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Chapter 1

Introduction

The recent innovation in the MosFET industry has seen the use of new III-V semiconductor
materials such as InGaAs due to the limitation of silicon and the down-scaling of transistors.
The novelty of these materials in transistors, associated with the nanometric scale of the devices,
has opened new problems such as the reliability and performance of the device. Information of
the internal structure is then highly important.

The atom probe tomography (APT) is an atomic-resolution microscopy technique, which
provides a unique insight into the atomic structures and chemical compounds of small volume
materials.

1.1 III-V semiconductors FinFET

For the past 50 years, silicon has been the premier choice for electronics material espe-
cially MOSFET because of its material properties (SiO, Si/SiO, interface), cheapness and the
constant improvement in performance that could have been made. But with the continuous
down-scaling of electronics devices (Moore’s law), the power dissipated by unit area is fur-
ther increased and silicon does not meet the requirements imposed by the down-scaling. One
solution to reduce the dissipated power is to use alternative channel materials with a higher
intrinsic carrier mobility for which an increase in drive current is expected and lower voltages
could potentially be used. Promising material are the family of III-V semiconductors partic-
ularly GaAs, AlAs, InAs, InP and their ternary and Quaternary alloys such as Ga,In;_,As,
which has an electron mobility 10 times higher than that of silicon as shown in Figure [I.1]
They also exhibit out-standing frequency responses.
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Figure 1.1: Electron and hole mobility of group III-V compound semiconductors at room
temperature. Electrons mobility (red) and holes mobility (blue). Reproduced from [16]

Parallelly, the traditional planar complementary metal-oxide- semiconductor (CMOS) tran-
sistor is being progressively replaced by a 3D fin geometry (FinFet) (Figure[1.2)), where the gate
wrap the channel on 3 side, providing much greater electrostatic control over the carriers within
it. Imec was the world’s first lab center to demonstrate a III-V FinFET device monolithically
integrated on a 300mm silicon wafer in November 2013. This breakthrough makes it possible to
continue the down-scaling the CMOS down to 7Tnm. But many challenges are still to be faced.
Working with 3D heterogeneous sub-nanometric material requires a good comprehension of the
internal structure to ensure performance and reliability of the future devices, which cannot be
done by conventional microscopy technique such as Scanning electron microscope (SEM) giving
information about the surface geometry of the device.

Traditional Planar 3D FinFET

Traditional 2-D planar transistor 3-D Tri-Gate transistor form
form a conducting channel in the conducting channels on three
silicon region under the gate sides of a vertical fin structure,
electrode when in the “on” state providing “fully depleted”
operation
(a) (b)

Figure 1.2: (a) Comparison of 2D and 3D transistor geometry. (b) Cross section of an actual
FinFet transistor with an InGaAs channel.
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1.2 Atom probe tomography

Atom probe tomography (APT) is an atomic-resolution microscopy technique, which pro-
vides unique insight into the atomic positions and chemical composition of small volume mate-
rials. The technique is based on the emission of ionized species from a needle shaped specimen
(apex radius ~100nm) (Figure by a process called field evaporation. The surface of the
sample is subjected to a high DC electric field (Figure which modifies the potential barrier
of the surface atom, thereby enabling its ionization and subsequent evaporation. The emitted
ions follow well-defined trajectories based on the electric field lines and can be detected by a
position-sensitive detector at a given macroscopic distance from the tip, resulting in a magnified
projected image of the tip surface with almost atomic spatial resolution (~0.2-0.3nm).

35

V/nm

150 n
Al nm ﬂ

Figure 1.3: (a) SEM image of an InGaAs tip used in APT from Imec. (b) Intensity of the
electric field generated by a typical sharp needle shaped specimen under a DC voltage.
Electric field lines are represented as well.

In actual atom probe, field evaporation is triggered by a combination of a DC electric field
and voltage pulses or focused laser pulses. The time of flight of ions can then be computed as the
time between the emission of the pulse and the detection of the ions, allowing the determination
of the ions’ chemical species by mass spectroscopy (Figure. By evaporating layer by layer,
the sample can be reconstructed back thus allowing a full 3-dimensional characterization of the
sample as shown with some example in Figure Since APT has the potential to provide
localized information at the sub-nm scale, it finds diverse applications in the semiconductors
industry such as extraction of composition, doping levels, layer thicknesses, dopant distribution.
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Figure 1.4: (a) Schematic representation of the atom probe principle. A laser pulse triggers
the emission of ion which are then detected. (b) 3D reconstruction of different tips using atom
probe. Reproduces from [17]
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From the pulse laser interaction with the sample to the mass spectra, the underlying mech-
anisms involved in Laser atom probe are numerous and complex. La-ATP has been extensively
studied on non-metallic tip such as silicon tip and simple to complex models have often been
able to explain the different observations made on silicon tip. The recent use of InGaAs for
electronic material leads to new questions to answer. The different optical and thermal InGaAs
properties, as compared to those of silicon are expected to influence the experimental data.
How does the optical properties of InGas influence the interaction between the laser and the
sample? It has already been shown that the laser interaction can be viewed as thermal pulse for
the sample and that evaporation of an ion can be explained by a thermal activation for the sili-
con [6], but how accurately does the analytical model match the experimental data for InGaAs?

In this thesis, the objectives are to try to understand the optical interaction between an In-
GaAs tip and the laser beam to explain the experimental data, and understand the time of flight
spectra with an analytic model. A better understanding of InGaAs atom probe should help
the interpretation of the output data and improve the accuracy of the atom probe technique.

Outline

In the second chapter, the working principles of laser atom probe will be explained, such
as field evaporation. Laser interaction with a semiconductor and mass spectroscopy as well as
hit maps will also be explained.

In the third chapter, experimental results obtained for silicon tips and for InGaAs tips with
the laser assisted atom probe technique are compared.

In the fourth chapter, light interaction with InGaAs conical tip is analysed using numerical
tools and the link with experimental results is made. Models are proposed to explain the
numerical results.

In the fifth chapter, the temperature evolution of the tip apex is evaluated based on thermal
model developed for silicon tips. Finally, the last chapter conclude on the progress made in the
understanding with InGaAs of laser assisted atom probe and the remaining unsolved problems.



Chapter 2

LA-Atom probe: Working principles

The successive steps involved in laser assisted atom probe experiment are presented in

Figure [2.1]
Laser pulse
Tip specimen . .
\ posmoyltwe detector

vin- 7 ‘

Ve

Ve

Hit detection

Ve

Fliéht\dist&mco L

time

Reconstruction Algorithm

Ve

Figure 2.1: Successive step involved in laser atom probe. A pulse laser shines the tip under a
electric field, inducing field evaporation. The emitted ions are detected and their time of flight
recorded. The tip’s internal structure can then be reconstructed back.
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In this chapter, we first describe the physics principle of field evaporation and laser pulse
field evaporation (Step A in Figure 2.1)), and the way laser pulse can be used to induce field
evaporation. We then briefly talk about mass spectra (step B) and the link between the cooling
time and the time of flight mass spectra. Finally, hit detection is discussed (step C).

2.1 Field evaporation

Field evaporation is the field-induced removal of a surface atom, whereby it is ionized and
then accelerated away from the surface of the material following trajectories defined by the
electric field lines. This evaporation process follows immediately after the ionization. The
electric field causes the polarization of the surface atom which can be repelled from the surface
while one of its electrons is drained into the surface (ionization). Even though the mechanisms
of this process are not exactly understood, simple models using thermodynamic considerations
have often been used.

In the absence of an electric field, in order for an atom to be removed from the surface, it
has to overcome a potential barrier as shown in Figure 2.2b Since field evaporation involves
the formation of an ion, energy has to be provided to the atom for ionization. Considering
both these constraints, the potential barrier for an atom to be field evaporated is (), as shown

in Figure [2.2d

___ lon (o field)

————— atom (no field)

Figure 2.2: (a) lonized atom (black) leaving the surface (grey). (b) Potential curve of a
bounded atom with no applied field. (c) Potential curve of a bounded atom ion (green) with
no applied field. @), is the potential barrier to have a free ion.

When an electric field is applied, the ionic potential curve is modified as shown in Figure
2.3] However, the transition from atom to ion is not clear and the exact mechanism of departure
and the nature of the particle that leaves the surface is still a subject of debates. Some models
have been proposed [12] and are summarized below.

Miiller [33] proposed that the atom becomes fully ionized at a critical distance from the
surface before leaving it. Thus, the process is viewed as the thermal activation of an ion.
Gomer [2I] on the other hand proposed that the atom is progressively ionized while escaping
the surface in a mechanism called charge draining. This model views field evaporation as a
continuous process on a same ground state with a potential barrier Q(E) as shown in Figure
2.3l In this situation, an atom bound to the surface can be field-evaporated if the thermal
agitation is sufficient enough to overcome the potential barrier Q(E) rather than @),. Tunneling
of ions is also possible if the potential curve is strongly modified by the electric field. It should
be clear that these are only models, the distinction between ions and atoms being not perfectly
strict since the atoms are highly polarized in the intense electric field.

10
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electrostatic potential
ion (no field)

atom (no field)
ion (in field)
ground state (charge draining model)

Figure 2.3: Schematic representation of field evaporation showing the potential well and
barrier. In the charge draining model, a unique ground state (red curve) with potential
barrier Q(F) represents the transition from atom to ion.

For electric fields close to the evaporation field E.,q,(the electric field at which the barrier
Q(F) becomes zero), one has the following approximation [12] for the field-dependent barrier
height

Q(E) ~Q, (1 - EE) | 2.1)

2.1.1 Evaporation probability

In order for an atom to be field evaporated, it needs to cross a potential barrier. It is usually
assumed that this is a thermally assisted process. The probability for an atom to escape from
the surface is then given by the Maxwell-Boltzmann distribution,

Py e (7). 22)

where k; is the Boltzmann constant, Q(F) is the field-dependent barrier height and T the
absolute temperature.

2.1.2 Generation of the Electrostatic Field

Since the atom probe technique relies on field evaporation, a strong electric field must be
generated at the surface of the sample. This is achieved thanks to a very sharp needle shape of
the sample and a high positive voltage. As it will be explained later, the preparation of such
a specimen is often approximated by a truncated cone with a hemispherical cap as shown in
Figure The electric field E, generated at the apex of the cone can be approximated based
on the expression for a charged sphere. Taking into account the deviation of the cone from a
sphere, this gives y

E = R (2.3)
where R is the curvature radius , V' the applied voltage and &y is the field factor, that accounts
for the tip shape and its electrostatic environment [12]. Its values are in between 2 and 8. For

11
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example, in the case of a smaller shank angle, the electric field line density is higher at the tip
apex and ky is then lower. The field factor is also reduced if the counter-electrode is closer to
the tip apex, because the electric field line density will also be higher as shown in [3§].

R ~ 20 — 100nm

L~ 5um

Figure 2.4: The sample tip used in the atom probe is represented by a cone with an
hemispherical cap. L is the length of the cone, R the curvature radius of the apex and « is the
shank angle.

2.1.3 Pulsed Field Evaporation

The relation shows that there are two mechanisms that can trigger the field evapora-
tion. Either the barrier Q(F) is lowered (field effect) or either the thermal agitation (thermal
effect) is increased with a larger temperature 7. When an atom is vibrating at the surface, it
will test the barrier at each oscillation. It can then be understood that the evaporation rate
or evaporation flux is proportional to both the frequency of vibration v, and the probability of

evaporation,
_Q(E) _Qo (1 - E/Eeva )
(bevap = Vp €XP (kb—T = Vo €Xp ka = ) (24)

which is an Arrhenius law.

When a constant evaporation flux is considered, eq. leads to a linear relation between
the temperature and the field. This gives a convenient way of interpreting the thermal and field
effect as seen in Figure[2.5] Field evaporation can be controlled either by increasing the electric
field at a constant temperature or by varying temperature at constant DC field. If we consider
a situation where the sample is under a constant DC field and constant base temperature,
voltages or thermal pulses can be used to induce field evaporation.

[0
2

O1> ¢y

Field pulsing

Relative voltage

Thermal pulsing

|
! Base temperature

T (K)
Figure 2.5: Constant flux line in a Voltage-Temperature plane and the 2 possibilities to

control field evaporation.

HV-pulsing

12
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In this type of pulsed field evaporation, fast voltage pulses of a few nanoseconds are used to
produce field evaporation. The pulse V, superimposes with the DC voltage Vp¢, which lowers
the barrier and triggers the emission of ions during the time of the pulse. These ions are then
accelerated by the combination of the DC field and pulse field.

However, HV-pulsing can only be used for materials with good electrical conductivities.
This pulse cannot be transmitted properly, as a result of the low pass-filter effect of poorly
conductive material. Voltage pulses have a rise time in the range of the nanosecond, and it
is generally found that these signals cannot be transmitted for resistivity in the above 10-102
Qcm [9]. This limits the use of HV-pulsing to materials with good electrical conductivity.

Laser-pulsing

In this method, the sample is subject to a DC field at a constant base temperature and a
laser pulse is used to field evaporate the atom at the apex. This allows one to overcome the
limitations associated with HV-pulsing and nonmetallic materials such as semiconductor can
be used. Furthermore, shorter laser pulse (down to femto-second) than HV-pulse (down to the
nano-second) can be used, which increases mass resolution because it reduces the time windows
for field evaporation. Another drawback associated with the HV-pulsing is the electrostatic
pressure linked to the high field involved. This is not the case with laser pulsing atom probe,
because the DC field used is lower than the one in HV-pulsing atom probe.

The physical mechanisms that lead to field evaporation with laser-pulse atom probe has
been a subject of debate since it has first been used by Tsong and Kellogg [29]. It can be under-
stood that many processes between the interaction of an electromagnetic wave and a sample tip
smaller than the wavelength will be involved. For example, field evaporation might be a com-
bination of thermal and field pulsing as shown in Figure [2.6] simply because a electromagnetic
wave carries both energy that could heat up the sample and an intrinsic electric field.

A
1

) i

¥ o

3 ) ) ?1 > P2

> Field pulsing

)

>

Z

=

[

~

Base field _ ___
'
! Thermal pulsing \
1
1
I
! Base temperature
0 ' >

Figure 2.6: Different possible influences of the laser pulse.

To try to understand what triggers evaporation when using a laser pulse, we can consider
the different effects, thermal and athermal, that could exist. It should be noted that in the
case of an athermal process, evaporation is induced by the pulse energy without any change in
the specimen temperature. This increase in evaporation rate should only occur during the laser
pulse by definition. As discussed by Kelly et al. [40], for very short pulse (<10 ps), if laser pulses
trigger evaporation athermally, then the mass resolution power should be very high.With today
best atom probe instrumentation, the timing resolution is about 80 ps, the peak would then

13
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appear as Gaussian in shape with a width of about 80ps. However, the width of most peaks
is closer to 200 to 500 ps. As remarked by Kelly et al., it is then difficult to demonstrate that
field evaporation is triggered by an athermal process. Some authors have proposed different
possible mechanisms that could lead to an athermal field evaporation as discussed below.

It can be shown that the intrinsic electric field for short laser pulses (e.g femto second pulses)
is of the order of a few 10 V/nm, which is the order of magnitude required for field evaporation
in the atom probe tomography Provided that some field enhancement [11] is possible at the tip
apex, the intrinsic electric field of the laser could possibly trigger field evaporation. However,
this mechanism has been ruled out by the fact that the oscillation of the enhanced electric field
is too fast compared to the oscillation of the atoms at the surface of the apex [14][12]. The
potential barrier is raised and lowered at the frequency of the laser, too fast for an atom to
field evaporate.

For a pulse laser (IR) of maximal 22000uW (highest power use in this thesis) with a du-
ration pulse of 500 fs, a repetition of 100kHz and a spot size of about 20um, the resulting
maximal peak Intensity is roughly 350 TW /m?(see Appendix B). Working at high laser inten-
sity, non-linear effects are enhanced. A model based on optical rectification was proposed by A.
Vella et al. [5]. Optical rectification is a non-linear effect where a DC-electric field is generated
at the surface during the laser pulse. This DC electric field can possibly lower the potential
barrier and atoms can field evaporate. However, the emission of ions has been shown to occur
over period much larger than the period of the laser pulse [27].

As explained by Kelly et al.[40], photoionization should not happen for metals. Indeed,
for metals, the lifetime of an ion on the surface is about 30 fs, which, even under 10V /nm,
represents only a movement of about 0.0001 nm.

From the previous remarks, it can be concluded that the field evaporation with laser pulsing
is mainly due to a thermal pulse. The energy of the laser pulse is absorbed and converted into
heat that raises the temperature of the tip apex, which increases the probability of escaping by
an atom from the surface by virtue of (2.2). The successive increase and decrease in tempera-
ture is viewed as thermal pulsing.

2.1.4 Laser absorption and heating mechanisms

As explained before, laser induce field evaporation by thermal pulses. The mechanisms in
which energy is deposit on the specimen is discussed in the following section. The apex tem-
perature evolution plays an important role in laser assisted atom probe with semiconductor, as
it directly influences the field evaporation. Even though it will be explained in the next section
of this chapter, one can still understand that a slow rising of the apex temperature can create
delayed evaporation of the atoms, thus directly impacting the mass spectrum resolution. It is
then important to know how energy is absorbed and how temperature evolves.

For metals, most of the energy is absorbed over a distance known as the skin depth. The
incoming electromagnetic wave accelerates the electrons and create surface currents. This "hot"
electrons then rapidly thermalize with the nuclei, transferring their energy to them and creating
phonons (heat) over time scale on the order of 0.5 to 10 ps (fast dynamic of electrons). The
tip apex region of the specimen is locally warmer and maximal temperature is reached after
thermalization. Heat will then flow by conduction toward the tip base and specimen cools down
on the order of nanosecond. Most of the energy can be considered as absorbed near the surface
and instantaneously heating the sample to give it an initial temperature.

14
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For semiconductors, the absorption is expected to be more complex than for metals. An
incident electromagnetic wave will penetrate inside the material and depending on the band
structure of semiconductors, different phenomena occur, such as free carriers’ excitation and
relaxation across the band gap, scattering and recombination of the carriers, which transfer
their energy to the lattice by phonon coupling and carrier recombination, with different time
scale. It is then important to consider the different time scale of these phenomena as it could
influence the temperature evolution. The different phenomena and associated time scale are
shown in Figure 2.7 and [2.§ respectively for a direct band gap material as for InGaAs. The
following discussion is, however, still valid for indirect band gap material such as silicon.

CARRIER EXCITATION
.."ﬁ—‘M‘Ill%L—-b. /
\ B T 8/ \ cB (
?/T ‘\\k_,./‘ ﬁ F
T v > T w >
a n ¢ |
THERMALIZATION
3 y, o8 e /
.
\_ e | g
Sg S 2 . >
d | a n
CARRIER REMOVAL

/_V_B_‘\\ /;E__\
a (h
THERMAL AND STRUCTURAL EFFECTS N A A4 4 "
T~
¢ § : : % .
p Frid i 0

Figure 2.7: Excitation of carrier and lattice by a laser in a direct band gap material. CB is
the conduction band and VB the valence band. a, Multiphoton absorption. b, Free-carrier
absorption. ¢, Impact ionization. d, Carrier distribution before scattering. e, Carrier—carrier
scattering. f, Carrier—phonon scattering. g, Radiative recombination. h, Auger
recombination. i, Diffusion of excited carriers. j, Thermal diffusion. k, Ablation. 1,
Resolidification or condensation. Figure reproduced from [39].
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v
EXCGITATION Impact ionization
Carrier—carrier scattering
THERMALIZATION
Carrier—phonon scattering
Auger recombination
CARRIER Radiative recombination
REMOVAL
Carrier diffusion
Ablation and evaporation
THERMAL AND Thermal diffusion
STRUCTURAL EFFECTS
Resolidification
1 l l | l l | l l | l |
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Figure 2.8: Approximation range (green bars) of the different time scales of the different
processes in a direct band gap material excited by a laser. The black triangle represents the
maximal time scale of the actual laser used in this thesis (~500fs). Figure reproduced from

39.

As shown in Figure [2.8], four different regimes can be distinguished depending on their time
scale:

e Carrier excitation: If one considers that initially at cryogenic temperature all carriers
occupy the valence band, at soon as the laser reaches the surface, when the photon
energy of the laser is larger than the band gap energy, free carriers are generated either
by single photon absorption for direct band gap materials (fig. left) or by photon
assistance to conserve momentum (fig. right) for indirect band gap materials. These
free carriers can increase their energy by free carrier absorption (fig. ) during the
time of the pulse.

e Thermalization: After excitation, electrons and holes are redistributed by scattering in
the conduction and valence band within few hundreds of femtoseconds (fig. ) Energy
is transferred to the lattice by carrier-phonon scattering (fig. and fig. 2.7f), which
heats the specimen. Concurrently, free carriers’ excitation weakens as the valence band is
progressively depleted. Because the emitted phonons carry little energy, many scattering
processes are required before thermal equilibrium is reached between the carriers and the
lattice, which is made after a few picosecond.

e Thermal effect and carrier removal: From 107! to 1078, the excess carriers are removed
either by diffusion in the material or recombination of electrons and holes across the gap.
Recombination decreases the carrier density and can be either radiative (fig. [2.7g) or non-
radiative (fig. ) Heat is progressively transferred to the lattice with this process,
but only a long time relatively after the initial equilibrium temperature was reached
with thermalization. Thus, depending on the time scale of the thermal diffusion process,
recombination process and diffusion models of the carriers might need to be considered
with the thermal diffusion model.
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It must also be noted that the nanometric shape of the sample will also influence the laser
absorption. For semiconductors, the intensity of an incident electromagnetic wave with photon
energy above the band gap energy will follow an exponential decrease (Beer—Lambert law) over
a characteristic distance dpenetration , Which depends on the semiconductors. The characteristic
distance can be as small as a few nanometer (e.g. Openctration=41nm for InGaAs with green
light), which is considered as surface absorption for macroscopic bulk semiconductor, but not
in the case of nano-scale sample. Thus, depending on the semiconductor, light can penetrate
inside the tip’s volume before its intensity has significantly decreased.

If light can penetrate into the volume, because of the comparable size of the tip (radius~50-
150 nm) with respect to the wavelength used (green~515nm), light coupling is possible, created
by interference due to reflection inside the tip. Apparition of maximum and minimum of
absorption is thus expected. The laser interaction with nanometric tip will be described in much
more details in Chapter 4 with the study of the absorption map and will not thus discussed
more in this section.

From the previous note, if light is not absorbed uniformly near the apex, the temperature
profile of the apex will be directly impacted, as well as the excess carriers distribution and the
temperature evolution of the apex will be different than in the case of a uniform absorption
close to the apex. Consequently, the absorption map is the first step in understanding the
temperature evolution of the tip.

2.2 Mass spectra

After describing the main aspects of field evaporation and in which ways a laser pulse can
induce field evaporation, we discuss about time of flight mass spectroscopy and the relation
between the temperature and the time of flight spectra.

2.2.1 Time of flight mass spectroscopy

Pulse field evaporation allows the possibility of using mass spectroscopy. The time of flight
t1ight of the ion in the atom probe tomography is defined as the time between the departure of
the pulse and the detection of the ion. It can be computed through the kinetic energy. As the
ion starts to be accelerated away from the tip surface, the electric field gives the ion a potential
energy £, = neV, where n is the charge of the ion, V' the applied voltage and e the elementary
charge. This potential energy is progressively converted into kinetic energy Ej = %mvz, where
m is the mass of the atomic charge and v (assuming there is no initial velocity when the ion
leaves the surface). As the final velocity of the ion is reached within the first few radii of the

flight, the velocity v is then v ~ tﬂ’_: - where L is the distance travelled by the ion from the
igt
apex toward the detector. Equating both energy, this gives
m tttigh ?
— o~ eV | B 2.5
" ey () (2.5)

By analysing the time of flight of the ions, identification of ionic species can be made.
Because it is almost impossible to evaporate only one atom with one pulse, multiple atoms will
be field evaporated and detected.

One problem of field evaporation is that the exact time of departure (when field evaporation
occurs) is not exactly known, which affects the measurement. The assumption made by the
actual algorithm is that the atoms evaporate as soon as the laser pulse is sent. From the
previous section on the heating mechanisms by a laser, it should be clear that delays in the
apex temperature are possible, thus directly delaying also field evaporation. Furthermore,
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because field evaporation is a thermal process in nature, emission of ions can happen at any
temperature with a probability given by , especially after the maximal temperature of the
apex has been reached. Field evaporation itself does not affect the time of departure because
it has been shown theoretically to occurs in a few femto-second [20], very fast compare to the
mechanisms of heating. What influence field evaporation are the conditions required to produce
it.

2.2.2 Relation between time of flight spectrum and temperature

What an atom probe records are the average number of atoms evaporated in one pulse.
Commonly, the mass spectrum is displayed in a graph with the number of counts on the y-axis
and the time of flight on the x-axis. The mass spectrum is then called time of flight mass
spectrum. The number of counts is directly related to the the detection rate @gee., which is
the number of detected atoms over time.

One should not confuse the detection rate gt with the evaporation rate ¢,q,. From eq.
, Gevap can be interpreted as the rate at which ions are emitted from the specimen by field
evaporation under an electric field £ and temperature 7. The detection rate is then defined as
the integral over the duration of the pulse of this evaporation rate:

end pulse
(bdetec = / (,bevapGDNAtdt; (26)

tart pulse

where €p represents the detector efficiency, N4, represents the number of atom that can be
field evaporated (only those at the surface apex will be evaporated). In eq. , it is assumed
that the evaporation rate is the same for every N, atoms. In the case of laser pulses, the
temperature will vary over time, and so will the evaporation rate and ¢evap = Pevap(t)

For simplicity, the following approximation (considering the temperature in ¢e,q,(t) is un-
changed during the pulse duration) from [6] for the number of atoms detected per pulse is used,

deetec(t) = Kexp <_ ]:fj(—,it))) y (27)

where Ty(t) is the apex temperature, £ depends on different parameters including ep, Ny, , the
applied DC field and the pulse duration. By knowing the apex temperature evolution, crucial
information about the time of flight spectra can be deduced. The link between the number
of detected ions and the temperature of the apex has been used to explain the time of flight
spectra of silicon by many authors [6][40][23].

2.3 Hit map

In this last section, we briefly discuss about the hit detection of the emitted ions, and the
parameter that influence the hit map.

2.3.1 Hit map information

Ideally, the apex shape should be perfectly axis-symmetric implying that the electric field
is well defined and known (eq. (2.3))) and each atoms of the apex surface are heated uniformly
at the same temperature.The evaporated atoms follow trajectories defined by the electric field,
and hit the detector several macroscopic distance from the tip resulting in a magnified projected
image of the tip sample. With algorithms, the positions of the detected ions can be computed.
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The hit map represents the distributions of impact from a specific ionic species during an
atom probe experiment. An example of an hit maps is shown in Figure for the As species
of an InAlAs tip. Consequently, the hit map of one ionic species gives a direct information of
its distribution inside the tip.

Figure 2.9: Hit map of As from an InAlAs tip. The white arrow indicates the direction of the
laser pulses. Data from Imec.

2.3.2 Laser induced artifact

Standard reconstruction algorithms are purely based on geometry. If trajectories of the ions
were known, perfect reconstruction would be possible. Actually, algorithms assumed the shape
remains perfectly hemispherical during an experiment. There are, however, possible artifacts
due to the shape of the apex and the laser interaction. It is worth mentioning first that in
practice, the pulse laser is applied on only one side of the tip during an experiment.

In the case of a non-uniform heating (e.g. strong absorption on the laser side), the hotter
side of the apex will have a stronger field evaporation. Thus, this side will be more evaporated
than the shadow side, impacting the hit map as schematically represented in the upper part of

figure 2.10] .

Figure 2.10: A non-uniform heating induces non-uniform field evaporation.

This stronger evaporation on one side can be interpreted in term of probability of field
evaporation. Initially, the apex shape is hemispherical and the electric field on the apex surface
is uniform (lower left part of figure 2.10). Suppose an incident laser induces a non-uniform
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temperature distribution on the apex surface. Consequently, the probability of field evaporation
is not constant on the surface. The resulting non-uniform evaporation of atom modifies the
apex shape, flattening the evaporated side and indirectly sharpening the opposite side. The
local curvature is changed, inducing changes in the local electric field, so that the cooler side has
now a stronger electric field than the hotter side (lower right part of figure . In conclusion,
during the evaporation, the apex shape is changing so that the probability of evaporation is
kept constant over the surface of the apex as shown in Figure[2.10] breaking the uniform conical
shape.

Consequently, the hit map is modified during the transient process, inducing artifact in the
reconstruction algorithm. Understanding of these hit map in combination with information of
the absorption map is important to understand the influences of the wavelength and power of
the beam in atom probe experiment. This experimental hip maps of InGaAs will be analysed
in the next chapter, and the absorption map in Chapter 4.

2.4 Summary

In this Chapter, we have discussed the main aspects of the laser pulse atom probe. The
mechanisms of field evaporation where an atom is evaporated under the influence of an electric
field has been described. Because this is a thermal process, thermal pulses can be used to
induced field evaporation, which can be produced by absorption of a laser pulse. However, many
difficulties linked with the mechanisms of laser absorption with semiconductors are presents.

We have then discussed about the use of mass spectroscopy with atom probe. The main
challenge with mass spectroscopy in atom probe is to know the exact time of departure of the
ions, which has been shown to depend mainly on the evolution of the temperature apex. This
temperature evolution can cause delayed evaporation, thus impacting mass resolution. A model
for the temperature of the tip apex will be proposed in Chapter 5.

Finally, the artifacts influencing the hit maps have been addressed. The importance of
understanding the mechanism of absorption and the temperature evolution could greatly im-
prove the interpretation of these hit maps and the accuracy of atom probe. Analising of the
distribution of the internal electric field due to laser illumination is done in chapter 4.
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Chapter 3

Laser Tip Interaction: From Si to InGaAs

In this Chapter, we first expose what are the previous results obtained for silicon, such as
time of flight spectra and some hit maps, and what are the interpretations of them. Following
this, we introduce the experimental results obtained for InGaAs tip by Imec and compare then
to the silicon results.

Because of the novelty of using III-V semiconductor compound in the electronics and pho-
tonics domains, the use of the atom probe tomography technique with InGaAs samples is quite
recent, and little work have been done on this subject. Previous conclusions obtained for the
silicon with La-APT probe will then be used in the hope that it will explained the experimental
results obtained for InGaAs.

3.1 Silicon

Silicon exists naturally in three isotopes with proportions given table [3.1.1] In the usual
atom probe conditions, silicion field evaporated mostly in the form of a doubly charged ion.

Isotope | *Si 2Si 30Si
Occurrence | 92.18% 4,71% 3.12%

Table 3.1.1: Isotope of silicon an their natural occurrence [4].

3.1.1 Time of flight spectra

The time of flight spectra for Si?* at 3 different wavelengths are shown in Figure [3.1 As
it can be observed, for all the 3 wavelengths, there are 3 peaks, associated with the presence
of the 3 possible isotopes. Their positions are shifted because the heavier the atom, the longer
the time of flight for the same ionic charge.
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Figure 3.1: TOF spectrum on semi-log scale of Si2* peak for different laser wavelengths. The
time axis start when the laser pulse is sent. Reproduced from [42]

Neglecting for instance the presence of the 2 smaller peaks associated to 2°Si** and 30Si?*,
the shape of the time of flight spectrum for all 3 wavelength presents a similar sharp peak (~2
ns) followed by a different slow decreasing curve for the number of detected hits called "tail"
after the sharp peak, which takes place during several nano-second (~15-20 ns) after the laser
pulse has been send. It can be noted that the mass resolution is better as the wavelength goes
from IR to green and green to UV.

3.1.2 Thermal cooling: a slow process

In the last chapter, it has been hint that the number of detected hit is linked to the apex
temperature if we consider the field evaporation as purely thermal. Thus, the slow decreasing in
the number of evaporated ions (the "tail") is associated to the cooling of the apex temperature
and indicates that the cooling time of the apex should be on the order of the nano-second. A
thermal diffusion model coupled with drift-diffusion continuity equations for the carriers have
been used in [6] [23] [40] to obtained the cooling temperature of the apex. After injecting the
temperature in , their solution correlated quite well the slow decreasing of the TOF spectra
of silicon. It indicates that the cooling time of the apex is on the order of 15-20 ns.

The difference in mass resolution can then be explained by looking at the energy absorption
maps for the different wavelength as shown in Figure As it can be seen, for UV, silicon is
strongly absorptive (see Appendix A) almost like a metal and the incident laser is absorbed
near the surface. On the contrary, in IR and green, the energy is absorbed in certain regions
inside the volume. Consequently, for green and IR, heat must flow toward the apex to trigger
field evaporation. The cooling of the heat toward the base of the tip following the rise in
apex temperature is then slow down for green and IR compare to UV because the temperature
gradients are weaker inside the volume. IR is the worst case, because the patch of energy is
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located even further from the apex than for green.
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Figure 3.2: Absorption maps of Si tip illuminate with (a) UV light A = 343nm, (b) green light
A = 515nm and (c) IR light A = 1030nm. Reproduced from [42]

Sharp peak

However, this absorption map and cooling process cannot explain the fast emission sharp
peak observed before the thermal tails (black curve in Figure . The first reason for this is
that the peak is the same (same rise time, same width, same decay time) for all wavelength,
thus it is independent from the absorption map. The second reason is that the thermal model
neglect the presence of the DC field and surface states of silicon[40)].

This peak is usually associated by field induced surface absorption of the laser pulse
[20][19]]42]. The origin of this narrow peak will not be discussed in this thesis, as it would
require another full detail analysis out of the scope of this thesis.

Thermal hump

When the intensity of the laser is increased with IR, a second broad peak , called the "the
thermal hump", in the time of flight spectra is visible several nanosecond after the first narrow
peak as seen in Figure|3.3] The broader peak of a few nanoseconds is explained by a temperature
evolution of the apex and often attributed to a delayed heating of the tip apex, originating from
a volume laser absorption at some distance from the apex, which has been shown in [40] using
the two temperature model coupled with drift-diffusion continuity equations. In Figure [3.2]
the absorption of energy by silicon with IR is mainly made in volume at some distance form
the apex. Thus, after the first usual narrow peak, the apex is heated by a delayed heating and
this field evaporate some more atoms. Figure |3.3| also shows that the time of flight spectra of
silicon tips depends on the power(intensity) of the laser.

Practically, IR pulses with silicon tips are not used, but the "thermal hump" shows clearly
that the field evaporation is temperature dependant and hints the importance of the knowledge
of the absorption maps.
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Figure 3.3: TOF spectra of Si?* (a) for IR laser. Black line /=40.2 GW /cm?, red [=41.2
GW/ cm?, blue I=42.2 GW/cm?, and green I=45.7 GW /cm?, respectively. The broad signal
after the sharp peak is the thermal hump. Reproduced from [42]

3.1.3 Hit maps

When using UV laser pulse with silicon, it is often observed with the hit maps that singly-
charged silicon ion are evaporated on the laser side and doubly-charged on the dark side. The
charge states of a field evaporated ions is directly linked with the electric field. The stronger
the electric field, the more charge can be drained from the atoms. Thus this means that the
electric field is stronger on the dark side.

In fact, by looking at the absorption map of UV figure [3.2] the absorption of the energy
is confined near the illuminated surface. Thus, the temperature is higher, and a one sided
evaporation occurs. This modifies the shape of the tip apex so that the electric is then lower
on the hotter illuminated side and higher on the dark side. For green, the absorption is made
into the volume and heat will flow more uniformly toward the apex. Thus, there is no one sided
evaporation and tips shape under green illumination do not deform. The SEM images after an
atom probe experiment with UV show clearly the modification of the apex shape, which is not
the case for green as seen in Figure [3.4
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Figure 3.4: SEM image of a silicon tip after analysis with UV laser.Reproduced from [36].

Transient hit maps

The hit maps from silicon tip using UV illumination after the tip has been used under green
illumination and the reverse (from UV to green illumination) are shown in Figure [3.5]((a) and
(b) respectively). The hit map on the left (b) shows that there is a one sided evaporation on
the laser side. This is simply explained by the precedent observation: green illumination does
not induce one sided evaporation, but UV does. Consequently, the tip after green illumination
has kept is hemispherical shape before UV illumination is used.

The hit map on the right (b) shows also a one sided evaporation, but on the other side of
the laser. Here, the tip has been first used with UV illumination, which has modifies its apex
shape because of a one sided evaporation. When using green, the heating is uniform at the
apex because of the heating in volume away from the apex. Thus, the temperature of the apex
is uniform, but the electric field is not because of the previous UV illumination (the dark side
has a higher field ). The dark side will now be more field evaporated, which is seen on the hip
map. This conclusions can be once again be interpreted in term of tendency to keep an uniform
probability of field evaporation on the surface.

Figure 3.5: Hit maps after switching the laser wavelength: (a) green to UV and (b) UV to
green.Reproduced from [36].
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3.2 InGaAs

In this section, we now present the recent results obtained at Imec with InGaAs tips and
compared the results with those of silicon. The InGaAs alloy used in the current atom probe
experiment of Imec is GayrInszAs, which is the most important alloy composition from techno-
logical and commercial point of view. In this thesis, we drop the nomenclature as we are only
concern with one composition (GayzInsszAs).

Since it is an alloy, several different ionic species can be presents during field evaporation.
However, the mechanisms underpinning the field evaporation for each individual ionic species
at the surface of the InGaAs is the same when subjecting to same conditions (temperature,
electric field). Thus, the time of flight mass spectra of the different ionic species are essentially
the same within a same experiment. For convenience, Indium is taken as reference in this thesis.
Indium (In) exists naturally in 2 isotopes with proportions given table [3.2.1] In the usual atom
probe conditions, Indium field evaporated mostly in the form of a singly charged ion, "°In*,
and the its peak is the largest one, which is the reason why it is taken as reference.

Isotope ‘115111 H3In

Occurrence ‘ 95.7% 4,3%

Table 3.2.1: Isotope of Indium an their natural occurrence [3].

3.2.1 Time of flight spectra

The results of the time of flight spectra for InGaAs tips at different wavelengths are shown
Figure [3.6] The first striking observation is that all the 3 different time of flight spectrum look
identical, meaning it is independent from the wavelength used.

The second observation is that we also recover a first narrow peak followed by a slow de-
creasing in the number of evaporated atoms, similar to what was observed for silicon. Although
the tails seems to drop faster in InGaAs (3 decays in 10 ns) compare to silicon (3 decays in
20 ns), the slow decreasing is also expected to be described by a temperature evolution of the
apex. However, the mechanisms of absorption regarding the three wavelength with InGaAs
seem to lead to the same cooling time of the apex temperature (~10ns).
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Figure 3.6: Time of flight spectra of '°In for InGaAs tips with different laser wavelength in
La-Apt machine. Data from Imec.
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Influence of the power

It has been shown that the intensity of the laser has an influence on the time of flight spectra of
silicon (Figure . The results for different green power are shown in Figure . Here again,
we observe that the shape of the time of flight spectra of InGaAs seems independent regarding
the power used. The slow decreasing in the number of counts is not influenced by the power
used. This is an interesting observations, because a higher power would mean a higher energy
fed into the tip resulting in a higher apex temperature. However, InGaAs tips seem to cool
down always with the same cooling time.

The small secondary peak in appearing for green illumination with 200uW power is an
hybrid of '°In. When looking at the mass spectrum of the 200 W green measurement it can
be observed that this peak is at exactly 2 Dalton from the main peak. This could only mean
that this corresponds to a hydride of °In, i.e., InH?*.
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Figure 3.7: Time of flight spectra of '°In for InGaAs tips under green illumination with
different laser power in La-Apt machine. Data from Imec.

3.2.2 Hit maps

In this section, some results obtained recently for the hit map of InGaAs are discussed.
First, we look at the influence of UV illumination on InGaAs tip. It can be observed that
initially, by using a 3000W UV illumination, a one sided evaporation is observed , resulting
in the modification of the apex shape of the tip as seen in Figure |3.8] similarly as observed for
silicon tip under UV illumination. On the resulting hit map figure this is clearly seen by
strong non uniform density of impact.

27



CHAPTER 3. LASER TIP INTERACTION: FROM SI TO INGAAS

1

G HFW 3/1/2018 mag B HV det mode WD ]| —

1.38 pm  1:48:28 PM 150 000 x 5.00 kV_ETD SE 3.9 mm beautiful wire

Figure 3.8: SEM image an atom probe tip measured at 3000 uW with UV after 22M atoms.
SEM image from Imec.

Transient hit maps of a tip are hit maps obtained for different illumination conditions, but
with the same tip between each recorded data. Transient hit maps for a tip initially under
high power UV illumination and then under low power UV illumination are shown in Figure
[B-9DIB.9d and 3.9dl In Figure [3.9b] one sided effect is present during the successive hit maps,
opposite to the laser side. In fact, the situation here is similar to the one observed for silicon
when switching from UV to green ( Figure ) This means that initially the high power UV
has lead to a one sided evaporated on the laser, modifying the apex shape. Then, when using
the low power UV illumination, the temperature at the apex was more uniform, but not the
local electric field, resulting in a one sided evaporation opposite to the laser side.

When looking at the hit map after some time with the same low power UV illumination in
Figure [3.9d, the density of hit is still higher on the dark side, but not as strong as in Figure
This is a direct consequence of the tendency of the apex shape to evolve in order to keep
an uniform probability of field evaporation on the surface. As the dark side is more evapo-
rated in Figure the apex shape evolves so that the electric field becomes weaker on this
side. In the end, the density of hit becomes more uniform as seen in Figure [3.9d The average

density of hit for each hit map is given in Figure[3.10] From figure[3.10b]to figure [3.10d], the den-
sity becomes less intense on the dark side, and in Figure[3.10d| the density is almost "uniform".

From the previous observation, InGaAs tips absorption with UV is mainly one sided. In
order to get more detailed information on the distribution of absorbed energy, the distribution
of the internal electric field inside illuminated tip will be analysed in the next chapter.
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(a) UV-3000 pW  (b) UV-200 uW (c) UV-200 pW (d) UV-200 uW

Figure 3.9: Hit maps for InGaAs tip under different initial configuration. The black arrow
indicates the laser side. (a) Hit map with high power UV illumination, with previously no
evaporation. (b) Hit map with low power UV illumination, with previously the tip from (a).
(c) Hit map with previously the tip from (b).(d) Hit map with previously the tip from (c).
Data from Imec.
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Figure 3.10: Average density of hit of the hit maps from Figure .

3.3 Summary

In this chapter, we have described experimental results of laser atom probe with silicon tip
from the literature. The TOF spectra for silicon tip presents a sharp peak followed by a slow
decrease in the number of counts which depends on the laser wavelength. This slow decrease is
explained by a thermal cooling of the apex and is influenced by the distribution of the absorbed
energy, which depends on the laser wavelength. For InGaAs, a sharp peak followed by a slow
decreasing is also recovered, but it is not dependant on the wavelength used, neither on the
power used. In order to see if this observations can be explained by a thermal evolution as it is
the case for silicon, estimation based on simple models for the apex temperaton will be amde
in chapter 5.
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The way energy is deposit inside the tip also influence the hit maps. When analysing tran-
sient hit maps (changing the illumination conditions but keeping the same tip), the shape of the
tip obtained after a given laser illumination influences the local field evaporation when changing
the laser illumination, impacting the hit maps. Thus, understanding of the distribution of the
absorbed energy is important in order to explain changes in the hit maps. In the next chapter,
the distribution of internal electric field of illuminated tips will be made.

As an example, for silicon tip, UV illumination leads to one sided evaporation, which
sharpened the shape on the dark side of the tip. By looking at the absorption map, one sided
energy absorption on the laser side is seen and is coherent with the one sided evaporation.
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Chapter 4

Light Interaction with nano-scale tips

In this chapter, we discuss the laser interaction with the InGaAs conical tip by looking at
the distribution of the internal electric field of the tip when illuminated with light. To obtain
the distribution map inside the InGaAs tips, the numerical code, ADDA (Amsterdam Discrete
Dipole Approximation), will be used.

In the first section, we briefly explained the hypothesis made and how the laser interaction
with the tip will be numerically computed. In the second section, we present and described
numerical results obtained with ADDA for InGaAs tips. Some parameters will be varied to
analysed their influences on the distribution maps. The link with the experimental results will
also be made in this section.

In the third section, different levels of geometrical refinement with increasing complexity
will be used to explain the interaction with light and nano-scale conical tips, in order to provide
a better understanding of the way light couple with maps. This section aims at understanding
how energy is absorbed and the influence of the parameters, not give a full accurate solution
of the real problem.

4.1 Numerical scheme and hypothesis

4.1.1 Hypothesis

In the laser assisted atom probe, a specimen is subjected to a laser pulse of duration
Thuise = 500fs focused on the apex incident normally to the tip’s axis of symmetry with a linear
polarization parallel to the tip’s axis. The parallel polarization is chosen for practical reason,
because absorption is higher with a parallel polarization. Thus, for the same laser power, a
smaller DC bias voltage is required to induce field evaporation. This has been shown experi-
mentally in [14]. Because it is complex to model the real situation, simplifications will be made.

In reality, to model the interaction between an electromagnetic wave and a semiconductor,
one should consider a variable complex refractive index depending on the actual band popu-
lations, and the local electric field (influencing the band structure). But this brings too much
complexity into the problem, and ADDA is not able to take time variable refractive index.
Thus, the first simplification is that in the rest of this chapter, InGaAs will be considered as
an isotropic dielectric material with refractive index n complex, depending on the wavelength
used. Regarding the laser pulse, we consider simply the simulation of tip illuminated on one
side at 3 different wavelengths: green (515nm), UV(343nm) and IR(1030nm). The refractive
index of InGaAs and Si associated to this wavelength can be found in appendix A.

The tip geometry is modelled as a cone of shank angle a with hemispherical cap of apex
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radius Rype; and length L, as shown in Figure (left). Typical value for the apex radius are
20-100 nm, 3000-5000 nm for the length and 2-6°for the shank angle.

4.1.2 ADDA-Numerical constraints

Input parameters

ADDA [45] is an open source program which can simulate light scattering of 3D object of any
shape and composition using the discrete dipole approximation DDA. In the discrete dipole ap-
proximation, the scatterer is replaced by a set of small cubical subvolumes (“dipoles”) as shown
in Figure 4.1} Dipole interactions are approximated based on the integral equation for the
electric field. More detailed information on the mathematical DDA formulation can be found
in [46][28].A more detailled information on the physical interpretation of the DDA formulation
can be found in [34]. In this thesis, we used ADDA- Version 1.3b4.

‘ ‘ ‘ ‘
L IR : unit cell
o] el 6] 6] ‘

P el el 6] el ) o :dipole

Figure 4.1: The discrete dipole approximation DDA method consider the sample as a
ensemble of small cubical dipole of size d.

In order to run an ADDA simulation, several information must be provided to the program:
the type of output data, the geometry of the scatterer (defined by the position of each dipole),
the wavelength of the laser, the refractive index of the scatterer, the polarizability of the dipole
constituting the scatterer, the relative error of the integration, the orientation of the scatterer
with respect to the incident beam and the number of dipole per wavelength or equivalently the
dipole size.

What we are interested in this chapter, is the distribution of the internal electric field, and
more specifically its amplitude ADDA is able to compute directly the square of the internal
electric field of the scatterrer. The geometry of the scatterer is defined as shown in Figure [4.2
(right). The default polarizability is chosen, as we are not concern about this here. The relative
error is 107°, which is chosen as a balance between precision and computation time.

;

Figure 4.2: (left) Geometry of the conical tip. « is the shank angle, L the tip Length, R,
the apex radius, n the refractive index of the material and A the wavelength of the incident
beam. (right) Discretisation of the volume with small cubical volume call of size d call dipole.
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The dpl number

The number of dipole per wavelength, dpl, is what define the convergence of the solution.
ADDA recommends, as a rule of thumb, the dipole size to be d = \/(10|n|), where A is the
wavelength of the incident beam and . However, this has been shown to give a precision of a
several percent for small particles in free space with refractive index |n — 1| < 2 [45], which
is not the present case for the InGaAs refractive index at all the wavelength considered (see
Appendix A).

In the case of high refractive index such as InGaAs, ADDA explains that errors do not
significantly increase with the size of the scatterer by choosing the number of dpl with the rule
of thumb, but do significantly with increasing the refractive index n. Thus, it is recommended
by ADDA to use more dpl, but the computation time then increases. On could expect that by
decreasing the dipole size by a factor of 2, the computation time would increase by a factor
of 23 as we work in a 3D volume, but this dependence is not true and depends once again on
the refractive index. For example, simulations have been performed for a material with n = 2
and it took half a day compare to a few tens of second for a material with n = 1 for the same
volume size on 64 processors [45]. What limits the use of more dpl is the available computer
resources.

Thus, in this thesis, we rather require the size of the dipole to be below the penetration
depth in the hope that it will be sufficient to represent correctly the interaction between the
tip and the laser illumination. If the size of the dipole was larger, one dipole would not be able
to represent the penetration depth. The penetration depth, o = ﬁ with n = n, + in;, of
silicon and InGaAs are given in Table [.1.1]

‘ green IR UV
Si 1.05e3 82e3 9.1
InGaAs | 43.1 3152 14.2

Table 4.1.1: Penetration depth (nm) for wave incident on a infinite volume of silicon or
InGaAs for 3 different wavelengths.

As it can be seen in Table [4.1.1] if we want at least 5 dipoles to represent the penetration
depth in the case of UV for InGaAs, the dipole size must be smaller than d < 14.2/5 ~ 2.8nm.
The rule of thumb from ADDA, however, gives d ~ 9.37nm. Our choice is motivated as a
balance between reasonable computation time and sufficient precision and the hope of a good
convergence. Additionally, the size of the dipole must be at least small enough to correctly
represent the actual volume of the tip. For example, if we have a tip with an apex radius
Ropez = 25mm, we required at least the dipole size to be at most d = Snm.

One drawback of using ADDA is that it is difficult to estimate if the solution has converged
for complex shapes such as the conical tip, since no analytic solution can be used. It must
be clear that the relative error imposed in the simulation is only an error on the numerical
integration. Thus, although the numerical scheme converges, the physical meaning fullness of
the solution is questionable. In the case of special shape, such as sphere, by increasing the

IThe intensity is proportional to the square of the electric field, which for a plane wave propagating inside
a medium of complex refractive index n = n, + in; (n; is the extension coefficient) is given by E(z,t) =

Re [Eoei(%z—wt)} — Re [Eoei(Qﬂ'ﬁ/z\oz—wt)] _ e—27rmz//\oRe [Eoei(kz—wt)]. I= |E|2 o e—47rmz//\o _ e—z/é and the

penetration depth is the distance after which the intensity is reduced by 1/e
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number of dpl, the solution tends to converge. We will then assume in this thesis that it will
be also the case for the conical tip.

Remarks

Several remarks can be made. The construction of the tip volume with a discrete number
dipole of finite volume leads to several artifacts. The first one is the creation of stairs case
sidewalls as shown in Figure [{.2] The consequence of this stairs case sidewalls is the apparition
of high intensity electric field in the corner of them as shown in Figure This impacts the
actual maximal value which can be wrongly interpreted on the absorption map. However, it
affects only locally the electric field.

The second remark is the apparition of a surface layer which doesn’t seem affected by the
electric field as seen for example in Figure [4.3al This effect has not been investigated and might
be a numerical artifact. However, it doesn’t seem to have an impact on the distribution of the
internal electric field other than the apparition of a layer with no electric field in (x,z) cut plane.

Finally, the usual tip dimensions are Rgpe, ~ 25-150 nm, L~ 4000-5000nm and o ~ 2-10°.

However, it is not possible to run simulation of real tips while keeping the dipole size constant
so the tip must then be made shorter.
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(a) Zoom of a transversal cut of ADDA simulation for an
InGaAs tip: creation of stairs case sidewalls leading to
artificially high intensity of the electric field in their corner.
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(b) Axial cut of a ADDA simulation for an
InGaAs tip: apparition of of a layer with zero
internal electric field.

Figure 4.3: The discrete dipole formulation leads to several artifacts: (a).creation of strair
case sidewalls and (b) apparition of a surface layer with no internal electric field.

4.2 Numerical Results

4.2.1 Influences of the wavelength

First, we start by showing simulations for 3 different wavelengths with a tip of radius
Rapez = 50nm, shank angle av = 2° and length L=1.5pum. The reason the tip is not longer is due
to computer resources. Simulation with longer tips can be run in a reasonable amount of time,
but the number dpl must then be decreased. The problem with making tips longer is that it
does not increase the number of dipole linearly, but more than that since it is a cone.

uv

When UV is used, most of the intensity of the electric field is located near the surface as seen
in Figure [4.4a] which is expected because of the stronger damping of InGaAs in UV. The pen-
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etration depth is 14.2 nm, much smaller than the dimension of the tip, except close to the apex.

Thus, this correlate quite well with the results observed in the transient hit maps figure [3.9]
Since most of the intensity of the electric field is located near the surface, it can be expected
that most of the energy is absorbed in this region. Thus, UV illumination can effectively lead
to a one-sided evaporation on the laser side which modify the shape of the apex.

Green

When green laser is used, the intensity of the electric field is located at specific regions
(R~45,55,62 and 87 nm) inside the volume of the tip as seen in Figure [£.4b They result
from constructive interferences as it would be shown in the last section of this chapter.Two
maxima are located close to the apex for this specific geometry (apex radius, shank angle,
length) and the most intense is located on the laser side. What is interesting is the fact that
a maximum of intensity is observable for large radius (R~87nm at z=1400nm), which is not
really expected because the penetration depth is 43.1 nm in green with InGaAs and the wave
needs at least to travel an approximate 125 nm before reaching these regions. The origin of
this maximum as well as their location are discussed later in this chapter.

IR

When IR is used, the situation is similar to the green case, maxima are located at specific
radius (R=60 and 90 nm). However, the maxima in Figure are located further away from
each other and the maximun at R=90 is expected (penetration depth is 315.2 nm with IR)
compare to the unexpected maximum at R~87nm for green. The larger spacing between the 2
maximum is a consequence of the longer wavelength of IR (1030 nm) than green (515 nm) as
it will be explained later. Note that the intensity of the maxima is higher with IR than with
green, consequence of the smaller damping in IR than in green, which lets more constructive
interferences to occur between the multiple reflected wave inside the tip.

From the previous observation, it must be clear that not only the wavelength does influence
the distribution of internal electric field map, but also the penetration depth. For UV, since
the penetration depth is 14nm, this means that practically the intensity will be located near
the surface almost all the time. For IR the penetration depth is 315.2nm, thus, an absorption
in volume is always expected if we consider the practical dimension of a tip. For green, the
penetration depth is 43.1nm. Here, the situation is intermediate, depending on the dimension
of the apex, the intensity can be expected to be either located mostly in volume for small apex
radius, or mainly on the surface for large apex radius. This is discussed here below.
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Figure 4.4: ADDA simulations with InGaAs tip for different wavelength. Apex radius
R=50nm, length L=1.5un and shank angle o = 2°. (a)UV with a number of dpl=100,
(b)green with a number of dpl=150 and (c¢)IR with a number of dpl=300.
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4.2.2 Influences of the apex radius

We now look at the influence of the apex radius for each wavelength. The analysis of the
difference radius is useful because during an experiment, the apex radius will increase as the tip
is progressively evaporated. One problem with the current La-ATP machine is the impossibility
of making in-situ imaging of the tip. So, we don’t know the apex radius unless we take it out
of the tool. Once we take it out, it is usually not possible to re-start the tip in the atom probe
tool without performing a focused ion beam (FIB) cleaning step (which modifies again the
radius). By understanding how the electric field distribution changes with the apex radius, it
is possible to see where energy will be mostly absorbed and predict important effect such as
one-sided absorption.

Because it is not possible to simulate large volume with a large number of dpl, restriction
have to be made on the geometry. When increasing the apex radius while keeping the same
length (ﬁgureleft ), the number of dipole increase more than proportionally and computation
time increases drastically. Thus, when the apex radius is increased, the length will be decreased
to keep a reasonable computation time. Note that since ADDA simulates the scattering of the
tip considering its real dimension to get the internal electric field. Thus, 2 tips with different
length will have different internal electric distribution, considering for example effect cavity
effect. However, as it would be explained in the last section of the chapter, the solution for the
distribution of the electric field obtained as inside the volume is not expected to be influenced
that much (see later) by the tip length.

uv

For UV, because damping is very strong (small penetration depth compare to the size of
the tip), only for very small apex radius (less than 30 nm), volume absorption is visible. But in
general, only surface absorption will dominate with UV, as it shown for different apex radius
in Figure for different apex radius. Thus, during an atom probe experiment with UV, one
sided energy absorption is expected to dominate.

Green

Three different radii are tested: 50 nm, 75 nm and 100 nm as shown in Figure [4.6] For 50 nm
apex radius, comparable to the penetration depth in green (41 nm), electric field intensity is
mainly located in volume as seen in Figure [4.6a

For 75 nm apex radius, electric field intensity is located in volume and on the surface,
although a larger part is made in volume as seen in Figure [£.6b] The maxima located at
R=75nm and R=90 nm are not expected as the apex radius is almost twice the penetration
depth. Maxima located deep inside the volume are also observed for the 50 nm apex radius
figure[d.6al The only possible origin is constructive interference that increase locally the electric
field inside the volume. This will be explained in more details later in this chapter.

For 100 nm apex radius, most of the electric field is located near the surface, although
electric field intensity in volume is still visible close to the apex as seen in Figure [£.6¢ Thus,
by varying the apex radius, for small apex radius, the electric field intensity is mainly located
in volume, and no one sided absorption is expected from green. But for larger apex radius
(above 75 nm), the electric field intensity in volume is reduced and is located more near the
surface. Thus, when evaporating the tip with green, different behaviour are possible because

2FIB is usually the last step when making conical tip out of bulk material.
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the distribution of electric field intensity evolves and absorption of energy is expected to be
influenced.

IR

Three different radii are tested: 50 nm, 75 nm and 100 nm as shown in Figure [£.7] Because
the penetration depth in IR is 315.2 nm, electric field intensity is present mainly in volume is
present for every practical apex radius as expected. Maxima are present at specific radius. Note
however that in Figure [£.7b] the maximum located at R=60 in Figure has disappeared.
Note also that there is almost no internal electric field inside the apex region for the 3 cases
figure [4.7al, [£.7D] and [.7c, These 2 remarks show that there is a clear influence of the apex as
it will be shown later in this chapter.
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Figure 4.5: ADDA simulations with InGaAs tip with UV illumination. Shank angle o = 2°,
Number of dpl=100. Apex radius (a)Rgpe;=50nm and length L=1.5un; (b)Rgpe,=75nm and
Length L=1pn; (¢)Rgpe,=100nm and Length L=1un.
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Figure 4.6: ADDA simulations with InGaAs tip with green illumination. Shank angle a = 2°,
Number of dpl=150. Apex radius (a)Rgpe;=b50nm and length L=1.5un; (b)Rype,=75nm and
Length L=1pn; (c)R4pe;=100nm and Length L=1un.
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Figure 4.7: ADDA simulations with InGaAs tip with IR illumination. Shank angle oo = 2° and
Number of dpl=300. Apex radius (a)Rgpe,=50nm and length L=1.5un ; (b)Rpe,=75nm and
length L=1pun; (¢)Rapez=100nm and length L=1un.
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4.2.3 Influences of the shank angle

We now look at the influence of the shank angle for each wavelength. When increasing the
shank angle the length will be decreased, for the same reason as the apex radius.

uv

For UV, when changing the shank angle, the situation is remains unchanged between each
case in Figure [£.8f The intensity of the internal electric field is located near the surface, and
nothing penetrate in the volume of the tip. Shank angle does not influence the distribution of
the internal electric field for UV.

Green

When increasing the shank angle from 2 to 4 ° (figure to figure , the positions of
the maxima are located at the same radius (R=75nm and R=90 nm). When increasing the
shank angle to 8°, the situation is similar to before, maxima are located at the same radius.
Note however that for large radius (above R=100nm), no maxima are visible. This is simply
explained by the fact that when the wave enters the tip at those large radius, the penetration
depth is comparatively small to the distance the wave needs to travel inside the cross section.
Thus, for large radius, the situation for green is similar to UV in term of distribution of the
internal electric field

IR

When increasing the apex radius from 2 to 4 ° (figure to figure [4.10D)), the maxima for
the 4° shank angle are located closer to the apex, but at still at the same local radius (R=60
and 90 nm) as the 2° shank angle figure . The situation is similar for a shank angle of 8°
as seen in Figure

However, it can also be observed that the maximun appearing at R=50nm in Figure
and disappears in Figure [£.10d Here it is clear that the apex must have influenced the
internal electric field in this region, by creating destructive interference. By increasing the
shank angle, the maxima are located closer to the which would explain why the maximum at
R=50nm disappears for a shank angle of 8°.
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Figure 4.8: ADDA simulations with InGaAs tip with UV illumination. Apex radius
Rapex=50nm, Number of dpl=100. Shank angle (a)a = 2° and length L=1.5un;(b)a = 4° and
length L=1.5un; (c)a = 8° and length L=1pun.
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Figure 4.9: ADDA simulations with InGaAs tip with green illumination. Apex radius
Rapez=50nm, Number of dpl=150. Shank angle (a)a = 2° and length L=1.5un;(b)a = 4° and
length L=1.5un; (¢)a = 8° and length L=1pun.
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Figure 4.10: ADDA simulations with InGaAs tip with IR illumination. Apex radius
Rapex=50nm, Number of dpl=300. Shank angle (a)a = 2° and length L=1.5un;(b)a = 4° and
length L=1.5un; (c)a = 8° and length L=1pun.
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4.3 Understanding of light coupling in conical tip

In this section, we characterize the previous distribution map based on fundamental prin-
ciples of light interference and coupling inside nano-scale volume with high aspect ratio using
different level of geometrical refinement of increasing complexity. We first show an ADDA
simulation for an InGaAs tip with 2° shank angle, 25 nm apex radius and 2.5um long in Figure
[4.12d] with the results from different level of geometrical refinement figure [4.12a][4.12b] and [4.12¢]
and then explain each of these model.

The first model (figure is based on the analytical solution for the internal electrical
field inside thin film and the tip is approximated as a stack of thin films as shown in Figure [4.11]
The second model is based (figure on the analytical solution for the internal electrical
field inside an infinitely long cylinder and the tip is approximated as a stack of cylinders as
shown in Figure The last model considered also the tip as stack of cylinder but takes into
account the influence of the lateral interfaces.

Ei"e = Eyexp(—2imz/\)
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Figure 4.11: Representation of the actual tip with a stack of thin film (2D) and a stack of
cylinder (3D).
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Figure 4.12: Solution for a tip with R,4pe; = 25nm, shank angle ov = 2° and length L= 2.5pm.
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4.3.1 Stack of thin film

As explained previously, maxima at specific radius can be observed when illuminating the
tip with IR and green light. In fact, these are the results of constructive and destructive
interference taking place inside the silicon tip. Indeed, this can be shown by simplifying the 3-
dimensional conical tip geometry by a 2-dimensional stack of thin films [26] as shown in Figure
4.11] Despite being a crude approximation, an analytical solution can be obtained and offer an
easy qualitative understanding.

We consider the tip-air interface as the origin of the phase and the thin film of height
R(z). When the incident wave crosses the interface, it is only partly transmitted inside the
film. After the transmission, the wave travelled inside the film and its intensity is partially
damped following an exponential decrease. When reaching the bottom interface, part of the
wave is transmitted in the air and is lost, and the other part is reflected back inside the tip. The
reflected wave superposes with the incident wave and can interference. Taking into account the
infinite reflections inside each film of height 2R(z), this gives

E. () = Eotg {exp [~2inn(x — R(2))/Ao]
1 (4.1)
1 — (7H)%2exp [8imnR(2) /o]’

+7texp [2imn(x + SR(Z))//\O]}

where tg = 2/(7 4 1) is the normal incidence air-to-tip transmission coefficient and 7 =
(n—1)/(n+1) is the normal incidence internal reflection coefficient. More details information
about the derivation of (4.1]) can be found in [26].

In this model, a constructive interference takes place when the reflected wave and the
incident wave have the same phase. This happens when at some point inside the tip, the
reflected wave has travelled a distance equal to a multiple of a wavelength has shown in Figure
i.e when the height of the thin film is H = 2Ry (2) = kXo/(2n,). Thus, for radius Ry =
kXo/(4n,.), maxima are possible. The thin film approximation predicts a maximum for InGaAs
at R = 28nm, which is observed in Figure In the ADDA simulation figure [£.12d], this
maximum is also observed, but on the opposite side and for a slightly larger radius (R~ 35nm)
compare to the maximum of the stack of thin film. The other predicted maxima are not visible
in Figure because their intensity is too low due to the high damping of InGaAs.

Incident wave | | Reflected wave (lost)

Transmitted wave

)‘/ 2 Reflected wave

Transmitted wave (lost)

\J

Figure 4.13: Representation of the condition to have a constructive interference. The incident
wave (in red) interference constructively with the reflected wave (in blue) in this case.
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Note that in this model, varying the shank angle does not modifies the radius at which the
maxima appear. In case of a higher shank angle, the maxima will be closer between each other
in the z direction. Indeed, the condition for constructive interference Ry = A\¢/(4n,) can be

kAo

rewritten in term of z as 2p = (Ry — Rapes)/ tan(a) = (3% — Raper)/ tan(a) and the interval

is Az, = (4’\70) /tan(a). This confirmed the changes observed in Figure when varying the
shank angle with IR.

In the thin-film approximation, we have neglected the tilted walls with respect to the
propagation direction of the incident beam and the finite thickness of the tip. If we don’t
neglect the tilted, we then consider the tip as a truncated wedge. In this case, the incident
beam normal to the axis of the wedge now leads to a non-zero propagation of the waves along
the z direction. this extra power, significant for silicon tip as shown in [26], it not significant
for InGaAs tip, as this extra propagation along the tip axis are quickly damped.

4.3.2 Stack of cylinder

A more complex level of geometrical refinement can be obtained by considering the tip as
a stack of cylinder as shown in Figure Then, we can use the analytical solution provided
by the Mie theory for an infinitely long cylinder [13] (page 27). The analytical solution for this

model is then R o
B int(1,0,2) = Eq |do ) Jo o
’ Ao Ao

oSt (B2) 1 (52 ) o] -

where the coefficients di(R(z)/)g) are determined by the boundary conditions at r=R(z) of the
Maxwell’s equations. The Jj is the k-order Bessel function of the first kind [7].

As it can be seen in Figure [£.12D] we recover the same behavior as the stack of thin film
model. There are maxima at specific radius, which can now be interpreted as constructive
interference. Compare to the stack of thin-film, these maxima are shifted to larger radius by
approximately A\o/(8n,). Thus, maxima are visible at Ry = (2k + 1)A\o/(8n,). For InGaAs,
we then have maxima at R;=14nm and Ro=43nm. In Figure [£.12b] 2 maxima are visible at
R;1=25nm and Ry;=43nm. The second maximum is expected, but still shifted compare to the
maximum radius in ADDA (R~35nm). For the first one, this is on fact the end region of the
maximum from R;=14nm, which has a relative high intensity compare to the maximum at
Ro=43nm, consequences of the strong damping of InGaAs.

Note that the electric field predicted by the stack of cylinder is one order of magnitude
greater than the thin-film. This is a direct consequence of the confined geometry of a cylinder,
which has an effect of focusing the intensity of the wave [26]. However, the maximal intensity
from the stack of thin film is still smaller than the maximal intensity of the ADDA simulation.

The validity of this model required that the particle along the z direction must be smooth
enough so that the coupling between each cylinder slab is negligible. Bogdanowicz et al. [24] ex-
perimentally showed evidence of these maxima by irradiating with high-fluence (~100 mJ?/cm?)
IR laser conical tip in a LA-Apt tool. Although the coupling becomes important at the reso-
nant radius and can violate the validity of the model, the resulting SEM image of the tip after
the experiment showed apparition of sharp holes at specific radius indicating strong localized
absorption, which was predicted by the analytic solution has shown in Figure [4.14]
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Figure 4.14: (left) 4th power of the internal electric field (~ absorbed power in a dominant
two photon absorption process.) from Mie theory along the illuminated side of an
[R-irradiated silicon tip as a function of the local radius R(z).(rigth) Silicon tip illuminated by
a high-fluence IR pulsed laser. Constructive interference occur at R(z)~ 113,178 and 241nm.
Reproduced from [24].

4.3.3 Apex coupling

The ADDA simulation actually considers the impacts of the apex and the base of the conical
tip. The reason why the Mie solution seems to be unable to reproduce the results from ADDA
simulations close to the apex for the InGaAs is because the analytical solution (4.2)) used is
based on the hypothesis of infinitely long cylinders and thus neglect the impact of the lateral
interface (i.e. the apex). However, by comparing the internal field in the axial cut from the
numerical simulation and from the Mie solution close to the apex, qualitative agreement (the
intensity is different) is still present as shown in Figure When looking at some distance
from the apex (e.g: 1000nm), qualitative and quantitative agreement is present as seen in

Figure [4.16]

ADDA simulation- ‘E/Ef ‘ Mie solution- ‘ E/E? ‘
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Figure 4.15: Comparison of the intensity of the internal electric field between (left) an axial
cut at R=23nm for z=25nm of the ADDA simulation figure |4.12d| and (right) Analytical Mie
solution for R=23nm.
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Figure 4.16: Comparison of the intensity of the internal electric field between (left) an axial
cut at R=55nm for z=1000nm of the ADDA simulation figure 4.12d| and (right) Analytical
Mie solution for R=55nm.

From these observations, the Mie solution can be used almost everywhere inside the tips, at
least to get a qualitative information on the distribution inside of internal electric field inside
the tip. At some distance (see later in this section) from the apex, the quantitative behaviour
is also recover by the Mie solution.

To see what the influence of the apex is, lets discuss an example from the literature [25].
In the case of a silicon tip with green light, it has been observed experimentally that the Mie
solution (4.2]) cannot match the apparition of periodic ripple close to the tip apex because their

frequency along the tip axis is too high [25] as shown in Figure [4.17al

In order to consider the possible influence of the apex, they look at how light can couple in
the apex region and propagate inside the tip. Bogdanowicz et al. [25] shows that if a coupling
with the apex and the incident wave exists, it can also propagate into the tip. To have an
effective propagation of electric field from the apex along the tip axis, 2 conditions must be
investigated. First, the electric field inside the apex region generated by the coupling with apex
and the incident wave must be on the same order as the internal field given by the Mie solution.
The second condition is that the conical tip must be able to guide away the electromagnetic
power to have a significant absorption in the volume [25] (mode propagation).

In [25], they show that coupling is significant for a silicon tip with apex radius Rgpe, = 50
nm with green and only the HE;; mode is dominant. Provided some approximations, by su-
perposing the analytical solution for the internal electric field in a dielectric cylindrical fibre of
variable radius with the electric field predicted by the Mie solution, the apparition of periodic
ripple close to the tip apex can be matched as shown in Figure [£.17D]
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Figure 4.17: (a) (left)Normalized Mie electric field along the illuminated side of a
green-irradiated conical silicon tip as a function of the local radius R(z).(a) (right) SEM
image of a silicon tip irradiated with a high-fluence (~150 mJ/cm?) green pulsed laser. (b)
Amplitude of the interference between the Mie electric field and a mode (HEq;) from the apex
. Reproduced from [25].

In order to use the model from [25], however, the analytical solution for an InGaAs dielectric
cylindrical fiber must be known, which requires numerical methods and has not been done in this
thesis. Instead, in order to keep the problem as simple as possible, we consider that a coupling
exist between the apex of radius R=25nm and the incident wave and that a propagation is
significant inside the conical tip. However, we neglect the actual shape of the mode propagating
inside the cone, and consider simply the propagation of a plane wave from the apex superposed
to the mie solution as shown in Figure [4.18] Thus the solution for the electric field becomes

Ez,int(ra 9, Z) = Ez,int,mie + EO eXp(—Ziﬂ'(Z + )\O/Q)ﬁtest/)\O)- (43)
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T Eyexp(—2im(z + Xo/2)Tiest/ No)

z

Figure 4.18: Representation of the mode coming from the apex which interferes with the
internal electric field from the Mie solution (black). The mode is considered as a simple plane
wave (purple) of wavelength Ay with complex refractive index 7.5 . The complex part of the

wave is there to model the decay of the mode along the axis.

Because the intensity of the "side" wave should decay as the local radius increases [25], we
consider a complex refractive index 7.5 to represent the decay. Because this model is oversim-
plified, exact value of the refractive index 7. is hard to determine based on a mathematical
development. Thus, one way to determine values for 7. is to consider a simpler case than the
conical tip (e.g. a cylinder).

As shown in Figure [£.19] the simulation for a finite cylinder by ADDA shows periodic
maxima along the tip axis, consequence of a cavity effect inside the cylinder. If we take the
Mie solution for an infinite cylinder, by adding the "side" waves and adjusting the value of 1.4
to get a good qualitative and quantitative agreement between analytical and numerical results
as shown in Figure 4.20, a value for n. can be determined. It is found that for a cylinder
with radius 30nm and length 1.5um, n;. = 1.15 + 0.2¢ fits the best. However, this method
is empirical, as we totally neglect the actual conical shape of the tip, and thus we neglect the
coupling existing between each cross section.

Relative Electric Field distribution |E/E?|
50 1

=) 0.6
0.2
L L L | 0

.50 | | | |
0 200 400 600 800 1000 1200 1400 1600
z(nm)

Figure 4.19: Transversal cut of the internal electric field in a cylinder (length L=1.5um and
Reper = 30nm) illuminated with green light ncident on the top of the cylinder. Simulated with
ADDA.
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Figure 4.20: Transversal cut of the internal electric field in a cylinder (length L=1.5um and
Ripex = 30nm) illuminated with green light incident on the top of the cylinder. (up) Mie
solution for an infinite cylinder. (down) Mie solution for an infinite cylinder superposed with
a plane wave of refractive index 7., = 1.15 4+ 0.2¢ coming from each lateral interface.

Comparison between figure [4.12c| and 4.12d| shows a better agreement in the distribution
of the internal electric field than with only the mie solution figure The maximum at
R~35nm is correctly recovered. We can see that the maximum at R=25nm in Figure has
"disappeared" and that the electric field is very low to the apex surface, which is observed in
Figure[d.12d] What is more, the maximal intensity from the model is now closer to the intensity
obtained in the ADDA simulation. Thus, this shows that a coupling between the apex and the
incident wave is present.

We can now look back at the axial cut from figure .15 and [4.16] but this time we add
the lateral wave from the apex. For the axial cut close to the apex, as seen in Figure [1.21] a
better quantitative agreement is made between the numerical solution and the model. For the
axial at z=1000nm in Figure [4.22] addition of the lateral wave is almost unnoticed, which is
logical since the penetration depth of this lateral wave is 204 nm, except near the top, where
the intensity is slightly higher than in [£.16] This change is due to the simplified shape of the
actual lateral mode. For example, the first mode H F;; can be approximate with a Gaussian
shape [8]. Thus, the influence of the mode decreases near the surface. To get the distance from
the apex where the lateral wave can be neglected and only the Mie solution remains, we can
take the penetration depth based on the empirical refractive index.
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Figure 4.21: Comparison of the intensity of the internal electric field between (left) an axial
cut at R=23nm for z=25nm of the ADDA simulation figure [4.12d| and (right) Analytical Mie
solution for R=23nm with a lateral wave.
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Figure 4.22: Comparison of the intensity of the internal electric field between (left) an axial
cut at R=55nm for z=1000nm of the ADDA simulation figure |4.12d| and (right) Analytical
Mie solution for R=55nm with a lateral wave.

4.4 Conclusion

In this chapter, we have described and analysed the absorption map of InGaAs tip using
numerical results simulated with ADDA. Three different wavelengths have been tested:UV,
green and IR with different apex radius and shank angle.

The distribution of the electric field inside the tip UV is mainly located near the surface
on the laser side at all practical tip’s dimension and can thus lead to one sided absorption. For
IR, on the other hand, the distribution is mainly in volume with maxima located at specific
radius. The last wavelength, green, is intermediate between UV and IR. Depending on the
apex radius, electric field can be either located in volume for apex radius of size comparable to
the penetration depth, of either in surface for large radius (Rapes > 20green). Thus, for IR and
green, energy is expected to be absorbed mainly in volume

When analysing IR and green, the distribution maps show maxima at specific radius inside
the volume. The origin of these maxima is constructive interference between the reflections
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taking place inside tip. Using different level of geometric refinement, it can be shown that
these maxima are located at specific radius given by Ry = (2k + 1)\¢/(8n,) using the Mie
solution. The Mie solution can be used to predict the distribution inside the volume of the
tip except close to the apex, where propagating waves created by a coupling between the apex
and the incident wave can be significant. The exact distance from the apex where the Mie
solution can be used without being perturbed by the apex wave depends on the geometry and
the wavelength, which could be determined by a more detailed analysis than presented in this
thesis.
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Chapter 5

Apex temperature evolution

In Chapter 2 we have shown that if we can assume the field evaporation to be a thermally
activated process, then the number of detected hit per pulse is temperature dependant. In
chapter 3, we have shown that the slow decreasing observed in the TOF spectra for silicon can
be correlated with the temperature evolution of the apex. The difference in mass resolution
between IR, UV and green is then a direct consequence of the absorbed energy distribution of
silicon at each wavelength.

In this chapter, we investigate the temperature evolution of the apex for InGaAs tip. We
first proposed a thermal model considering the different time scale involved. Then, based on
the distribution of internal electric field obtained in chapter 4, we analysed the temperature
evolution and compare it to the TOF spectra of InGaAs shown in chapter 3.

5.1 Thermal model

In this section, we present the thermal model commonly used to study the thermal evolution
of silicon tips. We then transpose this model for InGaAs tips and simplified it considering the
characteristic of InGaAs. In chapter 3 we have shown that the cooling times associated the
TOF spectra of silicon figure [3.1] are on the order of a few nanoseconds. For InGaAs, the slow
decreasing was also on the order of a few nanoseconds. Thus, the times scale of the apex cooling
for InGaAs is expected to be on the order of a few nanoseconds.

5.1.1 Uncoupling of the full problem

In section in chapter 2, we have described the interaction between a 500 fs pulse
laser and a semiconductor and the time scales associated with the different phenomena taking
place inside the semiconductors (figure . By comparing the different time scales, the carrier
excitation (taking place during the pulse~500fs) and the thermalization (a few picoseconds)
are much faster than the carrier diffusion/ recombination (from 107 to 107®) and the thermal
diffusion (expected on the order of a few nanoseconds). The former processes can be considered
as instantaneous processes regarding the latter processes.

Thus, the thermal diffusion and the carrier diffusion/recombination will be assumed as
uncoupled from the others effects. Doing so, we can consider separately the process of energy
absorption resulting from the complex interaction between the laser and the semiconductor,
from the diffusive process.

Regarding the time scale of the diffusive process, the laser pulse instantly creates a distri-
bution of excess carriers inside the tip. The excess carriers rapidly thermalize to the band edge
and heat the sample to give it an initial temperature. During the thermalization process, the
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carriers are usually assumed to be fixed because of their slow diffusion coefficient (justified a
posteriori)[6][40]. Then the thermal and carrier diffusion with recombination processes start.
Because recombination can transfer energy to the lattice, the temperature evolution can be
influenced by both the thermal and carrier diffusion. Thus, in order to estimate the temper-
ature, we should solve a system of coupled equations describing the evolution of free carriers
and temperature.

In this thesis, in order to get a first approximation of the temperature evolution, we will
simplify this coupled problem by simply considering the temperature evolution to be influenced
by heat diffusion. We thus neglect the diffusion and recombination of the excess carriers.

The reason for this apparent crude simplification is explained further by looking at the
different times scale for InGaAs and carrier diffusion and the type of recombination for InGaAs.
We first explain what is the model commonly used for silicon to evaluate the diffusion of carriers
in the coupled thermal and carrier diffusion problem just below. Because InGaAs is a direct
band gap semiconductor, the main recombination process might be different than for silicon,
which is an indirect band gap semiconductor.

5.1.2 Thermal-carrier diffusion/Recombination

We consider the situation of a tip in vacuum attached by its base to a large proof mass of
constant temperature Ty, (Heat reservoir), illuminated by a 500 fs laser pulse of power Pyyger,
wavelength A, spot radius Ry, and repetition rate f,.,. Before the laser pulse is sent, the
whole tip is at its base temperature. As soon one pulse laser is sent (t=0), thermal and carriers
diffuse start (uncoupled hypothesis).

Carrier diffusion/Recombination

After the thermalization process, the free carriers have a Maxwell’s Boltzmann distribution and
evolve following a drift-diffusion model. It is, however, usually assumed that the electric field is
screened inside the volume of the tip within a few picoseconds after the pulse, thus the drift can
be neglected [6]. Combining the time evolution equations for holes and electrons, the ambipolar
diffusion]'| formulation can be used to describe the global evolution of the free carriers,

onm=G—-R+V-(D,Vn), (5.1)

where G is the generation rate of carriers, R the recombination rate of carriers, n is the excess
carriers concentration and D, the ambipolar carrier diffusion coefficient. The generation term
is only present during the laser pulse and disappears when the carrier diffusion starts, so G = 0.
The recombination rate depend en the level of carrier injection and the material.

For silicon, a high injection level is usually supposed and Auger recombinationf] is the
dominant effect. Thus in the approximation of auger recombination, R = R4 = Cxn?, with Cy
the auger recombination coefficient equal to 1073'cm®/s for silicon [6].

For InGaAs, the carrier lifetime and thus the recombination process, depend on the doping
level [35]. For undoped to low doping (<10”cm™3), Shockley-Read-Hall recombination dom-
inates. In the doping range from 10'® to 10'® cm™2, radiative recombination is the dominant

! An ambipolar diffusion for a semiconductor is the diffusion of an electron and a hole which move together

2 Auger recombination is a non-radiative process in which the energy from the recombination of an electron
and a hole is directly given up to an electron in the conduction band instead of generating a photon of energy
Egap. This electron then thermalizes back down to the conduction band edge, transferring its energy to the
lattice.
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mechanism. For higher doping level, Auger recombination dominates (Cy = (C. + C},), with
C. =5 x107%mb/s and C, = 7 x 107%%cm®/s for InGaAs [43]). Practically, the InGaAs
tip used in this thesis have a low doping of n < lel6cm™3 ﬂ In this thesis, we can con-
sider the radiative recombination to be dominant for the InGaAs, and R = Rr = Bzn?, with
Bp =143 x 107 %m3s!.

Concerning ambipolar carrier diffusion coefficient, its value depends on the concentration
of excess carrier and on the temperature [I8]. However, it is considered as constant in (5.1]) for
simplicity[23][40]. The value for the silicon is 18cm?/s [40] and 22cm? /s for the InGaAs [37].

In order to get the initial distribution of excess carrier n;,;;, we should consider the exact
interaction between the laser and the semiconductor. However, the exact electronic processes
taking place inside the material are complex to model in practice. Thus, as it has been done
in chapter 4, we assume that a complex refractive index depending on the wavelength can
represent the electronic processes taking place inside the material. The absorbed energy s
can be then be computed using eq. (see appendix B). From the absorbed energy, we can
compute N, as in [6], considering only interband absorption of the laser is considered,

uabs(‘ra Y, Z)

" : (5.2)

ninit(x7 Y, Z) -
where ugps(x, y, z) is the absorbed energy per unit volume for one pulse, hv is the photon energy
at the wavelength of the pulse laser. During the diffusion, no carriers escape from the surface
of the tip neither go through the base of the tip. Thus, we have Vn -n = 0 at the surface of
the tip.

Heat Diffusion
Now considering the heat diffusion inside the volume, a simple diffusion equation is considered,

pCLOT +V - (—kVT) = Q, (5.3)

where p is the density of the material, C), the heat capacity at constant pressure, k the thermal
conductivity, T' the temperature and () the heat generation rate from recombination. Because
the tip will cool from its maximal temperature (usually measured 300K in the lab) to its base
temperature (~20-30K), temperature dependence of the thermal properties must be considered.
Their values for silicon and InGaAs can be found in appendix A.

Heat generation rate () depend on the type of recombination. For Auger recombination, the
process leads to transfer of energy to the lattice, thus it needs to be considered in the thermal
evolution temperature,

Q = EgapRa = EgapCAng- (54)

For radiative recombination, each recombination release a photon of energy E,,,. In order to
keep think simple, we can first consider that this energy is not transferred into heat to the
lattice, but is lost, so @) = 0.

We assume that there is no convection (vacuum) neither radiation at the surface of the tip,
and that heat is transferred by conduction to the heat reservoir at constant temperature. Thus,
VT -n = 0 at the surface of the tip, and T" = T}, at the base of the tip. The initial temperature

3 Actually, the top 100 nm is p doped (~2el9cm~2). The rest (1 g m of i-InGaAs) has a low doping of
n<lel6ecm™2. Although the top 100 nm of the InGaAs is p doped, there is very less probability that it is saved
during sample preparation.
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distribution 7T can be computed by conservation of energy. Using thermodynamics, the energy
released by thermalization heats the sample from Ty, to T,

To
/ pCodT = npir(z,y, 2)(hv — Eyqp), (5.5)

Tbase

where (hv — Eq,) represents the energy released by the scattering of the electron to the band
edge. Note that in (5.5)), the distribution of n,(z,y,z) is assumed unchanged during the
thermalization process and all the carrier are assumed to relax to the band edge. This causes a
slight over estimation of the actual temperature. By solving simultaneously and , the
temperature at the apex can be computed. Note that for InGaAs, and are actually
uncoupled. Thus, there is actually no need in solving . The excess carriers are still taken
into account through , but their evolution doesn’t influence the temperature for InGaAs.

5.1.3 Orders of magnitude

Without solving and , estimation of the different time and length scales can
still be obtained. In any diffusive process, the characteristic time scale of the problem can be
estimated with

L2

T ~ 5, (56)
where D is the diffusive coefficient and 7 the characteristic time scale of the problem over the
distance L. The diffusive coefficient for the carrier evolution is explicitly given in . Note
that during the thermalization (few pico-seconds), we assume that the initial distribution of
excess carriers was fixed. We can estimate the characteristic length travelled by the carrier dur-
ing a pico-second for silicon and InGaAs respectively. Linermatization ~ V18 X 1074 x 10-12 ~
42 x 107%m= 42nm and Lipermatization ~ 47nm, which is assumed as negligible in [6][40]. We
will also assume the same here for simplicity of calculation, although this assumption is not
really justified since the dimension of the apex are on the same order as these diffusion length.

The thermal diffusivity is defined as

k

D, s (5.7)
which is temperature dependant. Some value for silicon and InGaAs at different temperature
are shown in Table [5.1.Tl As it can be seen, the thermal diffusion coefficient of InGaAs is
several order of magnitude less than the thermal diffusion coefficient of silicon. This is a direct
consequence of the smaller thermal conductivity of InGaAs (appendix A). It is interesting to
note that the thermal diffusivity of silicon increases 2 orders of magnitude when temperature
decreases from 300K to 50K, which helps to cool faster the tip. This is not the case for InGaAs,
where thermal diffusivity increases also, but not significantly.

Material | Temperature (K) | Thermal diffusivity (cm?/s)
300 1.05
Silicon 100 22.3
50 164
300 0.035
InGaAs 100 0.058
20 0.098

Table 5.1.1: Thermal diffusivity D of silicon and InGaAs at different temperature.
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We approximate the cone as a cylinder in the next discussion. Estimation of the different
time scales for heat diffusion and carrier diffusion along the tip axis and along the cross section
of the tip are given in Table[5.1.2)for practical tip dimension at 300K and 100K. Considering the
estimation of the cooling time along the tip length, for silicon, the estimation at 300K (237ns)
is far too large compare to what is expected in the TOF (15-20 ns, from . This is even
worst for InGaAs which is 2 orders of magnitude too large compare to the TOF estimation (10
ns from (3.2.1)).

These estimation are in fact too naive, because the thermal properties depend on the
temperature. For example, when temperature decreases form 300K to 100K, thermal diffusion
increases significantly for silicon and the characteristic time scale decreases by one order of
magnitude.

For InGaAs, the decrease in the characteristic time scale is, however, not significant when
temperature decreases. Thus, there is a problem here, because the expected cooling time is 10
ns, but the estimated cooling time is 2 orders of magnitude greater than expected. There are
different neglected effects that could explain the large estimated cooling time.

In the estimation in Table [5.1.2] we have assumed that the cooling process takes place all
along the tip’s length. If the cooling is significant only on a length scale smaller than the tip’s
length, for example 1 pm (five times smaller), the cooling time would be 25 times faster, which
would make the cooling time for a silicon tip consistent with the TOF decay. For InGaAs, this
would still not be enough (7.1us/25~284ns). The increase in local cross section radius as we
move away from the apex has been also neglected (we considered a cylinder in Table .
Intuitively, an increase in the cross section would make the diffusion of heat faster because the
thermal resistance would locally decrease.

L Tip diameter(100nm) | Tip length (5um)
Tearriers,Si 0.55ps 1.38ns
Tearriers,InGaAs 0.45ps 1.13ns
Tthermal,Si,300K 95ps 237ns
Tthermal,InGaAs,300K 2.8ns 7. 1us
Tthermal,Si,100K 4.47ps 11.1ns
Tthermal,InGaAs,100K 1.73ns 4.34p8

Table 5.1.2: Characteristic cooling time for silicon and InGaAs at different temperatures and
for different characteristic lengths.

Comparing now the carrier and heat diffusion time scales, as seen in Table [5.1.2] at 300K,
the carriers diffusion faster than thermal diffusion in silicon and InGaAs when temperature
. When temperature decreases to 100K, however, thermal diffusion increases significantly for
silicon and the characteristic time scale associated (11.1 ns) becomes on the order of the carrier
diffusion. Thus at low temperature, the carrier and thermal diffusion have the same dynamics.
Because for silicon carriers recombination release energy to the lattice through Auger recom-
bination, carrier diffusion cannot be neglected, which justify the use of a couple model for silicon.

On the contrary, for InGaAs, the dynamics of thermal diffusion is always 3 order of magni-
tude slower than the carrier diffusion, whatever the temperature. Thus, carrier can be assumed
to reach a uniform distribution inside the tip before heat diffuses. Because we consider radiative
recombination where energy of the recombination is lost (uncoupling between carrier and heat
diffusion), the spatial distribution of excess carrier and temperature can be computed separately.
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5.1.4 1D-simplification

In order to simulate the temperature evolution of the tip, one has to solve the system of
couple equations and for silicon and only equation for InGaAs. Because solving
the full 3 dimensional equation can be computationally expensive, we simplify the problem by
considering only a 1D diffusion along the tip axis.

Physically, this 1D temperature evolution is consistent with the 3D temperature evolution
along the tip axis if variations in the tip cross section doesn’t affect the evolution along the
tip axis. This is equivalent as considering an uniform temperature distribution in each cross
section of the conical tip, which is justify here by the high aspect ratio of the tip. Heat diffuses
much faster in the cross section (typical dimension around 100 nm) than along the tip as seen
in Table[5.1.2] Note, however, that the heat diffusion in the cross section of the tip for InGaAs
(a few nano-seconds) is on the order of the TOF slow decrease curve, which is not the case for
the silicon tip. Thus, for InGaAs, the 1D assumption can be questioned.

In order to get a 1D version of the conical tip, we must evaluate the budget of the 3D heat
equation on a infinitesimal control volume dV.

Heéit Teservoir

Thase

0 ro  wo+dr

Figure 5.1: Representation of the volume of integration for the 1D heat equation on a conical
tip.
Considering no convection (vacuum) and no radiation, the heat equation (|5.3]) integrated
on the control volume dV, as shown in Figure gives (see appendix C)
(pCyR*O,T) + 0:(~kR*0,T) = R*Q, (5.8)
with R = R(x) the local radius and @ = Ey,, R ingaas- The boundary conditions are

0, T = 0 (at the apex) and T = Thase (at the base). Similarly for the ambipolar diffusion

=0 z=L
equations, equation ({5.1) becomes,
(R*9n) + 0,(—DyR*0,n) = —R*Ry; ingaas (5.9)
with Ry, = C4n® and Ringaas = 0. The boundary conditions are 9,n = 0 (at the apex) and
z=0
Ox = 0 (at the base).
z=L

The initial carriers distribution is given by

S Js Yans (92048 g ip(e) 5.10
nznzt(x) - hy B hv . ( | )
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where S(z) is the cross sectional area at position x. The initial temperature distribution is
given by

To
/ pCodT = npir(2)(hv — Eyqp). (5.11)

Thase

5.1.5 Numerical resolution

In order to solve and (5.9), a numerical solver, GetDP, is used. GetDP is a apen-
source program for the numerical solution of integro-differential equations. It can be used also
to solve coupled physical problems (electromagnetic, thermal, etc.) as well as of numerical
methods (finite element method, integral methods, etc.). It can deal with such problems of
various dimensions (1D, 2D or 3D) and time states (static, transient or harmonic). In this
thesis, we use finite element to solve the equations. Because the problem is 1D, the domain
is simply a line. The grid mesh is generated using gmsh[15], a free 3D finite element mesh
generator.

When using GetDP, the user needs to write in ASCII data files the organization of the data
defining the discrete problem and the symbolic mathematical expressions of the problem in the
form of a weak formulation of the equations. The weak formulation of and can be
easily work out as it is simply Diffusion equation. Since the thermal properties are temperature
dependant and R,; = C4n?, a non linear algorithm must be used. In this thesis, we use the
simple Picard’s iteration to handle the non-linearity.

5.2 Temperature evolution

In this section, we analysis the temperature evolution of the apex using the 1D simplified
model. Let us recall that we are interesting in the cooling time of the apex, as it is expected
to directly influence the TOF spectra.

Let’s first consider that all the incoming energy of the laser is used to heat the sample.
It is the same as considering that there is no carrier excitation and all the energy form the
photon is transferred to the electron already present in the conduction, which then thermalize
and transfer their energy to the lattice. Thus, the initial temperature is given by

To(x)
/ pCodT = Ugps1p(T). (5.12)

Tbase

This over-simplified model allows to focus the analysis only on the thermal diffusion, which, as
we will see in the following part of the chapter, already gives important results.

5.2.1 Initial temperature profile

We consider first a tip with R,y =50nm, o = 2° and L=4pum. Since no internal electric field
for a tip with L=5um could have be simulated with ADDA due to computational resources,
we artificially consider that the portion of the tip not simulated is not heated, and is thus at
the base temperature Ty,,.. This assumption will be discussed. The laser pulse has a repetition
rate of f,., = 100kHz with a spot radius Rsp,+ = 20pum and a pulse duration 7}, = 500fs.
The base temperature Ty, = 20K.

The temperature profiles for a UV illumination with laser power P=1.2mW | green illumi-
nation with laser power P=1mW and IR illumination with laser power P=4mW are shown in

Figure Computation of uas1p(x) is based on the internal electric field of figure
and respectively.
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The temperature profiles at each wavelength in Figure [5.2| follows the distribution of electric
field from [4.4al, [4.4bl and [4.4c. For UV, since the electric field is located near the surface only
(figure , as x increases, the cross section S(z) increases and the average absorbed energy
per unit volume decreases. The situation is similar in green. For IR, the 2 maxima in Figure
are present in the initial temperature profile for IR.

Note that when looking at the maximal temperature value at each wavelength in Figure
b.2) the assumption that all the energy is used to heat the sample seems to give reasonable
temperature profile considering that the usual measured temperature are around 300K. The
periodic ripples visible in the temperature profile along x are due to 2 contributions from the
DDA approximation and the integration eq. . Firstly, the DDA formulation leads to the
creation of staircase sidewalls and make the cross section section S(z) follows a discrete function
(S(x) is constant over the step, and increase by one dipole size at each step). Secondly, the
staircase sidewalls (see lead to high intensity of the electric field in their corner. Thus,
these 2 contributions are reflected in wups1p(x). These ripples are, however, not significant as
they localized.

Initial Temperature Profile T

400 I I I I T I T
—UV-P=1mW
350 —Green-P=1.2mW||
IR-P=4mW
300 - |
250 |
\M/ 200 |
=

150 |
100 - |
50 |

0 ‘ | | | | | | | | |
0 0.2 04 0.6 0.8 1 1.2 1.4 1.6 1.8 2

x(pm)

Figure 5.2: Initial temperature profile for a tip with R,pc,=50nm, o = 2° and L=4pum at
different laser illumination. The region x > 1.5um is assumed to be non heated.

5.2.2 Impact of the wavelength

The temperature evolution at the apex for the different wavelength are shown in Figure[5.3]
The results are also shown in Figure in z-log scale to better see the temperature evolution.
The first striking observation in Figure [5.4] is that the cooling process predicted by the model
is on the order of few microseconds, as it was estimated in [5.1.3] This is an issue, as we are 2
to 3 orders of magnitude higher than what is expected in the TOF spectra figure [3.6]

The second observation is that the time for the tip to cool down to its base temperature
depends on the laser illumination conditions. The model predicts that the cooling takes more
time when using IR illumination with laser power P=4mW than green and UV illumination
with laser power P=1mW and 1.2mW respectively. By looking at the initial temperature profile,
the longer cooling time for IR is reasonable because the initial average temperature for IR was
higher than UV and IR. However, the decrease in the TOF spectra is similar for each wavelength
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(3.6)). Thus, once again, the thermal model predicts a wavelength dependence that is not seen

in the experimental data.

In Figure[5.4] we can see that the maximal temperature with IR illumination is reached later
(around 107%s) than with green and UV illumination (around 107%s). This is a consequence of
the initiale temperature profile figure 5.2 For IR, the profile present a maximum at x ~ 0.3um
from the apex (x = Oum), which is not the case for green and UV. A quick estimation of the
time required for the heat to travel a distance L = 0.3us using eq. gives 7 ~ 2.5 x 107 8s,

which is in good agreement what is seen Figure [5.4

Temperature evolution at the apex

300 \ \ \ I
—UV-P=1.2mW
—Green-P=1mW
250 IR-P=4mW
L | | | L |
0 0.5 1 1.5 2 2.5 3
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Figure 5.3: Temperature evolution of the tip’s apex for a tip with R,pe;=50nm, oo = 2° and

L=4pm at different laser illumination.
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Figure 5.4: Temperature evolution of the tip’s apex for a tip with Rgpe,=50nm, a = 2° and

L=4pm at different laser illumination on a x-log scale.
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5.2.3 Impact of Laser power

The temperature evolution at the apex for at different power with green illumination are
shown in Figure The results are also shown in Figure in z-log scale to better see the
temperature evolution.

As seen in Figure [5.5] when the power is decreased, the cooling process is similar between
each cases. The total time required for the tip to cool down from its maximal temperature to
its base temperature is slightly reduced when the power is decreased, about 2.5us , 2us and
1.5us at laser power P=1mW, 0.6mW and 0.2mW respectively, which is related to the maximal
temperature of the tip. More time is required to cool the tip at higher temperature.

From the previous observation, the thermal model indicates that the power should influence
the TOF as it influences the cooling time. However, this is not the case as seen in Figure [3.7]
What is more, the order of magnitude of the cooling process predicted by the thermal model
is far too long, on the order of the microsecond. In order to explain this problem, we have to
investigate what might influence the cooling time and verified the validity of the hypothesis.

Temperature evolution at the apex
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Figure 5.5: Initial temperature profile for a tip with R,pe,=50nm, oo = 2° and L=4pm under
green illumination at different laser power.
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Temperature evolution at the apex
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Figure 5.6: Temperature evolution of the tip’s apex for a tip with R,pe;=50nm, oo = 2° and
L=4pm under green illumination at different laser power.

5.2.4 Impact of the initial parameters

What we mean by the impact of the initial parameters are every parameters that have
not been investigates, such as the shank angle, the apex radius, the tip length and the base
temperature. We analyse the variation of these parameter for a tip under green illumination
with laser power P=1mW.

Shank angle

The tip we considered has an apex radius Rgpe, = 50nm, length 4pm and Tpese = 20K.
The results for the temperature evolution of the apex for shank angle a = 2, 4 and 8° are shown
in Figure and in 2-log scale in Figure [5.8 Initial temperature profile based on Figure [1.9]

As it can be seen in Figure[5.7] the cooling is slightly faster when the shank angle increases.
In fact, for higher shank angle, the cross section increases faster as = increases. When heat
flows, the section it can crosses is then higher. Similarly to and electrical resistance, the lo-
cal thermal resistance and more heat can flows, which cools down the tip faster. This effect
is clearly visible when we consider the cooling of tip uniformly heating at 300K for different
shank angle as shown in Figure [5.9]

Note that the average energy density decreases for higher shank angle since the local cross
section is higher. Thus temperature is lower, which can favor faster cooling. However, in our
case, this effect is not visible since the initial temperature profile are determined on tips quite
short (figure compare to the total length 4um.

Although for higher shank angle, cooling is slightly faster, it cannot decrease the cooling
time by 2 orders of magnitude.
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Temperature evolution at the apex
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Figure 5.7: Temperature evolution of the tip’s apex for a tip with R,pe,=50nm, L=4um
under green illumination at P=1mW at different shank angle
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Figure 5.8: Temperature evolution of the tip’s apex for a tip with Rgpe;=50nm, L=4um under
green illumination at P=1mW at different shank angle on a z-log scale.
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Temperature evolutio at the apex-uniform heating
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Figure 5.9: Temperature evolution of the tip’s apex for a tip with Rgpe,=50nm, L=4pm at
different shank angle. This tip is uniformly heated.

Tip length

The tip we considered has an apex radius Rgpe, = 50nm, shank angle o = 2° and Tiypse =
20K. The results for the temperature evolution of the apex for a length L = 2, 3 and 4us
are shown in Figure and in z-log scale in Figure [5.11] Initial temperature profile based on
Figure 4.9,

As it can be seen in Figure [5.10] the cooling process is faster when the length is decreased,
which is consistent with eq. [5.6] When decreasing the length by a factor of 2, the characteristic
cooling time is decreased by a factor of 4, which is the case in Figure when going from
L=4um (7. ~1.5us) to L=2um (7. ~0.4us). However, the cooling time is still far too large,
even when the length decreases. To get a cooling time on the order of a few nanosecond as in
the TOF spectra, the tips length should be ten times smaller than 4um, which is not the case.
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Temperature evolution at the apex
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Figure 5.10: Temperature evolution of the tip’s apex for a tip with R,pe,=50nm, a=2° under
green illumination at P=1mW at different tip length L.
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Figure 5.11: Temperature evolution of the tip’s apex for a tip with Rype, =50nm, a—2° under
green illumination at P=1mW at different tip length L on a z-log scale.

Base temperature

The tip we considered has an apex radius Rgpe, = 50nm, shank angle o = 2° and length
L=4pum. The results for the temperature evolution of the apex for a base temperature Tyys. =
20, 40 and 60K are shown in Figure[5.12] Initial temperature profile based on Figure [£.9] Note
that the initial temperature profile is modified since we compute the integral in eq. from
Thase to To(x).

As it can be seen in Figure[5.12] the cooling is slower when the base temperature is increased
(Bus at Tpase = 60K, 2.5us at Tyese = 40K and 1.5us at Tpese = 20K). This is a consequence of
the increase of the thermal diffusivity at low temperature as seen in Figure [A.6] which helps to
cool down faster when the temperature of the apex drop below 50K.
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However, the increase in thermal diffusivity is not significant enough when the temperature
of the base decreases to have a cooling time on the order of few nanosecond.

Temperature evolution at the apex
200‘ T T \
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180 - —Green-Ty,se = 40K H
Green-Ty,se = 60K

0 0.5 1 1.5 2 2.5 3
Time t (S) %1 0'6

Figure 5.12: Temperature evolution of the tip’s apex for a tip with Rype,=50nm, L=4pm
a = 2° at different base temperature Tyqse.

5.3 Validity of the simplified model

From the previous observations on the parameters of the problem, it can be concluded that
the simple thermal model is not able to explain the TOF spectra in Figure 3.6, Concerning the
cooling time, even when combining all the effects to decrease it, a cooling time on the order
of a few nanosecond cant be recover with this simple model. The reason for this problem is
mainly due to a poor conductivity of the InGaAs.

In the model used in the previous section, we have made several assumptions in order to
evaluate the temperature.

5.3.1 Initial temperature profile

To determine the initial temperature profile, we have made 2 assumptions. First, we have
supposed that all the absorbed was used to heat the sample in equation . If we consider
IR illumination with laser power P=22mW used in Figure [3.0] the resulting initial temperature
profile shown in Figure [5.13] indicates that the maximal temperature is 1500K, above the melt-
ing temperature (see , which is unexpected. However, this can be explained as a possible
overestimation of the absorbed energy.

First, when we compute the absorbed energy, we have to calculate first the intrinsic electric
field of the pulse laser (see Appendix B). The value of the intrinsic electric field is dependant on
several parameter such as the sport size Rypot, the repetition rate fyu ., the average laser power
P,y and the pulse duration T, (eq. ) Uncertainty in the value of this parameters is
present [23]. For example, if the spot size is 40pum rather than 20um, the intensity of the laser
is smaller (the effective area has increased by a factor of 4, power per unit area thus decreases)
and so the absorbed energy is also smaller (eq. . In this example, by reducing increase
the spot size, the initial temperature is then lower as seen in Figure [5.13]
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Second that can reduce the initial temperature is the carrier excitation. If we don’t neglect
the carriers excitation in , photon energy is absorbed and excites carriers, which only
return part of the energy to the lattice through thermalization. Thus the initial temperature
is smaller. However, since we now considered the carrier into the problem, we need to look in
more details about the dynamics of carrier diffusion/recombination since recombination might
return energy to the lattice. This is discussed in the next section of this chapter.

Initial Temperature Profile T
T

1500

—IR-P = 4mW,R,p,; = 20pum
—IR-P = 22mW,R,px = 20um
IR-P = 22mW,R,,,; = 40pm

500

0\ 1 1 1 1 1 1 1 t t
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

x(pm)

Figure 5.13: Initial temperature profile for IR illumination with different laser power
conditions. Rgpe; = 50nm,L = 4pum and a = 2°.

Another assumption that has been made in the initial temperature profile is the addition
of a section of the tip that is not heated where no data are available from the ADDA sim-
ulation (due to computational ressources). We then drastically underestimate the real initial
temperature profile. However, if we can have the real initial temperature profile, instead of
the non heated region, we would have a heated region with a given initial temperature profile.
The cooling time would then be larger, since thermal diffusion would first need to diffuse the
"extra" heat. Thus, the apex would start to cool down later than the case where we neglect
this heated region. Note that if it is not possible to have the internal electric field numerically,
as it has been shown in chapter 4, the Mie solution can be used instead.

Even though changes in the initial temperature profile are possible due to uncertainties in
the input parameters or due to a neglected contribution (carrier), the cooling will still be on
the order of a few us.

5.3.2 Carriers diffusion/recombination

If we consider the carriers, we must first compute the initial carriers distribution using eq.
(5.10). The initial profile for n;,;(x) for the tip from under green illumination is shown
in Figure As it can be seen, the carrier concentration is on the order of 102°cm™>. This
number is extremely high considering the actual doping level (~ 10®cm™3) and the density
of states in the conduction band 2 x 10cm=3 (at 300K, see appendix A). Thus the physical
meaning fullness of the estimation of the number of excess carrier is thus questionable.

Let us now discuss what influence the carriers can have on the temperature profile. For
InGaAs, at at doping level of 10'%cm ™3, we have shown that radiative recombination was the
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main recombination mechanism and that energy from the recombination was lost. Thus, in this
model when considering the carriers , their effect is to reduce the maximal initial temperature.
However, a smaller temperature cannot lead to a decrease in the cooling time of 2 orders of
magnitude.

If we now considered the computed carrier concentration n;,;(x) (102°cm™2) realistic, we
need to take into account Auger recombination and radiative recombination. To evaluate the
recombination rate, we can look at the carrier lifetime inside the semiconductor

T = [Bn + Cyn? ™!, (5.13)

where B (1.43x1071%m™3s71)is the radiative recombination coefficient and C'y (7.5x1072%cm®/s)
the Auger recombination coefficient.

At an excess carrier concentration of 10'%cm ™3, the carrier lifetime due to radiative recom-
bination is 7 ~ 1/(Bn) ~ 107% and 74 ~ 1/(C4n?) ~ 10~%s for Auger recombination. As
expected for a excess carrier concentration of 10!%cm™3, radiative recombination dominate. For
an excess carrier of 102%cm™3, 7, ~ 1/(Bn) ~ 1071% and 74 ~ 1/(Can?) ~ 107% and the 2
processes are dominant. Thus, energy from the recombination might be return to the lattice
through Auger recombination at this excess carrier concentration.

However, the carrier lifetime or equivalently the recombination rate is on the order of 10719,
This occurs on a time scale much shorter than heat diffusion. Note also that the diffusivity
coefficient of the carrier in InGaAs leads to characteristic diffusive times always 2 orders of
magnitude smaller than characteristic cooling times as seen in Table [5.1.2]

The situation for an excess carrier concentration of 10*®cm=3 is then as follow : Carriers
diffuse and recombine at time scales much shorter than the characteristic time of heat diffusion.
Since carriers recombine one order of magnitude faster than they diffuse, energy from the
recombination is returned to the lattice almost at the place where energy has initially been
absorbed by the excess carriers. Consequently, even if we consider heat source term from the
recombination, the dynamics of the carrier has only an effect of redistributing the energy, before
heat diffusion starts. This cannot in any case help the cooling process to decrease by 2 orders
of magnitude.

12X 1020 Initial carrier Profile n,;(x)
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Figure 5.14: Initial carriers distribution for a tip with Rgpe, = 50nm,L = 4pm and o = 2
under green illumination with laser power P = 1mW.
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5.3.3 1D-hypothesis

Another hypothesis made is that the temperature evolution of the tip can be described
using a 1D model. The 1D approximation is obtained by assuming that each cross section is a
the same temperature, which is justified by the the smaller diffusion time in the cross section
compare to the diffusion time along the tip axis as shown in table Thus the model
supposes that the temperature first gets uniform in each cross and then diffuses along the tip
axis.

No 3D neither 2D thermal model have been tested to justify the validity of the 1D approx-
imation. A 3D or even a 2D model could be useful to get information on the local variation
of temperature on the surface of the apex. However, it is not expected that the cooling of the
apex would be impacted by 2 orders of magnitude when using a 3D thermal model.

5.4 Conclusion

In this chapter, we have analysed and described the temperature evolution of the tip apex
using a 1D simplified thermal model. We first described the model commonly used for silicon
tips. In this model, the temperature evolution is described by a heat equation coupled to an
ambipolar equation for the carriers, where recombination transfer their energy to the lattice.
By analyzing the orders of magnitude, the characteristic cooling time of the apex for an InGaAs
tip is found to be 2 orders of magnitude higher than expected from the TOF spectra (a few
nanoseconds).

We then looked at the temperature evolution neglecting the contribution of the carriers.
Using this simple model, it is not possible to recover the good order of magnitude. What causes
the cooling to be on the order of a few microseconds is the low thermal conductivity of InGaAs.
What is more, the cooling time is influenced by the parameters (laser power, wavelength, shank
angle, tip length) of the problem, which is not seen in the TOF spectra.

Thus, in order to verified the validity of the models, we have reviewed the hypothesis made.
Even though uncertainties are possible on the initial temperature distribution, the cooling time
is still 2 orders of magnitude too large. The cooling process is still too slow even if we consider
the carrier diffusion/recombination into the problem. In this chapter, we then face a problem:
the simple thermal problem used for silicon tips doesn’t predict the expected results for InGaAs
tips.
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Chapter 6

Conclusion

In this thesis, we have investigated the interaction between a femto-second pulse laser and
nano-scale conical tips made of InGaAs under UV, green and IR illumination. The aim of this
work was to give a better understanding on the interaction between the laser and InGaAS tips
and on the cooling process of the apex of these InGaAs tips. It would then allow to better in-
terpret the experimental results obtained with the laser assisted atom probe machine. Because
of the recent use of this type of material in the transistor industry, few works have been done
on Laser assisted atom probe.

As discussed in chapter 1, the down-scaling of the transistors imposes to replace silicon
with new materials with higher electron mobility, such as InGaAs, a ternary alloy of indium
arsenide (InAs) and gallium arsenide (GaAs) from the III-V semiconductors family. Parallelly
the planar transistors are being progressively replaced by a 3D fin geometry (FinFET), and an
information on the internal structure is important to ensure performance and reliability of the
device. The laser atom probe tomography is an atomic-resolution microscopy technique based
on the emission of ionized species from a needle shaped specimen by a process called field evap-
oration (Field evaporation is the field-induced removal of a surface atom) which can provide a
3D image of the position of the atom with almost atomic spatial resolution (~0.2-0.3nm) and
their chemical species.

In Chapter 3, the comparison between experimental results for silicon tips from the liter-
ature to the recent experimental results for InGaAs tip at Imec has been made. The time of
flight spectra of silicon presented long tails after as sharp peak (slow decreasing in the number
of counts) which were dependent on the wavelength used. As it has been explained in chapter
2, the field evaporation process can be described as a thermally activated process (Arrhenius
law). This thermal dependence explains the difference in mass resolution observed between each
wavelength for silicon. By using a coupled thermal-carrier diffusion model and the absorption
energy maps at the different wavelength, the temperature evolution correlates quite well with
the tails.

For InGaAs tips, the TOF spectra also presented long tails after a sharp peak, but no
dependence on the wavelength used. The TOF spectra did also not depends on the power of
the laser, which was not case for silicon. Concerning the hit maps, for silicon and InGaAs, a
one-sided effect was visible.

First, in order to explain the hit maps of InGaAs and understand how light interacts with

nano-scale elongated InGaAs tips, we analyse in chapter 4 the internal electric field inside the
tips. We have used a numerical tool to simulate light scattering of 3D volume, ADDA. The
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results showed that UV the electric field is entirely located near the surface. Thus, this could
explain the one-sided effect seen on the hit maps with UV illumination. For IR, the electric
field is mostly located inside the volume of the tip. For green, the situation is intermediate,
depending on the radius size.

By using fundamental principles of light interference and coupling inside nano-scale volume,
we have been able to explain qualitatively and quantitatively the numerical simulation. This
study on the distribution of the internal electric field gives more understanding on where energy
will be mostly absorbed and provides important information for the interpretation of the hit
maps.

Then, we investigate the temperature evolution of the apex. To do so, we have first ex-
plained the coupled thermal diffusion and carrier diffusion/recombination models proposed for
silicon and simplified it to only focused on the thermal diffusion. However, the simplified
thermal model fails to give the correct orders of magnitude for the cooling time. The reason
for this large cooling time is found in the poor conductivity of InGaAs. What is more, the
model predicts a dependence of the cooling time on the power and on the wavelength used, in
contradiction with the experimental data.

Several assumptions made in the model have been questioned, such as the influence of the
carriers in the cooling process. However, their evolution cannot make the cooling time change
by 2 orders of magnitude. The main issue is the poor thermal conductivity of InGaAs. It is
simply not possible to obtain a decrease on the order of a few nano-seconds with the conduc-
tivity of InGaAs. Since only few data on the thermal properties of InGaAs can be found in
the literature, more precise values could remove some uncertainties at low and high temperature.

In the thermal model used here, we have considered a continuum approach. For example, we
consider that the thermal conductivity at the nano-scale of the tip used is the same as the bulk
thermal conductivity. This hypothesis can be questioned. Indeed, in the case of nano-wire, it is
often seen that thermal conductivity decreases when diameter decreases to nano-scale, results
of a higher scattering of the phonons [32][3I]. This would suggest that the diffusion of heat
would be even slower. However, this shows that a more advanced model for the heat diffusion
could potentially give different results than the simplified thermal model used here.
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Appendix A

Properties of InGaAs and Si

In this appendix we present the properties of silicon (Si) and GagrInszAs.

A.1 Optical properties

A.1.1 Refractive Index

The value for the refractive index as a function of the wavelength for silicon [10] and InGaAs
[22] are shown in Figure and Figure for the real and imaginary part respectively.

Real part of the refractive index-n,
7 T T T T

——Silicon
—InGaAs

1
200 300 400 500 600 700 800 900
Wavelength A (nm)

Figure A.1: Real part of the refractive index of silicon and InGaAs.
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Imaginary part of the refractive index-n;
6 T T T T

—Silicon
—~InGaAs

0 Il
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Wavelength A (nm)

Figure A.2: Imaginary part of the refractive index of silicon and InGaAs.

The refractive index at the three wavelengths used in this thesis, infrared (IR) (1030 nm—
1.2 V), green (515 nm — 2.4 €V) and ultraviolet (UV) (343 nm — 3.6 V) for silicon [23] and
InGaAs [22] are presented in Table [A.1.1]

| UV(343nm) Green(515nm) IR(1030nm)
Si 5275 +31  4.215+0.039i  3.6+0.001i
InGaAs | 3.3+1.92i 4.5+0.951 3.65-+0.26i

Table A.1.1: Complex refractive Index n = n,. + in; for silicon and InGaAs at 3 different
wavelength.

The relation between the the complex refractive index and the relative complex relative
permittivity is

(ny +1in)? = (& +ie") = &,, (A.1)
where we can derive
6; = n? - n??
er = 2n,n;. (A.3)

Note that € = gq¢,.

A.1.2 Penetration depth

For an electromagnetic wave passes through a medium, the intensity of the wave will be
attenuated. This is usually represented with a complex refractive index n = n, + in; (n; is the
extension coefficient). We can write for a plane wave propagating inside a medium of complex
refractive index n

E(z,1) = Re [Eoez‘(%z—wt)} — Re [Eoei(Zwﬁ/)\oz—wt)} — o~ 2miz/NRe [Eoei(kz—wt)] ‘ (A.4)
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The intensity is proportional to the square of the electric field, which gives
I= |E|2 o e—47rniz/)\0 _ 6—2’/(5 (A5)
and the penetration depth is the distance after which the intensity is reduced by 1/e,

Ao
0p = . A6
p 47.”% ( )
The penetration depth at the three wavelengths used in this thesis, infrared (IR) (1030
nm— 1.2 ¢V), green (515 nm — 2.4 e¢V) and ultraviolet (UV) (343 nm — 3.6 eV) for silicon

and InGaAs are presented in Table based on the value of table

| UV(343nm) Green(515nm) IR(1030nm)
Si 82e3 1.05e3 9.1
InGaAs 315.2 43.1 14.2

Table A.1.2: Penetration depth (nm) for wave incident on a infinite volume of silicon or
InGaAs for 3 different wavelengths.

A.2 Thermal properties

A.2.1 Specific heat capacity

The specific heat for silicon [30] and InGaAs [I] are shown in Figure [A.3] A zoom at the
heat capacity for small temperature is shown in Figure [A.4] Note that no data were found
for the specific heat of InGaAs after 285K. Thus, for simplicity, a constant heat capacity is
assumed.

Heat capacity C,
1000 \ \ T

T
——Silicon
800 - —InGaAs ]
---Extrapolated
2 600" |
op
4
<
fch
& 400 - 3
200 T
| | | | | |

0 1 1 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Temperature T (K)

Figure A.3: Heat capacity as a function of the temperature for silicon and InGaAs.
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Heat capacity C,
T
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0 50 100
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Figure A.4: Heat capacity as a function of cryogenic temperature for silicon and InGaAs.

A.2.2 Thermal conductivity

The thermal conductivity for silicon [30] and InGaAs [44] are shown in Figure [A.5]

Thermal conductivity k

4 E ]
10 | ——Silicon |
r —~InGaAs||
H
;
3 s 3
10 §
. b
g L
10°¢ - S 4
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~ —
10'E S 3
100 I I I I I
0 200 400 600 800 1000 1200

Temperature T (K)

Figure A.5: Thermal conductivity as a function of the temperature for silicon and InGaAs.

A.2.3 Density

The density of silicon [30] and InGaAs [I] at 300K are given in Table|A.2.1} Since no data
are currently available for the density of InGaAs as a function of temperature, it is assumed
constant, which is a good assumption as density of solid varies only weakly as temperature

changes.
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Si InGaAs
p ‘ 2.329e3  5.50e3

Table A.2.1: Density (kg /cm?)of silicon and InGaAs at 300K.

A.2.4 Thermal diffusivity
Ther thermal diffusivity is defined as

k

D=—-.
pCyp

(A7)

The thermal diffusivity of InGaAs as a function of the temperature is shown in Figure

<107 Thermal diffusivity D

1 1 1 1 1 1 1 1 1 1 1
50 100 150 200 250 300 350 400 450 500 550 600
Temperature T (K)

Figure A.6: Thermal diffusivity as a function of the temperature for InGaAs.

A.2.5 Melting point
The melting temperature for silicon and InGaAs [1] are given in Table [A.2.2]

‘ Si  InGaAs
Trnelt ‘ 1687 1373

Table A.2.2: Melting temperature(K) of silicon and InGaAs.

A.3 Electronic properties

A.3.1 Silicon
The band structure of silicon in the k-space [30] is shown in Figure [A.7]
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Energy 300K Eg =112eV
£,=20eV
£,=12eV
£ =0044 eV
E,=34¢eV
E,=42eV

\_-h___
EL
<111>
Wave vector
Heavy holes
Light holes

Split-off band

Figure A.7: Silicon band structure. Reproduced from [30].

The temperature dependence of the indirect band gap energy in eV of silicon [30] is

E, =117 —4.73 x 107*T% /(T + 636). (A.8)

A.3.2 InGaAs
The band structure of InGaAs in the k-space [I] is shown in Figure

Energy
X-valley Fovalley
L-valley
Ex
E, &
<100> 9 o <111
—, N Wave vector
Eso Heavy holes

Light holes

Split-off band

Figure A.8: InGaAs band structure. Reproduced from [I].

The temperature dependence of direct band gap energy in eV of In;_,Ga,As [I] is

E, = 0.4240.6252—(5.8/(300+T)—4.19/(271+T)) x 10~ *x T?x—4.19x 10 *x T? /(T+271)+0.4752°.
(A.9)

For x = 0.47 at T=300K E, = 0.742eV, which will be assumed constant in this thesis (we

neglect the influence of the temperature). The temperature dependence of the effective density

of states in the conduction band N, in cm™ at x = 0.47 is

N, = 4.82 x 10 x 0.00837%/2, (A.10)

which is equal to 2.08x10'7 em ™2 at 300K.

83



Appendix B

Laser pulses

In this appendix we make the link between and incident pulse laser and the energy deposit
in a material.

B.1 Intensity of laser pulses

From the average laser power F,,,, we can calculate the pulse energy FE, expressed in
Joule/pulse as

B Pavg

P frep’

where f,, is the repetition rate of the laser. If we consider the laser spot to be circular in
space, the energy per unit surface for one pulse, express in Joule/m? is

(B.1)

E, Poog

D = =
2 2 ?
7T-ngpot 7T-R“spot fTep

(B.2)

where R, is the spot radius.
The average optical intensity I can be evaluated if we assume the shape of the pulse to be
rectangular in time, which gives
D Py

— 5 ,
Tpulse 7'“l:zspot freprulse

where T)s is the pulse duration.

B.2 Beam intrinsic electric field

We can also make the link between the intrinsic electric field of the laser and the intensity I
per pulse. This is important to know the value of the electric field since the distribution maps
computed by ADDA in chapter 4 are for a unitary beam electric field.

Using the Pointing vector definition P = E x H and the average intensity I of the beam
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I= %f’ . ﬁ with k the vector along the beam propagation direction, one can compute
1~ k
[=-P.-—
2 [k
1 k
=—(ExH) —
2 k]|
Since E and H are both normal to the propagation direction, we get (B.4)
1 E?
—~F H =
2 2\/ /e
T-E0Co 2
= 0 g,

where n, is the refractive index of the medium (~ vacuum), gy is the permittivity of free space
and ¢y the speed of light in vacuum.
From [B.4] and B3] we deduce the amplitude intrinsic electric field of the pulse

21 2P,
B = 4/ - avg . (B.5)
nyEoCo ny&o COﬂ-Rspot freprulse

In this thesis, we choose R,,; = 20pm, a pulse duration is 7}, = 500fs and a repetition
rate fr., = 100kHz [2]. Values for the electric field at typical laser power are provided in Table

for n =1 (vacuum).

Laser Power 0.2mW 1mW 22mW
Optical intensity | 0.32 GW/cm? 1.6GW/cm? 35GW /cm?
Electric field 48V /pum 10V /nm 51V /pum

Table B.2.1: Optical intensity and electric field magnitude at typical laser power for
Ropor = 20pm,Thy15e = 500fs and f,., = 100kHz.

B.3 Absorbed energy

In this section we derive the relation between the absorbed power &2 density and the
electric field of for the case of a monochromatic plane wave of angular frequency w. This can
be derived based on the Poynting’s theorem [4I]. The average absorbed power over one period,
using phasor formalism, is given by

WzéRe{V-<Exﬁ*>}:%Re{ﬁ*~VxE—E'VXﬁ*}, (B.6)

where A denotes the phasor of the corresponding quantity A and A* denotes the complex
conjugate of A. We also have the following relations

~ — W ~

VxFE=—iwB=—H, (B.7)
Ho
V x H=J+iw( +ie")E, (B.8)
and R R
J=0F, (B.9)

where J is the current density, o the conductivity of the material and (¢’ + i”) its complex
permittivity. We can define the effective complex permittivity iwe = o + iw(e’ + i€”) to write
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(B.8) in a more compact form. Using the previous equations and (A.3)) and w = 27¢/A,

becomes

e@:

e {H (_Mi) i B (ing*)}

1 12

iwhn{?:’} EH

1 21 12

5@)5” E zéwe;’so E

1 121 o ~ 112

§w2nrni£0 E 25477';\—07%7%60 E
12

55;,007%«80 E

= 5,1

By integrating the average absorbed power density &2 over the pulse duration, we get the

absorbed energy per unit volume. Because & is an average quantity, we get

Uagbs = P x Tpulse = 5p] X Tpulsea

(B.10)

(B.11)

where [ can be computed from eq. (B.4)), which in turn is known from the distribution of
internal electric field computed in chapter 4.
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Appendix C

Mathematical Complement

In this Appendix, we provide some complementary information on mathematical develop-
ment

C.1 1D Heat approximation

The 3D heat diffusion equation on a conical tip can be integrated to get a 1D heat equation.
We consider the heat equation

pCLOT +V - (—kVT) = Q, (C.1)

where p is the density, C, the heat capacity , k the thermal conductivity and @) a heat source
term.

Heat reservoir

Tbase

0 Ty x+dr

Figure C.1: Representation of the volume of integration for the 1D heat equation on a conical
tip.

Equation is then integrated over the volume dV; as represented in Figure [C.I], which
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gives
/ pCodTAV + [ V. (=kVT)AV = [ QdV
dVg dVg dVo
<
/ pCLOTAV + ) / (=kVT)-ndS= [ QdV
dVo i Si dVO
e
/ pCL0TdV + / (—kVT) - (—ex)dS + / (=kVT) - (ex)dS = [ QaV, (C.2)
dVo So S1 dVo

where dS=7R? ,dV= nR*dx and (V) -ex = 9,. Taking Az — 0 and considering each quantity
depends only on x (uniform on the cross section), volume integral becomes

zo+Az » d;{ _
/Adeac = / Ade ~ | Al + Amd— (zo+ Az — zg) @ A| Az =m (AR?)| Ax,
0 ) 2 o) o zo

(C.3)

and surface integral becomes
/ BdS = B| S; =n (BR?) (C.4)

Thus, (C.2) becomes
T (pC’patTRQ) Ax + 7 (—k’@xTRQ) -7 (—k@xTRQ) =7 (QRQ) Ax, (C.5)
o ro+Ax o o

T (pCrOTR?) | Az +70,(—k0,R*)| Az =7 (QR*)| Az, (C.6)

pCLOTR? + 0,(—k0,R?) = QR®.  (C.7)
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