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Abstract
A major part of this thesis is related to the SunTune project, which deals with
ways of improving solar cells by combining photon upconversion and metal
nanoparticles (plasmonics). The attractive feature of metal nanoparticles is
their ability to strongly concentrate light in their immediate vicinity (near-field
zone). We have developed an experimental approach that utilizes ultrashort
laser pulses to permanently mark near fields of metal nanoparticles, either
into an underlying substrate by laser ablation, or by polymerization of a
photoresist enclosing the particles. The existence of well-defined threshold
fluences for ablation and polymerization enables experimental quantification
of near-field enhancement factors. Detailed maps of experimental near fields of
various metal nanoparticles have been obtained and compared quantitatively
to electric-field simulations.
A second part of the thesis is concerned with fundamental studies related
to laser-matter interactions. In one project, we investigated ablation and
amorphization thresholds of Ge2 Sb2 Te5 (GST) thin films. The observed
dependence of the threshold values on film thickness gave important clues
toward the physical mechanisms underlying ablation and amorphization. For
instance, we found that amorphization of GST is thermally driven, whereas
ablation in a low-fluence regime is caused by the build-up, and subsequent
relaxation, of large pressure waves, which ultimately tears the material apart.
Transient optical properties of dielectrics, excited by ultrashort laser pulses
above the ablation threshold, were investigated by time-resolved s- and preflectivity measurements. About 100 fs after excitation, we discovered that
the “standard” approaches to modeling the reflectivities, based e.g. on the
Fresnel equations, completely failed to describe our data. We managed to
model the data by proposing that a thin electron cloud is produced in front of
the laser-excited target by electron emission.
Time-resolved cathodoluminescence (CL) measurements of Er3+ ions were
iii

carried out during a research stay in Albert Polman’s group at AMOLF in
The Netherlands, in order to study how metal nanoparticles influence the
decay rates of excited Er3+ ions. In CL, a focused electron beam is used to
selectively excite certain ions with high spatial resolution. We observed that
the decay rate of ions very close to a nanoparticle increased by 4–6 times.

Dansk resumé
En betydelig del af denne afhandling er relateret til SunTune-projektet, hvor
målet er at forbedre solceller ved at kombinere foton-opkonverting og metalnanopartikler (plasmonics). Den eftertragtede egenskab ved metalnanopartikler er deres evne til at koncentrere lys kraftigt i deres nære omgivelser
(nærfelts-zone). Vi har, ved brug a ultrakorte laser-pulser, udviklet en eksperimentel tilgang til markering af nærfelter fra metalnanopartikler enten i et
underliggende substrat ved laser ablation eller ved polymerisation af en fotoresist, der omslutter partiklerne. Eksperimentel kvantificering af graden af
nærfeltsforstærkninger muliggøres grundet forekomsten af bestemte tærskelfluenser for ablation of polymerisation. Detaljerede kort over eksperimentelle
nærfelter fra forskellige nanopartikler blev opmålt og sammenlignet kvantitativt med simuleringer af elektriske felter.
En anden del af afhandlingen omhandler grundlæggende studier af lasermateriale vekselvirkninger. Vi har, i et af disse projekter, undersøgt ablationsog amorfiseringstærskler af Ge2 Sb2 Te5 (GST) tyndfilm. De observerede
afhængigheder af tærskelværdierne med filmtykkelse gjorde det muligt at udpege de fysiske processer, der forårsager ablation og amorifsering. Vi opdagede
eksempelvis, at amorfiseringen i GST drives af termisk effekter, og at ablation
i regimer ved lav fluens skyldes opbyggelsen af et enormt tryk, som efterfølgende afgives i form af kraftige trykbølger, der til sidst flår materialet fra
hinanden.
Transiente optiske egenskaber af dielektrika, exciteret over ablationstærsklen med ultrakorte laser pulser, blev undersøgt med tids- og polarisationsopløste målinger af s- og p-refleksioner. Vi opdagede, omtrent 100 fs efter
excitation, at de ”gængse” tilgange til modellering af refleksionerne, eksempelvis med Fresnels ligninger, brød sammen. Det lykkedes os at modellere
målingerne ved at foreslå at en tynd elektronsky opbygges foran det laserexciterede dielektrikum ved elektronemission.
v

Tidsopløste målinger af katodeluminescens (CL) fra Er3+ blev udført
ved et forskningsophold i Albert Polmans gruppe ved AMOLF i Holland;
formålet var at studere hvordan metalnanopartikler påvirker henfaldsraterne
af exciterede Er3+ ioner. I CL bruges en fokuseret elektronstråle til selektivt
at excitere bestemte Er3+ ioner med høj rumlig præcision. Vi observerede
at henfaldsraten af ioner meget tæt på en metalnanopartikel øgedes med en
faktor 4–6.
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Chapter

1

Introduction
The temperature on Earth is rising at an alarming rate, and there is little doubt
that the trend has been accelerated by humans. The Intergovernmental Panel
on Climate Change (IPCC) put it very clearly in a report from 2013 [3]:
“Human influence has been detected in the major assessed components of the climate system. Taken together, the combined
evidence increases the level of confidence in the attribution of
observed climate change, and reduces the uncertainties associated
with assessment based on a single climate variable. From this
combined evidence it is virtually certain that human influence has
warmed the global climate system.”
Greenhouse-gas emission1 likely accounts for at least half of the human-induced
global warming [3]. Unfortunately, inertia in the public and political belief system has slowed down actions to reduce greenhouse-gas emission, but the Paris
Agreement in 2015 marks an important turning point; it obligates the United
Nations to keep the increase in global mean surface temperature (GMST)
below 2.0 ◦C, though preferably below 1.5 ◦C. Meanwhile, energy demand is
1 The greenhouse effect was explained in 1856 by Eunice Newton Foot [4] – well before it
had any noticeable impact on the climate!
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constantly increasing, so implementation of sustainable, renewable and CO2 neutral energy sources into our society is key to uphold the Paris Agreement.
Photovoltaics (PV) can easily accommodate the present and future energy
demands,2 and will no doubt be a big part of the solution to the climate-change
problem.
Development of solar cells has evolved quickly, and production prices have
gone down so much that installation costs now typically comprise 50% of
the total price of solar-cell modules. This is limiting the cost benefit of PV,
particularly for cheap but low-efficiency modules. It is therefore important
for the PV industry that solar-cell efficiencies continue to increase. Much
work still remains to be done before we reach the ultimate limits of solar-cell
efficiencies [5].

1.1

SunTune

Single-junction solar cells are fundamentally limited by their band gap because
they cannot absorb low-energy photons from the Sun. The vast majority of
commercial solar cells are based on silicon, which, from a PV perspective,
has a nearly ideal band gap of 1.1 eV (1100 nm) [6]. Yet silicon consequently
fails to capture 20% of the solar energy contained in the sub-band-gap spectral
range. This potential energy gain makes up the so-called band-gap loss. The
SunTune project strives to reduce band-gap losses by constructing a device
that allows utilization of low-energy photons in solar cells through photon
upconversion (UC) and photon downshifting (DS). Harvesting these photons
in silicon, while maintaining the band gap, can potentially the efficiency by
several percentage points.
The SunTune concept is illustrated in Fig. 1.1, which also shows a graph of
the solar spectral irradiance. Low-energy photons that are not absorbed by the
active solar-cell material (silicon) are colored yellow and red. An upconverting
material placed behind the solar cell can upconvert part of this lost light by the
subsequent absorption of two low-energy red photons, later emitting a photon
of higher energy (green) that can be absorbed by the active material. The
upconverter chosen in SunTune has spectrally narrow absorption lines, so to
exploit a greater part of the lost solar spectrum, a downshifter is placed behind
the upconverter. The downshifter absorbs a broad range of photons (yellow)
2 Assuming a rather high efficiency of 20%, less than 0.1% of the Earth’s surface has to be
covered by solar cells.

1.1 SunTune
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UC

DS

Figure 1.1: Graph of the spectral irradiance that Earth receives from the Sun, colorcoded according to certain energy (wavelength) ranges. The sketch shows a solar-cell
material (e.g. silicon) with a certain band gap that allows absorption of only the blue
and green parts of the solar spectrum. The yellow and red parts, which constitute bandgap losses, can be converted to above-band-gap photons (green) via a combination
of an upconverter (UC) and downshifter (DS) placed behind the active material:
The UC absorbs two red photons and emits a green photon, while the DS converts
the broad yellow spectral range into red photons that can be utilized by the UC for
further upconversion to green photons.

and re-emits photons at lower energies (red) in a process called downshifting.
The downshifted photons can be absorbed by the upconverter, thus making it
possible, in principle, to convert the entire yellow and red spectral ranges in
Fig. 1.1 to green, above-band-gap photons, utilizable by most semiconductorbased solar cells.
The main focus in SunTune has been on the UC process. UC is achieved
by the use of the rare-earth element erbium (Er). When erbium is doped
inside a dielectric host material, it typically appears as trivalent erbium (Er3+ )
with an electronic configuration [Xe]4 f 11 . The 4 f levels are split by strong
spin-spin and spin-orbit coupling, which provides the energy states relevant
for achieving UC of near-infrared light. The first few 4 f energy states of
a free Er3+ ion are shown in Fig. 1.2. UC in SunTune is achieved through
conversion of two ∼1500 nm photons to a single 980 nm photon as illustrated
in the diagram.
But Er3+ has a serious flaw: transitions between the split 4 f levels are

Chapter 1. Introduction
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Figure 1.2: Energy levels of a free trivalent erbium ion (Er3+ ). UC of ∼1500 nm
light is possible through the subsequent absorption of two such photons, giving
rise to the process 4 I15/2 → 4 I13/2 → 4 I9/2 . After a fast nonradiative relaxation to
4
I11/2 , spontaneous emission produces 980 nm light that can be absorbed by many
PV materials. Note that UC is not limited to absorption in the same ion; two nearby
ions, both in the excited 4 I13/2 state, can share energy via dipole-dipole interaction,
thereby promoting one of the two ions to the 4 I9/2 state from which spontaneous
emission of 980 nm proceeds as usual.

electric-dipole forbidden because they share the same parity.3 This is alleviated
somewhat if Er3+ resides in a host material, where a reduction of the symmetry relaxes the selection rules of the 4 f transitions. In SunTune, the two
typical host materials for Er3+ are TiO2 and NaYF4 ; both materials have low
phonon energies, which significantly reduces the rate of unfavorable phononassisted relaxation of Er3+ . Electrostatic shielding by outer 5s and 5p electrons
protects the 4 f -energy states against influence of the host, except for slight
3 The

parity of the 4 f shell is (−1)l with l = 3. This remains true for the energy states
split by spin-spin and spin-orbit interaction because both interactions commute with the parity
operator, i.e. they preserve parity.

1.2 Plasmonically enhanced upconversion
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modifications of the energy levels by crystal-field splitting. Still, absorption in
Er3+ , residing in either TiO2 or NaYF4 , remains low. This is a big issue for
UC, which is fundamentally a nonlinear process where absorption of at least
two photons is required for each upconverted photon.

1.2

Plasmonically enhanced upconversion

Because UC is a nonlinear process, the total UC yield (UCY) of Er3+ ions is
enhanced by increasing the incident density of ∼1500 nm photons. This can
readily be achieved by focusing the sunlight onto the UC device with a big
lens. However, it is necessary that the lens tracks the position of the Sun in
the sky, which makes this an impractical and expensive solution.
In SunTune, the approach is to utilize plasmonic (metallic) nanoparticles
for focusing of the ∼1500 nm light near Er3+ ions. For these nanoparticles,
concentration-factor enhancements in the near field (i.e. near the nanoparticle)
may far exceed what is achievable by lenses, where the intensity of focused light
is ultimately limited by diffraction. Because the optical response of plasmonic
nanoparticles have great tunability in terms of their geometry (shape and
size), they are good candidates for achieving not only excellent focusing of
∼1500 nm light, but also for obtaining a broad angular acceptance, such that
an external tracking system of the Sun is not required.
To give an example of the utility of plasmoincally enhanced upconversion,
suppose that the average photon density at 1500 nm in a volume V0 containing
Er3+ is Φ0 . This situation is illustrated in Fig. 1.3(a). The average UCY is
proportional to Φ20V0 .4 We now introduce a plasmonic nanoparticle, which
concentrates the photon density in a small fraction f of the volume V = f V0 ,
such that the average photon density in this volume is Φ = Φ0 (V0 /V ) = f −1 Φ0
and zero outside, as illustrated in Fig. 1.3(b). The resulting UCY is now
proportional to Φ2V = f −1 Φ20V0 ; evidently, the UCY is enhanced by a factor
of f −1 . Concentration enhancement by plasmonic nanoparticles easily reaches
f −1 > 100, thus illustrating the usefulness plasmonically enhanced UC.
As the optical properties, including the concentration enhancement, of
plasmonic nanoparticles is very dependent on the precise geometry, it is hard
to predict what geometries are best suited for efficient UC. Consequently,
4 The

exponent is two because UC is a two-photon process, except under conditions of
very high intensity where Er3+ ions are saturated, and the exponent approaches 1 [7]. Under
normal sunlight conditions, Er3+ ions are far from saturated, and the exponent is 2.
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(a)

(b)
plasmonic
nanoparticle

3+

Er -doped
material

Φ0

Φ

Figure 1.3: Illustration of plasmonic concentration of ∼1500 nm radiation (red arrows
incident from above) inside an Er3+ -doped material. (a) Photon density Φ0 (red-shaded
region) inside the material under normal conditions. (b) The corresponding photon
density Φ when a plasmonic nanoparticle is placed on top of the material; the incident
photons are concentrated in a small region near the nanoparticle.

in SunTune we utilize the geometrically unrestrained method of topology
optimization (TopOpt) to search for optimal UC-enhancing nanoparticle
geometries. In this procedure, Maxwell’s equations for an incident planewave excitation of ∼1500 nm are solved in a gradient-based iterative procedure
where gold (nanoparticle material) is gradually added and removed from a
pre-determined design domain, eventually leading to a nanoparticle geometry
with a high UCY.

1.3

Plasmonic near-field measurements

For TopOpt to be useful, it is obviously important that the calculations of the
electric fields in the near-field zone of the nanoparticle, where UCY is primarily
enhanced, agree with experimental values. Experimental confirmation of
electric near-field calculations is challenging, because spatial variations of the
near fields occur on length scales that are typically much smaller than optical
wavelengths; the fields cannot, therefore, be probed directly by such light
because of the diffraction limit.
Yet direct and quantitative measurements of electric near fields of nanostructures is possible by a clever application of short laser-pulse modification in materials surrounding the nanostructure [8]. My primary role in the
SunTune project has been to carry out electric near-field measurements by
femtosecond laser irradiation of metal nanoparticles used for improving the
UCY of Er3+ . The experimental procedure builds upon earlier work (e.g. [8]),

1.4 Other projects
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and is described later in this thesis. We refer to the experimental technique
as “near-field marking". Confirmation of electric near-field calculations gives
validation to the TopOpt procedure which is fundamental for achieving high
plasmonically enhanced UC in SunTune.
Despite the technique is somewhat old (proposed in 2004), to my knowledge, it has not been used before to map out detailed quantitative near field
patterns, as I present later in this thesis. Other techniques exist for imaging
plasmonic near field, but they are typically unable to quantify the values of
electric-field enhancements [9], which however our approach allows.

1.4

Other projects

We employed Ge2 Sb2 Te5 (GST) for the initial attempts toward near-field marking of metal nanoparticles. GST is a so-called phase-change material (PCM),
which can be switched between a crystal and an amorphous structural state
upon pulsed laser irradiation. The two phases have dramatically different
properties. Because of this fact, amorphization of GST had been used previously for electric near-field imaging of dielectric microspheres [10, 11]. When
we applied the same technique on gold nanoparticle, we saw no evidence of
near-field effects on amorphization. This prompted further study, and lead to
extensive work on laser-induced modifications in GST. A by-product is that
we can now explain why GST was unsuited for near-field measurements of
metal nanoparticles – and why it works for dielectric microspheres.
In a completely unrelated project to SunTune, we investigated the transient
response of dielectrics – primarily fused silica – immediately after strong, ultrashort laser-pulse excitation through time- and polarization-resolved reflectivity
measurements. The project was started as an opportune continuation of the
work carried out by former PhD student Lasse Haahr-Lillevang. We observed
a surprising ultrafast reflectivity response that could not be modeled by the
“usual means” of applying Fresnel’s equation at an interface. A lot of effort was
spent on explaining these result. We eventually found a simple model based
on the formation of a thin electron cloud outside the dielectric, that could
explain all the features in our measurements.
From Februar–May 2018, I visited Albert Polman’s group at AMOLF,
The Netherlands, where I worked on time-resolved cathodoluminescence
(CL) studies on Er3+ . My goal there was to measure, with nanometer spatial
resolution, how the spontaneous emission rate of Er3+ ions is affected by

8

Chapter 1. Introduction

the presence of a nearby metal nanoparticle. The spontaneous emission rate
usually increases dramatically when Er3+ is close to such metal particles. This
poses a potential problem for SunTune, where the lifetime of the 4I15/2 state
(see Fig. 1.2) should be as long as possible to promote UC, but at the same
time, the ions must be close to the nanoparticle in order to benefit from light
concentration in the near field. The experiments were challenging, mainly
by a complicated time-dependent luminescence of Er3+ ; we did manage to
see an enhancement of the spontaneous-emission rate of Er3+ near metal
nanoparticles, but not with the spatial precision, originally envisioned.

1.5

Outline

Chapters 2–4 provide the background for the main topics of this thesis. The
basics of optics with an emphasis on the dielectric function of the material
response is described in Chapter 2. Chapter 3 gives an introduction to the
field of plasmonics, which is at the heart of SunTune. Finally, Chapter 4 gives
an overview of the concepts of ultrashort laser pulses and their interaction
with materials.
Investigations of metal nanoparticles by near-field marking is presented
Chapter 5 and 6. In Chapter 5, we used an approach based on ablation of the
substrate beneath the nanoparticles. The investigations were published in [1],
and is reproduced there. Chapter 6 details a different approach to near-field
marking by multiphoton polymerization of a photoresist, which provides
three dimensional maps of electric near-field distributions.
Work on projects, that are somewhat unrelated to SunTune, are presented
in Chapters 7–9. Chapter 7 is related to studies of ablation and amorphization
thresholds in GST thin films, which is published in [2], and reproduced in that
chapter. Time- and polarization-resolved reflectivity studies on laser-excited
dielectric is presented in Chapter 4, which is based on a recently submitted
manuscript. My progress towards mapping out Er3+ lifetimes as a function of
distance to metal nanoparticles with time-resolved CL is described briefly in
Chapter 9.
A general conclusion and outlook concerning my PhD work is provided
in Chapter 10.

Chapter

2

Optics
This chapter gives a brief account of the basic optical properties of materials
that is relevant for this thesis.

2.1

Maxwell’s equations

The relations between the electric field E, the magnetic field B, and electric
charge densities ρ and current densities j is contained in Maxwell’s equations:
∇·E=

1
ρ,
ε0

(2.1a)

∇·B=0
∇×E=−

(2.1b)

∂B
,
∂t

∇ × B = µ0 j + µ0 ε0

(2.1c)
∂E
,
∂t

(2.1d)

where, ε 0 = 8.85 × 10−12 F m−1 and µ0 = 4π × 10−7 H m−1 are the vacuum
permittivity and vacuum permeability, respectively. The electromagnetic
fields drive charges and current, which in turn affects the fields. An important
9
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addition to Eq. (2.1) is the Lorentz force which, together with an equation
of motion, tells precisely how a charge q with velocity v responds to the
electromagnetic field:
F = q(E + v × B).
(2.2)
Light is electromagnetic waves (radiation) that was generated by some
far-away source, the details of which we typically need not be concerned with.
In vacuum ( ρ = 0, j = 0), monochromatic light with frequency ω can be
expressed in terms of plane propagating waves with a continuous spectrum
of wave vectors k. These wave vectors are related to the frequency ω through
the dispersion relation k = ω/c, where c = 2.998 × 108 m s−1 is the speed of
light (in vacuum). Specifically, the plane-wave component of the electric field
propagating in the direction parallel k is
E(r, t ) = Ek,ω eik·r−iωt .

(2.3)

The associated magnetic-field component may be obtained as Bk,ω = −(k ×
Ek,ω )/ω. The momentum of the plane wave is ~k, and its photon energy is
~ω.
Light that is not monochromatic (such as a short laser pulse) may be
represented as a superposition of plane waves over a continuous range of
frequencies and wave vectors. It is therefore, for most purposes, sufficient to
only consider plane waves, as the generalization to more realistic situations
dealing with non-monochromatic and diverging light is straightforward.
The energy flux S of electromagnetic radiation is defined by Poynting’s
vector:
1
S≡
E × B.
(2.4)
µ0
This definition of energy flux is actually not unique; only changes in S are
observable, i.e. ∇ · S. In fact, any term with vanishing divergence could be
added to Eq. (2.4) without changing the physics. It is easy to confirm that
there is no energy loss in vacuum (∇ · S = 0).

2.2

The dielectric function

When dealing with the electromagnetic field inside materials, it is a hopeless
task to consider the detailed microscopic fields that vary rapidly over the
dimensions of an atom. Instead, we consider only macroscopic quantities

2.2 The dielectric function
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of the fields, charges, and currents, which have been suitably averaged over
many atoms. We then find that the plane-wave description Eq. (2.3) of the
fields hold in homogeneous materials, although Eq. (2.3) is modified slightly
by the response of the material to external radiation. We are not concerned
with magnetic or relativistic materials in the following, which means that the
material response is entirely determined by the electric field.
The incident electromagnetic radiation induces charge currents in the
material, and it is helpful to divide the material response into the two contributions: one due to bound charges (valence-band electrons) and the other
due to free charges (conduction-band electrons). The free charges respond
to E according to Ohm’s law: jf = σ̂E, where σ̂ is the conductivity of these
electrons.1 The bound charges respond according to the rate of change of the
bound polarization density: jb = ∂Pb /∂t [12]. The induced polarization is
defined by the electric susceptibility χ̂b :
Pb = ε 0 χ̂b E.

(2.5)

Let us make the simplification that the material is isotropic, which means
that Pb and jf are parallel to E. In addition, we will assume that the response is
local, i.e. the (macroscopic) fields at one location r do not depend on the fields
at nearby locations. This is usually a good approximation [13]. However, at
optical frequencies we cannot in general ignore temporal dispersion, i.e. the
fact that the material response is not instantaneous: Pb and jf depends on E
both at present and earlier times. Eq. (2.5) may then be written
ˆ
Pb (r, t ) = ε 0

t

−∞

dt 0 χb (t − t 0)E(r, t 0).

(2.6)

Similarly for Ohm’s law. It is an advantage to express the fields in their frequency components ω by applying the Fourier transform; Eq. (2.6) simplifies
to
Pb,ω (r) = ε 0 χb (ω)Eω (r).
(2.7)
Carrying this out for Ohm’s law as well, the total current density inside the
material for an excitation at frequency ω becomes
jω = [σ(ω) − iωε 0 χb (ω)]Eω .
1 Note

(2.8)

the “hat” on σ; in general, σ̂ is a linear operator, not just a number or a tensor.
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Taking the curl of Ampere’s law (2.1d) and inserting it into Faraday’s law
(2.1c), gives
∇ × (∇ × Eω ) = −iµ 0 ωjω − µ 0 ε 0 ω2 Eω,
(2.9)
or, using Eq. (2.8)
∇ × (∇ × Eω ) +

ω2
ε(ω)Eω = 0,
c2

(2.10)

where we introduced the dielectric function
ε(ω) = 1 + χb (ω) +

iσ(ω)
.
ε0ω

(2.11)

The solution to Eq. (2.10) admits the plane-wave solutions of the kind in
Eq. (2.3), but now the dispersion relation reads
k2 = ε(ω)

ω2
.
c2

(2.12)

√
The refractive index of the material n is defined as n = ε, so the dispersion
relation may also expressed as k = n(ω)ω/c. We see that a finite imaginary
part of n damps the plane-wave propagation inside the material. This occurs
for instance in metals, where electric fields are efficiently screened out by
free charges near the metal surface. The imaginary part of ε is associated
with absorption of light by the material. This is readily seen from the spatial
derivative of the time-averaged energy flux hSi in the direction of the energy
flow (which we choose to be z ) [14, p. 23]:
∂hSi
1
1
= − Re{j∗ · E} = − σ(ω)Eω2 .
∂z
2
2

(2.13)

In the second equality, we inserted Eq. (2.8) and assumed χb (ω) to be real.

2.3

Fresnel’s equations

When light is incident onto a material boundary, it is partly reflected and partly
transmitted. The Fresnel equations determine the reflected and transmitted
amplitudes of an incident plane wave. The situation is sketched in Fig. 2.1(a)
where light is incident in the x z plane (k1 = k x x̂ + k z ẑ). We assume perfect
symmetry in x y, which implies that k x is conserved [13]. There is a difference
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(a)

k1,r

13

ε1 ε2

(b)

kx
kx

k1

ε1

k2

r

k2,z

ε2

ε3
t

x

k1,z

z

Figure 2.1: (a) Reflection and transmission at a single interface of an incident plane
wave with wave vector k1 . (b) Reflection ( r ) and transmission ( t ) of a plane wave in
a multilayer material. The arrows indicate the z component of the wave vector of
forward (right) and backwards (left) moving waves.

in reflection and transmission depending on whether the incident radiation
is s-polarized (E parallel to the interface) or p-polarized (B parallel to the
interface). The formulas are derived in most textbooks (e.g. [12–14]) by
applying Maxwell’s interface conditions at the boundary. The result is [14,
p. 22]:
ε 2 k z,1 − ε 1 k z,2
rp =
,
(2.14a)
ε 2 k z,1 + ε 1 k z,2
rs =

k z,1 − k z,2
,
k z,1 + k z,2

2ε 2 k z,1
tp =
ε 2 k z,1 + ε 1 k z,2
ts =

(2.14b)

r

ε1
,
ε2

2ε 2 k z,1
.
ε 2 k z,1 + ε 1 k z,2

(2.14c)
(2.14d)

Here, r and t are the reflection and transmission amplitudes of the electric
fields, respectively, and
k z,i =

ωp
ε i − (c k x /ω)2,
c

(i = 1, 2)

(2.15)

according to the dispersion relation Eq. (2.12). Note that when light is incident
into the material from vacuum (as it usually is somewhere), k x = (ω/c) sin θ,
where θ is the angle of incidence.
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Multilayer systems

When dealing with a multilayered system as sketched in Fig. 2.1(b), it is
necessary to consider multiple reflections from and transmissions at each
interface. This quickly becomes cumbersome to keep track of, but there is an
easier way. Consider for instance the interface between materials 1 and 2. In
each of these regions there is a wave moving forward (to the right in Fig. 2.1)
E i+ and a wave moving backwards E i− (i = 1, 2). Intuitively, we expect that
E 1− = r 12 E 1+ + t 21 E 2−,

(2.16a)

E 2+ = r 21 E 2− + t 12 E 1+,

(2.16b)

which can also be proved by applying Maxwell’s boundary conditions [15].
Here, for example, r α β denotes the reflection coefficient of a plane wave
incident from medium α to medium β. (Following this convention, the
Fresnel coefficients on the left-hand side of Eq. (2.14) should have the subscript
“12”.) We can put Eq. (2.16) in the following form:
 −
 −
E1
E
= M 1 2+
(2.17)
+
E1
E2
At the next interface, the fields E 2 are advanced by the phase k z,2 d 2 , where
d 2 is the thickness of material 2: E 2± → E 2± e ±ik z,2 d2 . The propagation can be
represented by the action of a diagonal matrix:
e−ik z,2 d2
P2 =
0


0

eik z,2 d2



.

Thus, at this interface between materials 2 and 3, we have
 −
 
E2
0
P2 + = M2 + ,
E2
E3
which can be related to the fields in material 1 as
 
 −
E1
0
−1
= M1 P2 M2 + .
+
E1
E3

(2.18)

(2.19)

(2.20)

To get the reflection and transmission coefficients of the full structure, simply
put E 1+ = 1, E 1− = r , and E 3+ = t ; this leaves two linear equations with two
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unknowns, which is easily solved. This procedure is known as the transfermatrix method (TMM) [15]. Once t is known, it is straightforward to calculate
the fields everywhere inside the multilayer structure. It is simple to generalize
the procedure to an arbitrary multilayer system consisting of many layers.
The TMM was applied extensively in chapter 7 for estimating absorption
in a variety of Ge2 Sb2 Te5 (GST) thin films.

Chapter

3

Plasmonics
Plasmonics deals with optics of metal nanoparticles and metal interfaces. The
field is quite old, as the fundamental physics was established in the early 1900s,
but our understanding has matured a lot since then, thanks to computer
modeling and improvements in fabrication and characterization of nanoscale
structures [16]. This chapter gives an introduction to the basics of plasmonics.

3.1

Optical properties of metals

Metals have partially filled electronic bands which allows them to conduct
electricity at any temperature. The response of the electrons in these bands to
an applied electric field E can be evaluated within the Drude model, where the
electrons are treated as “free”, but damped by collisions at a rate Γ (scattering
rate) [17]. The electrons obey the following equation of motion:
m xÜ = −mΓxÛ − eE.

(3.1)

Here, x is the displacement of the electrons from their initial position,1
e = 1.602 × 10−19 C is the elementary charge, and m = 9.11 × 10−31 kg is
1 The

electrons of course have a thermal velocity, which however is zero when averaged
over an ensemble of electrons. Thus, we have in mind not one particular electron, but rather
an “average” electron from the ensemble.

17
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the electron mass. For a periodic driving field of frequency ω, the solution is
x=

eE
.
m ω2 − iωΓ

(3.2)

The induced current density of the electrons is j = −n e e x,
Û where n e is the
density of free electrons. Equating this to Ohm’s law, we obtain Drude’s
expression for the electrical conductivity of a metal:
σ(ω) =

in e e 2 ω
m(ω − iΓ)

(3.3)

Comparing to Eq. (2.11), we see that the dielectric function of the metal can
be expressed as
ω2p
ε(ω) = ε b (ω) − 2
,
(3.4)
ω + iΓω
where ε b (ω) is the bound optical response due to electrons in the filled bands
of the metal. In Eq. (3.4) we have introduced the plasma frequency ω p as
s
ωp ≡

e 2 ne
.
ε0 m

(3.5)

A good conductor has a low scattering rate and a large plasma frequency
as compared to ω at optical frequencies. Under the assumption that Γ  ω,
ε(ω) ≈ ε b (ω) −

ω2p
ω2



Γ
1−i
ω



(3.6)

The bound dielectric response is typically on the order of unity, so the real part
of ε(ω) is negative; this is the characteristic feature of ε for metals. Inspecting
Eq. (2.15), we see that k z,i attains a large imaginary part which leads to significant damping of light waves. This is not due to absorption (which we here
assumed to be small), but rather due to reflection at the metal surface: The
free electrons respond essentially instantly to the incident radiation, screening
it inside the metal over the skin depth 1/Im{k z } ≈ c/ω p , which is typically
much smaller than optical wavelengths. As the frequency of the radiation
increases above the plasma frequency, the metallic response is lost, and the
metal becomes transparent (except for possible interband transitions that are
“encoded” in ε b ).
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Figure 3.1: Dielectric function ε of gold. The experimental data are from Ref. [18].
The solid lines represent the Drude-dielectric function of Eq. (3.4) with ε b = 1.070,
ω p = 1.377 × 1016 s−1 , and Γ = 1.175 × 1014 s−1 .

The dielectric function of gold is shown in Fig. 3.1. The data are from
Ref. [18], and the solid line is obtained by fitting the Drude-dielectric function
of Eq. (3.4) to the data below 2 eV (above 620 nm), where the Drude model
accurately describes the optical response of gold. Deviations from the Drude
model at higher energies is due to interband transitions [19], which is evident
in the increase of the imaginary part of ε.

3.2

Localized surface plasmons

When a small metal particle is subjected to an external electrostatic field Eext ,
opposite charges accumulate at the particle surfaces (i.e. an excess of electrons
at one side and a deficiency of electrons at the opposite side) as illustrated in
Fig. 3.2(a). An internal field Eint is produced inside the particle due to the
surface charges. If the external field is suddenly removed, the internal field
produces a current inside the particle, moving the excess electrons from one
side of the particle to the opposite side. Electrons now accumulate at the
other side of the particle, which produces an internal field and a current in the
direction opposite the initial current flow. This oscillation continues until the
motion is eventually damped by e.g. heat loss. The motion of the electrons
evidently resembles a damped harmonic oscillator, which is apparent in the
periodic modulation of the surface charge on the particle. This surface-charge
oscillation is called a localized surface plasmon (LSP). The analogy of an LSP
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Figure 3.2: (a) An external electric field Eext applied across a metal particle (orange
blob) is screened by induced surface charges on the particle, giving rise to a small
internal electric field Eint inside the particle. (b) The relaxation of the induced surface
charges in the particle can be modeled as
p a damped harmonic motion (i.e. a spring
system) with a characteristic frequency k/m.

can be made with the spring p
system in Fig. 3.2(b), which has a characteristic
(resonance) frequency ω 0 = k/m, where k is the spring constant, and m is
the mass attached to the spring. The resonance frequency of an LSP is called a
localized surface plasmon resonance (LSPR) frequency.
LSPs are typically associated with metallic (plasmonic) nano-particles,
since coherent oscillations of the surface charge can only be excited by light of
optical or near-infrared frequencies if the particle size is a few times smaller
than the excitation wavelength.
Let us consider the action of a harmonic excitation at frequency ω on the
response of a metal nanoparticle. We assume that the size of the nanoparticle
is much smaller than the wavelength, so that the phase of the applied field is
the same everywhere inside the nanoparticle. Departure from this idealization
gives rise to so-called retardation effects. Applying the conceptual model of a
damped harmonic oscillator, the equation of motion for the electrons inside
the nanoparticle reads [20]
2e 2
Ýr − eEext .
(3.7)
3c 3
The third term on the right is the Abraham-Lorentz force (or the radiationreaction force) that accounts for radiation losses [14, p. 240]. The solution is
readily obtained for the oscillating field ω; expressed in terms of the polarizability α of the nanoparticle, defined by −er = αEext , we find:
mÜr = −mω20 r − mΓÛr +

α(ω) =

e 2 /m
.
ω20 − ω2 − iΓω − i2e 2 ω3 /3mc 3

(3.8)
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The imaginary terms in denominator are responsible for damping of the
LSP. Radiation damping can be included in an effective but slightly frequencydependent scattering rate Γ 0 = Γ + 2e 2 ω2 /3mc 3 . At optical frequencies, Γ 0 ≈ Γ.
The polarizability displays a clear resonance (LSPR) around ω 0 . We can
evaluate the electric near field of the LSP by associating it with an electric
dipole with dipole moment p = αEext . The induced near field in the direction
of the external field, a distance z from the dipole center, is then
Eind (z, ω) =

1 2α(ω)
Eext .
4πε 0 z 3

(3.9)

The total field is E = Eind + Eext . Large electric near fields may be produced
by the LSPR due to enhanced polarizability and the small size (i.e. small z ).
Specifically, we define near-field enhancement (NFE) as |E|/|Eext |. The NFE is
essentially due to the surface charge of the particle, and is particularly large
when the excitation frequency matches the LSPR frequency. Note that the
near field falls off rapidly away from the nanoparticle as 1/z 3 .
The harmonic oscillator model for the polarizability Eq. (3.8) is useful
for a conceptual understanding, but it has no predictive power, because the
LSPR frequency ω 0 appears as an undetermined parameter. In general, detailed
numerical modeling must be carried out to determine the LSPRs. Analytic
solutions exist only in very specialized cases.

3.2.1

A spherical nanoparticle

Maxwell’s equations of a driven spherical particle can be solved analytically; the
solution is known as the Lorenz-Mie-Debye solution. The detailed calculations
can be found in [21]. Here, we will immediately simplify to small metal
nanoparticles, where the problem can be solved by electrostatics.
Suppose the spherical nanoparticle has radius l , dielectric function ε, and
is embedded inside a homogeneous medium of dielectric constant ε m . The
polarizability of the nanoparticle is [21, p. 139]:
α(ω) = 4πl 3

ε(ω) − ε m
.
ε(ω) + 2ε m

(3.10)

The resonance condition is Re{ε(ω)}+2ε m = 0, which is known as the Fröhlich
condition. For the condition to be fulfilled in a dielectric environment, the
nanoparticle has to be metallic (i.e. Re{ε} < 0). Plugging in the Drudedielectric function Eq. (3.4) (setting ε b = 1) we find that the LSPR frequency
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ω 0 of this spherical nanoparticle is
s
ω2p − Γ2 (1 + 2ε m )
ω0 =
.
1 + 2ε m

(3.11)

We see that an increasing dielectric constant of the environment redshifts
(decreases) the LSPR frequency. An increased loss rate (larger Γ) has the same
effect, which explains why the LSPR frequency of a silver nanoparticle is
higher than that of a gold nanoparticle (which has a higher Γ) of the same size.

3.2.2

Size-dependence of LSPRs

There is no explicit size dependence on the resonance condition for a small
spherical nanoparticle, see the line below Eq. (3.10). This is due to the neglect
of retardation effects. If such effects are included, to leading order in the
particle size l , a redshift of the LSPR is found, which scales roughly as (l /λ)2
[20].
That is a general trend: larger nanoparticles have lower LSPR frequencies.
This is easily understood based on the harmonic oscillator model displayed
in Fig. 3.2; in large-sized particles, the distance between the two oppositely
charged surfaces is greater, which leads to a smaller internal electric field. This
corresponds to a smaller restoring force, i.e. a smaller spring constant k, and
this reduces the resonance frequency of the system.

3.3

Absorption, scattering and extinction

A nanoparticle stimulated by light modifies not only the near-field zone [e.g.
according to Eq.(3.9)], but also the far-field zone by producing radiation. It is
customary to talk about the scattered electromagnetic field, which is defined as
Es = E − Einc (similarly for the magnetic field). Einc is the incident electric field
that would appear without the nanoparticle, and E is the total field obtained
by solving Maxwell’s equations with the nanonparticle excited by Einc [21].
The associated time-averaged Poynting vector of the full problem can be
expressed as:
hSi = Sinc + Ss + Sext,
(3.12)
where
Sinc =

1
Re{Einc × B∗inc },
2µ 0

(3.13a)

3.3 Absorption, scattering and extinction
Ss =
Sext =
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1
Re{Es × B∗s },
2µ0

1
Re{Einc × B∗s + Es × B∗inc }.
2µ 0

(3.13b)
(3.13c)

The so-called extinction Poynting vector Eq. (3.13c) is a peculiar mixture of
the the incident and scattered fields. Its meaning is revealed when we integrate
hSi over a surface enclosing the nanoparticle, noting that this represents the
absorption Q a by the particle:2
˛
Qa = −

˛
da · hSi = −Q s −

da · Sext,

(3.14)

¸
where Q s = ¸da · Ss . We assumed that the surrounding
medium is nonabsorb¸
ing such that da · Sinc = 0. Setting Q ext = − da · Sext , we see that extinction
is the energy absorbed and scattered by the particle:
Q ext = Q a + Q s .

(3.15)

It is often helpful to work with cross sections σ = Q/A, where A is the cross
section area of the nanoparticle.
Enhanced scattering and absorption (and hence extinction) by the nanoparticle happens near the LSPR. Since these quantities are relatively straightforward to measure experimentally, they are a valuable for performing spectroscopy on plasmonic nanoparticles. In Chapter 5.B.3 we describe how we
measure extinction cross sections accurately. As usual, analytic expressions
for the various cross sections cannot be found in general, but they exist for
the small, spherical nanoparticle considered above. The cross sections are [21,
p. 140]:


ε(ω) − ε m
3
σa (ω) = k Im{α(ω)} = 4πkl Im
,
(3.16a)
ε(ω) + 2ε m
σs (ω) =

k 4 2 8 4 6 ε(ω) − ε m 2
|α| = πk l
.
6π
3
ε(ω) + 2ε m

(3.16b)

2 Our convention is that da points outward of the surface enclosing the nanoparticle, hence
the explicit negative sign to ensure that Q a ≥ 0.
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3.4

Far-field and near-field resonances

One could imagine that the resonance frequency at which the NFE of a
plasmonic nanoparticle is largest coincides with the maximum extinction in
the far field. This is not exactly true because of radiation damping and heat
loss in the nanoparticle [22].
According to Eq. (3.9), the largest NFE is expected when |α(ω)| reaches
its maximum value. From Eq. (3.8),
e 2 /m
|α(ω)| = q
.
(ω20 − ω2 )2 + Γ 02 ω2

(3.17)

It is straightforward to confirm that the maximum value is reached at
q
ω NFE = ω20 − Γ 02 /2,
(3.18)
which is somewhat lower than the LSPR at ω 0 . A different way to arrive at
the same result is to maximize the potential energy of the harmonic oscillator,
which is associated with the surface charge, and therefore also NFE [22].
The resonance observed in the far field as maximal extinction is expected
to coincide with peak absorption, which also enhances radiation. According
to Eq. (2.13), absorption by the particle is proportional to Re{j∗ · Eind } ∝
Im{ωα(ω)}.3 Maximizing the absorption shows that the resonance frequency
coincides with the LSPR at ω 0 .
Thus we see that the the resonances in the near field are slightly redshifted
with respect to the LSPRs, which coincides with peaks in the extinction
spectrum.

3 This

follows from Eq. (2.8) since α and χ are proportional. The absorption rate can also
be obtained directly from Eq. (3.7) by calculating the work done by the damping force, see
[22].

Chapter

4

Ultrashort laser pulses
Half of the nobel prize in physics 2018 was awarded jointly to Gérard Mourou
and Donna Strickland “for their method of generating high-intensity, ultrashort optical pulses”.1 Here, ultrashort refers to a timescale below a few hundreds of femtoseconds (fs). The technique they invented is called chirped-pulse
amplification (CPA): An ultrashort laser pulse is stretched to ns durations such
that it can be amplified to high pulse energies, after which it is recompressed
to the original pulse duration. CPA avoids damaging of the amplifying laser
crystals, in turn making it possible to achieve astonishing peak powers. The
Extreme Light Infrastructure (ELI) recently achieved 10 PW with a CPA-based
laser system producing ∼100 fs pulses, thus potentially achieving intensities in
the order of 1023 W cm−2 .2
In this thesis we are concerned with much lower intensities, generally up
to 1014 W cm−2 . Materials respond strongly to these intensities, often leading
to irreversible damage. In this chapter, we will review the fundamentals of
ultrashort laser-pulse interaction with matter in this intensity regime.
1 The

Nobel Prize in Physics 2018. NobelPrize.org. Nobel Media AB 2019. Tue. 9 Jul
2019. https://www.nobelprize.org/prizes/physics/2018/summary/.
2 ELI-NP laser hits 10 petawatts peak power. Optics.org. 27. Mar 2019. http://optics.
org/news/10/3/41.
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Basic concepts

To produce ultrashort laser pulses, a broad laser gain medium is necessary.
The archetypical fs laser (in research) is the titanium:sapphire (Ti:AlO2 ) laser,
which is usually operated around 800 nm. Ultrashort laser pulses are produced
via mode-locking, where the phases of the individual laser-cavity modes are
locked together to provide the shortest achievable pulses. The temporal shape
of the pulses depends on the gain profile of the laser crystal, which is typically
approximately Gaussian around a central wavelength. This implies that the
pulse shape is Gaussian in time as well, with a full-width half-maximum
(FWHM) τ defined as:
2 2
I (t ) = I 0 e−(4 ln 2)t /τ .
(4.1)
Here, t is time, and I is the intensity (energy flux in the propagation direction)
at a fixed point in space. For such a mode-locked Gaussian pulse, τ × ∆ω =
0.441, where ∆ω is the bandwidth (at FWHM) of the gain profile, and the
pulse is said to be time-bandwidth limited (TBL). In general, when there is a
slight phase mismatch between the modes, τ > 0.441/∆ω.
When ultrashort pulses propagate through a dispersive material, the individual frequency components are delayed with respect to each other, because
they exhibit slightly different phase velocities [v = c/n(ω)] in the material.
This gradually stretches the pulse in time (the phase relation between the frequency components is ruined). The duration of a TBL Gaussian pulse passing
through a distance L in a material with refractive index n(ω) is stretched to
[23, p. 343]
q
τ = τ0 1 + (16 ln2 2)L2 β 2 /τ04,

(4.2)

where τ0 is the TBL pulse duration and β = ∂2 (n(ω)ω/c)/∂ω2 is the groupvelocity dispersion (GVD) of the material, evaluated at the central (carrier)
frequency of the pulse. The GVD at 800 nm of a typical glass (BK7) is
∼45 fs2 mm−1 . For L = 20 mm, a 35 fs pulse is stretched to ∼80 fs. This
highlights the deteriorating effect that dispersive optical elements might have
on short laser pulses, which is important to keep in mind when designing an
experiment.
The spatial profile of a laser can typically be described as a “Gaussian
beam”, formally called a TEM00 mode. Suppose the beam propagates in the z
direction and has a focal point at z = 0 with spot size w 0 . The intensity profile
is then
2
2
I (ρ, z) = I˜0 (z)e−2ρ /w (z),
(4.3)
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where ρ is a radial coordinate orthogonal to the z-axis, and
I˜0 (z) = I 0

w 02

w 2 (z)

,

q
w(z) = w 0 1 + z 2 /z R2 .

(4.4)

The Rayleigh range z R = πw 02 /λ 2 characterizes both the collimation depth,
but also the divergence angle ϑ = w(z)/z ≈ w 0 /z R at large z.
In materials processing with short laser pulses, the relevant quantity is
often the fluence F , which represents the total pulse energy per unit area
delivered to a target. The fluence is defined as
ˆ
F (ρ, z) =
dt I (ρ, z, t ).
(4.5)
pulse

For a temporal Gaussian-shaped pulse, we obtain
r
π
I (ρ, z)τ ≈ 1.064I (z, ρ)τ.
F (ρ, z) =
4 ln 2

(4.6)

Radial integration of the fluence gives the pulse energy E p , which for a Gaussian
beam establishes the following convenient relationship:
F 0 (z) =

4.2

2E p
πw 2 (z)

.

(4.7)

Excitation of materials

An ultrashort light pulse interacts mainly with the electrons in atoms, as the
nucleus is hardly affected due to its much higher inertia. Excitation of solids
depends on the detailed electronic band structure, in particular whether the
solid has a band gap (semiconductors and dielectrics) or not (metals).

4.2.1

Metals

In metals, light of essentially any wavelength can be absorbed because the
partially filled electronic bands provide a continuum of states for the electrons
to occupy. The electrons residing in the partially-filled bands are called “free
carriers”. Absorption of light by these carriers is called free-carrier absorption (FCA). Actually, truly free charges cannot absorb photons because it is
impossible to simultaneously conserve energy and momentum. In metals,
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FCA proceeds mainly via inverse bremsstrahlung where a free carrier absorbs
a photon while exchanging momentum with heavy ions through collisions.
Thus, electrons near the Fermi level (energy E F ) are elevated to higher energies
in the band in steps of ~ω by FCA. The process is illustrated in a simplified
energy-band diagram in Fig. 4.1.

4.2.2

Semiconductors and dielectrics

In semiconductors and dielectrics for which the photon energies of the light
pulse is lower than the band gap, absorption is initiated through strong-field
ionization (SFI). SFI promotes valence-band (VB) electrons to the conduction
band (CB), thereby producing two free carriers: an electron in the CB, and a
hole in the VB. The two processes responsible for SFI are multiphoton absorption and tunnel ionization. Multiphoton absorption happens at “moderate”
intensity, and typically scales with intensity to the power of the number of
photons needed to bridge the band gap. At much higher intensities, the electric
field of the pulse strongly perturbs the atomic potentials, allowing VB electrons
to travel directly to the CB within a half-cycle of the laser field. The transition
from the multiphoton regime at moderate intensities to the tunnel-ionization
regime at high intensities is captured in an important analytical expression
derived by L. V. Keldysh in 1965 [24]. In this model, the two regimes are
distinguished in terms of the Keldysh parameter γ; multiphoton absorption
dominates when γ > 1, whereas tunnel ionization dominates when γ  1.
The Keldysh parameter is defined as
s
γ=

Eg
,
2Up

(4.8)

where E g is the band gap, and U p is the ponderomotive energy:
Up ≡

e2 E 2
= (9.34 eV) × I [1014 W cm−2 ] × λ 2 [µm2 ].
4m e ω2

(4.9)

Up is the average potential energy of a free electron in an electric field E
oscillating at frequency ω. The right-hand side of Eq. (4.9) is convenient for
quick evaluation of Up . Evidently, Up surpasses the photon energy for 800 nm
at an intensity of 2.6 × 1013 W cm−2 . Note that Up increases the potential
energy of free carriers, which means that this extra amount of energy must be
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Figure 4.1: Ultrashort laser-pulse excitation of materials. Left. Excitation of metals.
Electrons near the fermi level (energy E F ) are promoted to states of higher energy via
FCA as represented by the small upward arrow. Right. Excitation of a wide band gap
material with pristine band gap E g , which is shifted upwards by Up due the strong
electric field of the laser pulse. Excitation is initiated by SFI, creating e-h pairs. The
free CB electrons and VB holes are heated by FCA to high energies. When the energy
of a carrier exceeds the band gap, it may produce by additional e-h pairs through IMP.

supplied by the light pulse in order to excite electrons from the VB and CB.
In other words, Up effectively increases the band gap of the material.
SFI in band-gap materials is sketched Fig. 4.1. Immediately after SFI, the
produced electron-hole (e-h) pairs are heated by FCA, which proceeds in the
same way as in metals. For intense excitation pulses, FCA heats the carriers to
very high energies, far exceeding the bandgap. These very hot electrons and
holes can produce additional e-h pairs by impact ionization (IMP) where, e.g.
an energetic electron collides with an atom, transferring a VB electron to the
CB. IMP can lead to an avalanche effect (avalanche ionization), resulting in an
excitation rate that may far exceed the SFI rate. The processes of FCA and
IMP are illustrated in Fig. 4.1.
It is still debated how influential IMP actually is on ultrashort laser-pulse
excitation of dielectrics; some authors report clear signatures of significant
IMP [25–27], while other authors find no evidence thereof [28, 29]. The
conflicting reports may in part be due to different laser conditions, as the
detailed excitation dynamics depends strongly on e.g. peak intensity and pulse
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duration. See for example [30] for an in-depth discussion on these issues.

4.3

Material relaxation: damage and ablation

SFI and FCA creates a highly nonequilibrium ensemble of carriers in metals
and dielectrics, but fast electron-electron and electron-hole scattering nevertheless quickly establishes a local thermodynamic equilibrium of the free carriers
within 1–10 fs. After thermalization, the carriers can be assigned a Fermi-Dirac
distribution with a well-defined temperature T and chemical potential µ.3
On a longer time scale, typically 1–10 ps, the carrier system transfers energy
to the lattice through inelastic electron-phonon scattering, which heats the
ions in the solid to high temperatures. Strong temperature gradients emerge
because of inhomogeneous laser-pulse excitation in the depth of the material.
As a result, the lattice becomes thermodynamically unstable, and ablation –
removal of atoms – may happen. It is an experimental fact that ablation (and
similar types of permanent short-pulse laser-induced modifications) exhibit
a certain threshold below which the material recovers without leading to
ablation. Below the ablation threshold, transient phase transformations (such
as a solid-liquid transition) may take place in the material, which eventually
reverts to the solid phase after cooling, sometimes leading to unique frozen-in
metastable solid states [31, 32].
The material relaxation following strong laser excitation is an extremely
complex topic, where small and large time- and spatial scales all are important
for the final outcome. As a result, laser-induced material modifications depend
strongly on the material properties and the excitation conditions. It is not the
purpose here to give a complete overview of this subject – we refer instead to
a recent review [31].
However, there are a few general differences between ablation of metals
and dielectrics that are worth highlighting. In metals, ablation is typically
hydrodynamic in nature, i.e. dependent on temperature of pressure of the
excited state of the solid. Photomechanical spallation is one such ablation
process that we discuss in Chapter 7. In contrast, ablation of dielectrics
typically entails a significant depletion of the occupation of the VB, which
strongly affects the bonding between atoms in the solid. This can lead to
ultrafast, so-called non-thermal processes, such as a breakdown of the lattice
3 In band-gap materials, one should assign separate Fermi-Dirac distributions to the CB and
VB, which, however, eventually equilibrates to a common temperature and chemical potential.
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while it remains cold. One example of a non-thermal ablation process is
Coulomb explosion [33–35], which we consider in more detail in Chapter 8.

Chapter

5

Near-field marking on TiO2
A major goal of my thesis is to experimentally verify numerical electric-field
calculations of plasmonic nanoparticles. The results presented below is based
on our first published validation of such calculations [1]. We named the
technique “near-field marking”, because it involves characterizing modifications
(in this case ablation) around nanoparticles, produced by strong electric nearfield enhancements (NFEs).

5.1

Background

As mentioned in Section 1.4, we initially tried to carry out the near-field
measurement by placing gold nanoparticles on top of Ge2 Sb2 Te5 (GST) thin
films, looking for amorphization of GST caused by the strong electric near
fields around laser-irradiated nanoparticles. This, however, was unsuccessful
for the reasons described later in Section 7.3. We therefore adopted the original
approach proposed in Ref. [8] by instead relying on ablation, in our case of
GST. Following this approach, we rarely saw NFEs greater than ∼ 2.
The reason for the low NFEs on GST took some time to realize, but it
is related to the curious optical properties of GST: at 1500 nm, the complex
refractive index is n GST = 7.0 + 1.3i; this is huge! Compare this to n TiO2 = 2.4
33
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for TiO2 . We know that a higher refractive index generally redshift the LSPRs
of nanoparticles by an amount proportional to n [see e.g. Eq. (3.11)]. If
a nanoparticle is designed to have a LSPR at 1500 nm on TiO2 – i.e. for
improved upconversion of Er3+ doped into this material – then replacing
TiO2 with GST redshifts the LSPR well above 3000 nm. This implies that our
early measurements on GST (1300–2000 nm) must have been off-resonant by
a fantastic amount.
Thus we completely abandoned the use of GST for near-field marking.
Instead, we carried out the procedure on TiO2 with ablation. A few nanoparticle designs had previously been optimized to give enhanced upconversion
yield (UCY) in TiO2 :Er3+ films. At the time, the 3D topology optimization
(TopOpt) code was not ready, so particle geometries were optimized by the
following – presumably common – approach: Guess a shape of a nanoparticle
(preferably something with pointy antenna-like features to get large near-field
concentrations), parameterize the shape according to a few parameters (e.g.
radius and height for a disk), identify an objective function (e.g. maximization
of total UCY in a certain volume), and feed it to an optimization routine.
In the case described here, we guessed that star-shaped nanoparticles would
produce large NFEs. Eventually we settled on five-legged “nanostars”, which
we then investigated the near-field properties of below. It turned out later that
this geometry was worse than simple disks in terms of UCY. This basically
underlines how bad our intuition might be about optics on the nanoscale, and
thus why the envisioned TopOpt approach towards generating nanoparticle
designs is a promising way forward.

5.2

Contribution

My contributions to the article consisted of writing most of the text, producing all the figures, and carrying out all of the measurements. Adnan Nazir
fabricated the nanoparticles, which also involved a fair bit of optimization
on his part. Emil H. Eriksen and Joakim Vester-Petersen carried out the
numerical calculations.
The publication [1] is included in the following with minor changes to
the layout and labeling of sections, equations, and references.
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Near-field marking of gold nanostars by ultrashort pulsed
laser irradiation: experiment and simulations
Søren H. Møller1 , Joakim Vester-Petersen2 , Adnan Nazir1 , Emil H. Eriksen1 , Brian
Julsgaard1,3 , Søren P. Madsen2 , and Peter Balling1,3
1

Department of Physics and Astronomy, Aarhus University, Ny Munkegade 120, DK-8000
Aarhus C, Denmark
2 Department of Engineering, Aarhus University, Inge Lehmanns Gade 10, DK-8000 Aarhus C,
Denmark
3 Interdisciplinary Nanoscience Center, Aarhus University, Gustav Wieds Vej 14, DK-8000 Aarhus
C, Denmark

Quantitative measurements of the electric near-field distribution of
Abstract:
star-shaped gold nanoparticles have been performed by femtosecond laser ablation.
Measurements were carried out on and off the plasmon resonance. A detailed comparison with numerical simulations of the electric fields is presented. Semi-quantitative
agreement is found, with slight systematic differences between experimentally observed and simulated near-field patterns close to strong electric-field gradients. The
deviations are attributed to carrier transport preceding ablation.

5.A

Introduction

Freely propagating electromagnetic waves are subject to the diffraction limit
which fundamentally constrains our ability to focus light down to a spot
smaller than roughly half of the wavelength. Metal nanostructures can bypass
this limitation due to their ability to convert the freely propagating waves
into evanescent waves [16], i.e. strongly damped waves that exist only along
interfaces or inhomogeneities [14]. For metal nanoparticles (NPs), so-called
localized surface plasmon resonances (LSPRs) are coupled light-matter modes
consisting of strong evanescent waves that dominate the near-field zone of the
NPs, resulting in nanoscale light confinement with very high field-magnitudes
[36]. The ability to change the values of the LSPR frequencies of NPs, by
changing their size, shape, and dielectric environment [37, 38], makes it possible to tailor the NPs for specific applications, e.g. sensing [39], photovoltaics
[40], and nonlinear optics [41].
When the NPs are larger than roughly 10 nm, quantum mechanical effects
are negligible [42], in which case the macroscopic Maxwell equations can be
used to predict the electromagnetic field distribution. Such classical simulations
are usually validated by the far-field optical properties [43] or some response
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that depends strongly on the local electric field, e.g. a surface-enhanced Raman
signal [44] or upconversion luminescence [45]. Even if simulations agree on
measured cross sections in the far field, this does not imply that the simulations
are correct in the near-field zone [21]. For instance, a Raman-enhancement
signal gives at best an average view of the field enhancement. Scanning nearfield optical microscopy (SNOM) is one of the earlier techniques for imaging
electric fields with nanoscale resolution [46]. The challenge with SNOM
is, however, that the measured signal depends strongly on the tip–sample
interaction; this interaction must somehow be subtracted from the signal
to obtain an image of the actual fields in the absence of the tip, but this is
very hard to do in practice [9, 14]. Techniques based on electron-energy-loss
spectroscopy (EELS) and cathodoluminescence (CL) [47, 48] are very useful as
they image the plasmon modes with a resolution set by an electron microscope
(down to a few nm or better). The drawback in EELS and CL is that highenergetic electrons excite the plasmon modes, and therefore a comparison to
low-energetic optical excitation of plasmons, as utilized in most applications
and also calculated in most simulations, is not always straightforward [9].
A different approach is to image electric near-field enhancements (NFEs)
by permanently modifying the environment around the NPs by pulsed laserirradiation; the modifications can be ablation [8, 49, 50], phase-change [10, 11],
or polymerization [51, 52] of the underlying or embedding material. The
advantage of such techniques is that they potentially provide quantitative NFEs
directly comparable to electromagnetic simulations with nm resolution. We
will refer to such techniques as “near-field marking” in the following.
In this work we compare, quantitatively, measured and simulated electric field distributions around gold nanostars (from now on referred to as
NPs), placed on top of a thin film of Er-doped TiO2 (TiO2 :Er3+ ), by pulsed
femtosecond-laser ablation. The advantage of laser ablation, as compared to
phase-change and polymerization, is that it can be performed on any material
without any precautions. Near-field measurements on TiO2 :Er3+ are carried
out in order to validate numerical electric-field simulations that are used for
optimizing plasmonic nanostructures for enhanced Er-upconversion (see e.g.
[45]). By tuning the laser wavelength, we measure the NFE in space on and
off the plasmon resonance. We find that the results in each case agree semiquantitatively with electric-field simulations, however we observe a slight
systematic difference between observed and simulated near-field patterns near
the NP edges. The discrepancy is attributed to diffusion, and carrier-related
scattering in TiO2 taking place before ablation is initiated. Consequently, the
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Figure 5.1: Illustration of the sample and NP details. (a) Schematic side-view of
the sample with a single NP on top. This domain is used in the simulations; see
Section 5.B.2 for details. (b) Top-down SEM image of one of the identically fabricated
NPs. (c) AFM image showing an overview of part of the distribution of NPs.

near-field marking technique has the potential to study these phenomena on a
nanometer length scale.

5.B

Methods

5.B.1

Sample fabrication

A 50 nm thick Er3+ -doped TiO2 film was deposited on top of a 0.5 mm thick
fused quartz substrate by radio-frequency magnetron sputtering. A random
distribution of identical gold NPs was fabricated with electron beam lithography (EBL) on top of the TiO2 film on a 500 µm × 500 µm area in the center
of the film. The sample is sketched in Fig. 5.1(a) together with a scanning
electron microscope (SEM) image of the NP geometry on Fig. 5.1(b); the NP
is a star with five legs, a height of approximately 40 nm with an outer diameter
of about 320 nm and a hole of diameter 65 nm. The fabrication details are
identical to those reported by us elsewhere [45]. The NP dimensions were
chosen so as to have a LSPR around 1500 nm. An atomic force microscope
(AFM) image of the NPs are shown in Fig. 5.1(c). The area that each NP
occupy on average is a NP = 1.67 µm2 .

5.B.2

Simulations

Fig. 5.1(a) depicts a 2D cross section of the computational domain consisting
of a single gold NP on top of the TiO2 -quartz sample. The NP is modeled
using a contour trace (x, y) from the SEM image shown in Fig. 5.1 (b) which
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is extruded to a height of 40 nm. The size of the computational domain is
2 µm × 2 µm × 2 µm and is truncated by perfectly matched layers (PMLs) [53]
in order to efficiently model the electric field distribution for a single NP while
reducing artificial reflections from the boundary. Particle-particle interactions
are neglected, which is a reasonable assumption when the TiO2 :Er3+ film is
sufficiently thin [54].
For non-magnetic, isotropic, and linear media, the model is governed by
the time-harmonic electric-field wave equation
∇ × (∇ × E) + ˜r k 02 E = 0,

(5.1)

where E is the total electric field, ˜r is the complex relative electric permittivity,
and k 0 is the free-space wavenumber. The model is excited using the scatteringfield formulation [55] where E is given as the superposition of the background
field Eb and the scattered field, Es , as
E = Eb + Es .

(5.2)

The background field is obtained analytically via the transfer matrix method
[56] for the situation without any scatterer present in the model. Here, a
normally-incident plane wave propagates in the positive z-direction, linearly
polarized in either the x- or y-direction, cf. Fig. 5.1(a). The scattered field is
obtained by substitution of Eq. (5.2) into Eq. (5.1)
∇ × (∇ × Es ) + ˜r k 02 Es = −∇ × (∇ × Eb ) − ˜r k 02 Eb,

(5.3)

and solving for Es numerically using the finite element me-thod. The refractive
indices for Au and SiO2 are taken from [18] and [57], respectively, while values
for TiO2 :Er3+ were experimentally obtained using ellipsometry.
Note, that for an incident laser pulse, the correct solution is a convolution
between the monochromatic time-harmonic solutions and the pulse spectrum.
If the NP reponse spectrum is broad compared to the pulse spectrum, which
is the case here (see Section 5.C), a single monochromatic solution is sufficient
for modelling the pulse.
The extinction cross section of the NP is given by
σext = σabs + σsct,

(5.4)
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where σabs and σsct are the absorption and scattering cross sections, respectively, obtained via
˚
1
J · E dVNP,
I0
VNP
¨
1
=
n · hSsct i dΩNP .
I 0 ΩNP

σabs =
σsct

(5.5)

Here I 0 is the intensity of the incoming plane wave, J, is the current density
induced by the electric field, and n is a unit vector normal to the surface of the
NP. The time averaged poynting vector of the scattered field, hSsct i, is defined
by the poynting vector of the total- and background fields as hSsct i = hSi − hSb i.
VNP and ΩNP are the volume and surface of the nanostar, respectively.
The software package COMSOL Multiphysics [58] version 5.3 was used
to implement the model, solve for the scattered field distribution as well as
calculating σext . The model is discretized by nonuniform quadratic tetrahedral
Nedéléc elements [53]. The maximum element size is scaled according to
the wavelength in each material domain as λ/6 ( λ is the material-dependent
wavelength) in order to resolve the electric field oscillation. To resolve high
gradients close to the NP surface, the mesh resolution is increased by a factor
of 10.

5.B.3

Optical measurements

An extinction spectrum of the NPs was recorded in a spectrophotometer by
measuring the transmission through the sample on and off the NPs. The
difference in the two transmission measurements yields the extinction due to
the NPs. The reason for this is the following: it can be shown that the power,
P , in the forward direction measured in the far field on a small detector, yet
large enough to contain many interference fringes of the scattered beam, is
[21]
P = I i a − σext I i + I s a/(k 0 r )2 .
(5.6)
Here I i is the incident beam intensity, I s the scattered beam intensity in
the forward direction, and r the sample–detection distance. The quantity a
represents the detection area. The derivation given in [21] is valid for NPs in
homogeneous space. When the NPs are situated on top of a layered structure,
the incident intensity must be replaced by the transmitted intensity I b of the
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structure without NPs. Ignoring the scattering term in Eq. (5.6), which is
negligible in the far field, the extinction cross section is thus given by
σext = a(Tb − TNP ),

(5.7)

where Tb and TNP are the transmittance in absence and presence of the NPs,
respectively. Here, Eq. (5.7) is the total extinction cross section. For N
identical NPs (ignoring particle-particle couplings), the cross section of a
single NP is σext,1 = σext /N . In our setup, a corresponds to the illuminated
area on the sample because all the forward-scattered light is captured by the
detector. The final expression for the single-NP extinction cross section is thus
σext,1 = a NP (Tb − TNP ),

(5.8)

where a NP = a/N = 1.67 µm2 is the area that each NP covers on average.

5.B.4

Near-field marking

The experimental setup for near-field marking is as follows. Part of the output
of a regeneratively amplified Ti:Sapphire (35 fs, average pulse energy 0.5 mJ)
is used to pump an optical parametric amplifier (TOPAS), thus providing
femtosecond pulses with a tunable wavelength in the range 1160 nm to 2600 nm.
Pulse energies are measured by a fast, calibrated photodiode and adjusted by
absorptive optical density filters. Single laser pulses are focused onto the sample
by an achromatic lens (focal length 45 mm) at normal incidence. The focused
beam radius (at 1/e 2 ) is between 8 µm to 9 µm, while typical fluences range
from 0.5 J cm−2 to 2 J cm−2 .
The idea of the near-field marking method is to permanently mark the nearfield zone of the NPs onto the underlying TiO2 film by field-enhanced laser
ablation. It is therefore crucial to determine the ablation threshold and the
spatial laser-beam parameters. The beam from the TOPAS is in our situation
to a very good approximation Gaussian, however it can be slightly elliptic.
In the general case, the spatial fluence profile in the focal plane at the sample
surface is described as


F (x, y) = F 0 exp −2x 2 /w 2x − 2y 2 /w y2 ,
(5.9)
where F 0 is the peak fluence, and w x and w y are the beam radii in the x and
y directions chosen to lie along the major and minor axes of the elliptic spot.
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Figure 5.2: Plot of diameter, D, squared versus fluence, F . The threshold fluence for
ablation and the laser beam radii are obtained from fits (solid lines) to the data (cf.
Eq. (5.10)).

The relation between peak fluence and pulse energy, E p , as measured by the
photodiode, is F 0 = 2E p /πw x w y . A simple technique due to Liu [59] for
determining both the ablation threshold, F th , and the beam radius is used here,
wherein a series of holes is ablated in TiO2 at different energies. By measuring
the major and minor diameters of the holes, the ablation threshold and the
beam radii can be extracted by simultaneously fitting the data to the following
two curves:
D 2x = 2w 2x ln(F 0 /F th ),
(5.10)
D y2 = 2w y2 ln(F 0 /F th ).
The values w x , w y , and F th are extracted from the fits to the model shown in
Fig. 5.2 for wavelengths 1250 nm, 1450 nm, and 1550 nm, respectively; the associated threshold fluences are, respectively, 480 ± 30 mJ cm−2 , 500 ± 30 mJ cm−2 ,
and 730 ± 50 mJ cm−2 . In the case of 1550 nm, the laser spot was circular, so
only a single straight line was used in the fit. We attribute the larger threshold
at 1550 nm to a change in photonic order for bridging the band gap (∼ 3.4 eV
as obtained from ellipsometry measurements).
Once the laser beam and ablation threshold of the TiO2 film have been
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characterized, the NPs are irradiated by a single pulse above the ablation threshold. The presence of the ablation crater is useful for finding the center of the
irradiated spot, and for checking that the measured pulse energy is consistent
with the energy calculated from the crater size. Outside the ablation crater,
where F (x, y) < F th , nanoscale ablation craters appear around the NPs due to
field-enhancement effects, seepFig. 5.3(a). The NFE (near-field enhancement),
defined here as NFE(x, y) = F th /F (x, y), can thus be calculated and related
to a contour line corresponding to the ablation crater. By selecting NPs at
different distances from the center of the spot, multiple field-enhancement
contours can be traced out from a single laser-irradiated spot. To improve
the statistics of the final contour lines, we stack several (4 or more) images of
field-enhanced ablation craters, which are roughly at the same distance from
the center of the spot. Stacking and alignment of the images is performed with
AutoStakkert [60]. The final contour lines are traced on the resulting image.
The process is illustrated in the bottom of Fig. 5.3(b); the darker areas, outlined
by red, indicate ablation. The bright areas outside the lineouts represent a
combination of the edges of the ablation craters, and leftover residues from
the gold NPs. There is some potential ambiguity as to where contours are
drawn. We have chosen to draw cosistently the lines slightly outside the edge
of the ablation crater (see e.g. Fig. 5.3(b)). The contours are made 4 nm thick
to reflect this ambiguity. Note that in the present case, the NPs showing nearfield-induced ablation are all removed by the laser pulse due to the relatively
high ablation threshold of TiO2 . The fluence for removal of NPs is estimated
to be about 10 mJ cm−2 to 30 mJ cm−2 . This fits well with the expected melting
threshold of the nanostars (∼ 10 mJ cm−2 ), so most likely the NPs are ejected
from the film when they contract to nanodroplets [61]. Note that melting and
NP-ejection happens only on a much longer time scale (ps to ns) compared to
the pulse duration (fs), hence the measured near-field distribution will remain
unaffected.

5.C

Results and discussion

A comparison between the measured and simulated single-NP extinction cross
section is shown in Fig. 5.4(a). Both measurements and simulations are for
unpolarized light normally incident on the sample. The measured peak, and
hence the LSPR, is located at 1560 nm. Two simulated curves are shown: one
labelled 90°, which means that the geometry of the NP (based on thresholding
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(a)
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Figure 5.3: SEM images of irradiated NPs. (a) Ablation crater produced by single-shot
irradiation at 1550 nm and a peak fluence of 1.4 J cm−2 . NPs close to the center of the
spot are removed, leaving behind nanoscale ablation craters due to NFE as shown in
the blow-up. (b) The near-fields of different NPs, all irradiated with approximately
the same fluences, are stacked together to obtain an average whose contours for NFE
are traced by red.

actual SEM images) is simply extruded perpendicularly to the plane of the
substrate. The resulting NP is shown in Fig. 5.4(b). The other curve, labelled
70°, was calculated by tapering the NP 70° with respect to the substrate plane;
the tapered geometry is shown in Fig. 5.4(c). The reason for considering
this NP geometry is to also account for the fact that NPs fabricated by a
lithography process become tapered during the evaporation step [62]. We
have seen previously, under identical fabrication parameters, that the tapering
angle ranges somewhere between 60° to 80° [45], hence 70° is a reasonable
value. Indeed, the simulations at this angle fit almost perfectly the measured
extinction. Tapering the NP further redshifts the LSPR; this is a general
feature because, effectively, the NP’s (average) height is reduced [63].
The results from the near-field measurements are studied by lines of constant NFE (near-field enhancement) shown in Fig. 5.5(a)-(c) for incident
wavelengths of 1250 nm (a), 1450 nm (b), and 1550 nm (c). We remark that
the spectrum of the femtosecond pulses is roughly 60 nm broad (full-width
at half-maximum), however, this is narrow compared to the spectrum of the
NP response (c.f. Fig. 5.4(a)). Therefore, we will consider only the central
wavelength of the laser pulse in the following. The polarization is horizontal,
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(a)

(b)

(c)
70o

Figure 5.4: Measured (gray full) and simulated (blue dash-dotted and orange dashed)
extinction cross section curves. The simulated curves are labelled according to their
tapering angles, 90° and 70°; the corresponding NP geometries, as implemented in
the simulations, are shown in (b) and (c), respectively.

as indicated by the black arrow. We estimate that the uncertainty of the measured values of NFE is up to 25 %. (The uncertainty is due to tight focusing of
the laser beam, producing a slight gradient in the incident fluence across NPs.)
The corresponding simulations, shown in Fig. 5.5(d)-(f), were performed for
the 70° tapered NPs (Fig. 5.4(c)); the field is shown in the upmost part of the
TiO2 film where ablation is initiated. The color scales indicate NFE, which in
the simulations is defined as |Es |/|Eb |. The color scale is the same in all panels;
it is truncated to the maximal measured NFE in order to facilitate comparison
between experiment and simulations. (Simulations have a tendency to show
large NFEs very close to the NP that grows in magnitude with finer mesh
resolution.) We see immediately, both in experiment and simulations, that
the NFE is much smaller at 1250 nm than at 1450 nm and 1550 nm. This is
expected because 1250 nm is relatively far off resonance, cf. Fig. 5.4. The
simulations predict that the NFE is higher at 1550 nm, (which is very close
the measured LSRP at 1560 nm), however the measurements do not clearly
show the difference between 1450 nm and 1550 nm. In all cases, the two upper
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(a)

NFE

(d)

(e)
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(f)
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Simulation

Distance to center [nm]

Figure 5.5: Comparison between measured and simulated near-field distributions.
The left column, (a)-(c), shows lines of constant NFE obtained from the near-fieldmarking procedure. The wavelength of the exciting light was 1250 nm (a), 1450 nm
(b), and for 1550 nm (c). Panels (a)-(f) each have dimensions 400 nm × 400 nm. The
polarization is the same and is indicated by the arrow in (a) and (d). The right column,
(d)-(f), displays the simulated near-field distribution at the surface of the TiO2 film.
The color scale indicates the NFE. Note that the scale is the same in panels (a)-(f) and
is truncated at 7.2. (g) Measured and simulated NFE for 1550 nm excitation along a
line bisecting the upper-right leg of the nanostar as indicated in the inset.
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legs that are best aligned with the polarization, concentrate the incident light
more strongly, resulting in larger magnitudes of NFE in close agreement with
the simulated values.
Fig. 5.5(g) shows the NFE as observed at 1550 nm along a line bisecting
the upper-right leg of the nanostar (see the inset in Fig. 5.5(g)). There is
fairly good agreement between the measured and simulated values away from
the edge of the NP. The difference is up to 50 %, yet the asymmetric trends
on each side of the NP’s edge are well reproduced. Around the edge, the
calculated NFE reaches values of up to 25 in a very small region which could
not be resolved experimentally. We see in all cases from Fig. 5.5 a systematic
shift of the measured NFEs toward the center of the NP. In addition, the
measured NFEs are somewhat lower than the simulated values. In order to
explain these discrepancies, we emphasize that absorption of the laser pulse
in the TiO2 (which in the simplest case is proportional to |E0 | 2n where |E0 |
is the peak electric field inside the material due to the pulse, and n is the
number of photons needed to bridge the band gap) is only the first step in the
process leading to ablation. Absorption in TiO2 proceeds by exciting electrons
across the band gap. The excited electrons are then subsequently heated via
inverse bremsstrahlung for the remainder of the pulse duration. If the excited
electrons are sufficiently hot, impact ionization may proceed, further exciting
electrons across the band gap. For macroscopic ablation to occur, the electrons
(and holes) must transfer their energy to the lattice. This happens generally
after the first few or few tens of ps. In the meantime, the initially absorbed
energy density, as to be compared with the electric field simulations, is smeared
out due to diffusion (or possibly ballistic transport) of electrons and holes.
Consequently, the energy transferred to the lattice is smeared out, and this
can explain why very localized NFEs cannot be resolved sufficiently due to
unusually large gradients. Indeed, carrier transport can qualitatively explain
the experimentally observed shifts of NFEs toward the center of the NP; large
initial gradients in electron density along the edge of a leg will lead to piling
up of electrons beneath it. However, carrier transport alone cannot explain
the observed, systematically small values of NFE close to the NP edges. One
important effect, which has been shown to be crucial in explaining ablation
patterns around gold nanorods [64], is electron-phonon screening due to high
electron densities which greatly reduces the rate of energy transfer between the
electrons and the lattice. Hence, at positions of sufficiently large NFE, where
most excited electrons reside initially, energy transfer to the lattice is slower.
This allows more time for the transport mechanisms to redistribute the energy.
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In addition, recombination of carriers at the gold interface may play a role
for energy losses in TiO2 , especially when the electron-phonon coupling is
weakened by the high carrier concentration. The details of the carrier-lattice
dynamics will be the topic of future investigations, e.g. by comparing to
detailed modelling in an extended two-temperature model [65]. Comparison
with detailed simulations will help illuminate which processes dominate the
dynamics leading to ablation (e.g. diffusion or ballistic transport). Such
a combined study will provide a means for precisely calculating dynamical
properties of carrier transport due to the nm resolution available by the current
experimental technique.
For validation of electric-field simulations, the experimental technique
shows that the trends from the simulations are well-produced. The principal
resolution of the technique is a few nanometers. However, as seen clearly from
Fig. 5.5(g), the experimentally observed NFEs can be shifted by about 10 nm
close to strong electric-field gradients for the reasons discussed above. The
ultimate resolution of the technique will probably depend on the substrate
material. To further increase the spatial resolution of the technique, detailed
modelling of the carrier transport must be applied. Away from strong electricfield gradients, semi-quantitative agreement is obtained where the measured
NFEs may be up to 50 % lower than the simulated values. The major advantage
of this technique is that it can be applied to any material.

5.D

Conclusion

We have studied experimentally the electric near-field distribution around
star-shaped gold nanoparticles by ablation of an underlying TiO2 film using a
tunable femtosecond laser. The technique provides quantitative measurements
of the spatial distribution of electric-field enhancement on and off the plasmon
resonance with nanometer resolution. We found good semi-quantitative agreement with electric-field simulations, with some systematic differences in the
spatial patterns and values of field enhancement close to strong electric-field
gradients. The disagreement can be attributed to the photoexcited carrier
transport preceding the ablation process. In future work we will investigate
the effect of the carrier transport in details to clarify the discrepancies between
experiment and simulations. The near-field marking technique used in this
work can potentially be applied to study further the carrier dynamics by
carefully designed nanostructures.
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5.3

Comments

It was only after publication of the paper that I became aware of Ref. [22],
where the authors argued that the resonance frequency of maximum NFE is
redshifted with respect to the LSPR frequency. The latter coincides with the
observed peak extinction in Fig. 5.4. The argument is simple, and was discussed
in Section 3.4. Thus, in hindsight, it would have been more interesting to
measure NFEs at e.g. 1700 nm instead of 1250 nm, since the former wavelength
would be closer to the actual resonance in NFE, which we presumably missed
by not going above 1550 nm.
In the article, we promised to investigate further the influence of carrier
transport on the nanoscale ablation craters by detailed modeling, similar to
what was done in [64]. I never got around to do this, because I got busy with
the GST project (Chapter 7), and afterwards with the project on transient
optical properties of laser-excited dielectrics (Chapter 8). Nevertheless, the
intended study does suggest an interesting approach towards examining, and
potentially tailoring, hot electron transport phenomena on the nanoscale.

Chapter

6

Near-field marking in SU-8
In the previous chapter, we described how quantitative near-field enhancements
(NFEs) of plasmonic nanoparticle were obtained by ultrashort laser-pulse
ablation in the substrate (TiO2 ) below the nanoparticles. The ablation craters
were imaged by scanning electron microscopy (SEM), which provided us with
two dimensional (2D) contour maps of the NFEs. The experimental results
compared favorable well with simulations, although we did see evidence of
systematic differences, which we attributed to carrier transport preceding
ablation.
In this chapter we use a slightly different approach to near-field marking by
making use of multiphoton polymerization (MPP) of a photoresist that covers
the nanoparticles. Compared to ablation, MPP has a lower threshold fluence,
which might mitigate some of the potential side effects of strong excitation,
such as hot-carrier transport. However, the biggest advantage of MPP is that
three dimensional (3D) surfaces of constant NFEs are can be obtained with
atomic force microscopy (AFM). In contrast, debris related to ablation makes
this much harder to achieve in the previous approach.
We have recently designed and fabricated a topology optimized (TopOpt)
periodic nanostructure, optimized to exhibit maximum NFE at 1500 nm when
covered with the photoresist SU-8. I have not yet had the time to carry out
the detailed NFE measurements on the new nanostructure, but I expect that a
49
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(a)

(b)

Figure 6.1: Photolithography process using a negative resist (green). (a) Exposure
step: A focused UV light beam is scanned across the sample (from right to left). The
exposure in the focal volume is sufficient to cause polymerization (dark green regions).
(b) After development of the resist, only the polymerized parts remain.

manuscript related to this work will be ready by October (discussed in more
detail in Section 6.5.1). In this chapter, I present detailed NFE measurements
on an older sample with nanoparticles, that, however, were not obtained by
TopOpt. This nanoparticle design was thought up by Emil Eriksen, who also
did the numerical near-field calculations shown later; Adnan Nazir fabricated
the sample.

6.1

Introduction

Photolithography is a versatile tool for fabricating 3D structures. In this
approach, a photosensitive resist (“photoresist” or simply resist) is coated
on top of a substrate and subsequently exposed to light, typically in the
UV range, which changes the local chemical composition of the resist. In a
negative resist, the exposed regions exceeding a certain threshold is polymerized
(i.e. “hardens”). The remaining underexposed parts of the resist is removed
chemically by dipping the resist into a developer solution. In this way, 3D
structures can be printed on top of the substrate by selectively exposing parts
of the resist with a focused beam of light, see Fig. 6.1.
Positive resists work the other way around: The exposed regions becomes
soluble, which are therefore removed in the development step. Thus the desired
structures emerge by removing the exposed volumes.
For 3D printing of microstructures, negative resists are typically used. The
spatial resolution in this case is limited by diffraction to about the wavelength
(typically around 400 nm) of the focused light beam. A simple way to improve
the resolution is to use long-wavelength, ultrashort laser pulses, where multi-
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photon absorption is needed to locally expose the resist [66–68]. The process
is then called multiphoton polymerization (MPP).1 Impressive large-scale 3D
structures with sub-µm features have been written by MPP [69].
Since the condition for MPP, like ablation, exhibits a threshold, it can be
used for near-field marking by the same procedure described in Section 5.B.4.
Such an approach has been undertaken before [51, 52, 70–72], but the measured
NFEs has not been reported in enough detail to allow a thorough comparison
to numerical near-field calculations,2 which is our purpose here.
Before embarking on a description of the experimental procedure and the
results, let us briefly describe the polymerization process in more detail. Based
on this understanding, we introduce a simple model for the threshold of MPP,
which is a function of laser fluence and number of pulses used for the exposure.

6.2

Multiphoton polymerization

Negative photoresists used for MPP are typically very viscous liquids (resins),
that contains the following three basic ingredients: monomers, oligomers, and
(photo)initiators. A monomer is, by definition, a small molecule that can bind
to other monomers. An oligomer is a larger molecule that consists of many
monomers in a repeating structure [73]. Upon absorption of UV light by the
initiator molecules, free radicals are produced that starts a reaction whereby
monomers and oligomers bind together, forming a long chain of molecules –
a so-called macromolecule. The macromolecule keeps growing until it meets
and fuses with another macromolcule, thus forming an even bigger molecule,
called a polymer molecule if it is large enough [66]. When a region of the resin
consists primarily of such large-scale polymer molecules, the region is said
to be polymerized. The initiation process may have to be restarted multiple
times in order to create necessary amount of polymers, that can survive the
development step. There is, statistically, a minimal optical dose required to
complete the polymerization process.
The detailed process leading to polymerization is very complex, as it involves diffusion of and reactions between many molecules. In the simplest
1 Very

often the process is simply called two-photon polymerization (TPP) when a
Ti:sapphrie laser of 800 nm is used for the exposure.
2 Ref. [51] comes close, but the analysis of the experimental data is somewhat ad hoc: In
order to extract NFEs, it is necessary to assume that the NFE drops exponentially away from
the nanoparticles.
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possible description, we could assume that the polymerization process is completely local (i.e. we neglect spatial effects such as diffusion). Polymerization
may then be directly linked to the multiphoton absorption by the initiator
molecules. To derive the polymerization threshold, we assert that a certain
fraction of initiators have to be activated via multiphoton absorption. Let this
fraction be Ath . Suppose that m photons is need to be excite, and thus activate,
an initiator. The rate of change of the fraction A of activated initiator can then
be modelled as
∂A
= σm I m (t )(1 − A),
(6.1)
∂t
where I is the intensity of the laser pulse, and σm is the m-photon absorption
cross section of the initiators.
Depending on the laser intensity, many subsequent pulses are necessary
to activate a large fraction of initiators. When many subsequent pulses are
needed, the change in A per pulse is small, so
ˆ
∆A =
dt σm I m (t )(1 − A)
(6.2)
pulse
ˆ
≈ σm (1 − A)
dt I m (t ) = η m (1 − A)F m ,
(6.3)
pulse

√
where F is the fluence and η m = 1.064τσm / m for a Gaussian pulse [compare
to Eq. (4.6)]. Eq. (6.3) gives the change in A per pulse. Expecting ∆A to be
small, and therefore the number of pulses N to be large in order to cause
polymerization, we write
dA
≈ ∆A ≈ η m (1 − A)F m .
dN

(6.4)

We can easily solve this “differential equation” for N ; the result is
m

A(N ) = 1 − e −N ηm F .

(6.5)

At the MPP threshold, A = Ath . The associated threshold fluence depends
on the applied number; solving for this threshold, F th,N , we find
F th,N = N −1/m F th,1,

(6.6)

with F th,1 = [ln(1 − Ath )η m ]−1/m , which is the single-pulse MPP threshold.
Eq. (6.6) implies that the threshold fluence of MPP decreases with the number

6.3 Experimental approach

53

Figure 6.2: Principle behind near-field marking by MPP. Displayed here is a small
section of a larger sample containing gold nanoparticles (stars in this case). The sample
is covered by a negative photoresist (SU-8) and irradiated by ultrashort laser pulses
below the MPP threshold. After development, the resist is removed, except for the
polymerized parts near nanoparticle where the NFE was sufficient to increase the
fluence above the MPP threshold.

of pulses as N −1/m . A similar scaling of the threshold fluence is also found in
the case of ablation, where it is expressed in terms of the incubation coefficient
S: F th,N = N S−1 F th,1 [74, 75]. Our simple model of MPP predicts that S =
1 − 1/m.

6.3

Experimental approach

The general principle behind near-field marking by MPP is sketched in Fig. 6.2.
As a first step, gold nanoparticles are prepared on a flat substrate. The surface is
then covered by a negative photoresist (e.g. SU-8, see below), fully embedding
the nanoparticles on the substrate. Next, the sample is exposed to ultrashort,
near-infrared laser pulses. Considering here a particular nanoparticle, the local
laser fluence and number of pulses is adjusted such that the exposure is below,
the threshold for MPP. If the NFE by the nanoparticle is sufficient, MPP is
caused near the nanoparticle. The final step is development of the resist, where
the underexposed (i.e. non-polymerized) parts are removed. The near-field
induced MPP around the nanoparticles can then be imaged in AFM and SEM
to obtain a surface (in the case of AFM) of a particular value of NFE. If N
laser pulses were used for the exposure, and the (average) laser fluence per
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pulse near the nanoparticle was F , then
q
NFE = F th,N /F ,

(6.7)

where F th,N is the MPP threshold of the resist. Note that this is analogous to
how NFEs were obtained by ablation with N = 1 (Section 5.B.4).

6.3.1

Experimental details

Metal nanoparticles are produced by EBL on a flat 0.5 mm flat quartz substrate
(sometimes covered with a thin ∼300 nm TiO2 film). Before coating the
samples with a photoresist, we first clean them with acetone and isopropanol
(IPA). Afterwards, the samples are dried on a hotplate. As the final preparatory
step, the samples are baked in an oven under low pressure to remove water
molecules from the surface, followed by application of an HMDS treatment,
which basically makes the sample surface hydrophobic; this greatly promotes
adhesion with photoresists used for lithography.
As a negative photoresist, we employ commercial SU-8.3 SU-8 is very
viscous, which is not so great for making thin films. We therefore use a diluted
solution of SU-8 (using cyclopentanone as a solvent) that has a much lower
viscosity. The samples are covered with the photoresist by spin coating at
6000 rpm, yielding 400–450 nm thick SU-8 films. The coated samples are
finally dried on a hotplate at 95 ◦C for a few minutes.
Exposure is carried out using wavelength-tunable femtosecond laser pulses,
derived from an optical parametric amplifier (TOPAS). The steps are the same
as described in Section 5.B.4. Briefly, regions on the sample containing no
nanoparticles are exposed at different pulse energies and different number
of pulses to determine the MPP threshold of SU-8. Next, areas containing
nanoparticles are exposed. The irradiation parameters are typically chosen
such that the central, most intense, part of the laser-irradiated spot on the
sample exceeds the MPP threshold. The tail areas of the Gaussian fluence
profile are still below the MPP threshold, which is where polymerization due
to NFE is observed. Note, however, that the MPP threshold is actually only
known after development of the sample, so prior knowledge about typical
MPP threshold values is useful.
The samples are developed immediately after exposure, where they are
first baked on a hotplate at 95 ◦C for a few minutes. The unpolymerized parts
3 MicroChem,

SU-8 3000: http://microchem.com/Prod-SU83000.htm.
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200x200 µm2

TiO2:Er3+

50 nm

Quartz

Figure 6.3: Left. Sample geometry (not to scale), before coating with SU-8. Nanoparticles are printed in small 200 µm × 200 µm areas (colored yellow). The drawing is
not to scale. Right. SEM image of the randomly distributed nanoparticle crosses. The
inset shows a magnified view of one nanoparticle. The length and width of each leg is
200 nm and 50 nm, respectively. The gap in the center is about 40 nm wide, and the
height is 50 nm.

of the resist are then removed by dipping and actively stirring the samples in
a commercial developer solution for a few minutes. Finally, the samples are
rinsed in IPA, and are thus ready for characterization by e.g. SEM and AFM.

6.4

Results and discussion

The sample and nanoparticle geometry considered in this section is sketched
in Fig. 6.3. The nanoparticles (“nanocrosses”) are arranged in a random
pattern with an average particle density of 0.3 µm−2 . The nanocrosses were
designed to have large NFEs in the TiO2 :Er3+ film at ∼1500 nm for enhanced
upconversion yield (UCY) of Er3+ .
The localized surface plasmon resonances (LSPRs) of the nanoparticles
are redshifted slightly after coating the sample with 450 nm SU-8.4 This is
confirmed in Fig. 6.4, which shows the extinction cross section σext of the
nanoparticles, measured before and after SU-8 was applied. The measurements
were carried out by the same procedure described in Section 5.B.3. The new
4 This can be understood, somewhat crudely, from Eq. (3.11) by replacing ε = 1 for
m
air with the larger value of SU-8 at the appropriate excitation wavelength. Another intuitive
explanation is as follows: the increased refractive index of SU-8 makes the excitation wavelength
near the nanoparticles look smaller; the particle thus appears bigger, which, as we know,
generally redshifts LSPRs.
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Figure 6.4: Measured extinction cross sections of the nanoparticles before (solid line)
and after (dashed line) coating the particles with 450 nm SU-8. The LSPR is redshifted
from 1400 nm to 1600 nm by SU-8.

LSPR is located around 1600 nm. Realizing that the near-field resonance
frequency is slightly redshifted compared to this value (see Section 3.4), we
choose 1700 nm as the excitation wavelength.

6.4.1

MPP thresholds

We must determine the MPP threshold of the photoresist in order to infer
quantitative values of NFEs [see Eq. (6.7)]. This is accomplished by the
standard procedure [59], where the size of the polymerized spots are related
to pulse energies, assuming a Gaussian beam profile, see Eq. (5.10). Here,
we repeat this procedure for a varying number of pulses in order to check
Eq. (6.6).
Fig. 6.5 shows the data from which we extract the MPP threshold fluence
at 1700 nm. The boundaries of each polymerized spot [e.g. inset in panel (b)]
is fitted to an ellipse, which reveals that the spots are roughly circular; the
errorbars on the squared diameter of the spots ( D 2 ) are estimated from the
differences in the minor and major axes of the fitted ellipses. The solid straight
lines show fits of Eq. (5.10), but with a single beam radius w, which in this case
is w = 8.2 ± 0.3 µm. Each line in panel (a) gives a distinct threshold fluence
F th,N corresponding to the number of applied pulses N per spot. Assuming a
particular value of m, we use Eq. (6.6) to fit all the data simultaneously to a
single line, giving a better estimate of the single-pulse MPP threshold fluence
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Figure 6.5: Determination of the MPP threshold of SU-8 at 1700 nm. (a) Squared
diameter of polymerized spots (approximately circular) as a function of fluence F at
different number of pulses N . The solid lines are fits to Eq. (5.10), which intersects
the horizontal axis at F th,N . (b) Same as (a) except that the fluences are by N −1/7 .
The solid line is a fit to a single straight line based on a single threshold, yielding F th,1 .
The inset shows an example of a polymerized spot. (c-d) Probability distributions
obtained from the fit in (b) of the exponent m and the threshold fluence F th,1 .

F th,1 . This is accomplished in panel (b) with m = 7, as this value seems to best
fit the data. The value is actually surprising; SU-8 starts to absorbs around
400 nm, so we would have expected m = 5.
Panel (c) shows the probability distribution of m extracted from the data.
The probabilities are obtained simply by repeating the fit in panel (b), assuming
different values of m, and comparing how well each model fits the data. The
best value is, apparently, m = 7, although m = 6 and m = 8 fits the data as well.
The reason for this uncertainty is the lack of data points. On the same sample,
but at 1500 nm, I found m = 7 to clearly be the best fit. In this case, m = 4
would have been expected. It is interesting that the incubation coefficient
associated with m = 7, S ≈ 0.86, is very close to the values reported for a
variety of metals [75]. This could imply that multiphoton absorption is not an
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adequate description of the photoinitiation process. Alternatively, our simple
model might be too simplified, rendering m unphysical; for instance, diffusion
of monomers and oligomers out of the irradiated spot could increase the MPP
threshold fluence by effectively increasing m. However, there should still be
a wavelength dependence of m if the initiators are excited by multiphoton
absorption, but it is possible that 1500 nm and 1700 nm are too close in energy
to reveal it in our case.
The inferred single-pulse threshold fluence F th,1 is shown in Fig. 6.5.
Since there is some ambiguity concerning the best value of m, we have averaged the probability distributions of F th,1 obtained at each m (each distribution is approximately normal). The three spikes in the averaged distribution originate from m = 5, 6, and 7. This gives a conservative estimate of
F th,1 = 250 ± 33 mJ cm−2 .5

6.4.2

Near-field enhancements

A particular laser-irradiated spot containing nanoparticles is shown in Fig. 6.6.
The peak fluence was F 0 = 170 mJ cm−2 ≈ 2.5F th,N , and N = 10 000 number
pulses were used. Moving outside the polymerized boundary reveals that these
nanoparticles have indeed caused MPP by NFE (see the lower-right inset).
Furthermore, SU-8 appears to stick to the particle in the direction along the
electric field polarization. This is particularly pleasing, because it is only when
the electrons in the metals are driven along the long the legs that resonant
NFE at this wavelength is expected.
A 2D map of experimental NFEs, derived from SEM images, and compared to numerical calculations, is shown in Fig. 6.7. To obtain the experimental contours, we used the same method of averaging several SEM images
of nanoparticles, irradiated with approximately the same fluence, as explained
in Section 5.B.4. The color scale displays NFE, and is the same in each panel.
Experimental contours of small values of NFEs are lacking because nanoparticles close to the polymerized spot were severely modified by the exposure.
Nevertheless, we find a decent agreement between the observed and simulated
values, where the NFE is strongly localized near the tips, directed along the
electric-field polarization. The experimental contours in the gap are somewhat
different than the simulated values, which suggests that the associated surfaces
5 When

a probability distributions is not normal, as assumed in least-squares methods, I
use instead a slight generalization of the standard error σ: σ = (C 84 − C 16 )/2, where C X is
X th percentile.
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Figure 6.6: SEM image of a polymerized spot (peak fluence F 0 = 170 mJ cm−2 ,
N = 10 000 pulses), where the boundary is indicated by the green dashed line. The
fluence profile of the laser beam is Gaussian and sketched on the top. The blue square
shows an enlarged view of a region just outside the polymerized spot, where the local
fluence is below the MPP threshold. Nanoparticles closest to the polymerized area
were modified, probably partially melted, by the exposure. The yellow arrow shows
the direction of the electric-field polarization of the laser pulses. A magnified image
of a nanoparticle is shown in the inset in the lower-right corner. A bit of polymerized
SU-8 remain attached to the particles where NFE is expected.

of constant NFEs extend above the full height of the nanoparticles. This is
confirmed in the two lower panels, showing the simulated NFE in the y = 0
and x = 0 planes.
To check the heights of the polymerized structures, we employ AFM.
Obtaining good images with AFM is more challenging than SEM, because of
the possibility of various tip artefacts. One inherent artefact is tip broadened,
which, assuming perfect AFM tips and imaging conditions, is expected to
broaden the typical features of the nanoparticles by ∼20 nm. One could
correct for this by carefully calibrating the tips, but this has not been done.
Fig. 6.8, panel (a), shows an AFM image recorded (in tapping mode)
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Figure 6.7: Experimental (upper left) and simulated electric near-field maps at
1700 nm. The color scale represents NFE; it is truncated at 20, corresponding to
the largest measured value. The nanoparticle geometry, as used in the simulations, is
highlighted by yellow. Each leg is 200 nm long (tip to tip).

outside the same polymerized spot in Fig. 6.6. Polymerized SU-8 is clearly
seen to accumulate on top of the nanoparticles, as evident by the increased
height. The particle in the upper left corner, however, shows no sign of
polymerization induced by NFE. In general, AFM appears to be a more
sensitive probe of polymerized SU-8, but because of the extra dimension
(height), AFM images show a lot more variation in the near-field patterns than
apparent in SEM. However, there is also an element of randomness to the nearfield patterns, as panel (a) of Fig. 6.8 clearly shows: The arrow in this figure
indicates, roughly, the direction of increasing fluence, which is not totally
consistent with the observed near fields. The discrepancies may be caused by
three effects: (i) variations in the laser-beam profile, (ii) geometric variations
in the nanoparticles, and (iii) randomness in the polymerization process. The
variations observed here are presumably a combination of all three possibilities;
is it, nonetheless, possible to distinguish them? Better control over the laser
beam profile will obviously help. Item (ii) is difficult, because we are pushing
the limits of our EBL process. As an alternative, one could print periodic
nanostructures, because it has been observed, in the case of microspheres,
that near-field patterns of periodic structures are incredibly robust in terms of
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Figure 6.8: AFM images, providing contours of constant NFE around nanoparticles.
(a) Image taken outside the same polymerized spot displayed in Fig. 6.6. The color
scale shows the measured height above substrate. The direction to the center of the
spot is indicated by the blue arrow. (b-c) Simulated NFEs in the y = 0 (b) and x = 0
(c) planes defined in Fig. 6.7. The green dashed lines show the AFM profiles obtained
from three different nanoparticles. The associated experimental NFEs are ordered
from low (bright) to high (dark).

defects in the particle patterns [11]. The cause of the robustness is that the near
fields are now produced collectively by all the neighboring nanoparticles. By
extension, this implies that the periodic structures are also robust with respect
to local variations of the laser beam. If it turns the same kind of randomness
in Fig. 6.8, panel (a), is observed also for periodic structures, I think it is safe
to conclude that the randomness if caused by the polymerization process.
The randomness in the surfaces of constant NFE can of course be mitigated
by averaging over several nanoparticles as we do in SEM. This is, however, a
highly nontrivial task, because of the extra dimension (height) in AFM.
Putting aside these complications, we show in panels (b-c) experimental
contours of NFE by green dashed lines obtained from three distinct nanopar-
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ticles. The associated NFEs are ordered from low (bright green) to high (dark
green) values. Panel (b) shows the AFM profiles along the electric-field polarization (compare to Fig. 6.7). The profiles in panel (c) are perpendicular to the
ones in panel (b). We find a qualitative resemblance with the simulations; the
experimental features are generally much broader, but that is to be expected.
While the SEM measurements gave a fair quantitative agreement, this is not
the case here, presumably due to large variations in the AFM patterns, as
mentioned above.

6.5

Conclusion and outlook

We have investigated the electric near fields of a gold nanoparticles, shaped
as crosses, experimentally and theoretically. By covering the particles with
a negative photoresist (SU-8), and subsequently irradiating them with nearinfrared ultrashort laser pulses below the polymerization threshold, we could
selectively polymerize the resist around the nanoparticles through NFE. The
boundary of such polymerized structures represents surfaces of constant NFE.
Experimental NFEs were obtained by careful determination of the polymerization threshold and control of the exposure conditions. We found a good,
quantitative agreement between simulations and 2D maps of experimental
NFEs, obtained by imaging with SEM. We used AFM to image the heights of
the polymerized structures as well, which revealed a lot more randomness in
the near-field patterns than was apparent with SEM. We discussed a couple of
reasons for the apparent randomness. With AFM we could get a qualitative
comparison with the simulations, but the spatial resolution was limited by e.g.
tip broadening.

6.5.1

Outlook

The simple model for the MPP threshold (see Section 6.2), assumes that m
photons is needed to start the polymerization in SU-8; m is easily determined
experimentally as described in Section 6.4.1, where we found m ≈ 7 at 1500 nm
and 1700 nm. This was surprising, since m = 4 or 5 would have been expected.
If multiphoton absorption truly starts the polymerization process in SU-8,
then clearly m must be wavelength dependent. We can check this by measuring
m across a wide range of excitation wavelengths, e.g. 400 nm (second harmonic
of Ti:Sapphire), 800 nm, and above 2000 nm. It could prove interesting if
m ≈ 7 is consistently found; clearly, then, MPP would be misnomer?
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Figure 6.9: Periodic nanostructure found by TopOpt. (a) SEM image of the design
produced by EBL. The red-dashed rectangle highlights a unit cell of the structure.
(b-c) Calculated near fields in a unit cell at 1500 nm excitation near the substrate
surface. The color scale represents NFE, which is truncated at 6. The calculations
includes ∼450 nm SU-8 film that is needed for the near-field marking procedure.

We discussed some of the reasons for the apparent randomness of the
polymerized structures. I believe the easiest way forward is to simply repeat
the measurements on a periodic nanostructure, as this is robust with respect
to spatial fluctuations in the laser-beam profile and geometric variations in
the fabricated structures. If randomness persists, the cause is most likely
the polymerization process. This option would, however, be difficult to
circumvent.
As mentioned in the introduction, we have recently fabricated gold nanostructures based on designs derived from TopOpt. An SEM image of the
design is shown in panel (a) in Fig. 6.9. Simulations of the NFE at 1500 nm
excitation, is shown in panels (b-c) for two different polarizations. The nanostructure was optimized for achieving a large, average enhancement in the SU-8
film. The next step for me will be to carry out these measurements in detail
for different excitation wavelengths, and for different polarizations. I expect
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that we will have a manuscript ready for submission some time in October
2019. Major emphasis will be put on TopOpt as a technique for finding good
designs; and of course, the detailed validation thereof by near-field marking by
MPP.

Chapter

7

Laser modifications of Ge2Sb2Te5
thin films
In this chapter, we examine amorphization and ablation of Ge2 Sb2 Te5 (GST)
thin films, induced by ultrashort laser pulses. The investigations are published
in [2] and reproduced below. One of the key findings is that a particular
thermal condition has to be fulfilled in order to promote amorphization of
GST: Complete melting of the film. The condition turns out to be violated
close to metal nanoparticles, where heating by the laser pulse is strongly
localized around the particles. In the final section of this chapter we discuss how
this understanding resolves the issues related to GST and near-field marking,
touched upon previously in Section 1.4.

7.1

Background

GST is a so-called phase-change material (PCM), which means that the crystal
structure can be switched between two phases – one crystalline, one amorphous – by heating the material with a short electrical or optical pulse. The
two phases have very different electrical and optical properties, which makes
GST (and other related PCMs) well-suited for the next generation of memory
65

66

Chapter 7. Laser modifications of Ge2 Sb2 Te5 thin films

devices [76]. However, GST is not just an item of the future; it is actually one
of the common PCMs used in rewritable DVDs.
As we have described previously, we originally intended to utilize amorphization of GST as a tool for near-field marking [10, 11]. When this failed to
work (see Section 7.3 below), we proceeded with systematic studies of ablation
and amorphization in various GST films and under different irradiation conditions. In particular, we observed an interesting trend where the threshold
for amorphization drastically increased with increasing film thickness. The
typical understanding of the process is that the material must first melt, and
then rapidly cool in order to be trapped in the metastable amorphous state
[77–79]. We argued that, in addition, complete melting of the GST films is
required to promote amorphization. This claim was supported by thermal
simulations and detailed electron microscopy imaging.
An unrelated surprise of our investigations was the emergence of an additional ablation threshold in thick GST films. A low-fluence threshold was seen
on all films, which we attributed to photomechanical spallation through detailed cross-section transmission electron microscopy (TEM) imaging, which
revealed frozen-in voids, providing a clear indication of spallation. The highfluence threshold still remains somewhat of a mystery, but one possibility is
discussed.

7.2

Contributions

I wrote most parts of the paper, produced all the figures, and carried out
the experiments and the simulations. Peter L. Tønning contributed to early
work on GST. Emil H. Eriksen provided valuable feedback on details on the
numerical calculations, where some of his code is used. Pia B. Jensen did all
the focused-ion beam milling, and Jacques Chevallier helped me record all the
TEM images.
The publication [2] is included in the following with minor changes to
the layout and labeling of sections, equations, and references.

7.A Introduction

67

Femtosecond-laser-induced modifications of Ge2 Sb2 Te5 thin
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Abstract: Modifications induced by ultrashort laser pulses have been investigated in
crystalline Ge2 Sb2 Te5 thin films. The observations comprise optical and structural
changes, amorphization, and ablation. By combining optical microscopy and crosssectional scanning- and transmission electron microscopy, it is found that the threshold
for permanent change of the optical properties of Ge2 Sb2 Te5 – responsible for the
reduced optical reflectivity – is slightly lower than that for amorphization; no further
change in reflectivity is seen upon amorphization. The laser-fluence thresholds for
amorphization and change of the optical properties both show a strong dependence
on film thickness that can be explained thermally by two-temperature simulations.
In the case of sufficiently thick films, two distinct low- and high-fluence ablation
thresholds are found. The mechanisms of the ablation thresholds are discussed, and it
is concluded that ablation in the low-fluence regime proceeds by photomechanical
spallation.

7.A

Introduction

Phase-change materials (PCMs) are known for their rapid, reversible and
non-volatile switching between crystalline and amorphous phases that have
profoundly different electro-optical properties. One of the most well-studied
PCMs is Ge2 Sb2 Te5 (GST) due to its very fast phase-switching speed.
Phase switching in GST and related PCMs was initially achieved by irradiation with ns and ps lasers, and the mechanism could be understood in terms of
melting, quenching and resolidification [77–79]. More recently, time-resolved
studies on the amorphization mechanism in GeTe alloys by ultrafast laser excitation have revealed that the large change in optical properties happens already
on the fs time scale [80–83]. This is much faster than any thermally-induced
transition. The most popular explanation of these observations is based on
breaking of so-called “resonant bonds” [84] that could be responsible for the
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large dielectric constant of crystalline PCMs as compared to their amorphous
counterparts [85, 86]. It is generally believed that amorphization is either
necessary for preventing subsequent healing of the resonant bonds [82], or
that amorphization could be triggered by a rattling motion of Ge atoms on
longer time scales [83]. It should be noted that not all reports support the
idea of resonant bonds as the chief phase-change mechanism [87, 88]. Further
research is needed to clarify this important question.
In this work, we study the thresholds for permanent change in the optical
properties as well as for structural phase change (crystalline to amorphous)
and ablation of crystalline GST films by single-pulse irradiation with a femtosecond laser. The dependence of the thresholds on the film thickness is
examined and discussed in detail in relation to two-temperature model (TTM)
simulations. Optical and scanning- and transmission electron microscopy
(SEM/TEM) studies reveal that permanent change in the optical properties of
GST (henceforth denoted as optical change) can be achieved while the film
remains crystalline after excitation; amorphization occurs only at slightly
higher fluences, but with no additional change in the optical contrast. This is
at variance with the general belief that amorphization is either necessary for,
or a consequence of, permanent reflectivity change. Our results may help in
providing more insight into the phase-change mechanism, and may in addition
be of practical importance for the design of photonic devices based on PCMs.

7.B

Experimental details

Ge2 Sb2 Te5 (GST) films were deposited on top of silicon(100) substrates in a
radio-frequency magnetron sputtering system at room temperature using a
commercial GST target. All samples were subsequently annealed for 15 minutes in a nitrogen atmosphere at 200 ◦C to produce a nanocrystalline fcc
phase of GST [89]. The crystal phase was confirmed by X-ray diffraction
(XRD), and the stoichiometry was checked by Rutherford backscattering
spectrometry (RBS). The optical constants at near-infrared wavelengths (800
to 2500 nm) were determined by ellipsometry from several samples using a
combined Tauc-Lorentz and Brendel oscillator model, and agree well with
the values reported in the literature [90]. As GST is known to oxidize [91], a
2-3 nm oxide layer on top of GST, consisting of TeO2 (refractive index taken
from [92]), was introduced in the optical model, offering a slightly improved
agreement with the ellipsometry data.
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In the laser-irradiation experiments, an optical parametric amplifier (TOPAS) was used to generate femtosecond pulses with tunable, central wavelength
(1160 nm to 2600 nm) from part of the output of a 35 fs Ti:sapphire laser. Only
the results for 1500 nm (60 nm FWHM) irradiation are reported in this work.
The reason for choosing this particular wavelength is firstly due to its importance in telecommunication where PCMs may play a role in future applications.
Secondly, the optical absorption depth at 1500 nm excitation is about 80 nm,
which makes it easier to study the influence of thin-film interference effects as
compared to e.g. 800 nm excitation, where the absorption depth is only 16 nm.
Thicker GST films can therefore be studied in the former case, which makes
the structural characterizations easier. The duration of the 1500 nm pulses
has been measured by cross-correlation to be about 50 fs. The samples were
positioned on a computerized 3-axis stage and irradiated at normal incidence
by single pulses. Pulses from the TOPAS were focused down to a Gaussian
spot (around 10 µm at 1/e 2 ) on the sample surface, and remain of Gaussian
shape until a distance approximately 15 µm from the center of the spot. A
calibrated photodiode was used to record the pulse energy, which was adjusted
by passing the beam through different absorptive optical density filters.
Threshold fluences for ablation and optical change of the GST films were
determined by plotting the diameter squared of the ablated and/or opticalchanged spots against the logarithm of the associated peak laser fluences [59].
In the case where two or more thresholds are present simultaneously (i.e. two
distinct ablation craters and an optical-changed ring as will be presented later),
the data were fitted with a common laser beam spot size. This is explained in
more detail in 7.G.1.
Atomic force microscopy (AFM), SEM, and TEM were used to characterize
the laser-irradiated spots in GST. Lamellas (less than 100 nm thick with lengths
up to 1 µm) for TEM were prepared by focused-ion-beam milling with Ga+
ions. Prior to milling, a protective gold layer of 100 nm was added onto
the GST samples by thermal evaporation in addition to a protective carbon
layer, which is usually added at the beginning of the milling process. The
addition of a gold layer was found to be necessary to prevent the Ga+ ions
from penetrating the carbon layer and amorphizing the upper part of the GST
film. From cross-sectional TEM, it is possible to assess the crystallinity of the
film in great detail, yet the same information was qualitatively also evident by
cross-sectional SEM.
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Modelling

To inspect the effects of the laser irradiation, it is necessary to know how energy
is distributed in the system. During laser-irradiation, electrons in the valence
band of GST are excited to the conduction band where they thermalize on the fs
time scale. Later, on the ps time scale, the heat of the conduction-band electrons
(and valence-band holes) is gradually transferred to the lattice via electronphonon scattering. Meanwhile, the heat is distributed by diffusion inside
the system. The lattice heating typically induces the macroscopic response,
resulting in e.g. ablation and amorphization.
A model that adequately captures these thermal effects is the so-called
two-temperature model (TTM) [93, 94]. The model is usually applied to
metals. For semiconductors, an extended TTM has been developed [65, 95],
which should be more appropriate for GST. However, the characteristic time
scale for carrier transport in GST turns out to be similar to that of carrier
thermal diffusion (see 7.G.2). Both types of diffusion will therefore have
roughly the same spatial dependence. In that case it is reasonable to treat only
the thermal transport by using the standard TTM used for metals with similar
temperature-dependent carrier properties.
Since the laser spot is large (∼ 10 µm) compared to the characteristic absorption depth (10 to 100 nm), heat diffusion is dominant in the direction
perpendicular the surface of the GST film. In this one-dimensional approximation, the TTM couples the energy density of the electrons, H e , to that of
the lattice (phonons), H ph , via the equations:


∂H e
∂
∂Te
=
κe
− g (Te − Tph ) + S(x, t ),
∂t
∂x
∂x


∂Tph
∂H ph
∂
=
κ
+ g (Te − Tph ).
∂t
∂x ph ∂x

(7.1)
(7.2)

Here, κ is the thermal conductivity, T is the temperature, and g is the coupling
factor between the electronic and lattice systems. The first terms on the righthand side of Eqs. (7.1) and (7.2) account for heat diffusion. The final term in
Eq. (7.1), S(x, t ), is the source term, transferring energy from the laser pulse
to the electrons and holes.
To treat the effects of melting in GST, the lattice volume-specific heat
capacity, C ph , is made sufficiently large during the phase transition to ensure
a near-constant temperature of Tm until an amount of heat, corresponding
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Table 7.1: Thermal properties of fcc-GST and silicon. Uncited values were estimated
by the authors, see 7.G.2 for details.

Quantity
κ ph
κ e,0
C ph
γ
Tm
Lm
R
τe-ph

Ge2 Sb2 Te5

Si

0.45 a
4.0 × 10−2
1.38 × 106 b
20.0
618 c
7.0 × 108 c
1.0 × 10−8
2.2 × 10−12 d

130
1.63 × 106

Unit
W m−1 K−1
W m−1 K−1
J m−3 K−1
J m−3 K−2
°C
J m−3
m2 K W−1
s

a [96], b [97], c [98], d [82].

to the heat of fusion, L m , has been absorbed. Furthermore, heat diffusion
into the silicon substrate is accounted for via the thermal boundary resistance,
henceforth denoted as R, a parameter that is very important in the range of
film thicknesses considered here where significant heating of the entire GST
occurs. The choice of material parameters and the implementation details are
discussed in detail in 7.G.2; the values are summarized in table 7.1.

7.C.1

The source term

In thin films, it is important to correctly treat absorption by solving the
electromagnetic wave equations. The usual Lambert-Beer law for absorption,
described by e −αx , breaks down, and the intensity (i.e. time-averaged poynting
vector) is not proportional to the square of the electric field due to the presence
of forward- and backward-going waves in the film [99]. Once the correct
fields
´ have been found, absorption in a linear medium is given by A(x) =
ε 0 dω Im{ωε r (ω)}|E(x, ω)| 2 , where ε r is the (complex) relative permittivity,
ω is the angular frequency, and E is the electric field expressed in frequency
domain [13].
GST is highly absorptive at the considered wavelengths, and is therefore
treated as a linear medium in our simulations. While the spectral profile of the
laser pulses are Gaussian with a FWHM of 60 nm, centered at 1500 nm, the
absorption is well-approximated by considering only the central wavelength
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because Im ε r changes little in the relevant spectral range.
Since the time scale of the laser pulse is short compared to the thermal
timescales, the source term may be treated as a delta function in time. Thus,
after the laser-pulse excitation at time t = 0, the energy distribution is:
H ph (x, t = 0) = H ph,0,

H e (x, t = 0) = H e,0 + A(x).

(7.3)

Here, H ph,0 and H e,0 are the (unimportant) offsets in the energy densities
at room temperature (i.e. before excitation); A(x)´ is the absorption profile,
now calculated simply as A(x) = ε 0 Im{ω 0 ε r (ω 0 )} dω |E(x, ω)| 2 with ω 0 =
1.26 × 1015 s−1 (corresponding to 1500 nm). Note that the integral of |E(x, ω)| 2
is directly proportional to the laser fluence F . The electromagnetic fields are
calculated using the transfer-matrix method (TMM) (assuming an infinitely
thick Si substrate to disregard backreflections) [15] using the tmmpy package
[100].

7.D

Results

In the following we present the thickness dependence of experimental modification thresholds in GST together with their structural characterizations.
Film thicknesses in this study range from 20 nm to 250 nm. It will be useful
to consider the dimensionless quantity η = αd, which is the ratio of the film
thickness ( d ) to the optical absorption length ( α −1 ). The latter is close to
80 nm in the GST films at 1500 nm wavelength. Films less than 80 nm (η < 1)
are consequently considered “thin”, while the rest (η > 1) are considered
“thick”.

7.D.1

Modification thresholds

Fig. 7.1 shows a few selected laser-irradiated spots on a subset of the samples
with different film thicknesses (each column corresponds to one particular
and distinct sample). Each row shows a new spot produced at a different
peak fluence, noted in the upper left corner. The images were recorded in a
reflection white-light microscope (the illumination source is a halogen light
bulb) on an 8-bit CCD using a 0.80 N.A. objective. The images displayed
here are as-recorded, i.e. not normalized, and without any post-processing.
Three threshold modifications are apparent: an optical change with reduced
reflectivity (boundaries indicated by the green lines), ablation at low fluence
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Figure 7.1: Gray-scale white-light images of laser-irradiated spots in GST. Each
column corresponds to a specific GST sample thickness as noted above. The peak
laser fluence is noted in each image. Boundaries of laser-induced modifications are
indicated by the solid lines. Green: optical change; blue: first ablation; red: second
ablation. The scale bars are 20 µm.

(blue lines), and ablation at higher fluence (red lines). We will refer to the two
distinct ablation craters as first and second ablation, where first ablation refers
to the crater with the lowest threshold fluence. In the thin-film regime (η < 1),
GST is completely removed by first ablation, exposing the silicon substrate
underneath. (Silicon is seen as the darkest areas in the first two columns (40 nm
and 80 nm) of Fig. 7.1 due to its comparatively lower reflectivity than opticalchanged GST.) The complete removal of films was also confirmed by AFM.
Second ablation is consequently only present on the thick (η > 1) samples.
Note that the bright annular region present in the 80 nm film irradiated at
850 mJ cm−2 is due to amorphization of silicon [101, 102].
As a general trend we note that the reflectivity has increased slightly
within the first ablation crater (this is especially apparent in the two rightmost
columns of Fig. 7.1). This could be due to the removal of a partially oxidized
upper GST layer [91] as no capping layer was used in this work. Removal of
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this oxide layer (2-3 nm TeO2 ) amounts to changes in the reflectivity of a few
percentage points in the visible spectrum (according to TMM calculations),
and is consistent with the slight changes observed here.
The modification thresholds were obtained as explained in section 7.B;
they are plotted against the film thickness in Fig. 7.2(a). First ablation initially
increases with film thickness, but reaches a constant value in the thick-film
regime. Conversely, optical change and second ablation continue to increase
with film thickness. The optical-change threshold in fact exceeds that of first
ablation when the films are thicker than 150 nm. Panel (b) shows a closer
look at the optical-change thresholds in the thin-film regime. The dash-dotted
and solid lines are estimations of the optical-change threshold from TMM and
combined TMM/TTM calculations; they will be discussed in section 7.E. The
black dashed line in panel (b) is a representative prediction of the optical-change
thresholds based on the Lambert-Beer law for absorption. Panel (c) shows the
crater depths of first and second ablation in the thick-film regime, obtained by
AFM. 40 nm to 50 nm is removed by the first ablation. For second ablation, a
correlation appears to exist between ablation depth and film thickness where
approximately half the film is removed.

7.D.2

Structural characterization

The ablated and optical-changed regions were investigated in more detail by
cross-sectional SEM and TEM. For the TEM imaging, lamellas were prepared
as explained in section 7.B. The TEM images were recorded at 200 keV. Crosssectional SEM images of the laser-irradiated spots were obtained after breaking
the samples along a line intersecting a series of the spots.
Fig. 7.3 shows optical and SEM images of the same laser-irradiated spot on
a 190 nm GST film that has been cleaved in half. Panel (a) shows a white-light
image on which three colored boxes have been drawn. The blue and green
boxes contain the boundaries of first ablation and optical change, respectively.
Panel (b) depicts a tilted SEM image of the same region containing both the
first ablation and optical-change boundaries. Cross-sectional images of the
blue and green regions at increased magnification are shown in panels (d) and
(e), respectively. In panel (d), it is seen that part of the film has been removed
due to ablation. The nanoscale grains of GST are clearly visible, especially near
the silicon substrate (the top part of panel (d)). Note that columnar grains
are starting to appear near the free GST surface (bottom part) in panel (d).
The columnar grains grow in length with increasing incident fluence, and in
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Figure 7.2: Laser-induced modifications in GST. (a) Measured threshold fluences
as a function of film thickness (green circles: optical change; blue diamonds: first
ablation; red squares: second ablation). The bottom part of the inset shows an optical
microscope image of a spot on 100 nm thick GST exhibiting all three modifications.
The upper part is an AFM depth profile across the same spot. Dash-dotted and solid
lines are calculations based on TMM and combined TMM/TTM, respectively. (b)
Close-up on the thin-film regime of panel (a). (c) Measured crater depths of first(blue) and second ablation (red) as a function of film thickness. The solid line has a
slope of 0.5.

panel (e) they almost reach the silicon substrate. Second ablation appears at a
higher fluence (towards the center of the spot), the boundary of which has
been marked by the red dash-dotted line in panel (c). At a still higher fluence,
within the orange box and blown up in panel (f), complete amorphization
of the film suddenly takes place over less than 1 µm in radius; this is evident
by the disappearance of the grain boundaries from left to right. According to
panel (a) there is no apparent change in optical contrast between regions (e)
and (f). Thus permanent optical change is accomplished before (complete)
amorphization of the film.
Although the results described above were based on one sample, we have
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Figure 7.3: Optical (a) and SEM (b-f) images of the same laser-irradiated spot in GST.
The sample was cleaved in half through the spot. (a) Three regions have been marked
with colored boxes: blue contains the first ablation boundary, green contains the
optical-change boundary, and orange contains the onset of amorphization as identified
by the disappearance of grain boundaries from left to right (i.e. for increasing fluence).
(b-c) Tilted SEM images where the corresponding boxes from (a) have been marked.
The boundary of the second ablation crater is marked by the red dash-dotted line
in (c). (d-f) Cross-sectional SEM images of the regions marked with blue, green,
and orange, respectively. The scale bars in (d-f) are 500 nm. The dashed lines in (d)
highlight the change in film thickness near the first ablation-crater edge.

carried out similar investigations on other samples with different thicknesses,
presenting the same overall picture. A figure similar to Fig. 7.3 for a different
sample is given in 7.G.3.
Lamellas of different regions of laser-irradiated spots on a 250 nm thick
GST film were examined in cross-sectional TEM to study the structural modifications observed above in SEM in greater detail. Fig. 7.4(a) shows a crosssectional TEM image around the first ablation-crater edge where part of the
film has been removed to the right. The grains of pristine GST are clearly
visible. The inset is a high-resolution TEM (HRTEM) of these grains showing
several grain boundaries. The crystallites are randomly oriented as evidenced
by the large differences in contrast between adjacent grains. Voids are present
near the surface of GST, appearing as bright spots in the TEM image. That
it is indeed voids was confirmed by observing the change in brightness upon
over- and underfocusing [103].
Fig. 7.4(b) shows an image of an area somewhere between the first and
second ablation boundaries. The formation of columnar grains almost cover
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Figure 7.4: Cross-sectional TEM images of regions of laser-irradiated spots in a 250 nm
GST film. (a) Near the edge of a first-ablation crater with part of the film removed to
the right. Nano-sized voids are visible as bright dots in the surface region. Formation
of short columnar grains are beginning to appear, starting from the free surface of GST.
The inset shows a HRTEM image of the pristine grains. (b) Between first and second
ablation, showing long columnar grains. Voids deep within the film are present. (c)
HTREM image of the upper part of (b), highlighting a specific columnar grain. The
first few nm are amorphous, while the rest of the film is crystalline. (d) At a fluence
above the second ablation threshold, close to the threshold for complete removal of
the film. The film is completely amorphous. The location of protective carbon (C)
and gold (Au) layers have been indicated where appropriate.

the entire film except close to the Si substrate where the pristine grains remain.
Voids are also present deep within the film. A thin, and very inhomogeneous,
amorphous layer appears in the upper surface of the film. A HRTEM image
highlighting the beginning of a columnar grain near the GST surface is shown
in panel (c). The film is clearly polycrystalline except for the upper thin
amorphous layer. Amorphization of the entire film is achieved only at higher
fluences, as in panel (d), which is located after the second ablation crater.
It is worth noting that the thin amorphous layer, seen in the TEM images
of Fig. 7.4, is most likely an artefact caused by the TEM sample preparation
itself. The reason is that the amorphous layer is also present outside the first
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ablation crater (panel (a) of Fig. 7.4) where there is no optical change (the
threshold is located at much higher fluences, c.f. Fig. 7.2).

7.E

Dicsussion

In this section we will discuss the implications of the results from section 7.D
for optical change, amorphization, and ablation.

7.E.1

Optical change and amorphization

The qualitative observations made in connection with Fig. 7.3 show that
the optical change precedes amorphization of the GST films, while both
modifications display the same optical contrast under white-light illumination.
To quantify these observations, we apply a 2-dimensional discrete fourier
transform (DFT) locally to the cross sections of laser-irradiated GST. More
precisely, the DFT is applied to a small rectangular selection – a “window” – of
the cross-sectional SEM images of GST (such as those shown in Fig. 7.3); the
window is then moved, parallel to the surface of the film, to map out the DFT
at different local laser fluences. The nanoscale grains inside the crystalline
regions can be described by a narrow range of spatial frequencies, determined
mainly by the crystallite sizes, while the amorphous regions are characterized
by a sharp zero-frequency peak (corresponding to a uniform background) on
top of a broad frequency spectrum associated with image noise. Removing the
zero-frequency peaks, and normalizing the DFT power spectra, yield narrow
and broad spectral distributions of the crystalline and amorphous regions,
respectively. The spread of a spectral distribution is summarized, somewhat
crudely, by the square root of the variance of the distribution, which is then
taken as a measure of the degree of crystallinity.
Fig. 7.5(a) displays the frequency spread σ of the laser spot, shown in
Fig. 7.3, as a function of position from the center. Only the horizontal
spread, that is, in the direction parallel to the GST surface, is shown (the
DFTs were averaged in the vertical direction). The spread is normalized to
a reference value σ0 of the crystalline region. The size of the DFT window
was 73 nm × 37 nm (width times height). The estimated frequency spread
fluctuates a lot because the DFT is quite sensitive to anomalies. Even so, there
is a clear transition to an amorphous region of increased spread toward the
center of the spot. The dark solid line is a fit to a smooth flat-top distribution
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(transitions parameterized by Fermi-Dirac functions), and the two crystallineamorphous transitions are marked by vertical dashed lines. Representative,
normalized spectral distributions of the amorphous (center) and crystalline
(right) regions are shown in the insets (the central zero-frequency peaks have
been removed). Panel (b) depicts the optical microscope image of the laser
spot, while panel (c) shows the change in reflectivity ∆R, normalized to a
reference value R 0 of unirradiated GST, along a line just above the dash-dotted
line indicated in panel (b). The colored boxes in Fig. 7.5(b) are the same as
those depicted in Fig. 7.3(a). The crystalline-amorphous transitions are placed
well inside the optically changed regions, thereby confirming the qualitative
observation made in Section 7.D.2, namely that permanent optical change
occurs at fluences lower than that required for amorphization.
Since the optical-change boundary is contained somewhere in the center of
Fig. 7.3(e), it could be related to the formation of columnar grains of a length
comparable to the film thickness. This is consistent with similar investigations
on other samples, see 7.G.3 for an example. We note that a similar kind of
columnar growth has been reported in [104], albeit in case of recrystallization
by single-pulse fs irradiation of initially amorphous GST.
The columnar grain growth can be understood as follows: the laser-pulse
absorption produces a sharp thermal gradient in the film towards the substrate.
If the fluence is sufficient, the lattice will melt to a certain depth on the ps
time scale. The melt front may grow a bit due to heat diffusion, but will
cool soon after. (If the melt front is close to the Si substrate, the cooling rate
will be particularly high.) During cooling, the molten state of GST is more
likely to recrystallize bottom to top, seeded by the crystallites below the melt
front. Since the cooling rate in pristine GST is slow due to its low thermal
conductivity, the recrystallization could therefore result in the long columnar
grains observed here, the length of the so-produced grains essentially matching
the maximum melt depth. This explanation supposes that recrystallization
of GST is growth-dominated. The same presumption was made based on
short-laser-pulse recrystallization of melt-quenched GST [105, 106]. While
giving a reasonable explanation for the formation of columnar grains, it also
implies that amorphization will be difficult to achieve for increasingly thick
films since any seed crystallites must be eliminated by entirely melting the
film. This explains why amorphization appears rather suddenly at a specific
fluence (radius) (Fig. 7.3(f) and 7.G.3) and not gradually throughout the
whole laser-irradiated spot. That complete melting may be necessary for
laser-induced amorphization has been reported in [78] in the case of GeSb
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Figure 7.5: Crystalline to amorphous transitions of the same laser-irradiated spot
depicted in Fig. 7.3. (a) Normalized spectral spread (σ/σ0 ) determined from local
DFTs of SEM cross sections of the GST film. The spread increases in the amorphous
region. The two insets show representative DFTs of the amorphous (center) and
crystalline (right) regions. The solid line is a fit based on a smoothed flat-top function.
Crystalline-amorphous transitions are marked by vertical dashed lines. (b) The
associated optical image, the same as in Fig. 7.3(a). (c) Relative reflectivity change
(∆R/R 0 ) along a line just above the red dash-dotted line in panel (b).
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films. Theoretical support of this explanation is provided by recent large-scale
molecular dynamics simulations of ps laser-pulse excitation of silver, confined
by a transparent solid overlay, and irradiated at fluences well above the melting
threshold of silver. A similar kind of directed growth from surviving crystalline
seeds was demonstrated – in this case located at the silver surface – where the
growth began as soon as the surrounding material cooled below the melting
temperature [32].
The observation that it is necessary for the columnar grains to approximately reach the Si substrate for optical change does not immediately provide
an explanation of the mechanism causing the sudden optical change. As explained above, it does, however, imply that the energy density at some point
has been sufficiently high to nearly melt the entire film. This can explain the
strong thickness dependence as observed in Fig. 7.2(a-b). Indeed, the solid line
in those panels is a combined TMM/TTM calculation of the optical-change
threshold, assuming that it is necessary to raise the temperature of the entire
GST film to the melting temperature at some instant after excitation. The
precise criterion used in the simulations is that the energy density should
exceed H cr = C phTm + L m /2. The reason for this choice is that it implies
partial melting; entire melting would correspond C phTm + L m and would,
in our interpretation, result in complete amorphization. The TMM/TTM
calculations are seen to reproduce the observed trend fairly well. We note
that all the material parameters used in the simulations are based entirely on
literature values (see 7.G.2 for a discussion). Interestingly, the trend is also very
well described by calculations based only on TMM by reducing H cr to 80% of
its value. This reduction is reasonable because no loss of energy through heat
conduction to the substrate is present in the TMM. The fact that TMM with
and without TTM agree rather well is presumably due to the combination of
slow heat conduction in GST and fast heat transfer to the Si substrate. If, for
instance, R is increased by an order of magnitude, TTM will predict much
lower threshold fluences for optical change (or melting) in case of thick films,
as heat conduction raises the energy density on the backside of GST faster than
heat is removed by the substrate. For comparison, a representative prediction
of the optical-change thresholds based on Lambert-Beer absorption is shown as
the black dashed line in Fig. 7.2(b); the model is clearly incapable of describing
even a subset of the data. This failure highlights the importance of treating
absorption in thin films rigorously as explained in section 7.C.
The important question regarding the physical mechanism responsible for
laser-induced optical change in GST will now be addressed. As is now known,
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optical change in GeTe alloys occurs already on the fs time scale after fs laser
excitation [80–83]. A possible explanation of the induced optical change that
fits the time-resolved observations is based on breaking of resonant bonds. The
resonant bonds consist of second-neighbor angular alignment of p-orbitals,
that potentially exist in crystalline states of GeTe alloys, which would then
be responsible for the large optical constants (and hence high reflectivities)
of the crystalline states as compared to the amorphous states, where the
delocalized orbital alignment is absent [86]. It has recently been suggested that
the experimentally observed rattling motion of Ge atoms, stimulated by the
optical excitation, may drive the resonant-bond breaking and induce structural
disorder (including amorphization) on longer time scales [83]. Our results
show that permanent optical change can exist also in a crystalline state with
roughly the same optical properties as the amorphous state. This is consistent
with the resonant-bond picture if this supposed crystalline state, similar to
the amorphous state, lacks resonant bonding. As discussed above, permanent
optical change appears only when the entire film has been heated to about the
melting temperature. We therefore suggest that the resonant bonds have to be
ruptured simultaneously throughout the depth of film, otherwise they recover
gradually from the remaining unperturbed resonant bonds on longer time
scales. The supposed crystalline state, lacking resonant bonding, is probably
a metastable state, produced by the efficient thermal quenching by the Si
substrate. Our observations, of course, do not provide any direct evidence for
this dynamical picture, but it appears physically plausible. The explanation,
however, relies on the resonance-bonding picture of PCMs, which is still up
for debate [84, 87].

7.E.2

Ablation

The results presented above give much indirect information about the ablation
process. As noted in section 7.D, the entire GST film is removed by ablation
in the thin-film regime. For η > 1, i.e. in the thick-film regime, the first
ablation threshold reaches a constant value as expected [107]. We attribute
this first ablation crater, in the thick-film regime, as being due to photomechanical spallation: photomechanical spallation occurs when a large compressive
pressure, confined to the surface of the material, relaxes by expanding the free
surface, thereby producing a strong tensile wave tailing the initial compressive
wave travelling down the material. If the tensile component is sufficiently
strong, it can cause rupture through cavitation (formation and nucleation of
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voids) in a certain depth [108–112]. In thick films, where the laser-produced
pressure is confined to the surface, this explanation predicts a threshold fluence
independent of film thickness, in agreement with the data on first ablation.
It is important to remark that stress confinement is a necessary condition
for occurrence of photomechanical spallation [109, 110]. That is, the time of
energy transfer to the lattice, here given roughly by τe-ph = 2.2 ps [82], must
be faster than the characteristic mechanical relaxation time. The latter may
be estimated as τs = `/v s where v s is speed of sound and ` is the extent of
the pressure zone. Using ` ≈ α −1 = 85 nm and v s = 3.2 nm ps−1 [96], we get
τs ≈ 27 ps. Thus, stress confinement is clearly present in GST. Further evidence
that the first ablation is caused by photomechanical spallation is provided by
the observation of cavitation (i.e. formation of voids) in the surface layer
surrounding the first ablation crater (Fig. 7.4(a)) together with the rough,
corrugated surface, (Fig. 7.3(b-c)) which are well-known consequences of
photomechanical effects [111, 112].
We note that the stress-confinement criterium in GST also holds for 800 nm
excitation where the mechanical relaxation time is about 4 ps. Under these
conditions, ablation at low fluences most likely proceeds by photomechanical
spallation as well. This cannot, however, be true for ablation of GST by ps
and ns lasers, where ablation might instead be caused by phase explosion.
The second ablation threshold is more challenging to explain. The observation of two ablation regimes in thin films [107, 113] with similar thickness
dependence [114] has been reported, although in those cases, the films were
found to be completely removed by the second ablation. In the present study,
only approximately half of the film thickness is removed (see Fig. 7.2(c)). It is
therefore not apparent whether the mechanisms are the same. The authors in
[113, 114] attributed the two ablation regimes to “gentle” and “strong” ablation
[33]. Strong ablation in bulk materials is generally caused by phase explosion, which is easily identified by the large number of droplets and clusters
deposited around the ablation zone [110, 111]. Yet phase explosion should not
exhibit any thickness dependence as observed in this study for second ablation.
Besides, the second ablation craters reported here remain rather smooth if the
fluences are not much larger than the ablation threshold.
A thickness dependent ablation threshold could be explained by the reflection of acoustic waves at the GST/Si interface. This phenomenon has
been seen in molecular-dynamics simulations of free-standing Ni films due
to constructive interference of forward- and backward-traveling tensile waves
[109]. Based on values of the elastic constants of GST reported in [115], it is
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found that approximately 11% to 21% of the wave amplitudes are reflected at
the interface, depending on the crystallographic orientation of GST (Maxim
V. Shugaev, Personal communication, August 2018). This corresponds to a
reflected amount of energy of roughly 1% to 5%, which is potentially large
enough to have an impact. The acoustic impedance of GST is, however, lower
than that of Si, meaning that the phase is preserved upon reflection. Hence,
the compressive and tensile waves interfere destructively near the interface,
which could help stabilize the GST film against complete detachment from
the Si substrate. The compressive and tensile waves, reflected at the GST/Si,
may interfere later upon reflection from the upper spall layer, (resulting from
first ablation) where they undergo a phase shift due to the reduced impedance
of this layer compared to the surroundings. Whether this may reproduce the
thickness-dependent second ablation threshold observed in this study, depends
on the detailed dynamics of the process, e.g. how quickly acoustic waves are
damped in GST. Another factor that may influence the process is that the
density of amorphous GST is 6% higher than that of crystalline GST [116];
presumably, the molten state is at least as dense. At present, we are unable to
determine uniquely the mechanism behind the second ablation, but hopefully
more advanced simulations, such as molecular dynamics, will in the future
shed more light on this issue.

7.F

Conclusion

In conclusion, we have studied fs laser-induced modifications in crystalline
GST films. We found that the onset of optical change can occur at a lower
fluence than that required for complete amorphization of the films, and that the
latter is not accompanied by any additional change in optical contrast. Thus,
it is possible to achieve optical switching without complete amorphization by
fs irradiation. The threshold fluences for optical change and amorphization
were found to be strongly dependent on film thickness, which was explained
in terms of TTM simulations by assuming that partial melting of the entire
film is required. That substantial heating did occur was supported by the
observation of long columnar grains growing with increasing fluence, and
appearing to bridge approximately the entire film near the optical-change
boundaries. In addition, two distinct zones of ablation were observed on
thick (larger than 80 nm) GST films. The low-fluence threshold was found to
proceed by photomechanical spallation.
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7.G

Appendix

7.G.1

Determination of thresholds
2

2

For a Gaussian laser beam, the fluence profile is given as F (r ) = F 0 e −2r /w ,
where r is the distance from the center of the spot, and w is the laser beam
spot size. The threshold fluence for a modification of diameter D is found by
equating F (D/2) = F th , leading to
D 2 = 2w 2 ln

F0
.
F th

(7.4)

If several modifications are present as in Fig. 7.1, then there is an equation of
the type in Eq. (7.4) for each modification. Thus, for the ith modification, we
have
F0
D i2 = 2w 2 ln
.
(7.5)
F th,i
The relation between peak fluence and pulse energy, E p , is F 0 = 2E p /πw 2 ,
and it can be convenient in the analysis to replace the fluences in Eq. (7.5)
with the associated pulse energies, and convert to fluences only in the end. By
recording the size of the modification at different pulse energies, the threshold
fluence (or equivalently, threshold energy) can be determined from Eq. (7.5).
Fig. 7.6 shows two examples for 100 nm (a), and 190 nm (b) thick GST films,
both showing three modifications (optical change, first ablation, and second
ablation). The data were fitted to Eq. (7.5) simultaneously to give the same
laser beam spot size w. To find the dimensions of modifications, ellipses were
fitted to their boundaries. By using ellipses instead of circles, deviations from
circularity could be assessed, which was used to estimate the error bars shown
in Fig. 7.6. The errors are relatively small, which shows that the laser beam is
circular to a good approximation.
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Figure 7.6: Diameters squared of the laser-induced modifications versus the logarithm
of the pulse energy for 100 nm thick GST (a), and 190 nm thick GST (b). The obtained
laser beam spot size in both cases are w = 10.1 ± 0.2 µm. Three modifications are
present: optical change (green circles), first ablation (blue diamonds), and second
ablation (red squares). The solid lines are simultaneous fits to Eq. (7.5) for all three
types of modifications.
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Modelling details

Thermal properties
The relation between the energy density H and the temperature T is H (T ) =
´T
0
. C (T ), where C is the volume-specific heat capacity. For the lattice,
0 T’
we take a constant value, C ph = 1.38 × 106 J m−3 K−1 , which is a reasonable
simplification as the Debye temperature is close to room temperature [97].
The melting temperature of GST is Tm = 621 ◦C, and the heat of fusion
is L m = 7.0 × 108 J m−3 [98]. To account for melting, the heat capacity of
0 (T ) = C /2 + L /2ε for |T
the lattice is taken to be C ph
m
ph
ph
ph − Tm | ≤ ε,
where ε  Tm ; this fixes the temperature around Tm ± ε during melting. For
T > Tm + ε, the material is melted and thus in its liquid state. For the liquid
state of GST, we use the same values for κ ph and C ph as in the solid state
due to lack of better alternatives. The thermal conductivity is taken to be
κ ph = 0.45 W m−1 K−1 [96].
For the electronic system, the values of C e and κ e are generally taken to
be proportional to Te , i.e. C e = γTe , κ e = κ e,0 (Te /T0 ) where T0 = 293 K is
room temperature. The electron contribution to the thermal conductivity of
GST at T0 is about κ e,0 = 0.04 W m−1 K−1 [96]. In [117] it was estimated that
the electron specific heat is less than 0.08 J mol−1 K−1 . Choosing the upper
limit, we get a value γ ≈ 20 J m−3 K−2 . This choice is somewhat arbitrary of
course, but the exact value of γ (and κ e,0 for that matter) does not influence
the estimation of optical-change thresholds significantly.
An experimental value of τe-ph = 2.2 ps for the inverse electron-phonon
coupling rate has been reported in [82] for GST. The relation to the coupling
strength is assigned according to [65, 95]
g=

Ce
.
τe-ph

(7.6)

It is important to note that the values and temperature scalings of the
thermal parameters above are based on experimental values of fcc-GST, all
obtained under equilibrium conditions at low temperatures (below 400 ◦C,
as higher temperatures converts the metastable fcc phase into the stable hcp
phase). The values used in our simulations are bound to deviate from the
correct values at very high temperatures (for instance, the linear temperature
scaling of κ e and C e breaks down). However, no better values (such as from
ab-initio simulations) appear to be available for GST at elevated temperatures.
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Effect of carrier transport
The carrier mobility in fcc-GST is approximately 1 cm2 V−1 [118]. From the
Einstein relation, the diffusion coefficient of carriers is D ≈ (10−6 m2 s−1 )Te /T0 ,
where T0 = 293 K. The characteristic time scale of carrier diffusion is therefore
t diff ∼ L2 /D, where L is a characteristic length scale. Similarly, the electronic thermal time scale is t thermal ∼ L2 γT0 /κ e,0 . The ratio is t diff /t thermal =
κ e,0 /DγT0 ∼ 10 × (T0 /Te ). After electron-phonon equilibration, we typically
have Te ∼ 10 × T0 , and therefore it follows that the two time scales are similar. Consequently, the spatial distribution of the carrier temperature and
concentration will be roughly the same, which justifies the approximation of
considering only thermal diffusion.
Boundary conditions
Due to the band-gap mismatch between GST and Si, transport of electrons (and
holes) through the interface is likely only a minor effect, and is consequently
ignored. Thus, the generated conduction-band electrons are trapped in the
GST film. Insulating boundary conditions for the electronic heat transport
are therefore appropriate (i.e. ∂Te /∂x = 0 at the boundaries of GST). In case
of the lattice heat transport, insulating boundary conditions are taken at the
GST/air interface, while heat-preserving boundary conditions are presumed
at the GST/Si interface [119]:
−

GST
κ ph

GST
∂Tph

∂x

=

GST − T Si
Tph
ph

R

=

Si
−κ ph

Si
∂Tph

∂x

.

(7.7)

The backside of the silicon substrate (which is 0.5 mm thick) is fixed to ambient
temperature (293 K).
The thermal boundary resistance, R, is a crucial parameter as it determines
the rate at which GST is cooled by the Si substrate. Its value can be estimated
using the Diffuse-Mismatch Model [120] based on values from [96]. This
yields R ≈ 1.0 × 10−8 m2 K W−1 .
Implementation
The nonlinear TTM equations (Eqs. (7.1) and (7.2)) are solved by the finitedifference method in a backward Euler scheme (fully implicit and first order in
time) using the split-step method in which the electron-phonon coupling term
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Figure 7.7: Simulated evolution of the lattice temperature (color scale) in a 200 nm
GST film irradiated at the threshold fluence for optical change. The solid white line
is a contour line of temperature Tm . The scale was truncated at 5Tm .

is integrated with a much finer time-resolution than the heat-conduction terms
(which are costly to integrate and are significant only on a longer time scale)
[121], modified according to the procedure described in [122] for efficiently
treating phase-transition problems. The basic idea is to linearize the energy
densities H (and other nonlinear parameters) in the temperature T , solve the
system of linear equations for T , update the energies according to the linearized
temperature changes, and, finally, correct the temperatures by inverting the
energy expression. The corrected temperatures are then used for the next step
in an iterative scheme to solve the full nonlinear system for one time step until
convergence (i.e. H and T are consistent). By ensuring consistency between
T and H at all times, no (sudden) phase transition will be missed.
An example of a TTM simulation is shown in Fig 7.7 for a 200 nm GST
film irradiated at the (simulated) threshold fluence for optical change, the
criterion being that the entire film has to reach the melting temperature Tm
at one instant in time. (Note that Tph = Tm corresponds to partial melting;
complete melting occurs when Tph ≥ Tm + ε.) Interference causes a local
minimum in absorption at a depth of approximately 150 nm. The backside
of the film is quickly cooled through the Si substrate; heat conduction in the
GST film is generally insufficient to ever significantly reheat the back of the
film.
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Figure 7.8: Cross-sectional SEM image of a laser-irradiated spot in a 250 nm GST film.
(a) Tilted SEM overview of the spot. Regions (I-IV) corresponds to the boundaries of
first ablation, optical change, complete amorphization, and complete film removal,
respectively. The inset shows an optical microscope image of the same spot. The
contrast in the optical microscope image has been adjusted to make the optical change
more apparent. (b) Close-ups of regions (I-IV).

7.G.3

Cross-sectional SEM

Another example demonstrating optical change before complete amorphization is provided in Fig. 7.8 for the case of a 250 nm thick GST film. Regions
of first ablation and complete removal of the film are also shown. Region (II)
(green) in panel (a) contains the boundary for optical change; its location has
been marked both in the SEM- and optical microscopy image (inset). Panel (b)
provides the cross sectional view, showing the formation columnar grains that
begin to almost reach the Si substrate to the right (region (II)).

7.3 Near-field marking and Ge2 Sb2 Te5
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Figure 7.9: Left. Laser-irradiated spot of GST film with nanoparticles on top. The
bright annular region indicates the amorphized parts of the film. Right. Close up
at the amorphization boundary. Ablation (blue arrow) happens just around the
nanoparticles while amorphization is inhibited (lack of bright regions around the
nanoparticle).

7.3

Near-field marking and Ge2 Sb2 Te5

We close this chapter on GST by explaining why the material is not suited for
imaging near fields of gold nanoparticles.
The problem is illustrated in Fig. 7.9, which shows an SEM image of a
laser-irridiated spot on a 40 nm GST film with gold nanodimers (i.e. pairs of
disks) on top, arranged in a periodic pattern. The peak fluence of the laser
pulse barely reached the ablation threshold, as evident by the partially ablated
centre. The bright annular region shows the amorphized parts of GST. A close
up near the amorphization boundary is shown on the right; slight ablation
occurs around the left-most column of nanoparticles. However, there is no
evidence of amorphization near the nanoparticles where the NFE is largest.
Instead, amorphization appears to be inhibited around the nanoparticles!
Fig. 7.9 is just one out of many examples of this lack of amorphization.
We argued in Section 7.E.1 that a necessary condition for amorphization of
GST appears to be complete melting of the film. This explains the missing
amorphization near the nanoparticles: The extremely localized near fields
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of the nanoparticles implies localized melting. Because thermal diffusion in
GST is slow, and cooling by the silicon substrate is rapid, the entire film
never melts through the entire depth close to the nanoparticles. Note that
amorphization of GST for near-field imaging worked in Refs. [10, 11], but
that is probably because the authors used dielectric microspheres, which has
much less near-field localization than metal nanoparticles.

Chapter

8

Transient optical properties of
excited dielectrics
In this chapter, we examine the transient optical properties of fused silica,
excited by ultrashort laser pulses above the ablation threshold. The properties
are tracked by simultaneously recording s- and p-reflectivities ( R s and R p ,
respectively) of ultrashort visible probe pulses. An apparent birefringence
emerges ∼100 fs after pump pulse excitation, after which R s and R p cannot be
described by reflection from an air–solid interface with any dielectric constant
of the solid. This feature is observed over a wide range of probe wavelengths,
as well as on a different dielectrics (sapphire). A simple optical model based
on the creation of a thin electron cloud outside the dielectric through electron
emission, can explain all the features of our measurements, thereby resolving
the apparent birefringence.
The main text and the supplemental material included below was submitted
to Physical Review Letters.

8.1

Contributions

I have carried out all the measurements, created the figures, analyzed the data,
and written most of the manuscript. Sebastian T. Andersen has carried out
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an extensive amount of measurements on sapphire, which, however, is not
included here. The manuscript has been through a lot of versions; besides the
authors, Lasse Haahr-Lillevang, Thomas Winkler, and Brian Julsgaard, has
carefully read, commented and critiqued on early drafts. (Brian has, in fact,
commented on several, early as well as late, versions of the manuscript.)
The manuscript has been reproduced below with slight changes to a few
of the figures; the content is exactly the same, but the panels have been moved
around to adapt these figures on an A5 page.
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Transient optical properties of highly excited dielectric
materials at variance with reflection from an air–solid
interface: Signatures of ultrafast electron emission
Søren H. Møller, Sebastian T. Andersen, Peter Balling
Department of Physics and Astronomy, Aarhus University, Ny Munkegade 120, DK-8000 Aarhus
C, Denmark

Abstract: The ultrafast dynamics of short-pulse-laser-excited fused silica is investigated by measuring polarization-resolved reflectivities of a wavelength-tunable probe
pulse following a near-infrared pump pulse. This data, which should in principle allow
a determination of both real and imaginary parts of the time-dependent refractive
index, turn out to become incompatible with reflection from an air–solid interface
after ∼100 fs. We show that an apparent birefringence can be resolved by introducing
the ultrafast formation of a thin electron cloud in front of the dielectric sample.

Dielectric materials undergo rapid changes when excited by intense, ultrashort light pulses. The earliest response is dominated by the carriers, resulting
from a drastic rearrangement of electrons between the energy levels (bands)
of the material: valence-band (VB) electrons are promoted to the conduction
band (CB), typically via strong-field excitation by visible and IR laser pulses
[24, 30, 94, 123]. The free carriers, i.e. the CB electrons and VB holes, form
an electron-hole (e-h) plasma, which is responsible for an increased reflectivity
(plasma-mirror effect [124]) and absorption in the dielectric material. This
absorption plays an important role for energy deposition in the late parts of
the laser pulse; it leads to heating of the plasma in a thin layer and opens up for
collisional excitation of additional carriers from VB to CB (potentially leading
to avalanche ionization [30]). After the laser pulse, the carriers thermalize
among themselves by intra- and inter-band collisions and after tens of ps also
with the lattice, thereby transferring energy to the atoms in the solid. At this
point, if the excitation is strong enough, ablation – removal of atoms from the
solid – may be initiated, for example if the thermal energy of atoms exceed
their binding energy.
Tracking the transient changes in material properties with high temporal
resolution can be accomplished in pump-probe schemes using ultrashort laser
pulses [125–134]. Such experiments provide valuable insight into the transient
states of the laser-excited materials outlined above and can guide theoretical
descriptions of the dynamics, also when explaining new phenomena, like the
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recently discovered LADIE (light amplification in excited dielectrics) effect
[135]. The (complex) dielectric constant ε determines the optical properties of
a system, and is thus an extremely useful quantity to measure for understanding
and making future predictions about the transient states of excited materials.
Since laser excitation is typically very inhomogeneous in depth, ε varies
through the material. Nevertheless, an effective value (a so-called pseudo-ε
[136]) can be inferred through polarization-resolved reflectivity measurements
by inversion of the Fresnel equations [125, 131, 137].
Here, we report on time- and polarization-resolved reflectivity measurements on fused silica (SiO2 ), excited well above the ablation threshold, with focus on the ultrashort time scale after laser-pulse excitation. We used wavelengthtunable probe pulses with the original goal of experimentally determining
the transient dielectric constant at different wavelengths. To our surprise, the
measured reflectivities of p- and s-polarized light at all applied wavelengths
(480-730 nm) become – and remain – incompatible with reflection from an air–
solid interface ∼100 fs after excitation. In this letter, we propose an extension
of the optical model, which includes the effects of a cloud of emitted electrons
originating from the laser-excited dielectric target. This electron cloud, in
combination with a time-dependent scattering rate in the Drude description
of the excited material, provide a good description of the experimental data.
The experimental setup is a typical pump-probe scheme, which is described
in detail in the supplemental material Section 8.A. Briefly, the pump and probe
pulses derive from a regeneratively amplified Ti:sapphire laser. The pump
pulse (of duration 45 fs FWHM) is sent through a computerized delay line
and focused at normal incidence to a spot size (radius at 1/e2 ) of 30 µm/23 µm
(vertical/horizontal) onto the sample (dielectric target), which is mounted on
a computer-controlled 3-axis stage. An optical parametric amplifier (TOPAS)
produces wavelength-tunable probe pulses (durations of about 50 fs or less).
The electric-field polarization of the probe beam is rotated by roughly 45°
so that it contains almost equal mixtures of s- and p-polarized components
on the sample, onto which it is focused at an incidence angle θ = 59.5 ± 1.0°.
The reflected probe pulse, which is significantly larger than the pump beam
on the sample, is imaged via a long-working-distance microscope objective
(20×, NA = 0.42) onto a camera (CMOS, 8-bit). A birefringent calcite crystal,
mounted before the camera, spatially separates the s- and p-polarized components of the probe pulse onto two distinct sections on the camera sensor. In this
way, simultaneous s- and p-polarized images are captured of the pump-excited
surface. Band-pass filters (10-40 nm broad) are placed after the microscope
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Figure 8.1: Reflectivity at 700 nm of fused silica after pump excitation. (a-b) Selected
images at different time delays of R p (a) and R s (b). (c-d) Reflectivity time series
along a vertical slice passing through the center of the pump spots in (a) and (b). The
green bars indicate the pump-beam spot size (30 µm). (e) Time evolution of R s (blue
circles) and R p (orange squares) in the center of the pump spot. The envelope of the
pump pulse has been highlighted by gray. The solid and dashed lines represent the
reflectivities reconstructed from the transient dielectric constant ε shown in panel (f).
The lightly shaded ribbons in panel (f) indicate 68% credible intervals centered on
the mean values of ε (solid and dashed lines). The real part of ε is scaled down by a
factor of 5 in the hatched region.

objective to filter out unwanted stray light. Absolute reflectivities of the probe
pulses following a pump pulse are obtained as explained in Section 8.A. The
sample is moved to a fresh location after each pump shot.
Fig. 8.1 shows an example of measurements acquired on fused silica with
700 nm probe light. The average pump-pulse energy was 62 µJ corresponding
to a peak fluence of about 5.7 J cm−2 (peak intensity ∼100 TW cm−2 ), which is
about 2 times the ablation threshold fluence (∼2.9 J cm−2 ). Panels (a) and (b)
show a few selected images of the p- and s-polarized reflectivities ( R p and R s ),
respectively, at different delay times. The emerging bright central spot reflects
the large free-carrier density created by the pump pulse, viewed under an angle
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of 60°. Panels (c) and (d) show the detailed time evolution of R p and R s along
a fixed vertical slice passing through the center of pump spots in panels (a)
and (b), while the data points in panel (e) show the reflectivities in the center
of the pump-excited area. Two prominent features are observed: (i) Both R s
and R p increase until ∼100 fs after the material excitation, and (ii) R p exhibits
a subsequent decrease between 100 and 200 fs. The time scale “t = 0” has
been set by comparison to the optical model described later to eliminate the
uncertainty associated with the experimental determination of the temporal
pump-probe overlap, detailed in Section 8.A.
The delayed onset of a reflectivity increase [feature (i)], which continues
after the pump pulse is over, has been seen in previous investigations [129, 130].
Such behavior is not easy to explain if the dynamics is governed primarily
by the growth of the e-h density inside the dielectric target, where the fastest
reflectivity increase should happen during the pump pulse; this is the case
even if collisional excitation is contributing, as this mechanism happens on
a few-femtosecond time scale [138, 139]. However, as will be shown quantitatively below, the delayed increase in reflectivities can be explained within
the Drude model by a gradual decrease of the scattering rate, possibly due to
thermalization of the e-h plasma.
The subsequent drop in R p [feature (ii)] deserves careful attention. Assuming that the optical properties of the (inhomogeneously) excited dielectric
can be represented by a pseudo-dielectric constant ε, its value can be inferred
from the data in panel (e) of Fig. 8.1 by inverting the Fresnel equations for
R s and R p at an air–solid interface; the results are shown in Fig. 8.1, panel (f).
Initially, we observe an increase in the imaginary part [Im(ε)] and a reduction
of the real part [Re(ε)], which is consistent with the optical signature of an
e-h plasma. The values of R s and R p calculated from ε, shown as the solid
and dashed lines in panel (e), confirm that this ε fits the data at early times.
However, after 90 fs, which coincides with the onset of the drop in R p , the
method fails (hatched regions): the real part increases to unphysical values
(ranging from 10–20), the imaginary part drops to zero, and the observed
values of R s and R p are not simultaneously reproduced. Thus the data cannot
be described by any complex value of ε, due to the large difference between
R s and R p , which develops because of the drop in R p (see Section 8.A for a
proof that no solutions exist).
Then what is the origin of the drop in R p ? Essentially, what the data exhibit
is an apparent transient birefringence, since the effective optical parameters
for the two polarizations are different. The first thing to consider is the
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effect of the strong gradient in the excitation of the dielectric material, which
questions the validity of the Fresnel equations using a pseudo-ε [128]. However,
more advanced (numerical) solutions of Maxwell’s equations clearly show that
this effect has similar influence on s- and p-polarized light and thus cannot
explain the apparent birefringence. What about the effect of self-trapped
excitons (STEs), which are known to form quickly (well before 1 ps) after laser
excitation of fused silica and strongly influence the optical properties [27, 126]?
The formation of STEs is prohibited near the surface of the solid for the reasons
discussed in [134], which makes their optical signature extremely weak in
reflection measurements. Furthermore, preliminary investigations on sapphire
(which has no STEs) exhibit a similar drop in R p . Another explanation
to discuss has been proposed in two previous reports of a subsequent drop
in R p : Refs. [127, 133] attributed an observed ultrafast decrease in R p to
resonance absorption, which involves excitation of longitudinal plasma waves.
The condition for resonance absorption is that Re(ε) = 0 [140], and only ppolarized waves can excite the resonance because an electric-field vector along
the plasma gradient is required. We will argue that resonant absorption does
not explain the drop in R p after presenting data for more probe wavelengths.
Instead, as an attempt to explain the data, we propose to include the effect of
an electron cloud positioned just in front of the dielectric target. Such a cloud
(plasma) may readily be formed by the laser-heated hot electrons that escape
the target [141, 142]. A simplified model of the situation is sketched in Fig. 8.2,
panel (a), showing the high-density e-h plasma (labeled “2”) inside the laserexcited target material (fused silica), and the low-density electron cloud (labeled
“1”) outside. The target surface is placed at z = 0. The free-carrier densities
n i in each region (i = 1, 2) are assumed to vanish over some characteristic
length scale `i as n i (z) = n 0,i exp(−|z |/`i ). The dielectric constant ε i (z) in
both plasmas is taken to follow the Drude model
ε i (z, ω) = ε b,i (ω) −

ω2p,i (z)
ω2 + iωΓi

,

(8.1)

where ε b,i is the dielectric constant of the unperturbed materials (e.g. ε b,1 = 1.0
p
for air), Γi is the phenomenological scattering rate, ω p,i (z) = e2 n i (z)/ε 0 m i
is the plasma frequency, m i is the (reduced) carrier mass, and ω is the probe
frequency. The reduced e-h mass is set to 0.43m e inside fused silica [134].
R s and R p are calculated by solving the Helmholtz equations based on the
procedure described in Section 8.A.
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Figure 8.2: (a) Sketch of the model geometry. The vertical dotted line separates the
domain into two parts at z = 0: air (labeled “1”) and fused silica (labeled “2” and
colored light-blue). The solid blue curves depict the free-electron densities n that
make up the electron cloud (region 1) and the e-h plasma (region 2). Perfect symmetry
in x and y is assumed. (b) Assumed time evolution of the electron densities n 1 and
n 2 , and scattering rate Γ2 at z = 0 [see Eq. (8.2)]. (c) Associated reflectivity changes
of R s and R p at 60° angle of incidence.

To model the dynamics of the reflectivities, we envision the time evolution
of n 0,i and Γ2 depicted in Fig. 8.2, panel (b). The e-h density n 0,2 increases while
the pump pulse is “on” with a presumed time scale of τ2 = 60 fs, effectively
incorporating the temporal overlap between the pump and probe. Near the
end of the pulse, the scattering rate of the e-h plasma Γ2 gradually decreases,
e.g. through thermalization of the carriers, down to a certain “steady” value.
Meanwhile, the electron cloud forms in front of the dielectric (region 1); n 0,1
increases. Panel (c) shows the resulting time evolution of R s and R p . Both
reflectivities increase as Γ2 decreases, and when n 0,1 reaches a sufficient value,
R p starts to drop while R s is more or less unaffected. This confirms that the
model is able to reproduce features (i) and (ii) described above.
Specifically, R s and R p are modeled by assuming a simple error-function
growth of the densities and exponential decrease of the scattering rate:
 √

t
n 0,2 (t ) = n 2,∞ erfc − 4 ln 2
,
τ2

(8.2a)

 √

(t − t 0 ) n 0,2 (t )
,
n 0,1 (t ) = n 1,∞ erfc − 4 ln 2
τ1
n 2,∞

(8.2b)
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Γ2 (t ) =

Γ2,0
Γ2,∞ + (Γ2,0 − Γ2,∞ )e−(t −ξ)/T

t <ξ
ξ≤t

(8.2c)

The “∞” subscript indicates the “steady-state” values of the parameters, which
in this context means the values after ∼300 fs (c.f. Fig. 8.1). τ1 is the time scale
for growth of the electron cloud. Note that n 0,1 is assumed proportional to
n 0,2 as the electrons originate from the solid. Inspired by the experimental
results in [131], we assume an exponential decrease of Γ2 from an initial value
Γ2,0 > Γ2,∞ with time constant T . t 0 and ξ are time offsets relative to the pump
pulse (“t = 0”).
The physical origin of the drop in R p can, in fact, be explained as an
interference phenomenon: The thin electron cloud provides an additional
interface, from which the incident probe pulses are reflected. However, the
cloud has different effects for the two polarizations: for p-polarized light, the
additional reflection is out of phase with that from the solid, which is not
the case for s-polarized light. Consequently, the drop in the p-reflectivity is a
signature of destructive interference. Representing the cloud by a pseudo-ε,
it can be shown (see Section 8.A) that a necessary condition for such a phase
relation is ε 1 < sin2 θ, which makes the z-component of the wave vector in the
cloud imaginary. In our experiment (sin2 θ ' 0.75), this condition is fulfilled
as soon as the electron density in the cloud becomes appreciable.
So far we have based our discussion on the measurements with a 700 nmprobe. However, experiments were performed for a wide range of probe
wavelengths, and all data exhibited qualitatively similar behavior. Figure 8.3
shows the time evolutions of the reflectivity in the pump-beam center at eight
different wavelengths in the range 480–730 nm. These measurements were
generally recorded on different days, so that systematic variations, for example
in terms of slight variations in pump fluence, are possible. Nevertheless, as
a general trend we observe that the risetimes of R p and R s decreases as the
probe wavelength increases; the subsequent drop in R p is less pronounced at
shorter wavelengths; and the steady-state values of R p , reached 100-300 fs after
excitation, decrease with increasing probe wavelength, whereas R s generally
increases. (These qualitative observations are quantified in Section 8.A.)
We fitted the dynamic model Eq. (8.2) simultaneously to all the dataseries
shown in Fig. 8.3, where the resulting model predictions are shown as solid
lines. To allow for the expected small systematic variations in experimental
conditions, we allowed n 1,∞ , n 2,∞ , t 0 , ξ, and Γ2,0 to vary independently between each dataseries. All the fitted parameters are summarized in Table 8.1
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Figure 8.3: Observed time-resolved values of R s (blue circles) and R p (oranges
squares) at different probe wavelengths. The solid lines are model predictions
(c.f. Eq. (8.2)) based on a simultaneous fit across all the displayed datasets. Vertical lines mark t = 0 as inferred from the fit.
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Table 8.1: Model parameters [c.f. Eq. (8.2)] obtained from fitting the data in Fig. 8.3
with τ2 = 60 fs. Parameters that were allowed to change between each of the 8
dataseries are summarized here by the mean ± the standard deviation.

Parameter
n 1,∞
n 2,∞
Γ1
Γ2,0
Γ2,∞
`1
`2
τ1
T
t0
ξ

Value
(1.9 ± 0.2) × 1021
(3.3 ± 0.6) × 1022
1.0 × 1014
(4.5 ± 2.4) × 1015
9.2 × 1014
43
23
110
43
135 ± 60
45 ± 21

Units
cm−3
cm−3
s−1
s−1
s−1
nm
nm
fs
fs
fs
fs

with the aforementioned parameters represented by their mean ± the standard deviation. (The full set of parameters is presented in Section 8.A.) We
see that the model provides a good explanation of most of the observations:
pronounced peaks in R p (actually caused by the subsequent drop in R p ) are
produced at longer wavelengths, and the correct steady-state values of R s and
R p are obtained, which was impossible to achieve without accounting for the
electron cloud. Even the wavelength-dependent risetimes are qualitatively
captured by the Drude model with the simple time-dependent exponential
decrease of Γ2 .
The parameters obtained for the excited-carrier density and scattering
rate in fused silica compare well with values in the literature [125, 128–130,
132, 134]. The spatial extent of the plasmas are relatively short; inside the
dielectric, this is expected due to the small skin depth ∼28 nm of the e-h plasma,
estimated using optical parameters corresponding to the steady-state values
at the surface (Table 8.1). The maximum e-h density amounts to about 50%
of the (atomic) number density in fused silica (6.6 × 1022 cm−3 ). The electron
cloud outside the target corresponds to 11% of the total number of excited
electrons. As a result, the surface of the dielectric becomes positively charged,
which presumably assists with keeping the electron cloud intact. This picture
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is in line with the build-up time τ1 = 110 fs and delay t 0 ' 135 fs relative to
the excitation. Note that the electron cloud is much denser than the density of
ambient air 2.7 × 1019 cm−3 , which indicates that the ambient air plays only a
minor role, e.g. in confining the plasma.
It is conceivable that the positive surface charge resulting from electron
emission may become so large that it initiates Coulomb explosion – removal
of surface ions due to mutual electrostatic repulsion [34, 35]. This would,
however, severely perturb the system and thus affect the otherwise steady
reflectivities, which is incompatible with the present observations. Coulomb
explosion is possibly suppressed by partial compensation of the surface charge
by electrons originating from deeper within the e-h plasma. Previous studies
on fused silica (and similar materials) agree that the reflectivity after strong
laser-pulse excitation remains stable for a few ps after which the onset of
macroscopic ablation (not Coulomb explosion) masks the e-h-optical response
[129, 134, 143].
Let us discuss why the specific features of the reflectivity measurements
observed here, inexplicable without the additional electron cloud outside the
dielectric target, has to our knowledge only been reported a few times before
[127, 133]. To this end, we recall that R p starts to drop due to destructive
interference between reflections from the cloud and the solid only if ε 1 (ω) <
sin2 θ Section 8.A. Assuming that Γ1  ω (see Table 8.1) and making use of
Eq. (8.1), the condition can be expressed more clearly in terms of the probe
frequency ω and the plasma frequency ω p,1 of the electron cloud:
ω < ω p,1 /cos θ.

(8.3)

When this condition is not fulfilled, the p-reflectivities from the cloud and the
solid surface interfere constructively, thereby making R p appear indistinguishable from the response of only an e-h plasma. Most previous experiments used
a shorter probe wavelength (larger ω), and smaller incidence angles (larger
cos θ ), meaning that the condition Eq. (8.3) was not fulfilled at excitations
corresponding to ablation.
To the best of our knowledge, the only previous reports of a subsequent
drop in R p are Refs. [127, 133]. The authors attributed the drop in R p to
resonance absorption. Re(ε) = 0 is not fulfilled in the dilute electron cloud
outside the dielectric (see Table 8.1), but the condition is fulfilled inside the
dielectric. Suppose that Re(ε 2 ) = 0 at a specific critical depth z = d for a certain
probe frequency ω. According to Eq. (8.1), reducing ω increases d, because a
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smaller n 2 is needed to achieve Re(ε 2 ) = 0. However, the penetration depth of
the probe pulse inside the e-h plasma increases with ω (skin effect). Therefore,
at lower ω, a smaller field amplitude passes through z = d, thus reducing the
influence of resonance absorption on R p . This is in contradiction with our
data: the differences between R s and R p are larger at longer wavelengths.
In conclusion, we measured transient and polarization-resolved reflectivities of short-laser-pulse-excited fused silica using ultrashort wavelengthtunable probe pulses (480–730 nm). About 100–200 fs after excitation, we
observed a drop in the p-reflectivity, which could not be reproduced by standard optical models based on an air–solid interface. We were able to explain
the time-dependent measurements by including the interference effects of
reflection from an electron cloud originating from the laser-excited dielectric.
A time-dependent scattering rate in the electron-hole plasma inside fused silica
explains the slow growth (compared with the pump-pulse duration) of the
reflectivities. The experimental conditions under which clear optical signatures of the electron cloud can be seen were discussed. The new understanding
of transient optical properties, provided in this letter, potentially opens up a
new avenue towards increased control of short-pulse excitation of materials.
Acknowledgements We thank Lasse Haahr-Lillevang for his contributions
to an early version of this experiment. Innovation Fund Denmark is acknowledged for funding via the SunTune project.
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Supplemental material

8.A.1

Experimental setup

The experimental setup is a typical pump-probe scheme, sketched in Fig. 8.4.
The pump and probe pulses derive from a regneratively amplified Ti:sapphire
laser, delivering 35 fs (at FWHM) pulses (1.4 mJ maximum pulse energy at
5 kHz) centered around 800 nm. The laser is gated by our data-acquisition
software to fire single pulses on demand. The first beam splitter (BS, Fig. 8.4)
placed after the laser separates the laser beam into a pump beam and a probe
beam.
The probe is sent through an optical parametric amplifier (TOPAS), outputting wave-length-tunable fs pulses (marked as green in Fig. 8.4). Only probe
wavelengths between 480 nm and 730 nm are used here. After the TOPAS, a
periscope arrangement rotates the electric-field polarization by roughly 45°
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Figure 8.4: Pump-probe setup for measuring simultaneously s- and p-reflectivities.
The pump and probe beam paths are marked by red and green, respectively. The upper
right inset shows the probe beam incident onto the sample at an angle θ = 59.5 ± 1.0°
of mixed s (electric field Es ) and p (electric field Ep ) polarization. A microscope
objective (MO) collects the reflected probe and images it onto a camera, and a beam
displacer (BD) separates the reflected s and p components; an example of a resultant
image is shown next to the camera (left: p, right: s ). HWP: half-wave plate; BS: beam
splitter; PBS: thin-film polarizing beam splitter; PD: photodiode, BPF: bandpass filter;
NDF: neutral density filter wheel; L1-L3: 100 mm, 50 mm, and 200 mm achromatic
lenses.

such that the probe beam consists of an almost equal mixture of p and s components. After passing through an adjustable reflective neutral-density filter
wheel (NDF), the probe beam is focused (via the 50 mm achromatic lens L2)
onto the sample at an incidence angle θ = 59.5 ± 1.0° (dash-outlined inset in
Fig. 8.4). The pulse is imaged onto a CMOS camera (8-bit, 720 × 480 pixels)
by a combination of a long-working-distance, infinity-corrected microscope
objective (MO) (×20, NA = 0.42) and a 200 mm achromatic tube lens (L3).
A band-pass filter (BPF) is placed between MO and L3 to filter out potential
stray light from sources other than the probe pulse (e.g. scattered pump light
and plasma emission). The birefringent calcite beam displacer (BD) placed
after L3 spatially separates the p- and s-polarized componenets on the camera
sensor as shown in Fig. 8.4. Two crossed linear polarizing filters (not shown)
are mounted in front of the camera sensor to filter out s-polarized probe light
on the p-side and vice versa.
The pump beam is sent through a computerized mechanical delay line.
The pulse energy is adjusted by a combination of a half-wave plate (HWP)
on a computerized rotation stage and a thin-film polarizing beam splitter
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(PBS), transmitting primarily the p-polarized component. The pulse energy
is monitored by a fast, calibrated photodiode (PD). Finally, the pump beam
is focused at normal incidence onto the sample by a 100 mm achromatic lens
(L1). The sample is mounted on a computer-controlled three-axis stage, and
is moved to a fresh location after each pump pulse. An electro-mechanical
shutter is placed in the pump-beam path so that reference images of the sample
surface can be captured prior to the actual measurement where both the pump
and probe light interact with the sample.

8.A.2

Laser pulse parameters

The central part of the pump beam at the sample is described well by an
elliptical Gaussian with beam waists (radius at 1/e2 in intensity) around 30 µm
(vertical) and 23 µm (horizontal), as inferred by the typical approach of measuring the cross sections of ablation craters at various pulse energies [59].
The laser beam exiting the Ti:sapphire laser is intentionally slightly chirped
to optimize the output from the TOPAS; the latter requires a compressed
pump pulse (FHMW ∼35 fs) in order to function optimally. The chirp in
the pump path is almost compensated for by a beam-size-reducing telescopic
arrangement (not shown in Fig. 8.4) and the HWP, because from noncollinear
autocorrelation measurements, we find that the pulse duration of the pump is
35 ± 2 fs. The beam path to the autocorrelation setup differs only from the
pump-part of the setup (Fig. 8.4) in that the laser beam does not pass through
PBS (3.2 mm thick) and L1 (5.5 mm thick), both of which introduces some
unwanted group-delay dispersion, which we estimate to broaden the pulse to
no more than 46 fs. (There is a weak focusing lens in the autocorrelation setup
that actually reduces the relative amount of group delay dispersion, so this
estimate provides a reasonable upper limit.)
To estimate the duration of the probe pulse, we measured cross-correlation
signals of the pump and signal/idler beams that generate the desired visible
probe pulses inside the TOPAS through parametric processes (sum-frequency
generation and second harmonic generation). The cross-correlation width (at
FWHM) varied somewhat between 60 fs and 75 fs depending on the wavelength.
However, the duration of the visible probe pulse is limited by the shortest of
the two pulses (pump or signal/idler);
√ most likely the pump with FHWM
35 fs, but certainly less than (75 fs)/ 2 ≈ 50 fs.
In summary, we expect, at most, a √temporal overlap of the pump and
probe at the sample surface of around 462 + 502 fs ≈ 70 fs; any observed
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Figure 8.5: Time-resolved reflectance measurements of GaN nanowires. Panels (a)
and (b): images of the (a) p- and (b) s-components of the probe at a certain time delay.
The time evolution of the two regions marked by red and blue squares are shown
in panels (c) and (d), respectively. Normalized values of the p- and s-reflectance are
represented, respectively, by blue circles and orange squares. The vertical dashed lines
indicates the region of the presumed temporal overlap of the pump and probe pulses.
An SEM image of the GaN nanowires is shown in the upper right corner of panel (d).

dynamic changes slower than 70 fs must therefore reflect the response of the
target material.

8.A.3

Finding t = 0

It is important to determine the temporal overlap of the pump and probe
pulses (i.e. “t = 0”) to correctly interpret the experimental observations.
One approach is to take advantage of the instantaneous Kerr effect [130]:
the presence of the intense femtosecond pump pulse induces a change in the
refractive index of the target, which in turn instantly affects the reflectivity
of the probe. It can, however, be difficult to disentangle the Kerr effect from
other processes that influences the reflectivity.
We were not able to make this distinction on our fused-silica samples,
possibly due to an insufficient dynamic range of the camera (8-bit). Instead
we used as a target home-grown gallium nitride (GaN) nanowires (a scanning
electron microscope (SEM) image shown in the upper right corner of Fig. 8.5).
Fig. 8.5 shows a measurement using a 700 nm probe. Panels (a) and (b) show,
respectively, s- and p-polarized images at a certain delay. The time evolution
of two regions (5 × 5 pixels), marked red and blue, is followed in panel (c)
and (d) wherein blue circles and orange squares represent normalized values of
s- and p-reflectivities, respectively. The reflectivities initially decrease because
the free-carriers reduce the real part of the refractive index. However, a small
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peak consistently appears around 300 fs (solid vertical line) in the p-signal,
which we attribute to the temporal overlap of the pump and probe pulses via
the Kerr effect. The vertical dashed lines mark a 140 fs interval around the
peak, from which we obtain an estimated cross-correlation time (FWHM)
∼70 fs. This is similar to the overlap estimated in the previous section.
The procedure by which we find t = 0 is as follows: we first perform
the desired measurements on the samples of interest (e.g. fused silica) at a
specific probe wavelength. Afterwards we switch samples and look for the
peak in the p-reflectance, c.f. Fig. 8.5; this marks t = 0. Because there are
potential alignment issues involved in changing the sample (aggravated by the
steep imaging angle), we expect uncertainties in determining t = 0 to be up to
±120 fs.

8.A.4

Data analysis

To estimate the change in surface reflectivity induced by the pump at a specific
pump-probe delay, two images are captured: First, a reference image r = {r i j }
of the surface without the pump; then an image with pump and probe, d =
{d i j }. The difference between d and r gives the signal change x = {x i j } due to
the pump excitation, which is proportional to the reflectivity change.
A single picture captured on the camera actually contains two images of
the surface acquired with the p- and s-polarization of the probe, respectively
(see Fig. 8.4). We consider these two images as separate, i.e. the p-polarized
(p)
image is d(p) = {d i j } and the s-polarized image is d(s) = {d i(s)
}. We leave out
j
the superscripts indicating the polarization when the formulae apply equally
well to both cases.
Because of pulse-to-pulse energy fluctuations of the probe (fluctuations
are much more pronounced for the probe because it is generated through
nonlinear processes of the pump), we model the data as
d i j = a(r i j + x i j ),

(8.4)

where a is the ratio of the energies of the two subsequent probe pulses. The
regions outside the pump-beam-affected zone, where x i j = 0, are used to
estimate the probe-energy ratio a. Once a is known, x i j can be estimated
everywhere from Eq. (8.4).
To get absolute reflectivities of the p and s components during pump-pulse
excitation, we must know the reflectivities of the pristine sample, here denoted
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as R p,0 and R s,0 . They are estimated from the Fresnel equations given the
known angle of incidence θ ≈ 60°, and known refractive index of the sample
at the probe wavelength. For a particular pixel (suppressing the i j-indices in
the following), the associated reflectivity change is
∆R k =

x (k)
R 0,k
r (k)

with k = s, p.

(8.5)

Because the 60° angle of incidence used in this experiment is close to the
Brewster angle of most transparent materials, r p ≈ 0, which makes Eq. (8.5)
useless for estimating ∆R p . Instead, we use the reference image captured on
the s-side of the camera, properly translated and scaled, so that according to
Eq. (8.5),
x (p)
(8.6)
∆R p = γ (s) ∆R s .
x
We have introduced the factor γ to correct for the relative pulse energies in
the s- and p-components of the probe. γ is acquired by calibrating the camera
using a high-reflective aluminum mirror.
The absolute reflectivities reported in the letter are obtained as R k =
R k,0 + ∆R k .
A Bayesian probability analysis
The steps outlined fully describes the data analysis procedure: the two crucial
steps are the estimation of x (k) and the proper overlapping of the p- and spolarized sections on the camera. To carry out this procedure automatically
and consistently, we apply Bayesian probability theory to estimate x(k) and
the relative location of the pump beam spots on the p- and s-sections on the
image to properly overlap them. The workflow is skecthed in Fig. 8.6 using
the methods described in this section. We assume the reader is familiar with
basics Bayesian probability theory, see, e.g. Ref. [144].
In probability theory, Eq. (8.4) is no longer an exact identity but subject
to errors (experimental uncertainties), which we account for by adding an
error term  (supressing again the i j indices):
d = a(r + x) + ,

(8.7)

We assume that the images have been normalized
such that 0 ≤ d ≤ 1. The
√
errors result primarily from shot noise ( ∝ d ) since we are concerned with
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Figure 8.6: Principle of the workflow (left to right) for analyzing p- and s-reflectivities
on fused silica when the reference p-reflectivity is close zero. The first step is to split
the image into the p- and s-polarized sections. Then a map ρ (Eq. (8.26)) is applied
separately to each section in order to “threshold” the pump-affected parts of the image
(1 is associated with pump-induced signal, 0 with the background). The center of
the pump beam is found by computing the center of mass of the thresholded images
(marked by green crosses). The p-polarized image is then translated (T ) to overlap the
pump spot onto the s-polarized image. Finally, the reflectivity of the p- and s-images
are computed using Eq. (8.6) and Eq. (8.5), respectively. Note that the regions with
low probe signal produce an extreme variance in the reflectivity (because of division
by zero), but that is of no concern here, since it is well outside the pump spot.

relatively large changes in reflectivity due to the pump excitation. Consequently, the Poisson-distributed errors can be approximated by a Gaussian
with standard error σ
2
2
1
Pr( |σI ) = √
e− /2σ .
2πσ

In our case, σ =

√c
255

√

(8.8)

d + 0.002, where a choice of c in the range 0.2 to 0.3

gives a reasonable approximation to the shot noise.1
Inspired by [144, pp. 396-403], we adopt a mixture-model approach, where
a given pixel is classified according to whether it is outside (T ) or inside ( F )
the pump spot. In the first case (T ), we know that x ≡ 0 and therefore
d = ar +  . In the second case ( F ), Eq. (8.7) holds and x could be anything in
the range from −r to a −1 − r . We do not immediately know which of the two
possibilities is more likely, but suppose that a fraction β of the image is not
filled by the pump. Randomly drawn pixels from the image thus have a chance
β of containing no signal ( x = 0). Therefore, the likelihood of observing
√
seemingly arbitrary factor 255 is introduced because of the 8-bit dynamic range of
the camera. Also, the extra term 0.002 ensures that the error remains finite when d = 0.
1 The
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datum d, given r , a, and β, is



Pr d |r a βI = β Pr d |r aT I + (1 − β) Pr d |r aF I

(8.9)

The likelihood when T is true is, by virtue of Eqs. (8.7) and (8.8) with x = 0,
the familiar Gaussian likelihood:

2
2
1
e−(d−ar ) /2σ .
Pr d |r aT I = √
2πσ

(8.10)

When F is true, the value of x could, in principle, be anything in the range
noted above. Therefore, we assign a uniform probability over x:
(
a −1 if − r ≤ x ≤ a −1 − r,
Pr(x |r aF I ) =
(8.11)
0
otherwise.
The likelihood for d is in this case, without knowing x:
ˆ
ˆ



Pr d |r aF I = dx Pr x d |r aF I = dx Pr(x |r aF I ) Pr d |r a x F I
(8.12)
=

1
1
d
1−d
+ erf √
.
erf √
2
2
2σ
2σ








(8.13)

This specifies the mixture-model likelihood in Eq. (8.9) for a single datum.
Suppose that N samples have been chosen at random from the image:
enumerate them i = 1, 2, . . . , N . The full likelihood of {d i } is just a product
over the individual likelihood functions for a single datum:
Pr {d i }|{r i }a βI =


N
Ö



{ β Pr d i |r i aT I + (1 − β) Pr d i |r i aF I }. (8.14)

i=1

From this likelihood, we can finally obtain the posterior probability distribution for a and β through Bayes theorem [144]:


Pr a β |{d i }{r i }I ∝ Pr(a|I ) Pr( β |I ) Pr {d i }|{r i }a βI .
(8.15)
We have to specify prior distributions for a and β. For a we choose a normal
distribution for a centered at 1 (no energy fluctuations) with width around
0.3, whereas for β we assign a beta distribution, which restricts β to the
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unit interval, with more weight on large β values. Note, however, that when
drawing enough samples (typically we draw N = 1000 samples), the likelihood
completely overrules the prior information. Therefore, the choice of priors
makes essentially no difference as long as they are consistent with the data.
The most probable values of a and β, named â and β̂ respectively, are
found by maximizing either Eq. (8.15) (maximum a posteriori estimation) or
Eq. (8.14) (maximum likelihood); if N is large, the difference is immaterial.
In practice, the probability distributions for a and β are so narrow that the
uncertainties they produce in the uncertainty analysis of the reflectivities are
negligible compared to the shot noise error σ. We will therefore make the

simplifying approximation that Pr a β |{d i }{r i }I ≈ δ(a − â)δ( β − β̂).
To infer the reflectivity, we need the posterior probability distribution for
a particular x j :
ˆ

Pr x j |{d i }{r i }I =

ˆ



da d β Pr a β |{d i }{r i }I Pr x j |{d i }{r i }a βI (8.16)

da d β δ(a − â)δ(a − β̂) Pr x j |{d i }{r i }a βI




= Pr x j |{d i }{r i } â β̂I = Pr x j |d j r j â β̂I

 

∝ Pr x j |ar j β̂I Pr d j |r j x j â β̂I


= (1 − β̂) Pr x j |ar j F I Pr d j |r j x j âF I

+ β̂δ(x j ) Pr d j |r j âT I .
≈



(8.17)
(8.18)
(8.19)
(8.20)

We see that the probability distribution of x j is (within the approximations)
a simple average of the product of the likelihoods and priors associated with
the two possibilities T (sample j outside the pump spot) and F (inside pump
spot), weighted according to β̂ and 1 − β̂.
Assume that the possibility F is true – i.e. neglect the second term in
Eq. (8.20). In the article (e.g. Fig. 1(d) and Fig. 2), we represent x j by its
r
average value x j with associated errorbars x 2j − x 2j . The required integrals
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can be carried out analytically:
ˆ

x n ≡ dx x n Pr x |{d i }{r i }F I
 √ n Õ
 n−k

n  

1
2σ
n
d − ar
=
(−1)k √
Ik − Jk ,
a
k
Z
2σ

(8.21)
(8.22)

k=0

with



d
1−d
Z = π erf √
+ erf √
,
2σ
2σ
 k + 1

,
Ik = 1 + (−1)k Γ
2




k + 1 (1 − d)2
k + 1 d2
k
Jk = Γ
;
+ (−1) Γ
;
,
2 2σ 2
2
2σ 2
√





(8.23)
(8.24)
(8.25)

and Γ is the (incomplete) gamma function.
Finally, it is possible to compute the probability ρ that a particular sample
is within the beam spot. Skipping the details (see [144]) and using the previous
approximations,

(1 − β̂) Pr d |r âF I
(8.26)
ρ=

.
(1 − β̂) Pr d |r âF I + β̂ Pr d |r âT I
This is a weighted ratio average of the likelihoods for F and T , which certianly
makes a lot of sense. We use this equation to threshold the pump spot in the pand s-polarized sections of the images to properly overlap them (see Fig. 8.6).

8.A.5

Parameterization of the time-resolved data

The time-resolved reflectivity measurements, displayed in Fig. 1(e) and Fig. 2
in the letter, can be parameterized surprisingly well by the following analytical
expressions:
 √

(t − t 0,s )
R s (t ) ∼ R s,0 + 12 (R s,∞ − R s,0 ) erfc − 4 ln 2
,
(8.27a)
τs
 √

(t − t 0,p )
1
R p (t ) ∼ R p,0 + 2 (R p,∞ − R p,0 ) erfc − 4 ln 2
τp
(8.27b)


(t − t 0,p )2
+∆R p exp −4 ln 2
.
τp2
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The initial reflectivities R k,0 (k = s, p ) are the known reflectivities of the
dielectric material; R k,∞ are the steady-state reflectivities, and τk are the time
constants (FWHM) of the growth of R k . The third term in Eq. (8.27b)
accounts for the transient peak in R p ; note that the time constant is the same
as in the second term.
The time-resolved reflectivity data, shown in Fig. 3 in the letter, are fitted
to Eq. (8.27) in Fig. 8.7. The associated fitted values of R k,∞ , τk , and ∆R p , are
displayed, respectively, in panels (a-c) in Fig. 8.8. These plots substantiate the
qualitative remarks made in the letter.

8.A.6

Inadequacy of a single dielectric constant

To explain the reflectivity data, it is necessary to reproduce the observed
differences between R s and R p . From Fig. 8.8(a), differences up to 0.65 are
seen. However, reflection of a monochromatic beam incident from air at the
incidence angle θ ≈ 60° onto a material with any complex dielectric constant
ε = ε 0 + iε 00 cannot produce such large differences. This is illustrated in
Fig. 8.9, where we show R s − R p at 700 nm for a wide range of values of ε,
demonstrating that the maximum reflectivity difference is around 0.5.
In a highly-excited dielectric material, we expect ε 0 to be negative. This
further limits the possible values of R s − R p . The laser-excited dielectric
should of course not be modeled as a homogeneous material. We have therefore performed several numerical calculations using the Helmholtz equation
(see Section 8.A.7) with various plasma decay lengths inside the dielectric
using the Drude model. However, none of these were able to reproduce the
experimentally observed differences between R s and R p .

8.A.7

Reflectivity calculations

To better describe the experimental results, we introduced a new model. The
model geometry was sketched in Fig. 2(a) in the letter, and reproduced here
in Fig. 8.10 for convenience. The system consists of two regions (region 1: air,
region 2: dielectric target) separated at z = 0. The incident wave vector lies in
the x z plane, impinging from air towards the target at an incidence angle θ:
kinc = (ω/c)(e x sin θ + ez cos θ). We further assume perfect symmetry in the
xy plane, implying that k x = (ω/c) sin θ is conserved [? ].
We distinguish between s and p polarized waves. For the s polarization, it is
easiest to consider the wave equation for the electric field, which is completely
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Figure 8.7: Time-resolved R s (blue circles) and R p (orange ) data in the center of
the pump beam spot at different probe wavelengths (noted in the top left corner).
For clarity, R p has been scaled by ×3, and the data has been offset in time for ease of
comparison. The solid lines are the parameterization via Eq. (8.27).

Reflectivity

(a)

117

0.8

(b)

0.6

0.4

0.2

0.0

500

550

600

650

Time constant (fs)

8.A Supplemental material
300
250
200
150
100

700

500

Probe wavelength (nm)

(c)

550

600

650

700

Probe wavelength (nm)

3.0
2.5

Rp /Rp,

2.0
1.5
1.0
0.5
0.0

500

550

600

650

700

Probe wavelength (nm)

Figure 8.8: Model parameters according to Eq. (8.27) and Fig. 8.7. Blue circles
and orange squares are associated with Eq. (8.27a) and Eq. (8.27b), respectively. (a)
Steady-state reflectivities, (b) time constants, and (c) amplitudes ∆R p of the peak in
p-reflectivity normalized to R p,∞ .

polarized in y:


ω2
ε(z) − sin2 θ E y = 0.
(8.28)
2
c
The prime denotes differentiation with respect to z. For the p-component,
we consider the magnetic B field, which is also y-polarized; its wave equation
reads

ε 0(z) 0 ω2
B y + 2 ε(z) − sin2 θ B y = 0.
(8.29)
B y00 −
ε(z)
c
E y00 +

The two uncoupled wave equations can now be solved by a procedure
analogous to the transfer-matrix method (TMM) [15], where we start with
the transmitted field deep inside fused silica in the form ∼ eik x x+ik z,2 z with
k x = (ω/c) sin θ and k z,2 = (ω/c)(ε b,2 − sin2 θ)1/2 (this is the solution in the
homogeneous material for z  `2 where ε 2 ≈ ε b,2 ) and integrate backwards
to some z ∗ where ε 2 = 1 (i.e. |z ∗ |  `1 ). However, the dielectric constant is
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Figure 8.10: Model geometry. The interface between the two regions labelled “1”
(air) and “2” (dielectric) is placed at z = 0. The blue solid lines depict the free-carrier
densities (labelled n i , i = 1, 2) which are assumed to decay exponentially on either
side of the interface. The incident waves propagate in the x z plane.
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discontinuous at z = 0, so the fields must be matched by Maxwell’s interface
conditions. For example, we require for the p-polarized field that
lim B y (z) = lim− B y (z),

z→0+

lim+

z→0

z→0

and
(8.30)

1 0
1 0
B (z) = lim−
B y (z).
z→0 ε(z)
ε(z) y

This provides the proper initial conditions for the field and its derivative in
the second domain (air in this case). The conditions are equivalent for the
s-polarized wave except that E y0 is continuous.
Continuing the integration to some z ∗ , the solution is matched, according
to the appropriate interface conditions, to an incident and a reflected plane
∗
∗
wave: F ∼ eik z,1 z + r e−ik z,1 z . Here, r is the complex reflection coefficient,
which we can now obtain as follows
rp =

ik z,1 B y∗ − B y0∗
ik z,1 B y∗ + B y0∗

,

rs =

ik z,1 E y∗ − E y0∗
ik z,1 E y∗ + E y0∗

,

(8.31)

where the starred quantities are the (numerically obtained) fields evaluated at
z ∗ . Finally, the reflectivities are just R p = |r p | 2 and R s = |r s | 2 .
The differential equations were solved using the DifferentialEquations.jl
package [145] using non-stiff solvers.We checked that this approach – solving
the Helmholtz equations – gives the same reflectivities as using the TMM
(with the tmmpy package [100]) where the domain is sliced into many thin
layers, each having a constant dielectric constant. For high accuracy calculations, solving the Helmholtz equations with DifferentialEquations.jl
was more time efficient than using tmmpy, which is why we used the former
approach.

8.A.8

Fitting of the time-resolved data

The time-resolved data shown in Fig. 2 of the letter were fitted to Eqs. (2) of
the letter, which we reproduce here for convenience:
 √

t
n 2 (t ) = n 2,∞ erfc − 4 ln 2
,
(8.32a)
τ2
 √

(t − t 0 ) n 2 (t )
n 1 (t ) = n 1,∞ erfc − 4 ln 2
,
(8.32b)
τ1
n 2,∞
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(
Γ2 (t ) =

Γ2,0
Γ2,∞ + (Γ2,0 − Γ2,∞ )e−(t −ξ)/T

t <ξ
ξ≤t

(8.32c)

All dataseries (i.e. R s and R p at different time delays acquired for a particular probe wavelength) were combined to form a single likelihood function.
The likelihood of each datum was taken as a Gaussian with standard error
assigned to the estimated uncertainty on x (see Section 8.A.4) and on R 0
(the intrinsic reflectivity). Scale-parameters in the model (n, Γ, τ, T , and `)
were assigned Jeffrey’s prior while locations parameter ( t 0 , ξ ) were assigned
uniform probabilities [144]. To account for systematic variations in experimental conditions (e.g. from day to day), we allowed n i,∞ , Γ2,0 , ξ, and t 0 to
vary between dataseries. The “best” model parameters were determined from
maximum a posteriori estimation. This is an optimization problem with a
vast number of parameters (54 in total): we used a particle-swarm algorithm
for the optimization [146], but we of course cannot be sure that we found the
global optimum.
The “best” parameters were summarized in Table 1 of the letter with the
parameters that were allowed to vary between dataseries represented by the
sample mean ± sample standard deviation. The variation of these parameters
are presented in Fig. 8.11.
The parameters at 660 nm seem to break the general trends in the figures,
but inspecting the data (e.g. Fig. 8.7), it is not clear why. Possibly the objective
function being optimized (the logarithm of the likelihood times the prior
probability distribution) was particularly ambiguous for this parameter subset.

8.A.9

Condition for the subsequent decrease of R p

The increase and subsequent decrease of R p is explained in the letter as a result
of destructive interference between reflections from the electron cloud and
the solid. A necessary condition for such destructive interference, Eq. (3), was
put forth; let us justify this expression here.
We assume that it is possible to represent the optical properties of the
electron cloud and the excited dielectric by pseudo-dielectric constants ε 1 and
ε 2 , respectively. A probe pulse incident from air (angle of incidence θ ) is
partly reflected by the cloud (ε 1 ), and partly by the solid (ε 2 ). The complex
reflection amplitudes for the air–cloud and the cloud–solid interfaces ( r 1 and

2, 0
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Figure 8.11: Inferred wavelength-dependent model parameters from Eq. (8.32). The
last panel labelled ∆(t = 0) shows the difference between the measured t = 0 (c.f.
Section 8.A.3) and the model’s preferred t = 0. Obviously, ∆(t = 0) fluctuates alot,
but it is actually within the expected uncertainties of the measured t = 0.
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r 2 , respectively) are [14]:
r 1s =
p

r1 =

k z,0 − k z,1
,
k z,0 + k z,1

ε 1 k z,0 − k z,1
,
ε 1 k z,0 + k z,1

r 2s =
p

r2 =

k z,1 − k z,2
,
k z,1 + k z,2

ε 2 k z,1 − ε 1 k z,2
.
ε 2 k z,1 + ε 1 k z,2

(8.33a)

(8.33b)

Here, k z,i is the component of the wave vector perpendicular to the interfaces
in air (i = 0), the cloud (i = 1), and the solid (i = 2).
We expect that the reflection amplitude r of the entire system is minimal
when the relative phase difference between light reflected from the cloud and
light reflected from the solid, is approaching π. However, as long as k z,1 is real,
r 1 is real and positive; the electron cloud therefore does not introduce a phase
shift of the reflected light. This is true regardless of the polarization as long as
Re{ε 1 } < 1, which is always the case according to the Drude description of
the optical properties of the cloud.
When k z,1 becomes complex, light reflected from the cloud will exhibit
a polarization-dependent phase shift. Since the parallel wave vector k k =
q
(ω/c) sin θ is conserved (due to symmetry), k z,1 = (ω/c) ε 1 − sin2 θ, which
is imaginary when ε 1 < sin2 θ. This is thus a necessary condition for the
occurrence of destructive interference between the reflected beams.
Suppose for simplicity that ε 1 is real (this is a good approximation, see
Table 1 in the letter, which implies that Γ1 /ω  1 for optical frequencies),
and ε 1 < sin2 θ. According to the Drude model,
ε 1 (ω) ≈ 1 −

ω2p,1
ω2

< sin2 θ,

(8.34)

which we solve for ω to obtain
ω < ω p,1 /cos θ.

(8.35)

Eq. (8.35) is hence another way to express the necessary condition for the
occurrence of destructive interference between reflections from the electron
cloud and the solid. The sufficient condition of a significant drop in R p is
that the relative phase of the two p-polarized reflections approaches π. This
is seen formally from the reflectivity of the full system R = |r | 2 : Let d be

8.A Supplemental material

π
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Figure 8.12: Phase difference φ 1 − φ2 between 700 nm light reflected from the electron
cloud and the solid. Blue lines indicate the values for s-polarized light (dashed) and
p-polarized light (continuous) as a function of angle of incidence θ. The horizontal
gray line marks the condition for destructive interference [Eq. (8.37)]. The vertical
orange line shows the minimal angle at which ε 1 < sin2 θ [equivalent to Eq. (8.35)].
For the calculations, we used the dielectric constants of the materials obtained from
the steady-state values (at z = 0) in Table 1 in the letter.

the thickness of the electron cloud, and define β = Im{k z,1 }d = |k z,1 |d; then
[147]
|r 1 | 2 + |r 2 | 2 e−4 β + 2|r 1 ||r 2 |e−2 β cos(φ1 − φ 2 )
,
(8.36)
R=
1 + |r 1 | 2 |r 2 | 2 e−4 β + 2|r 1 ||r 2 |e−2 β cos(φ1 + φ2 )
which is minimal when

φ1 − φ2 = π,

(8.37)

|r 1 | = |r 2 |e−2 β .

(8.38)

and vanishes if, in addition,

This expression is valid for both s- and p-polarization. Here, φ i is the phase of
the reflection amplitude, i.e. r i = |r i |e −iφi , so φ1 − φ 2 is the phase difference
between r 1 and r 2 . The Fresnel equations are not easily inverted analytically
to determine the conditions that give rise to the phase shift φ 1 − φ2 = π.
However, numerical calculations confirm that a phase shift close to π is in fact
observed for p-polarized light under the experimental conditions (using the
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typical steady-state values for ε 1 and ε 2 , obtained from Table 1 in the letter),
while a much smaller phase shift is seen for s-polarized light, see Fig. 8.12

Chapter

9

Time-resolved
cathodoluminescence of erbium
This chapter presents some of the work that I carried out on time-resolved
cathodoluminescence (CL) during my research stay (February to May, 2018)
in Albert Polman’s group at AMOLF Amsterdam, The Netherlands.
The goal was to experimentally investigate how a metal nanoparticle
influences the spontaneous emission rate of nearby Er3+ ions on the nanoscale.
In SunTune, a localized surface plasmon resonance (LSPR) frequency of the
nanoparticles is tuned to approximately match the 4I15/2 → 4I13/2 transition in
Er3+ (Fig. 1.2) to enhance UC luminescence as explained in Section 1.2. Ideally,
the 4I13/2 level should have a long lifetime to promote UC, but interaction
with a nearby metal nanoparticle can dramatically reduce this lifetime [16].
The effect is most pronounced in the near-field zone of the nanoparticles,
which means that the lifetime modifications cannot be probed through normal
means by time-resolved photoluminescence (PL), where the excitation spot
is limited by diffraction to a too large area. However, achieving the required
spatial resolution is possible with a focused electron beam, and the lifetime
studies can be carried out using time-resolved CL.
This chapter starts off with a brief description of the physics underlying
spontaneous emission-rate modification of emitters by nanoparticles. The
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following two sections introduce the basics of CL, and describes the setup
developed at AMOLF for time-resolved CL. The experimental investigations
are presented and discussed, and we close the chapter with a conclusion and
outlook.

9.1
9.1.1

Nanoparticle-emitter coupling
The Purcell effect

Spontaneous emission is the process where an atom (or more generally, an ion
or a molecule) decays to a state of lower energy by emitting a photon without
any external stimulus. The rate of spontaneous emission can be estimated
from Fermi’s golden rule:
2π
|h1| H int |2i| 2 ρ
(9.1)
~
Here, |2i refers to the excited state and |1i to a lower-lying energy state (e.g.
the ground state). The interaction hamiltonian H int couples the two energy
states to modes of the quantized electromagnetic field. To compute this rate,
we need to add up the probabilities of all the possible paths that lead to the
2 → 1 transition. Suppose that the emitted photon carries a fixed energy ~ω;
we must then include all of its possible momentum and polarization states
consistent with this energy. The density of states (per unit volume) ρ accounts
for this abundance of possibilities; in free space it reads [14, p. 248]:
Γ2→1 =

ω2
.
(9.2)
π 2c 3
E. M. Purcell showed in 1946 that the spontaneous emission rate of nuclear
magnetic moments can be modified dramatically by coupling the system to
a resonant circuit [148]. The analogy to optics can be made by inserting the
atom (emitter) into an imperfect cavity with a linewidth ∆ω. If the resonance
frequency of the cavity matches a transition frequency ω of the emitter, two
modes exist within the cavity for a photon of this frequency (one mode for
each of the two orthogonal states of polarizations). The associated density
of states per unit volume V of the cavity is then ρ = 2/∆ωV . Or, expressed
in terms of the quality factor Q ≡ ω/∆ω, ρ = 2Q/ωV [148]. This is clearly
very different from Eq. (9.2). In particular, the explicit dependence on cavity
volume makes it possible to significantly modify the spontaneous emission
rate of the emitter.
ρ=
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Photon states

Er3+

ω

ωp

NP

Non-radiative channels
Figure 9.1: Couplings (arrows) between the states of an emitter (Er3+ ), a nanoparticle
(NP), free-space photon states, and non-radiative channels (loss). For example, the
emitter couples to free-space photon states by spontaneous emission, to the ground
state of the nanoparticle by exciting a LSP, or decays via non-radiative channels.

9.1.2

Coupling to a plasmonic nanoparticle

A nanoparticle influences the spontaneous emission rate of a nearby emitter
in the same way as the cavity in the Purcell effect: by changing the density of
optical states at the location of the emitter. This modification can actually be
determined classically from the electric fields scattered by the nanoparticle
back onto the emitter [14].
A complete picture of the different couplings is presented in Fig. 9.1. An
excited-state emitter (here Er3+ , showing only the two lowest energy levels
with transition frequency ω) can decay in the following ways: (i) by emitting
a photon to free space (“photon states”); (ii) by coupling to a localized surface
plasmon (LSP) in the nearby nanoparticle if ω p ≈ ω, which then decays either
nonradiatively or radiatively (to free space); (iii) by radiation and subsequent
absorption in the nanoparticle; (iv) and through various non-radiative channels
unrelated to the nanoparticle. If the emitter is very close (within a few nm) to
the nanoparticle, radiation is usually completely quenched by additional local
couplings to the metal [16, p. 202]. Conversely, the emitter can be excited
either directly by the incident radiation, or it can be excited by the decay of
an LSP of the nanoparticle.
In addition, the nanoparticle may modify the radiative transition rates
of the emitter through spatial localization of the electromagnetic near fields.
This is understood when we recall that transition rates are typically computed
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on the basis of the dipole approximation, which assumes spatially uniform
fields across the emitter. This uniformity is broken by the nanoparticle, which
potentially enhances the absorption of nearby emitters [16, p. 204]. However,
this effect is presumably small for single ions.
Predicting a nanoparticle’s influence on the radiative properties of a distribution of emitter is a challenging task. Experimentally, we can compare the
decay rates of emitters close to and far away from the nanoparticles; this tells
us simply by how much the total decay rate of the emitters was modified by
the nanoparticle. It is not revealed whether the decay rate was changed due to
radiative or nonradiative (or both) enhancement. If the transition frequency
of the emitter does not match a LSP of the nanoparticle, the decay rate can
be expected to be enhanced primarily through nonradiative by coupling to
ohmic loss in the nanoparticle.

9.2

Cathodoluminescence

Cathodoluminescence (CL) is the light emission that results from a target,
bombarded with an electron beam (“cathode ray”). The interaction between
the swift electrons and the target leads to a multitude of excitations that
produces CL. For instance, surface and bulk plasmon modes are easily excited
with an electron beam. The reason for this is that a swift electron is essentially
a broadband source in frequency space [149] that can simultaneously exchange
a wide range of momenta with the target [150]. In contrast, pulsed light
sources are rather limited in both frequency and momentum space, which is
why they cannot immediately excite surface and bulk plasmons, since energy
and momentum cannot simultaneously be conserved.
Following [150], it is useful to distinguish between two types of CL:
coherent CL which is dominant in metals (and plasmonic nanoparticles), and
incoherent CL which is dominant in semiconductors and dielectrics.
Coherent CL is the radiation which is emitted by charges that are accelerated instantly by the electric field accompanying the incident electron beam.
A classical description based on Maxwell’s equations quite accurately describes
coherent CL by providing the appropriate source terms of an electron moving
with constant velocity v [i.e. charge density −e δ(r − vt ) and current density
−evδ(r − vt )] [150]. Coherent CL is generally directional (as opposed to
“incoherent” luminescence which is typically Lambertian); this is easily by
understood by making the analogy to a driven dipole. An important feature of
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coherent CL is that the radiation efficiency increases with the kinetic energy
of the incident electrons; the greater velocity increases the magnitude of the
radial electric field in direct proportion to the Lorentz factor (1 − v 2 /c 2 )−1/2
[12, p. 439], thus driving coherently a larger volume of electrons in the target
[150].
Incoherent CL resembles PL, where the electron beam transfers the target
to some excited state that later relaxes by emitting photons. The process
is “incoherent” because the relaxation is delayed, and thus no longer “in
tune”, with the excitation source. Typical processes that yield incoherent
CL are radiative recombination of electron-hole (e-h) pairs and excitons, and
emission from defect states. Another possibility is the excitation of localized
luminescent dopants, such as Er3+ . In contrast to coherent CL, the efficiency
of incoherent CL decreases with the kinetic energy of the exciting electron
beam. This happens because the inelastic mean free path of electrons in
materials generally increases with energy (the “Universal Curve”). In addition,
emission of incoherent CL is a random process, so the resulting radiation is
often Lambertian. The last property actually makes it possible to distinguish
between coherent and incoherent CL [151].

9.2.1

Spatial resolution

Most modern SEMs have a spatial resolution around a few nm, which is made
possible by the small de Broglie wavelength of energetic electrons. One could
think that CL achieves the same resolution, but this is wrong; the electron
beam, typically possessing kinetic energies of several keVs, deposits its energy
in a pear-shaped volume with a size that increases rapidly with kinetic energy.
The interaction volume is exemplified in Fig. 9.2, which shows a CASINO
[152] simulation of the energy distribution of electrons from a 10 keV beam
in a 300 nm TiO2 :Er3+ thin film on top of a silicon substrate. Although
the initial beam spot was 5 nm, we see that energy absorption in the sample
happens over a much larger volume. Radiation is produced everywhere within
this volume, thus reducing the spatial resolution of CL.1 To improve the spatial
resolution, it is a clear advantage to use lower acceleration voltages.
1 Incidentally, the spatial resolution of CL in metals is much better because CL originating
within the bulk is absorbed within a skin depth of the metal.
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Figure 9.2: CASINO simulation of the spatial energy distribution of electrons for a
5 nm wide (radius) 10 keV beam, incident from the top. The contour lines represent
the volume within which the kinetic energy of electrons is equal to or larger than
X% of 10 keV.

9.3

Pulsed CL

The setup for carrying out time-resolved CL is sketched in Fig. 9.3. The source
of electrons is a commercial SEM, which has been outfitted with an aluminumcoated parabolic mirror (PM) together with a pair of blanking plates (BP) and
a blanking aperture (BA) for pulsing the electron beam.
Electron pulses are created by applying a square-wave AC voltage to the
BP using an external frequency generator (typical range ±5 V with repetition
rates up to 80 MHz). When an electron passes through the biased BPs, its
path is deflected slightly sideways in proportion to the applied voltage. The
BA blocks any deflected electrons; only electrons that pass through the BP
at times when the external bias is zero (when the square-wave signal changes
sign) are let through the BA. In this simple way, short (down to ps) electron
pulses are generated, and which may consist of less than one electron per pulse
(on average). The pulse duration can be adjusted by controlling the distance
between the blanking plates and adjusting the acceleration voltage, whereas the
beam current determines the average number of electrons per pulse. Running
the beam continuously is as simple as disconnecting the external bias on the
BPs.

9.3 Pulsed CL
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Figure 9.3: Schematic setup for pulsed CL. An AC voltage (square-wave signal) is applied the blanking plates (BP) to deflect the electron beam onto the blanking aperture
(BA), thereby pulsing the beam when the applied AC voltage flips sign. The parabolic
mirror (PM) collects CL from the sample and directs it onto a CCD, a spectrometer
(spect.), or an avalanche photodiode (APD) for time-resolved measurements.

When electrons pass through the BA, they reach the PM through which a
small hole is drilled, so that they can reach the sample. When the electrons
strike the sample, CL is generated which is collected by the PM and directed
outside the SEM chamber where the light enters a commercial CL-optics
system (SPARC, Delmic) for analysis. The PM is mounted on a computerized
piezo-mechanical stage that is used for aligning the PM, which is crucial for
efficient CL collection. The alignment procedure involves gradually moving
the sample to the focal plane of the PM, while the CL is imaged onto an
external CCD (part of the SPARC system), and aligning the PM to ensure
an approximately aberration-free image, that should converge to a small spot
when the sample enters the focal plane of the PM.
It is possible in the SPARC system to couple out the collected CL to
external optical setups via fibers. For near-infrared CL, we used an external
nitrogen-cooled CCD spectrometer (“Spect.” in figure 9.3). Lifetime CL
measurements were carried out using a single-photon avalanche diode (“APD”
in Fig. 9.3). The APD is connected to a commercial time-correlated singlephoton counting system (PicoHarp) which is triggered by short electrical
pulses (NIM signal) derived from a trigger-delay generator (TDG) that in
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turn is triggered by the external frequency generator that pulses the electron
beam. The PicoHarp system bins the arrival times of single-photon events
with respect to electron pulses such that a histogram of photon-arrival times is
gradually built up. The time resolution can be as good as 70 ps.
CL measurements are acquired using the open-source software “Odemis”
(developed by Delmic), which takes control over the scanning of the electronbeam, which is normally handled by the SEM software. However, SEM images
are acquired as usual by collection of secondary electrons emitted from the
sample. In this way, all CL measurements (whether it is time-resolved lifetime
or spectroscopy measurements) are automatically associated with the electron
beam’s position and thereby the resulting secondary-electron image acquired
by the SEM.

9.3.1

Difficulties related to beam blanking

One advantage of using the beam-blanking setup in Fig. 9.3 is that it is possible
to easily adjust the repetition rate of the beam, the number of electrons per
pulse, and the pulse duration. In another approach, which is also used at
AMOLF, but in a different CL setup, electron pulses are generated by shining
short focused UV pulses onto the electron gun.2 For short pulses, this requires
a fs laser system (and harmonic-generation stages) that has to be aligned with
the SEM. In comparison, the beam-blanking scheme is simpler to implement.
A disadvantage of the beam-blanking approach is, however, that the electron beam is swept across the sample, even when the beam idle, i.e. when it is
not scanning. This effect is more pronounced at lower acceleration voltages,
which quickly deteriorates spatial resolution. To correct for this, it is crucial to
adjust the lens alignment in the SEM column such that the blanking plates (BP,
see Fig. 9.3) are imaged onto the sample surface. This imaging configuration is
called conjugate blanking [154].
Unfortunately, SEMs are typically not optimized for the conjugate-blanking configuration. As a result, it can be difficult – in fact impossible – to
achieve good, aberration-free images. The difficulties increase drastically as
the acceleration voltage of the electron beam is lowered [153]. An example
of a decent SEM image captured during conjugate blanking at 5 keV is shown
in Fig. 9.4, where it is compared to an image taken prior to blanking the
beam. The conjugate blanking clearly limits spatial resolution. The situation
2 This

setup is described in [153].
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Figure 9.4: SEM image of nanoparticles (about 400 nm in diameter) acquired at 5 keV
with (right) and without (left) blanking the beam. There is evidently a loss in spatial
resolution during beam blanking.

is actually much better at 10 keV and above, but then the spatial resolution of
CL is reduced by the much-increased interaction volume (c.f. Fig. 9.2). The
spatial SEM resolution using the beam blanker is quantified in [153].

9.4

Experimental investigations

The chief aim of the following experimental investigations was to use pulsed
CL to map out the decay rate of erbium ions as a function of their distance
to a plasmonic nanoparticle. As discussed in Section 9.1, the decay rate of
erbium is expected to be modified due to quenching of radiation and resonant
coupling to the nanoparticle. Investigating the decay-rate modification of the
4
I13/2 level in erbium would be ideal for SunTune, as quenching of this level
could severely limit the plasmonically enhanced UC efficiency. However, it
was not immediately possible to measure lifetimes at this transition because
the spectral response of the APDs used for the decay-rate measurements were
limited to optical frequencies. Since radiative quenching by metal nanoparticles
anyway happens for all wavelengths, I therefore studied the visible transitions
in erbium instead.
The samples that were used in the investigations was brought to AMOLF
from Aarhus and consisted of TiO2 films doped with erbium (5.1 atomic
percent), deposited by rf-magnetron sputtering on silicon and quartz substrates
by the usual procedures used in SunTune [45]. EBL-produced plasmonic
nanoparticles were placed on top of some of the quartz-substrate samples,
covering a small fraction of the total surface area. Charging of the quartz
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Figure 9.5: CL from a 300 nm erbium-doped TiO2 -film on silicon. All annotated
peaks are characteristic transitions in erbium. Data marked by blue circles and orange
triangles were acquired with a VIS and NIR spectrometer, respectively. The electron
beam kinetic energy was 30 keV. The peaks are embedded in a background from
TiO2 and Si.

samples by the electron beam was prevented by coating the upper TiO2 :Er3+
film with a thin (1-3 nm) layer of chromium.

9.4.1

Spectroscopy of erbium

As a first step, we confirmed that spectral CL of Er3+ fits with what is known
in the literature as this is typically based on PL. Spectral CL measurements
with a 30 keV beam on a sample of 300 nm thick TiO2 -doped Er3+ is shown
Fig. 9.5; it indeed confirms that Er3+ emits CL at all the expected wavelengths
(compare to Fig. 1.2). Some side peaks are seen due to crystal-field splitting by
the TiO2 matrix.
Although the heights and areas of the different peaks in Fig. 9.5 cannot
be compared directly to each other, we see that the electron beam promotes
Er3+ ions to basically all of their excited states (at least up to the 2 H11/2 level,
which emits at the shortest wavelength (525 nm) we could measure). The
excitation mechanism of CL can be understood as impact excitation of Er3+
by hot electrons and holes, created by the electron beam, although Augerrecombination of e-h pairs could also be a possibility [155]. This mechanism
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should be contrasted with PL, where erbium ions are excited to a specific level,
relax through lower-lying energy states, and are only promoted to states of
higher energy through UC-related processes.

9.4.2

Time-resolved CL and PL of erbium

The characteristic spacing between erbium ions in the TiO2 matrix is 6 Å
[156], which implies strong coupling between erbium ions. Since the electron
beam excites Er3+ to all possible energy states, it is possible that resonant
energy transfer between the ions could result in different decay dynamics of
Er3+ in CL and PL. Therefore, we wanted to compare the decay rates obtained
from time-resolved CL and PL.
For these measurements, we focused on the two transitions around 2H11/2
(525 nm) and 4S3/2 (550 nm), using the pulsed CL setup described above. A
band-pass filter (550 ± 40 nm) was placed before the APD to filter out CL
beyond the range of these two erbium transitions. We used 5 keV and 10 keV
electron beams, where the background CL from TiO2 and Si is negligible.
The choice of repetition rate of the electron pulses basically sets the lower
limit on the obtained lifetimes, as the rate has to be sufficiently small to allow
relaxation of the ions to the ground state between pulses. Another thing to
keep in mind is that, as a general rule of thumb, the count rate on the APD
(subtracting dark counts) should not exceed 1% of the repetition rate of the
excitation source. We made sure that the count rates were well below this
limit.
The time-resolved CL measurement shown in Fig. 9.6 was acquired on
the same TiO2 :Er3+ /Si sample as before. The electron-beam energy in the
present measurement was 10 keV, the repetition rate was 500 kHz, and the
time resolution was 512 ps. The electron current and aperture settings in the
SEM were adjusted such that each pulse contained about 0.7 electrons on
average with a pulse duration of 70 ps.3 The decay trace was accumulated over
13 hours.
3 The electron-pulse duration τ and the number of electrons per pulse n are inferred
from beam-current measurements using a Faraday cup. Suppose the beam is blanked with
a frequency f , and that the corresponding current collected by the Faraday cup is I f . By
definition I f = en f , which provides n. If the current is I without blanking the beam, then
I τ = I f / f from which we obtain τ.
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Figure 9.6: CL-lifetime measurement of the 2H11/2 and 4S3/2 transitions in Er3+ doped TiO2 . Left. The decay trace; blue points are the data, and the orange solid line
is a three-decay-component-exponential fit, Eq. (9.3). Right. The associated residuals.

In order to model the data, it is necessary to use a triple-exponential decay
function:
3
Õ
s(t ) =
Ai e−t /τi .
(9.3)
i=1

Here, s denotes the CL signal, Ai are the amplitudes of each decay component,
and τi are the associated lifetimes (inverse decay rates).
The fitted model is shown as the solid line in Fig. 9.6. The associated
residuals, being randomly distributed about 0, indicates that the the model
provides an adequate description of the data. The model parameters were
estimated following the procedure in [157] where the likelihood L of the data
d = {d i } is assigned a Student’s t -distribution:
( N
) −N /2
1Õ
2
L(d) ∝
[d i − n(t i )]
.
(9.4)
2
i=1

This choice of likelihood is favored over a Gaussian (i.e. “least squares”) when
the experimental uncertainty of each datum is assumed to be the same, but
unknown. The resulting parameter estimates with associated 1σ uncertainties
of the lifetimes are shown in Table 9.1 together with a CL lifetime measurement
at 5 keV. Note that the initial fast decay in Fig. 9.6, associated with τ1 , basically
matches the time resolution in the measurements; its inferred value is clearly
more uncertain than let on by the parameter-estimation procedure.
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Table 9.1: Parameter estimates of the three-component exponential model [Eq. (9.3)]
based on time-resolved CL and PL measurements. The lifetime estimates are reported
as the mean value ± one standard deviation.
CL
τ1 (ns)
τ2 (ns)
τ3 (ns)
A1
A2
A3

PL 343 nm

PL 515 nm

5 keV

10 keV

7 mW

15 mW

16 mW

32 mW

0.92 ± 0.07
33 ± 6
360 ± 25
0.88
0.10
0.08

0.66 ± 0.03
44 ± 4
379 ± 12
0.78
0.12
0.10

2.07 ± 0.07
29 ± 3
414 ± 7
0.53
0.08
0.39

1.7 ± 0.1
22 ± 2
407 ± 5
0.38
0.12
0.50

1.8 ± 0.6
35 ± 9
447 ± 6
0.34
0.13
0.53

0.71 ± 0.06
35 ± 4
447 ± 3
0.47
0.11
0.42

For the PL measurements, we used as the excitation source the second
harmonic (515 nm) and third harmonic (343 nm) of a 1030 nm, 500 fs modelocked fiber-laser. The PL data was likewise modeled by Eq. (9.3), and we
repeated the measurements at two different laser-pulse energies (powers). The
obtained model parameters are listed in Table 9.1.
We note that the decay dynamics of erbium are not described by a simple,
single exponential decay. The reason for this may be related to different classes
of Er3+ inhabiting different local environments [156, 158], which in general
affects both the radiative and nonradatiave decay rates.
We observe that the lifetimes of the 2H11/2 and 4S3/2 levels obtained by
different means (CL and PL at different excitation wavelengths) differ slightly
from each other, but that the PL lifetimes obtained at the same wavelength and
different laser-pulse energies (powers), and CL lifetimes obtained at different
electron-beam energies, mutually agree. Perhaps the lifetimes of Er3+ show
large-scale variations within the sample? Since different areas of the sample
was excited in each of the three cases, this provides a simple explanation for the
slight variations. That is, the slight differences seem to be “random”, and the
variations in Table 9.1 could provide a more realistic picture of the variability
of the lifetimes of the 2H11/2 and 4S3/2 transitions in the TiO2 :Er3+ sample.

9.4.3

Lifetime mapping of erbium

We have confirmed that CL and PL agree on the lifetimes of Er3+ , so we can
use CL to make detailed spatial maps of the lifetimes Er3+ around plasmonic
nanoparticles. For this to be doable, it is important to minimize the time
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Figure 9.7: Lifetime-mapping of erbium close to a nanoparticle. (a) Time-resolved CL
at one particular location (indicated by the red arrow). (b) SEM image of the sample
during the measurements. The heihglighted rectangle is the scan area of the lifetime
mapping. (c) Extracted lifetimes τ2 , which is correlated to the area in panel (b). The
mean estimated 1σ uncertainties of τ2 is about 60 ns.

needed to obtain an adequate decay trace; after some experimentation with
high beam currents and low acceleration voltages, I found that 5 minutes was
sufficient to consistently measure the two longer lifetimes τ2 and τ3 .
The TiO2 :Er3+ samples containing nanoparticles, used quartz as a substrate. While we could avoid charging by coating the samples with a thin
chromium layer, as explained previously, quartz emits an impressive, and
spectrally broad, amount of CL. On these samples, there was basically no CL
from quartz at 5 keV, but at 10 keV, the erbium signal was being completed
drowned in CL originating from the substrate. Thus 5 keV was used.
The most successful of the measurements is shown in Fig. 9.7. The nanoparticles on this sample is the same gold nanodisks (400 nm diameter and 50 nm
in height) shown in Fig. 9.4. The blanked electron beam contained roughly
12 electrons per pulse with a pulse duration around 300 ps.
Panel (b) shows an SEM image acquired during the scan. The darkened
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areas are the results of previous electron-beam exposure. The outlined rectangle
is the actual region over which the beam was scanned during the lifetimemeasurement; it consists of 17 × 7 pixels, i.e. 119 measurements at separate
locations. The brightness of each pixel corresponds to the average amount of
collected secondary electrons during the roughly 5 minutes measurement. The
upper part of the region actually contains about half of a nanoparticle (visible
as the brighter the pixels), however it is blurred somewhat, presumably because
of slight sample drift over the course of the 10 hours it took to complete the
measurement.
Panel (a) shows a decay-time trace associated with the pixel in the upper-left
corner. The data is as usual modeled by the triple-exponential-decay function,
Eq. (9.3). The spatial lifetime map of τ2 is depicted in panel (c), and we
should note that the estimated average 1σ uncertainty is about 60 ns. There
certainly is a trend where τ2 is reduced by a factor 4–6 in the vicinity of the
nanoparticle, however a precise spatial correlation with the SEM image is
clearly not possible. τ1 and τ3 was also obtained from the fit, but τ1 showed no
variations (the temporal resolution is anyway not good enough), and τ3 was
extremely noisy. The latter is presumably a consequence of the rather high
repetition rate (2 MHz) used for this measurement, which is on the limits of
the typical values of τ3 (c.f. Table 9.1).

9.5

Discussion and conclusion

Achieving decent lifetime maps of erbium was challenged by the complicated
lifetime dynamics of the 4S3/2 level in erbium, which made it difficult to
properly analyze the decay traces with a low signal-to-noise ratio, especially
because the initial fast decay component dominated the time-resolved CL signal
(c.f. A1 in Table 9.1). We speculated that the complicated decay dynamics
was a consequence of concentration quenching, where energy is transferred
between erbium ions, eventually ending up on a quenching center. The energytransfer rate could be large due to the high erbium concentration. After I
returned from AMOLF, I fabricated several samples erbium-doped TiO2 with
erbium concentrations between 0.1-1.3 at%. I measured the lifetimes of the
4
S3/2 and 4F9/2 levels by time-resolved PL (pumping the 2H11/2 with 530 nm),
but I still found it necessary to use either two or three (usually the latter)
decay components to fit the data. The new lifetimes were, however, larger
– ranging from 100 ns to 10 µs. This is unfortunately not an advantage for
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time-resolved CL measurements, as the reduced erbium concentration and the
longer lifetimes would lead to longer measurement times. At this point, we
finally realized that erbium-doped TiO2 was probably not the right material
for making these spatial lifetime map.
In a recent paper [159], a group from Delft managed in a well-thought-out
experiment to spatially map the decay-rate modifications of cerium ions (Ce3+ ,
doped into a YAG (yttrium aluminum garnet) matrix) inside metal-dielectric
cavities using time-resolved CL (using the beam-blanking technique that we
have also used). Ce3+ showed, on the relevant time scales, single-exponential
decays with typical lifetimes around 100 ns. In [159], a decent decay-time trace
was obtained in 8 s per pixel using a repetition rate of 1 MHz. For comparison,
our measurements with Er3+ took about 200 times longer to complete per
pixel, and with poor statistics.
To conclude, we performed time-resolved CL measurements on erbiumdoped TiO2 films and measured lifetimes of the 2H11/2 (525 nm) and 4S3/2
(550 nm) transitions of Er3+ . The decay of these transitions showed two decay
components with lifetimes around 30 ns and 400 ns, following an initial very
fast decay with sub-ns lifetime. We observed the same decay dynamics of Er3+
with time-resolved PL. Spatial lifetime mapping of erbium around gold nanodisks was carried out, but with limited success due to the complicated decay
dynamics and a low signal-to-noise ratio. We discussed that the TiO2 :Er3+
system is not well-suited for these kinds of measurements.

Chapter

10

Conclusion and outlook
The SunTune project strives to reduce band-gap losses of solar cells by photon
upconversion (UC), photon downshifting (DS), and plasmonics. In UC, two
sub-band-gap photons are combined to one photon of higher energy, which
can be absorbed by most solar cells. DS provides more low-energy photons
for the UC process. Plasmonics is crucial for ensuring efficient UC. Detailed
numerical simulations and topology optimization (TopOpt) have been applied
to search for excellent UC-enhancing gold nanostructures.
A key theme of this thesis has been the development of an experimental
technique for carrying out detailed experimental validations of electric-field
simulations of metal nanostructures. This was achieved by utilizing ultrashort laser pulses to induce various modifications, which exhibit well-defined
laser-fluence thresholds, in materials surrounding the nanostructures. Such
a material, when irradiated below the threshold, is not modified by the laser
pulse, but the presence of a nanostructure can modify the material by increasing
the local fluence above the threshold via near-field enhancement (NFE). The
modifications induced by the nanostructures can be accurately imaged with
scanning electron microscopy (SEM) and atomic force microscopy (AFM).
We have demonstrated that a careful determination of threshold fluences allow
lines and surfaces of constant NFEs to be mapped out, enabling direct and
quantitative comparison with electric-field simulations.
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Two candidates for the laser-induced modification were considered. In
the first approach, NFEs of nanoparticles were marked by ablation in an
underlying TiO2 film. Comparison with numerical simulations were semiquantitative: The experimental and simulated NFEs generally agreed, but slight
systematic differences in the near-field patterns were observed. We argued that
the differences might be related to the hot-carrier transport preceding ablation,
which was not accounted for by the simulations. The necessity of accounting
for such effects suggests a new approach towards precise examination these
transport effects on the nanoscale.
In the second approach, we utilized multiphoton polymerization (MPP)
of SU-8. Here, nanoparticles were embedded in SU-8, which polymerizes
by laser irradiation above a certain exposure threshold. 2D maps of NFEs
obtained by SEM agreed well with near-field simulations. We showed that
surfaces of constant NFE can, in principle, be obtained via AFM, but consistent
results were hard to obtain. Various reasons for this was discussed, and future
investigations on periodic TopOpt designs will likely ascertain which ones are
correct.
A somewhat different study emerged from our initial investigations on
the phase-change material Ge2 Sb2 Te5 (GST) as a tool for near-field marking.
We investigated laser-induced amorphization and ablation of GST as a function of film thickness. A strong thickness dependence of the amorphization
threshold, and the appearance of an additional high-fluence ablation threshold
in thick films, were observed. By combining SEM and transmission electron
microscopy (TEM), we could connect the onset of amorphization to the requirement of complete melting of the film. This condition, together with
two-temperature model calculations, confirmed the strong thickness dependence of the amorphization threshold. Concerning ablation, we found, based
on TEM, detailed evidence of photomechanical spallation at low fluences. The
high-fluence ablation regime, observed only in thick films, is more difficult to
understand. Molecular dynamics (MD) simulations could shed light on this
issue, but detailed atomic potentials, required by MD, are not available for
GST. However, it is hard to imagine that the high-fluence ablation behavior is
unique to GST; similar studies on crystalline metal films (with fast electronphonon coupling, such as aluminum), where MD simulations are available,
would be very attractive.
We investigated the time evolution of the optical properties of fused silica
after excitation by strong pump pulses with peak fluences above the ablation
threshold. The optical properties were studies by simultaneous measurements
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of s- and p-reflectivities ( R s and R p , respectively) of time-delayed probe pulses.
About 100 fs after the pump-pulse excitation, a significant drop in R p was
observed, which persisted for at least 1 ps. This was a general feature across
the applied range of probe wavelengths. In order to explain the data, we
proposed that a thin electron cloud is formed outside laser-excited solid through
electron emission. An optical model based on the electron cloud and a Drude
description of the excited dielectric with a time-dependent scattering rate,
adequately explained all the features of our measurements. In a simplified
picture, the drop in R p is attributed to destructive interference between ppolarized light reflected partly by the electron cloud, and partly by the solid.
We have observed a similar ultrafast drop in R p on sapphire as well, which
suggests that this is a general feature of strongly excited dielectrics. We discussed
why these effects have rarely been reported before. By making the conditions,
under which clear optical signatures of the electron cloud are possible, we hope
that other research groups will choose to carry out similar experiments, where
these conditions are fulfilled. Our experiments have so far been carried out in
ambient atmosphere, where nonlinear effects might slightly affect the pump
beam at the applied intensities. The next step is to repeat the experiments in
vacuum and/or in a helium atmosphere to ascertain that potential nonlinear
effects in air does not alter the present conclusions.
Finally, we used time-resolved cathodoluminescence (CL) as a tool to
investigate the influence of metal nanoparticles on the spontaneous emission
rate of nearby Er3+ ions. Analysis of the data was challenged by a complicated
time-dependent luminescence of Er3+ , but we managed to see a 4–6 fold
increase in the decay rate of Er3+ ions very close to a metal nanoparticle.
However, to further improve these measurements, much more work would be
needed on optimizing and preparing high-quality Er3+ -doped samples, which
preferably should show single-exponential decay.
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