotron light source in repetitive mode
(Paper I). The experimental set-up is shown in Fig. 6.2.
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Figure 6.1: Schematic representation of the set-up used for the liquid X-ray
scattering experiment.

The X-rays impinged at grazing incidence in order to match the laser melting depth
and the X-ray probe depth. In this set-up a repetition rate of 4.25 kHz was used.
The time resolution was limited by the duration of the X-ray pulse, and was around
300 ps. The X-rays scattered from the liquid impinge on a fast scintillator screen,
where they are converted into visible light. The fast scintillator screen has a decay
time of 2 ns, hence single X-ray pulses can be discriminated from the 100 MHz pulse
train provided by the synchrotron light source. The visible light was then focused
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by a Fresnel lens onto an image intensifier. Here the optical signal is converted into
an electronic one, which is amplified and converted back into visible light. Finally,
the signal is recorded with a CCD detector. Scattering from liquids is much weaker
than that from a solid crystal. Therefore, the detector must be very efficient. The
fast scintillator screen was coated with a thin layer of aluminium that reflects the
photons that escape in the opposite direction, back towards the CCD detector. The
laser-generated light was eliminated by covering the detector with thick aluminium
foil. The amplification stage has two MCP stages. The first MCP is gateable, which
allows the X-ray pulse that is synchronous with the laser to be selected. The quantum
efficiency was increased by adding a second detector in series.
The measured time evolution of the laser-generated liquid was compared with data
found in the literature, showing good agreement between the present work (Paper I)
and that presented by others [58].

Figure 6.2: Measured structure of liquid InSb 2.4 ns after laser excitation
(blue curve) compared with results found in the literature (black curve).

6.2 X-ray diffraction from the ripple structures cre-
ated by femtosecond laser pulses

Static X-ray diffraction was used to investigate and characterize laser-induced surface
structures on an asymmetrically cut InSb (110) crystal (Paper II). The experiment
was carried out at beamline D611, MAX-lab in Lund.

M. Birnbaum et al. observed periodic surface structures when short, intense laser
pulses with a laser fluence close to the melting threshold of the material interacted with
the sample [59]. These spontaneous, highly periodic, permanent surface structures or
”ripples” can be created on any solid material irradiated with pulsed or CW light.
Most ripples run perpendicular to the incident electric field. At normal incidence the
ripple spacing is close to or equal to the wavelength of the excitation light. It was
found that ripples occur preferentially with three different periodic spacings given
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by:

Λ± =
λ

(1± sinθ)
(6.1)

and

ΛC =
λ

(cosθ)
(6.2)

where θ is the laser angle of incidence with respect to the surface, and λ is the wave-
length of the laser radiation. The rippled surface structures were first explained by
Emmony et al. [60] as interference between the incident laser light and light scattered
by imperfections on the sample surface, such as dust or scratches. This interference
causes intensity modulation, which in turn leads to inhomogeneous deposition of the
energy. The wavelength, polarization and incident angle of the laser radiation deter-
mine the spatial period. So-called S+ and S− ripples occur perpendicularly to the
polarization, while c-type fringes, which run parallel to the direction of polarization,
are rarely formed. S− ripples are usually dominant. A possible ripple formation
mechanism from the liquid phase was proposed by Kerr et al. and is illustrated
schematically in Fig. 6.3 [61].

c)b)a)

Figure 6.3: Schematic representation of ripple formation from liquid.

If the material is irradiated with an average fluence close to the melting threshold,
some parts will be subjected to higher fluences and melt. Since density of the liquid
InSb higher the level of the liquid is below solid surface (Fig. 6.3 a)). Since the trans-
verse transport of energy is slow, the solid/liquid interface maps the inhomogeneous
energy deposition due to interference and retains a sine like contour. During the
re-solidification process the sine-like contour grows until its peaks reach the surface.
The molten material gets locked in and the peaks cannot grow anymore. At this
point, the liquid and solid regions are separate (Fig. 6.3 b)). As the liquid parts
solidify they rise up and form a rippled surface.

In the present work (Paper II), an InSb wafer was placed in the experimental
chamber and exposed to femtosecond laser pulses with a fluence up to 100 mJ/cm2

and varying laser incidence angles. In order to compensate for the variation in the
laser footprint on the InSb sample with incidence angle, different exposure times
were used for different laser incidence angles such that the total accumulated fluence
was constant. To ensure that the probe depth matched the thickness of the laser-
irradiated surface layer the X-rays impinged at grazing incidence. X-ray reflectivity
curves were recorded. The modified sample surface was then studied with an OM and
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an AFM. The data from these measurements were used to simulate X-ray reflectivity
curves from the laser-modified surface. It was found that the reflectivity curves were
asymmetric in the areas irradiated by the laser. The shape and width of the rocking
curve provide information about the morphology of the crystal. For laser fluences
above the melting threshold the laser melts a thin surface layer on the sample. The
thin molten layer regrows and regains a crystalline structure. At high laser fluences
the crystal structure is permanently destroyed, and the X-ray reflectivity is therefore
dramatically decreased.

Our group has developed a model that can simulate X-ray reflectivity curves in
a few steps. First, information about the ripple height and periodicity are extracted
from irradiated samples using the OM and AFM. The local variations in the angle
of asymmetry are then calculated. These arise from the ripple structure, which pe-
riodically changes the surface orientation with respect to the lattice planes. X-ray
reflectivity curves were calculated for each asymmetry angle. The average reflectivity
curve is then calculated using the asymmetry angles occurrence as weight. Finally, it
is assumed that there is a thin layer of amorphous material on top of the structure
reducing the overall reflectivity. Good agreement was found between the model and
the measured data (see Fig. 6.4).
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Figure 6.4: Simulated energy scans from the rippled InSb surface, together
with an experimentally determined curve for comparison.

It was found that laser-generated surface structures can efficiently increase X-ray re-
flectivity. This must be taken into account when performing melting experiments in
repetitive mode. The laser-created structures on the surface grow with exposure time.
In order to avoid this effect the sample must be constantly translated.

6.3 Picosecond time-resolved X-ray refectivity of a
laser heated amorphous carbon film

The laser pump/X-ray probe technique was used to measure the temporal evolution
of a laser-heated amorphous carbon film on a Si crystal (Paper III). Amorphous
carbon is used as a coating layer on X-ray mirrors for FELs such as the European
X-ray Free Electron Laser, XFEL in Germany/Hamburg. Knowledge on expansion
and changes in surface roughness is important in the further development of X-ray
mirrors. Time-resolved X-ray reflectivity measurements were performed with a time
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resolution of a few hundred picoseconds. The experiment was carried out at beamline
ID09B at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France.
The beamline is dedicated to time-resolved X-ray studies. The beamline provides
1010 X-ray photons in a few hundreds of picoseconds at 986.3 Hz [62].
The experimental set-up is illustrated in Fig. 6.5. The sample was excited with a
laser fluence below the damage threshold. The fast chopper is able to single out a
single bunch of X-rays which is used to probe the sample. The X-ray incidence angle
was scanned while following the time evolution of the excited sample, by changing
the delay between the pump and the probe.

ESRF

986.3 Hz

X-ray
detector

Laser

Sample

800 nm
Sync.

Figure 6.5: Experimental set-up used to study an amorphous carbon film at
ESRF.

The dynamics in the laser-excited amorphous film was measured with a time resolution
of 200 ps (Paper III), and the results are presented in Fig. 6.6, where the increase in
thickness due to thermal expansion can be extracted. As a result of this, the density is
reduced. An increase in surface roughness was also observed, which can be explained
by inhomogeneous heating due to intensity variations in the laser footprint.

Angle (deg)

I/
I0

I/
I0

Figure 6.6: X-ray specular reflectivity from an amorphous carbon film at
different delays between laser excitation and the X-ray probe.
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6.4 Picosecond dynamics of laser-induced strain in
graphite.

Paper IV describes measurements of the strain propagation in a laser-excited graphite
film. This presented a considerable challenge, as it is difficult to study materials
with low atomic numbers using X-rays due to their low scattering power. However,
some of the results presented by Carbone et al. were confirmed, while others were
not [63], [64]. The experiment was carried out at the FEMTO slicing beamline of
the Swiss Light Source (SLS) in Villigen. The beamline produces X-ray pulses a few
hundred femtoseconds long. These short X-ray pulses are generated when the electron
beam interacts with strong laser radiation. This is illustrated schematically in Fig.
6.7.

SLS storage
ring fs

X-rays

Undulator

Bending
magnet

Wiggler
e- bunch

Laser

Figure 6.7: X-ray slicing at SLS.

X-ray slicing can be explained in three steps. The kinetic energy in the few-hundred-
picosecond-long electron bunch is modulated with the aid of a short, intense laser
pulse inside a wiggler, which is tuned to allow the transfer of energy from the light
to the electrons. In this case, the energy of a small fraction of the electron bunch
is modulated, meaning that they have a greater energy spread than normal. The
electron bunch then passes through a dispersive element (bending magnet). Here, the
modulated electrons are separated from the non-modulated ones, since they have a
slightly different energy and thus a different radius in the magnetic field. Finally, the
separated electron slice is sent to an insertion device (undulator), where X-rays are
generated. The short X-ray pulses at the SLS are about 200 fs.

The X-rays impinged on the sample at a grazing angle in order to match the pump
and probe depth. Thomsen’s model was used to analyse the data, again neglect-
ing electronic strain. The finite time for electron-lattice coupling was introduced
phenomenologically and the strain profile was calculated numerically. The X-ray re-
flectivity was calculated using the dynamical theory of diffraction taking the strain
into account. The recorded dynamics are presented as the difference between the
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Figure 6.8: Differences in rocking curves at different delays between laser
excitation and X-ray probe.

unperturbed rocking curve at different points in time (see Fig. 6.8). The strain was
measured in the direction of the c-axis showing an expansion of about 2.8%. This
comes from comparison with the simulations.

6.5 Generating and probing acoustic phonons in
semiconductor nanostructures

Time-resolved X-ray diffraction was used to investigate InSb nanowires grown on an
InAs substrate (Paper V). The aim was to study acoustic phonon propagation in
the nanowires and to determine whether the acoustic propagation velocity in these
structures is different from that in the bulk material, as predicted by Mingo et al.
[65]. Phonons in bulk semiconductors have previously been studied using the same
technique by Larsson et al. and Lindenberg et al. [42], [43]. Experimental verification
of the reduction of the speed of sound in nanowires is necessary as this is important
in many applications. The (111) reflection planes were used, which are parallel to the
surface of the substrate with a Bragg angle of 59◦. A large Bragg angle was chosen in
order to obtain a narrow X-ray reflectivity curve. The laser excitation was normal to
the surface of the substrate. The experimental geometry and the set-up are illustrated
in Fig. 6.9. The laser system was synchronized to a single electron bunch in the MAX
II storage ring with a jitter of 30 ps.
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700 ps
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Streak cameraLaser

Sync.

1.9 keV

  70 fs
 780 nm

Figure 6.9: Experimental set-up used to study acoustic propagation in InSb
nanowires.
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The diffracted signal from the sample was sent to the streak camera described above.
The repetition rate of the camera was set to 4.25 kHz with a time resolution of 10
ps, which was limited by the anode slit size and the sweep speed [66]. The laser
excitation was periodically turned on and off in order to obtain the reflectivities
with and without the laser, Ron and Roff , from which the normalized difference
signal (Ron − Roff )/Roff was extracted. Two samples were tested, one 40 nm in
diameter and one 80 nm in diameter. The length of both samples was about 1 µm.
They were grown by MOVPE using trimethyl indium, trimethyl antimony and arsenic
precursors on an InAs (111) substrate prepared with Au nanoparticles. The density
of the nanowires on the surface was 5 per µm2. The X-ray diffraction signal from
the nanowires was weak because of the low nanowire density and the fact that the
probing depth exceeded the pump depth by about a factor of five. The reflectivity
curve and a SEM image of the sample are shown in Fig. 6.10
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Figure 6.10: Reflectivity curve from the InAs/Sb nanowire sample and the
SEM image of the sample itself.

X-ray diffraction is a powerful technique for detecting strain through changes in the
Bragg condition. The shape of the reflectivity curve can provide a great deal of
information about the structure being probed. The amplitude of the reflection curve
is sensitive to the temperature via the Debye-Waller factor, and the position of the
peak is sensitive to strain via Bragg’s law. The experiment is based on Thomsen’s
model, which assumes that the energy from the laser is converted into heat near the
upper surface. The travelling strain wave modifies the interplanar distance. It can
be decomposed into (coherently excited) phonon modes. Each excited phonon mode
represents an additional periodicity of the lattice. The coherently excited phonon
modes add ”wings” to the reflection curve. By tuning ∆E (energy offset) it is possible
to select the phonon wave vector q given by the modified Laue condition: k−k0 = G±q
with q = 2∆ksinθ. Here k0 and k are the wave vectors of the incident and the
reflected X-ray waves, respectively, and q is the phonon wave vector. This is shown
schematically in Fig. 6.11. Firstly, phonons were probed in the substrate to ensure
spatial and temporal overlap. This was done by tuning the X-ray energy to fulfil the
Bragg condition for InAs. The evolution of the signal was recorded and is shown in
Fig. 6.12.
Here, two phonon modes were selected via the choice of ∆E, such that the oscillation
periods were T and 2T , respectively. The dominant frequency can be extracted by
applying a Fourier transform. Knowing the frequency, ω, and the modulus of q, gives
the speed of sound: v = ω/q. Fig. 6.13 shows ω as a function of q for different values
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Figure 6.11: Vector representation of the Bragg law.
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Figure 6.12: X-ray reflectivity after excitation by a single laser pulse at two
energy offsets.

of ∆E. The slope of the straight line provides the speed of sound. The speed of sound
in bulk InAs in the [111] direction is known to be 4400 m/s [67]. The slope of the line
in Fig. 6.13 gives a value of 4200 m/s.
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Figure 6.13: A graph showing the frequency, ω, vs. the phonon wave vector q
for bulk InAs. The slope gives the speed of sound in the material (4200 m/s).

The X-ray photon energy was then tuned to fulfil the Bragg condition in InSb. In
order to investigate whether the nanowires could be excited with the laser, different
laser fluences between 1 and 10 were tested. A response to the incident laser light
was observed for all fluences, as shown in Fig. 6.14.
Immediately after laser excitation the reflection curve shifts towards lower energies,
corresponding to lattice expansion. A large initial strain builds up during the first
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Figure 6.14: X-ray reflectivity from a nanowire sample using different laser
fluences.

50 ps, and partial relaxation is observed after about 200 ps. This is very pronounced
at high fluences. The signal before and after laser excitation is used to estimate the
temperature in the nanowires. It was found that the temperature after exposure
to a fluence of 5 mJ/cm2 was about 500 K. As can be seen, the amplitude of
the signal increases with increasing incident fluence. A further increase in incidence
fluence leads to permanent sample damage. The heat conduction in nanowires is
different from that in bulk material [40], [29] in that heat dissipation is slower in
nanowires, and the damage threshold could therefore be lower than in the bulk. The
laser damage threshold for InSb nanowires was found to be around 6 mJ/cm2. Since
X-ray scattering from nanowires is weak diffracted signal is noisy. However periodic
phonon oscillations can be observed (see Fig. 6.15).
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Figure 6.15: X-ray reflectivity from InSb nanowires after excitation with a
single laser pulse (left) and the Fourier transform (right).

The speed of sound in InSb nanowires was found to be about v(111) = 2800 (70) m/s,
which is lower than the value of 3880 m/s in bulk material. According to Mingo et
al. [65] there should be a dramatic reduction in the velocity of sound in nanowires,
and the velocity decreases with decreasing wire radius. Our findings confirm this. In
Fig. 6.16 phonon frequency versus phonon wave vector in InSb nanowires is shown .
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Figure 6.16: Frequency ω vs. phonon wave vector, q, in InSb nanowires.
The velocity of sound is 2800 m/s, i.e. considerably smaller than in the bulk
material.
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Chapter 7

Outlook

X-ray scattering techniques are the standard tool for material characterization and
structure determination. However, it is difficult to implement complex systems and
time-resolved techniques at third-generation light sources. This is mainly due to the
length of the X-ray pulses and the relatively low X-ray flux. A typical X-ray pulse
duration at a third-generation light source is a few hundred picoseconds, which limits
the possibility of studying slow processes or high-reflectivity materials. Shorter X-ray
pulses can be produced at synchrotron light sources at the cost of X-ray flux. This
means that the samples must be highly scattering or that long exposure times must
be used. Nano-structures such as nanowires and quantum dots or single proteins are
very difficult or impossible to study at third-generation light sources due to their small
scattering power and the relatively large X-ray footprint. One way of overcoming this
limitation is to use fourth-generation light sources such as an FEL. Two hard X-ray
FELs are currently in operation: the LCLS in the USA (opened in 2009) and SACLA
in Japan (opened in 2011). These machines provide short X-ray pulses at high flux
that can be used for time-resolved X-ray studies. The European FEL in Germany
will be operational in 2015, and will be the brightest X-ray source in the world. The
X-ray pulse duration provided by an FEL is a few femtoseconds, meaning that fast
atomic processes, such as chemical reactions, phase transitions and lattice dynamics,
can be studied. Time-resolved studies on nanowires have been performed mainly at
the D611 beamline at the MAX II facility. However, the signal was low due to low
flux from the source and a large X-ray footprint. Typical acquisition times for these
measurements were around 8 hours. The same studies could be done in seconds at
an FEL. Such experiments are highly relevant since nanowires have very interesting
and different properties from bulk material. For instance, heat transport gradually
decreases with nanowire diameter. Many other questions are waiting to be answered,
for example, How different is the speed of sound is in nanowires? How low can it be?
Can we create a structure that allows phononic and electronic heat transport to be
separated in nanowires? It is important to find answers to all these questions, if we
are to realize nanowire thermoelectric devices.
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Comments on my
participation in the studies

In addition to the work presented in this thesis, I have spent a large amount of time
on improving the beamline control software and developing the streak camera at the
D611 beamline. I wrote the control program for translating the cryostat in three
directions. This was later integrated into the main control program of beamline D611.
I participated in the implementation of the detector for the liquid scattering experi-
ment. I made a significant contribution to the preparation of upcoming experiments,
including sample preparation and testing. I have investigated the optical reflectivity
from the sample and the laser damage thresholds. I studied sample surfaces using
an OM and an SEM. During the course of my work the design of the streak camera
cathode has been improved, and better streak camera performance in terms of higher
quantum efficiency has been achieved.

Paper I

This paper describes time-resolved X-ray scattering from a laser-generated non-
equilibrium liquid. I participated in constructing the detection system and in the
data acquisition, and contributed to the data analysis.

Paper II

This paper describes how a short laser pulse, powerful enough to melt the sample
surface, modifies the surface structure of the sample (causing ripples). I was the
person mainly responsible for the experiment, I carried out most of the data analysis
and wrote the first draft of the paper.

Paper III

This paper presents a method that can be used to characterize thin films after laser
excitation with picosecond time resolution. Time-resolved specular X-ray reflectivity
was used to follow the dynamics of an excited amorphous carbon film on a Si sub-
strate. I participated in the experiment, and contributed to the data analysis and
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the preparation of the manuscript.

Paper IV

In this paper, the picosecond dynamics of laser-excited natural graphite is presented.
Laser-generated strain was observed using X-ray diffraction. I prepared the samples,
participated in the experiment, and made minor contributions to the manuscript.

Paper V
This paper describes the study of nanowires using TXRD at the D611 beamline. The
velocity of sound in the nanowires was measured. I was the person mainly responsible
for the experiment, I carried out the data analysis, used the SEM and static X-ray
diffraction to characterize the samples, and wrote the first draft of the manuscript.

Paper VI
This paper describes the study of nanowires using TXRD at the D611 beamline. The
amount of light that gets absorbed in InSb nanowire has been studied. I was the
person mainly responsible for the experiment, I carried out the data analysis, used
the SEM and static X-ray diffraction to characterize the samples, and wrote the first
draft of the manuscript.
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