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Abstract

Ultrafast dynamics of epitaxial bismuth films on Si(001) substrate when exposed to femtosec-
ond laser pulses is investigated using Ultrafast Low Energy Electron Diffraction (ULEED).
Owing to its high temporal resolution and surface sensitivity, ULEED is a powerful tool for

probing ultrathin films and interfaces.

Upon laser excitation of the bismuth film, a non-equilibrium electronic system is created,
subsequently transferring energy to the lattice through electron-phonon coupling, causing a
rapid rise in the surface temperature. Following this, the heat transfer by phonons through the
thin film-substrate interface is monitored to extract cooling times from the transient lattice
temperature of the bismuth film. The interface between two materials in a heterostructure
serves as a barrier to the diffusive transfer of thermal energy, thereby hindering heat flow
across the boundary. To quantify these processes, the rise time and cooling time constant are

systematically analyzed, with a focus on their dependence on laser fluence and film thickness.

Recently, it was shown that the thermal transport from Bi(111) films into a Si(001) substrate
is reduced when films are thinner than the phonon mean free path due to total internal re-
flection where phonon propagation becomes complex. To study the non-equilibrium phonon
dynamics in this process, ULEED is a suitable and direct means of providing ultrafast tempo-
ral and high-momentum resolution. By analyzing the momentum-resolved map of a transient
inelastic scattering background, we aim to identify phonon trapping, depopulation, and ther-

malization.
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1 Introduction

1.1 Low Energy Electron Diffraction

According to quantum mechanics, a particle exhibits diffraction when the de Broglie wave-
length of the wave is comparable to the lattice constant of a crystal (% < a). This theory
was experimentally proven for electrons in an accidental discovery by Davisson and Germer
while studying the scattering of electrons from a polycrystalline nickel sample. For low-
energy electrons, the de Broglie wavelength is comparable to the lattice spacing; for instance,
an electron with an energy of 100 eV has a wavelength of approximately 3.87 A, matching

typical interatomic spacings in crystals.

Low-energy electrons have a higher chance of undergoing inelastic scattering processes,
which leads to rapid energy loss. This consequently results in a shorter inelastic mean free
path or smaller penetration depths of less than a few angstroms, represented in a universal
scaling curve (see Figure 1a). When the electron energy is in a range between 10 to 100 eV,
the inelastic mean free path is minimal. Consequently, the electrons can only penetrate into
the upper layers, resulting in higher surface sensitivity. Thus, Low Energy Electron Diffrac-
tion (LEED) is one of the most prominent techniques to study the periodicity and arrangement

of surfaces.

The basic components of a LEED setup are an electron gun, ultrahigh vacuum, fluorescent
detector, and a clean sample surface (see Figure 1b). An electron gun has a cathode filament,
generally made of tungsten. It produces a continuous beam of electrons when heated. When
a negative potential relative to the sample is applied, this beam accelerates and is then further
collimated by electrodes or electron lenses. This beam strikes the sample and is elastically
backscattered. A fluorescent screen is used to detect these electrons in which a diffraction

pattern is formed.

11
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Figure 1: (a) Universal scaling curve for the electron mean free path. Adapted from [1]. (b)
Basic setup of LEED.

1.2 Kinematic Diffraction theory

Kinematic LEED theory is the most basic theoretical approximation for surface structure
analysis of LEED patterns. The theory puts forward the ‘kinematic limit of diffraction’ in
which an electron that is elastically scattered once due to the electrostatic potential of an
atom is not scattered again by another surface atom. When high-energy electrons are incident
on an atom, the interatomic potential V(r) is relatively weak. This allows for using Born’s
approximation to calculate the amplitude of scattered beams. However, it is ineffective in the
case of low-energy electrons since multiple scattering processes are difficult to avoid. But
single scattering theory is sufficiently accurate for studying LEED patterns.

The theory considers a plane wave as the incident, monochromatic electron beam [2]:
A; = Agexp(iky.T) (1)

where A; is the amplitude of incident wave, A, is a constant, l?o is the incident wave vector,

and 7 is a space vector.

12



The amplitude of the scattered beam after diffraction is given by:
Ay = Ay Znocfn(E)exp(—iiﬁ,)exp(i%om.?)] 2)

where f,(5) is the atomic scattering factor for the nth atom located at a position r,,,5 = %om —
%0 is the momentum transfer, and %om is the wave vector of the scattered wave.

The emergence of diffraction peaks is subject to two requirements. Kinematic diffraction
states that the scattering is elastic and hence energy conservation between the incoming and

scattered beam results in:
h2

mk;”rz 3)

-
E=—lk|*=
Zm‘ |

The next requirement is regarding the Bragg conditions. For that, we consider a structure

factor S =Y, fnexp(is- r,,). which controls the diffracted pattern.

Let the atomic position 7, for a two-dimensional surface be denoted by r;, = qu +may +
myd, where d; are the basis vectors of the lattice, m; are integers and 1{71, are the positions of
the atoms within one unit cell. For surface characterizations, the normal coordinate of the

diffracting lattice is omitted, hence the two-dimensional surface structure is:
S(Z) = Epfpexp(iﬁ|.ﬁp)] [Z,ﬁl,,@exp(iﬁ‘.(ni’l 11 -+ 1ty _’2))] @)

For bulk diffraction (3D crystals), we use the full scattering vector 5. However, for LEED,
which studies surfaces, we focus on the parallel component ), which is the projection of
5| onto the surface plane since a 2D lattice lacks periodicity in the direction normal to the
surface. This second sum results in a Dirac delta function, meaning that diffraction occurs
only at specific points in reciprocal space. That is, the sum over the two-dimensional vectors
is proportional to o (§‘| — g(z)) where 5| is the component of s parallel to the surface and g?
is any of the two-dimensional reciprocal lattice vectors of the surface lattice. This enforces

that diffraction occurs only when )| matches a two-dimensional reciprocal lattice vector g(z).

13



The Bragg conditions for diffraction for LEED are:
S| = kour )| — ko =87 =3 (5)

The stated conditions impose no restrictions to the momentum transfer perpendicular to the
surface, but the momentum transfer parallel to the surface must match the reciprocal lattice

vector of the surface lattice. These conditions are best represented by the Ewald sphere.

1.3 Ewald Sphere

The Ewald sphere is a simple geometric construction in reciprocal space which represents a
set of conditions in which diffraction occurs. A sphere is drawn with the center at the origin
of the incident wave vector ko with radius 1120\ = k. Laue condition states that diffraction
happens when %Uu, — k} is a reciprocal lattice vector where %0,,, is a Bragg-reflected wave. A

reflection takes place only when a reciprocal lattice point intersects the Ewald sphere (see

Figure 2).
12
11
(a) b 02 10
12 01
11 00
10
Ewald Sphere
/ o
/ °
A |(° °
[ ]

/

I Sample

k
Reciprocal Rods
—

20 10 00 10 20

Figure 2: (a) 2D representation of the Ewald sphere.Incident wave vector ko parallel to re-
ciprocal rods is shown. Reflection happens only when a reciprocal lattice point intersects the
Ewald sphere. (b) Reciprocal space of a 2D lattice. Adapted from [3].
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However, in the study of diffraction from surfaces, the bulk 3D model is replaced by a 2D

model. Here, reciprocal lattice points are substituted with reciprocal lattice rods that are ori-

ented perpendicular to the surface. Also, s = Kour — ko be a vector connecting any two points

on the rods. At the point of intersection between rods and sphere, momentum conservation

and Bragg conditions are fulfilled.

1.4 Debye Waller Effect

Up to now, atoms were considered to be static. However, taking into account thermal fluc-

tuations, atomic positions become 7, () = 7,0 + i, (t)) Where ii,(t)) is the time-dependent

displacement [4] and 7, ¢ is the equilibrium (average) position of the atom. Since intensity is

the squared amplitude of the scattered wave, from equation (2) we get:

1) = | Y. f(s)exp(—is.i (1))

Substituting the atomic position expression:

1(r) = f2(s) Zexp(z’i (Pn,0 — 7m,0)) exp(iS.(tdn (1) — tim(2)))

n.m

Taking the time average, we get:

<I(t) >= f*(s) Zexp(i?.(r,‘,:o —m0)) < exp(is.(iy(t) —lp(t))) >

n.m

If 5.2, () = ugp

< I(1) >= f*(s) Zexp(i.i(r,;:o —1m0)) < exp(is.(ug, — Usm)) >

n.m

Under small atomic displacements,

1 1
exp(isx) ~ 1 +isx — E(sx)2 + ig(sx)3

15
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Taking the average of the fluctuating displacement:

1
< exp(isx) >~ 1— 5 < (sx)% > +.... @ exp(—s* <x >2) /2 (11)

This means that the diffraction intensity is modified as:
2 o o -
<I(t) >= f“(s Z exp (—— < (it — t)? >> exp(is.(Pno — o)) (12)

<I(t) >= f(s) Zexp( )2) p(—w) exp(—s2 < (tnttm) >) exp(is.(Fr.o — Fmo))

2
(13)
2 2
= 2 s) Z exp <—%) exp (—%) (1 —S2 < (l/lnl/tm) >) + ) exp(if.(?mo — I_;m,()))
Then the first-order contribution to the intensity of the diffraction pattern is
I(t) = Iyexp(—2M) (15)
where we define the Debye-Waller factor (DWF) as:
exp(—2M) = exp(—s2 <u? >) (16)
For the Debye model at elevated temperatures, it can be expressed as:
—3K%|51°T
exp(—2M) = exp(—s> <u® >) =ex (— 17
p(—2M) = exp( ) =exp Y (17)

Due to collective lattice vibrations, a reduction in intensity is observed at scattering vector
q. Fluctuating atomic positions lead to a partial cancellation of the scattered waves leading
to reduced intensity. This effect becomes more pronounced at higher temperatures as atomic

vibrations become more pronounced.
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1.5 Diffuse Scattering Theory

When electrons interact with a material, it is either elastically or inelastically scattered. In-
elastically scattered electrons contribute to the diffuse background. Applying first-order per-
turbation theory, total scattering intensity at scattering vector q is reduced to first-order scat-
tering theory [5, 6];

h
10(Q) = Zvg = (2ngv+ )|y (Q)° (18)
qV

where ngy, gy Fy(Q) are population, frequency, and structure factor of the phonon mode v
with the wave vector q where q = Q—G, in which G is the reciprocal lattice vector nearest to
Q.

The contribution of each phonon mode on intensity is given by the one phonon structure

factor.

e_WK(

0)
N 0.0 (19)

The diffuse background intensity is influenced by the contribution of each phonon mode

Fyv(Q) = Xk fk(Q)

which is : | )
w—qv(anv +1)[Fyv

>:cuva)+]v(2’%1V‘F 1)|Fyv]?

W,y = (20)

This equation tells that phonons with lower frequencies contribute more to the diffuse inten-

sity or higher temperature leads to more diffuse scattering as the phonon population increases.

=l

/

Figure 3: Schematic illustration of Diffuse Scattering.
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1.6 Phonon Transport

When a phonon that travels from medium A to medium B reaches the interface, there are two
possibilities if the velocity of phonons in medium B is higher than medium A. Phonons that
are incident at an angle greater than a critical angle are totally reflected back to medium A.
All the other phonons that are incident at an angle less than this critical angle are transmitted
to medium B. Hence, there is a critical cone in which all the phonons inside it are transmitted

and not reflected back [7].

a b c d e
Bi-film 'n. t‘z-d/'/si tz2.d/ Vei

vgip = 1972 m/s

vgip = 1074 m/s
Vg = 5845 m/s critical cone
Si-substrate

Figure 4: Model depicting the phonon dynamics of ultrathin bismuth film on Si(001).Taken
from [8].

For example, in ultrathin bismuth films on silicon(001), velocity of phonons in silicon being
higher in bismuth (vs;; = 8433 m/s, vg;, = 5845 m/s, vg;; = 1972 m/s, vp;; = 1074 m/s),
phonons are reflected back if the angle of incidence greater than arcsin(%). The film stops
cooling after all the phonons inside the critical cone are transmitted to the substrate. The
critical cone must be repopulated by phonon scattering if cooling has to continue. For thicker
films, since transit time is longer than the scattering time, there is enough time for the phonons
to repopulate and continue the cooling. However, for films thinner than half of the mean free

path of phonons, phonons escape too quickly, leading to a longer time for cooling (see Figure

4) [8].

Hanisch-Blicharski et al. argue that the ballistic transport of phonons facilitates heat transport

and not diffusive transport due to the absence of sources of diffusive scattering in bismuth

18



films on silicon(001). In contrast, heat transport across bismuth film on silicon(111) is by

diffusive phonon scattering due to the complex reconstruction of Si(111).

Bi(111)/Si(001)-(2 x 1)

T,=80K, ® =23 mJicm? A
««+« AMM: 83.1 ps/inm =
— Model ',f

Agh /2‘4#_4 % E

0 d
Vel amm

Cooling time constant t (ps)

Relative deviation (a.u.)

0 2 4 6 8 10 12 14
Bi film thickness d (nm)

Figure 5: Cooling Time constant for different thicknesses of bismuth films on Si(001). Taken
from [8].
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2 Experimental Methods and Materials

2.1 ULEED

Ultrafast Low Energy Electron Diffraction (ULEED) is a potent tool for investigating surface

structure dynamics in the time domain [9]. In this technique, an optical pump pulse excites

the sample, and an electron probe pulse, which arrives after a varying time delay At, is used

to obtain the time-resolved information (see Figure 6). In this setup, the electron pulse is

photoemitted from a tungsten nanotip using pulsed UV light.

The laser system consists of a pulsed fem-
tosecond Yb:YAG laser amplifier system
(Pharos, Light conversion) with a central
wavelength of A. = 1030 nm, pulse dura-
tion of At = 200 fs, pulse energy of E, =
150 uJ, output power of P,,; = 15 W and
a repetition rate of f,., = 100 KHz. It in-
cludes a regenerative amplifier seeded by
an internal oscillator and pumps an optical
parametric amplifier (OPA, Orpheus) and
a non-collinear optical parametric amplifier
(NOPA, Orpheus -N). The fundamental fre-
quency or the frequency-converted output of
the OPA (signal and idler wavelengths are
tunable between 630 to 1030 nm and 1030

Photoemission ?

Pulse

Electron
Gun

Electron Pulse

MCP and
Phosphor
Screen

Figure 6: Basic Concept of ULEED. Optically
excited sample is probed with electron pulses
and detected using a microchannel plate.

to 2600 nm, respectively) is used to excite the sample, whereas the NOPA output (tunable

between 650 to 900 nm) is employed to produce pulses of second harmonic wavelength of

400 nm. These 400 nm pulses are characterized by an ultrashort duration of approximately

40 fs and an energy of 100 nJ per pulse.
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Figure 7: Schematic drawing of ULEED setup (Adapted from [10]).

The 400 nm beam is attenuated using a set of neutral density filters and passes through a A/2
waveplate for matching its polarization with the nanotip orientation. Electron probe pulses
are generated by focusing these 400 nm pulses onto a nanoscopic tungsten tip using an as-
pheric lens of focal length 22 mm, mounted on an XYZ piezo (attocube). The electron pulses
are produced via Two-Photon PhotoEmission (2PPE). In the measurements, delay stages are
used to vary the time delay between the pump and the probe pulses in order to obtain time-

resolved dynamics (see Figure 7 and 8 ).

Apart from the electron gun, the UHV chamber houses a load lock with a sample storage,
preparation chamber with a motorized LHe/LN, cryo-manipulator, Direct Current Heater
(DCH), gas inlet, an argon ion sputtering source for sample cleaning, an electron beam evap-
orator with a quartz crystal microbalance, mass spectrometer and a measurement chamber
with the electron guns and the detector. The detector is composed of microchannel plates
(MCP) for amplification of electrons and a phosphorous screen. The number of backscat-
tered electrons from the sample is very low (in the order of 1 to 10 per pulse), which neces-
sitates the amplification of these electrons. Amplification happens when there is a secondary

electron emission due to the collision of electrons with the walls of the microchannels. A
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sCMOS (scientific complementary metal-oxide—semiconductor) camera is used to acquire

the diffraction pattern.

Time-resolved spot profile analysis can be used to analyze the momentum resolution. To
figure out the time resolution of the setup, when the laser hits the sample, diffraction pat-
terns are recorded at different time delays to see how certain diffraction spots change in in-
tensity. By fitting the intensity evolution with an error function—essentially a mathematical
model that accounts for both the sample’s fast response and the system’s slower measurement
limit—researchers can estimate how fast the experimental setup is able to track structural

changes.

Pmpafaﬁun||
chamber |

Figure 8: UHV setup of ULEED (taken from [10]).

2.2 Electron Source

Since the traditional surface diffraction techniques lack temporal resolution, designing an ul-
trafast pulsed electron source was the most important step in the development of ULEED.

However, this was faced with many challenges, which include space-charge-induced broad-
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ening due to the Coulomb repulsion between electrons, differences in emission angles and
trajectories, finite energy width AE of the electron spectrum, etc. Gero Storeck and col-
leagues designed two electron sources based on ultrafast photoemission, where femtosecond
laser pulses are directed onto a photocathode, triggering the photoelectric effect to produce
electron pulses on the picosecond timescale.[11]. These sources rely on the lighting rod ef-
fect or the local electric field enhancement at the apex of a nanometric tip. Electrostatic fields
strongly accelerate electron pulses within the static electric field of a biased tip while also
amplifying the oscillating electric field of the incoming laser pulse. Regions with intensified
electric fields correspond to areas of higher light intensity, leading to multi-photon electron

emission as a result of nonlinear effects.

Most efforts in the further development of the setup aimed at an improved time resolution.
As Coulomb repulsion and Dispersion are main sources of pulse broadening, a possible route
lies in reducing the distance between the sample and gun. However, in this way, the gun in-
creasingly shadows much of the backreflected LEED pattern. In order to mitigate this effect,
a miniaturized electron source - namely milimeter and micrometer guns, were developed in

the group.

The minigun yields a temporal resolution of tens of picoseconds, and has a 2 mm diameter.
The device comprises four metallic electrodes shaped like cups— a suppressor, an extractor,

and an electrostatic einzel lens— all separated by thin polyimide (Kapton) insulation rings.

The microgun is designed utilizing a tungsten needle emitter configured in a Schottky ge-
ometry [11]. It gives a resolution of 1.3 ps at an energy of only 80 eV and a source-sample
distance of 400 um. The microgun is embedded in an electrostatic lens assembly (total outer
diameter of 80 um) of five gold electrodes — ground, gun lens, extractor, suppressor, and
cathode electrode which has a nanometric tungsten tip (20 um tip length, radius of curvature
below 50 nm) (see Figure 9b). The entire structure is mounted at the edge of a glass slide.

(see Figure 9a). After the generation of electron pulses, it is focused onto the sample using
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an einzel lens made of the extractor electrode, lens electrode, and grounded aperture. The
cylinder, which is composed of glass coated with silver, has a hole through which the photoe-
mission pulse is focused onto the tip, protecting the diffracted electrons from the gun’s stray
fields. Gun electrodes are surrounded by a grounded metal-coated mica plate and a kapton

cylinder, which makes it 80 um of outer diameter.

Figure 9: (a) Schematic drawing of microgun. (b) Schematic drawing of enlarged view of
electron gun showing needle emitter and apertures. (c¢) Scanning electron micrograph of the
micrometer-sized electron gun. Images are taken from Horstmann et. al. [10].

2.3 Material System
2.3.1 Silicon

Silicon or Si with an atomic number of 14 is in group 14 and period 3 of the periodic table.
It is a semiconductor with an indirect band gap of 1.17 eV. At 0 K, silicon acts as an insula-
tor. However, with an increase in temperature or the introduction of doping, the resistivity of

silicon decreases, making it an efficient conductor. With a face-centered cubic Bravais lattice
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Silicon
Properties Value
Crystal System FCC
Lattice Parameter | 0.54 nm at 295.7 K
Density 2.33 g/cm?
Melting Point 1687 K

Table 1: Parameters of Silicon [13, 14].

and a lattice spacing of 5.42 A at room temperature, silicon adopts a diamond cubic crys-
tal structure [12]. This means that the atoms are sp3 hybridized and bonded to four nearest
neighbors in tetrahedral coordination. Owing to this covalent structure, it has a high melting

point of 1687 K.

Various silicon surfaces - Si(111), Si(001), Si(110), Si(113) - show different surface proper-
ties depending on the cleavage plane. In this work, we use Si(001) as the substrate motivated
by the work done by Hanisch-Blicharski et.al [8]. In their work, heat transport in ultrathin
bismuth films on Si(001) is studied. Unlike Si(111), Si(001) has a simple and small unit cell

restricting the reciprocal lattice vectors for momentum transfer [8].

Si(001)

When a silicon crystal is cleaved along the (001) plane, an ideal (1x1) surface of Si(001)
results. In this structure, the atoms in the outermost surface layer are arranged in rows and
bonded to second-layer atoms along the [110] or [110]direction, reducing surface energy [15—
17]. The remaining two dangling bonds render each surface atom energetically unstable. One
of the first and widely accepted models for the reconstruction of Si(001) was proposed by
Schlier and Farnsworth in 1959. In their dimer model, the instability of the surface is reduced
when adjacent rows of surface atoms undergo dimerization. This lowers the surface energy
by decreasing the number of unsaturated bonds to single bond per atom [18]. Dimers are
aligned along rows in the [110] direction, with adjacent rows displaced in opposite directions
along the perpendicular [110] axis [19]. The resulting dimerization produces characteristic

surface reconstructions such as the (2x1) and c(4x2) patterns(see Figure 10). The model was
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further modified by Levine and Chadi, proposing that the dimers may be asymmetric, de-

pending on the relative ordering of dimers.

1x1 Reconstruction 2x1 Reconstruction ¢ 4x2 Reconstruction

Figure 10: Reconstuctions of Si(001) surface.

The (2x1) pattern represents the regular arrangement of dimers along the rows. At temper-
atures below 200 K, this configuration transitions into the c(4x2) reconstruction through an
order-disorder mechanism. The c(4x2) reconstruction is distinguished by buckling or tilted
dimer model [20], where one atom in a dimer is slightly raised and the other slightly lowered,

further stabilizing the surface by minimizing its electronic energy [21].

2.3.2 Bismuth

Bismuth is a semimetal with the element symbol Bi and atomic number 83. In the periodic

table, it is in the Sth main group or nitrogen group.

In bulk form, Bismuth crystallizes with rhombohedral symmetry (see Figure 11). Each atom
forms covalent bonds with three neighboring atoms, all positioned at equal distances. There
are also three equidistant next-nearest neighbors. Another way to describe the structure is as
hexagonal, where each unit cell contains six atoms, or as a pseudocubic arrangement, with a

single atom in each unit cell.
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Bismuth
Properties Value
Crystal System Rhombohedral
Lattice Parameter | 0.47 nm at 293 K
Density 9.79 g/cm?
Melting Point 544.7TK

Table 2: Parameters of Bismuth [13, 14].

[111]

c=11.8A

‘ Rhombohedral A7 Structure

. Diatomic Base

a=472A

Figure 11: Unit cell of bismuth.

2.3.3 Bi(111) on Si(001)

The quasi-two-fold symmetry of Bi(111) arises from the superposition of two hexagonal do-
mains rotated by 90° (see Figure 13a). This twinning is attributed to the Si(001) substrate’s
bilaterally symmetric structure [22]. The significant lattice mismatch between Bi(111) and
Si(001) introduces substantial strain during growth. This strain is effectively alleviated through
the creation of a periodic interfacial dislocation network, which serves to accommodate the
difference in lattice parameters. Along the [110] direction, 11 Bi atoms, spaced 4.54 A apart,
align closely with the 13 Si atoms, which have a spacing of 3.84 A. In the [110] direction,
the atomic row separation of 3.93 A in the bulk Bi(111) interface matches closely with the
Si dimer spacing of 3.84 A. This is satisfied by a compression of the Bi film by 2.3 % (Fig-
ure 12) [23].
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Figure 12: Bulk lattice matching of bismuth and silicon (Top view). Adapted from [22].

anm

Domain 1
. First Layer 5 i
Domain 2 . Second Layer ‘ _”g
‘Third Layer i q-‘ 1‘_‘ A Jrotated
(@) (b)

Figure 13: (a) Real space representation of Bismuth on Si(001), where two domains rotated
by 90° is shown. Adapted from [24]. (b) An AFM image (55, ,umz) of a A 25 nm thick
Bi film shows the alignment of neighboring Bi crystallites, which are demarcated by grain
boundaries, indicated by dashed arrows within the circles. Circles A and B highlight Bi
islands with a 90° rotation and areas displaying twinning, respectively. Taken from [25].
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3 Results and Discussion

3.1 Preparation of bismuth films

Si(001) is initially degassed using direct current heating at 800°C for 3-4 hours. Subse-
quently, the silicon surface was pre-annealed at 900°C, flashed for 5 seconds at temperatures
Tnax > 1250°C, and subsequently post-annealed at 900°C. A pyrometer (Optris CTvideo
IMH) is used to track the surface temperature of the wafer as a function of current. This
thermal cycle is typically repeated at least three times to remove oxide layers and to remove
adsorbates from the surface. Figure 14a shows the resulting diffraction pattern of a flashed

silicon wafer.

(b)

Figure 14: (a) Diffraction Image of Si(001) in LEED at 85 eV electron energy. (b) Diffraction
Image of Bismuth on Si(001) in LEED at 85 eV electron energy.

In order to deposit Bi(111) films on the silicon surface, we employ physical vapor deposition,
which is a common technique to synthesize uniform films of high-purity materials. Bismuth
films are prepared via thermal evaporation in ultra-high vacuum while maintaining pressures
below 1 x 10~ mbar to ensure minimal contamination. Specifically, we follow the proce-
dure outlined in Ref. [22]. The deposition is performed at a substrate temperature of 150 K to

avoid island formation. First, the flashed silicon wafer is cooled to 150 K prior to deposition.
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During this cooling, the Si surface undergoes a reversible order-disorder phase transition at
200 K from (2x1) reconstruction to c(4x2) reconstruction (see Fig. 10). As surface recon-
structions are generally sensitive to even small amounts of adsorbates, the observation of the
c(4x2) structure is taken as an indication of a clean surface [22]. However, we could not see
this reconstruction, which points towards a partial contamination of the surface from residual
gases in the vacuum. There are also reports where electrons from the employed LEED gun
induce disordering of the reconstruction at lower temperatures [26]. Supporting the crucial
role of surface exposure, we observe that minimizing the interval between the final flash cycle
and the commencement of bismuth evaporation is critical to preserve substrate cleanliness as

adsorbates readily stick to the cooled surface.

Figure 15: (a) Diffraction Image of 2 nm bismuth film on Si(001) taken using micrometer
gun at 60 eV. Two domains rotated by 90° are shown.

At 150 K, the electron beam evaporator is used to deposit bismuth onto the silicon. The
evaporation rate of the film is measured by a quartz crystal microbalance. At higher depo-
sition temperatures, adsorbed bismuth atoms are mobile on the surface, thus increasing the
probability of island formation. At lower temperatures, high surface roughness due to limited

thermal diffusion makes the bismuth spots diffuse and weak [22, 27].
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Post-deposition, the bismuth film is annealed at 220 K. Simultaneously, we track the LEED
pattern of the bismuth film to monitor structural changes in the film. As reported by Bobisch
et.al[28], a slight texture ring appears at low temperatures (Fig. 16), indicating the formation
of a domain texture with random orientation. This ring disappears as we anneal to higher tem-
peratures, indicating a thermally induced transformation of bismuth layers which increases
the quality of the film. This thermal treatment reduces surface roughness and facilitates the
creation of an interfacial dislocation network, which accommodates the lattice misalignment
between bismuth and silicon [22]. Afterwards, the film is allowed to reach room temperature

overnight.

Figure 14b shows the LEED diffraction pattern of a freshly prepared bismuth film on the
Si(001) substrate. We observe 12 first-order Bragg spots, due to the overlap of two hexagonal

domains rotated by 90° (see Section 2.4.3).

Figure 16: Diffraction Image of Bi(111) on Si(001) before annealing, showing a texture ring.

The pathway followed in obtaining a continuous and epitaxial bismuth film is depositing at
150 K and annealing up to 450 K [8, 22]. However, in our system, annealing at 450 K de-
stroys the bismuth film, which manifests in the appearance of Si(001) diffraction spots even
after annealing to only about 270 K. At the same time, annealing to 220 K and leaving the

film overnight to reach room temperature does not destroy the bismuth film. We speculate on
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the origin of this observation based on the possible deviation of the temperature reading at the
manipulator and the actual sample surface temperature. The degradation of the bismuth film
implies that the surface temperature far exceeds the nominal value and should be adapted ac-
cordingly in future experiments. In the present experiment, we have found the temperature at
which dewetting starts (around 280 K) and have always made sure not to exceed this tempera-

ture. Observing the diffraction pattern during annealing confirms that the film is not dewetted.

36
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Figure 17: (a) Diffraction Image of a 1 nm film of Bismuth on Si(001) taken using the
microgun (45 eV electron energy). Red circles indicate the silicon spots seen.

Bismuth films of various nominal thicknesses were prepared, ranging from 4 nm to 1 nm.
All are uniformly deposited films except film of nominal thickness of 1 nm. Silicon spots
were observed in the diffraction pattern of a nominally 1 nm thick bismuth film (Fig. 17 a)
indicating that the bismuth might have been deposited in islands rather than in a uniform
film. This observation is in agreement with Jnawali et al., where bismuth is reported to be
deposited as islands below a coverage of 5.6 bilayers (2 nm). A specular intensity decrease
in the initial stages of deposition due to scattering from adatoms or adatom islands is seen

[29]. Beyond this thickness, bismuth deposition follows Frank-van der Merwe growth, where

32



a bilayer-by-bilayer growth is followed (Fig. 18) [22]. Upon further deposition, the density
of adatoms reaches a maximum and islands of bismuth merge into a closed film. In all our
measurements, we have made sure that the film is not dewetted or not too thin for exposing

silicon surface.

We encountered many challenges during the preparation process outlined above. As dis-
cussed before, the time between the flashing of silicon and the deposition of bismuth signif-
icantly affects the quality of the bismuth film. However, controlling the time is challenging.
After flashing the sample, which involves heating the sample to a high temperature, the sam-
ple is placed on the manipulator, which is at 150 K. There is a sudden and short jump in
temperature due to this, which makes it essential to allow for some time for the temperature
to stabilize. Also, it is crucial to give sufficient time for the evaporator to reach its required
flux rate. Otherwise, the thickness deposited would be different from that calculated using
the quartz microbalance since the initial rate was less. All these factors require a sufficient

amount of time to be given between flashing and deposition.

Island Growth

O S

Frank-Van der Merwe or Layer-by-layer Growth

Figure 18: The top image depicts the formation of bismuth at thicknesses less than 2nm and
the lower image depicts the bi evaporation by Frank-van der Merwe growth mode (adapted
from [29]).
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3.2 Bragg Spot dynamics

In order to study the ultrafast dynamics of bismuth films on Si(001), pump-probe measure-
ments were carried out using the ULEED experimental setup. Here, we employ a 1030 nm
wavelength pump beam, while probing the surface structure with electron pulses generated
by the micrometer-sized gun. In this experiment, we analyze these diffraction patterns to

study the ultrafast dynamics of the prepared sample.

Figure 19 shows the diffraction pattern of a 4 nm thick bismuth film taken with the microm-
eter gun at an electron energy of 60 eV at 30 K. Aiming for the clearer detection of the
underlying dynamics of a sample, we do the measurements at lower temperature since there
is less thermal excitation. Cooling is done with liquid N, to 80 K or with liquid He to 30 K.
After cooling, we make sure that there is temporal and spatial overlap between the pump and
the probe. Temporal overlap is determined by assessing the stage position at which the inten-
sity reaches half of its value when pump beam is applied. This stage position is taken as ¢,,
which is where the pump and probe reach the sample at the same time. Diffraction spots are
recorded by moving the sample to one side till it vanishes. The position at which the pattern
vanishes is marked. The same procedure is done in the opposite direction and marked. The

marked line becomes the area for spatial overlap.

Diffraction images at different time delays ranging from -50 ps to 2800 ps were taken with
an integration time of 30 s each. A pump beam with a fluence ranging from 1.27 mJ cm™?2

was directed at the sample.
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Figure 19: (a) LEED Image of Bi on Si(001) with 60 eV gun energy at 30 K. Bragg spots
selected for analysis are marked.

To capture the temporal evolution of only the Bragg spots and to eliminate other background
effects, a circular mask is used. These are employed to select diffraction spots of sufficient
intensity and good signal-to-noise ratio. The selected area is then subsequently analyzed for
all time delays, and spot intensity values at each of the spots at each time delay are obtained.
The diffraction spot intensity values obtained from this are then normalized with the inten-
sity of the spots before optical excitation. The time-dependent variation of the spot intensity
with pump excitation is analyzed to extract the associated time constants. Figure 19 shows
the 6 Bragg spots selected for analysis in all the time delays. The negative logarithm of the
normalized intensity gives a measure of the temperature of the Bi film, as evident from the

Debye-Waller factor. This is then fitted with:

_ln(IE—;)) =a (1 —exp(—(t;_c))) (exp(_ (t—c)

1

)+e) (t>c¢) (21)

cool
where I(t) is the intensity at time t, and I is the initial intensity. The first term and the second
term represent the rise and decay of the intensity curve, respectively. The rise time 7; is the

time required for the intensity to decrease or the time with which the temperature of the film
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rises when the pump arrives. a denotes the amplitude of the temperature rise. The cooling
time constant 7T,,,; is the time required for the temperature equilibration of the bismuth film
with the silicon substrate. The parameter c is related to the time offset, and e is a constant

that likely affects the offset or baseline behavior of the decay.

The time-dependent normalized diffraction spot intensity of the same film described above
is plotted in Figure 20. A 30% intensity suppression within 100 ps is observed in the fig-
ure. The maximum suppression is observed around 90 ps, followed by a slow recovery on
a ns timescale. The time-dependent temperature drop of diffraction spot intensity due to the
Debye-Waller effect is plotted in Figure 21. From the fit, we obtain the rise time as 27.62 +

1.57 ps and the cooling time constant as 556.7 + 27.2 ps.
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Figure 20: Pump-probe time delay scan taken with a pump fluence of 1.27 mJ cm~2 and

electron gun energy of 60 eV.
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Figure 21: Corresponding graph of negative logarithm of normalized intensity versus time
delay graph.

Discussion

We find the above results in generally good agreement with existing literature. Brand et. al.
report a fast and a slow component of intensity decrease when the pump excites a 4.5 nm
thick bismuth film [30]. The fast component with a time constant 7; = 5 ps (independent of
base temperature) is attributed to electron-phonon coupling, while the slower component with
a time constant 7, = (97 £ 18) ps at 30 K is attributed to the thermal activation of the pristine
Bi film surface resulting from the interaction between bulk and surface phonon modes. In the
above measurements, we could not see the faster component, probably due to lower temporal
resolution of our experimental setup. The fitting worked best for single-exponential behavior
and thus excluded the need for fitting with double-exponentials to observe the two compo-
nents. The observed rise time thus compares well with literature results, when considering

only a single time constant.
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3.2.1 Fluence dependence

Results

Figure 22: (a) LEED Image of Bi on Si(001) using 60 eV gun energy . Bragg spots selected
for analysis for all the fluences are marked.

A set of time-resolved measurements was taken on a 4 nm thick bismuth film with fluences
ranging from 1 mJ cm~2 to 2 mJ cm~2. The delay scans for different fluences are depicted in
Figure 23. All measurements were taken at 30 K and 60 eV electron energy. The integration
time was 10 seconds for 3 images in a single time delay position. Bragg spots, selected for
analysis, are shown in Figure 22. Figure 24 compares the rise times for different fluences.
Here, higher fluences lead to a larger suppression of intensity when the pump beam reaches
the sample. With increasing fluence, the rise time seems to decrease. This can be due to
increased electron-phonon coupling due to more excited electrons speeding up the rise in
temperature [30]. The cooling time constants for different fluences are also compared in Fig-

ure 25, and it shows no apparent dependence on the fluence.

38



1.05 T T r r ; ;
1r &
* * ﬁ 5 ] .
% t o
2095} R ] * J
€ o9} ; &y |
= 085} s :
* P
£ Xo Fluence (mJ cm™?)
g 08r g 0.95mJ cm™2 .
a * 1.27mJ cm™?
0.75F B 159 mJ cm™ .
0.7 L L L L L L
-500 0 500 1000 1500 2000 2500 3000

Delay At [ps]

Figure 23: Pump-probe time delay scan taken for different fluences with electron gun energy
of 60eV.
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Figure 24: Comparison of rise times for different fluences.
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Figure 25: Comparison of cooling time constant for different fluences.

Another set of measurements was taken on the same film on a different day (see Figure 26). In
this data, however, the above-described dependence of fluence on rise time was not observed
(see Figure 27). But, the cooling time constant shows the same trend as in the previous set
of measurement (see Figure 28), reinforcing the fluence-independent cooling time constant

behaviour.
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Figure 26: Pump-probe time delay scan taken for different fluences with electron gun energy
of 60 eV - dataset2.
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Figure 27: Comparison of rise times for different fluences - data set 2.
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Figure 28: Comparison of cooling time constants for different fluences - data set 2.

Discussion

Decreasing rise times with fluence in this experiment (see Fig. 24) are in agreement with
the trend reported by Brand et al. [30], where the rise time was found to be inversely de-
pendent on the maximum temperature attained when the film is excited. In their work, the
slow component of the intensity decrease is attributed to energy transfer between bulk and
surface phonons. Generally, the excitation time constant is derived from thermal conductiv-
ity of the bulk sample. Since thermal conductivity is strongly influenced by phonon-phonon
interactions, particularly Umklapp scattering at high temperatures, analyzing its temperature
dependence helps explain how efficiently bulk phonons couple to surface phonons. A good
agreement between experimental data and the data derived from thermal conductivity con-
firms the inverse temperature dependence. However, we could not see this trend in the second
set of observations in figure 27. At higher maximum temperatures, the reduction in rise time
is small due to the above-described inverse dependence. In that case, we could suppose that

the large variations in rise time in figure 27 were not seen due to this fact. At the same time,
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it is evident from the time delay curves that the increase in suppression was not uniform for
the applied fluence.

In both sets of measurements, the cooling time constant is independent of the fluence (fig-
ure 29b). This is in strong agreement with Hanisch-Blicharski et al. [31]. The reason behind

this statement is explained as follows:

C
Teool = gkd (22)

where c is the specific heat capacity, and d is the film thickness. The thermal boundary

conductance oy is given by [7];
1 o
o = 5/ c(0,T) < v,(@) >< 1(®) > do (23)
0

where ¢ (0,7T),v,(m),t(®) is the specific heat capacity of phonons of frequency ®, average
phonon velocity perpendicular to the interface, and phonon transmission phonon probability
respectively. Here, the assumption is that the heat transport across the interface is only medi-
ated by phonons. Temperature dependence of 7,,; due to the factor oy is canceled out by the

term ¢(w, T) in equation 22 [7].

An interesting observation in the two sets is the value of the cooling time constant, 741.1 +
44.3 ps in the first set (figure 25) and 540.6 £ 28.6 ps on the same film but on a different day
(figure 28). One possible cause for this discrepancy could be the degradation of the sample
surface by adsorbates. However, the Bragg spot intensity did not decrease, indicating that
this may not be the reason. Spatial variations in the homogeneity of the probed area can be

another reason.
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Figure 29: (a) Rise time plotted for different fluences. (b) Cooling time constant plotted for
different fluences.
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3.2.2 Charging

Figure 30 shows time-dependent spot intensity curves of the (00) spot and two first-order
spots. It is clearly observed that the intensity does not recover back to the initial value. The
same issue is observed in the case of the (00) spot intensity for different fluences (Figure 31a).
Curves were found to not recover back to their original values, either falling below or exceed-
ing the intensity before time zero. Figure 31b shows that the issue seems to be evident even
when using different electron energies. It is also observed that the (00) spot intensity always
overshoots the initial intensity when an electron beam of 60 eV is used while the intensity of
all first-order spots is less than the initial intensity. However, the trend seems to be different

when a different electron energy is used.
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Figure 30: Normalized intensity versus time delay for different Bragg spots using 60 eV
electron energy.

45



Fluence (mJ cm™?) .
—®—0.95mJ cm™

Normalised Intensity

08r —®—1.91mJcm™ 1
0.75 F .
0.7 F .
0.65 - .
06 1 1 1 1 1 1
-500 0 500 1000 1500 2000 2500 3000
Delay At [ps]
(a)
12+ .
> 1 T
8%
15
£08¢ 4
g 0.6 Electron Energy (eV)
— 40eV
04k —@—60¢eV |
' —0—585¢ev
0.2 .
-500 0 500 1000 1500 2000 2500 3000
Delay At [ps]
(b)

Figure 31: (a) Normalized intensity versus time delay of the (00) spot for different fluences
using 60 eV electron energy. (b) Normalized intensity versus time delay of the (00) spot for
different gun electron energies. 46
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Figure 32: Image showing the change in spot profile of (00) Bragg spot.

Discussion

Figure 32 shows a slight shift of spot position with relative time delay which can be an indi-
cation of the possible distortion due to charging. Maximum intensity at 2800 ps exceeds the
intensity before time zero for the (00) spot at an electron energy of 60 eV. At 90 eV, a small
change in spot shape is also evident, possibly due to charging. The sample cannot dissipate
photoexcited charge carriers, resulting in the formation of a space charge cloud. The result-
ing electric field acts as a screening shield, distorting the incident electron beam, which in
turn affects the diffraction pattern [32]. Reshuffling of intensity between the (00) spot and
first-order spots, as evident in Figure 30 can be an indication of change in effective electron

energy. Differences in the distances between Bragg spots on the left and right sides of the
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diffraction image might also point to the same problem. Bragg spots on the right are closer
than those on the left side.
The distortion still remained even after reducing the pump power. Another possible solution

can be using a silicon wafer with higher conductivity.

3.2.3 Thickness dependence

In order to study the dependence of thickness on rise and cooling time constants, Bismuth
films of thicknesses 1.5 nm, 2 nm, 3 nm, and 4 nm were prepared. Measurements were
conducted at a base temperature of 30 K by cooling with liquid Helium. The pump fluence

and electron energy were set to 1.59 mJ cm~2 and 60 eV, respectively.
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Figure 33: (a) Delay scans for different thicknesses with pump fluence and electron energy
set to 1.59 mJ cm™2 and 60 eV.

Time-dependent intensity scans for different thicknesses are given in Figure 33. Variation of

cooling time constant with respect to the thickness of bismuth film is plotted in Figure 34.

48



600 T T T T . T
Electron Gun energy = 60 eV
550 - -
Fluence=1.59 mJ cm
500 .
450 .
)
&
g 400 B 1
=~
350 .
300 .
250 .
200 1 1 1 1 1 1
15 2 2.5 3 35 4
Thickness of Bismuth film (nm)
Figure 34: (a) Cooling time constant for different thicknesses.
Discussion

From equation 21, it follows that the cooling time constant is linearly dependent on the thick-
ness of the film [31]. From Figure 34, it is evident that the cooling time constant increases
with thickness.

Bobisch et al. report that for thicknesses of the bismuth film of less than 6 nm, a deviation
from linear dependence between thickness and cooling time constant is observed [28]. When
phonons attempt to move through the interface of a thin film with a thickness less than the
mean free path [33], a realization of total internal reflection can be observed. When the angle
of incidence of these phonons is less than the critical angle of total internal reflection, these
phonons can move out of the film and cause heat transfer (Figure 4). However, a reduced

transfer rate was observed when the angle of incidence was larger than the critical angle (see
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Figure 5). In our experiment, a shift in trend after 3 nm is very evident as compared to cooling
time constant values below 3 nm. However, we have very few data points to confirm a linear

dependence between thickness and cooling time constant above 3 nm.
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Figure 35: (a) Cooling time constant for different thicknesses compared with [28].

Comparing the experimental results of the above, a discrepancy in the values of cooling
time constant for each thickness is seen in Figure 35. Firstly, they do not prepare thicknesses
less than 4 nm. However, we could prepare even thicknesses down to 1.5 nm with no indi-
cation of a broken-up film, manifesting in the presence of silicon spots in LEED. G. Jnawali
reports that films with thicknesses less than 2 nm show islanding [29]. This variation can be
due to the deposition rate calibrated by the quartz crystal microbalance. As discussed before,
we could prepare a bismuth film of thickness 1.5 nm. However, islands of bismuth films are

observed for thicknesses less than 2 nm [29]. This points to the fact there is a slight offset
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to the thickness calibration in our experimental setup. Another observation that supports the
above claim is the thickness at which a deviation from the linear behaviour is seen. In our
experiment, we see the deviation starts below 3 nm, whereas in Hanisch-Blicharski et al.,
the deviation is seen below 6 nm. Secondly, the cooling time constants in our experiments
are smaller than the values reported in [28]. The minimum cooling time constants reported
by Hanisch et al. are on the order of 400 ps. However, we observe 200 ps of cooling time

constant in a 2 nm thick film.

3.3 Background Dynamics

When an electron beam interacts with a sample, electrons are inelastically scattered due to
the interaction with the material. Studying the resulting diffuse background provides in-
sights into the transient phonon population and lattice dynamics [6, 34—36]. The scattering
vector represents the change in crystal momentum during a scattering event and is directly
proportional to the momentum of the phonon which gives a measure of the distribution and
population of phonons. Analyzing these patterns allows for extracting phonon populations

and lifetimes.

In this study, we investigate the background dynamics of ultrathin films and compare them
to relatively thicker films. As previously discussed, phonons in thin films quickly escape the
film, whereas phonons in thicker films have sufficient time to scatter and repopulate the criti-
cal cone. Our goal is to determine if this phenomenon is observable in the diffuse background
of the films. Here, we analyze the background dynamics of ultrathin films and compare it with

a relatively thicker film.
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Figure 36: Concentric rings plotted in the Brillouin zone around (00) Bragg spot.

To investigate the phonon dynamics, we analyzed the diffuse background of a diffraction
pattern of 1.5 nm and 4 nm thick bismuth films taken with an electron energy of 60 eV. By
drawing concentric rings of equal width around the most intense Bragg spot within the Bril-
louin zone, we examined phonon populations across specific momentum transfer (q) intervals
(figure 36). The image was taken over a duration of 30 seconds and with a pump fluence of
1.58 mJ cm™2. The size of the Brillouin zone is calculated from the distance separating the
(00) spot from the first-order diffraction peaks. Since the location of first-order Bragg spots is
distorted in the LEED pattern, we consider an average across all spot positions. We analyze
the radial distribution of electron intensities around Bragg spots, which integrates phonon
contributions with specific wave vector |g| across the surface Brillouin zone. 10 rings with

increasing radius of 0.08 A (rings of the same width) are drawn. This allows us to understand
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the phonon population in a certain interval of q. In each of the rings, the mean intensity is
normalized by the intensity before time zero. Figure 37 shows the temporal evolution of the

normalized intensity in the nine rings (excluded the innermost ring) for a 1.5 nm bismuth

film.
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Figure 37: Temporal evolution of the normalized intensity in the nine rings for a 1.5 nm
bismuth film.

The dynamics of the Bragg spot are revealed by the innermost rings, while more of the
phonon dynamics are revealed by the outer rings. The observed rapid intensity decrease
in the innermost rings corresponds to Bragg spot suppression, due to the Debye-Waller ef-
fect. However, in the outer rings, a more complex behavior is observed, where the intensity
initially drops but shows a slight increase at larger delays. The initial intensity drop is due to
the contribution from the Bragg spot. As we move towards the zone boundary, we can see

that the amplitude of the initial drop decreases until it vanishes. The intensity increase is due
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to the inelastic scattering of electrons.
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Figure 38: Temporal evolution of MSD for 1.5 nm bismuth film.

To extract momentum-resolved rise times from all these areas of background, firstly, we find
the out-of-plane mean square displacement (MSD). The out-of-plane MSD quantifies the
average squared deviations of atomic positions perpendicular to the material’s surface over
time. When any perturbation, such as laser excitation, occurs, perpendicular oscillations of
the atoms diminish the intensity of the Bragg peaks. The temporal information of this inten-

sity change can then be studied from the evolution of MSD values. Figure 38 demonstrates

this first step of fitting in a 1.5 nm thick bismuth film.

Out-of-plane MSD is computed by :

A<u? > (Ar) = —log(

Imain (At)

Imain,O

)/0*
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where I,,4in0 is the intensity at negative pump delays, L4 (Af) is the intensity at a time delay
and Q is the amplitude of the scattering vector. In our experiment, for reflection geometry,
the scattering vector is double the the wave vector of the electron before scattering.

This is then modeled by;
A <ut > (A1) = a(l —exp(—((t —¢)/71))) (exp(—(t =) /7)) (¢ > ¢) (25)

From this procedure, we find the fitting parameters with which we fit the intensity in each
ring. 74 is the time constant that measures the decay of MSD, 7_ is the time constant that
measures the increase of MSD and a is the amplitude associated with it.

We now fit the intensity in each ring which includes all the different contributions of rings.

Iy(At) = Apn(1 = exp(= (1 =€)/ Trise) ) (exp(—(t =€)/ Teoor) +2)+
Apraggexp(—62.93a(1 —exp(=((1 = ¢)/7+))) (exp(=(1 = ¢) /7)) (t > ¢)) +r

where A, Aprqgg 18 the fitting parameter for the amplitude of the phonon contribution and

(26)

Bragg contribution, respectively. The fit perfectly describes the data. (Figure 39) . Therefore,
we obtain rise times in all the rings as given in Figure 36. As we move towards the zone
boundary, it is evident that the contribution from the main lattice peak decreases, confirming
the fit model used. Rise values were found to be similar in all the rings and showed no

significant trends.
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Figure 39: (a) Temporal evolution of the normalized mean intensity, fitted with equation (25)
for (a) 1.5 nm bismuth film and (b) 4 nm bismuth film.
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Discussion
Figure 40 and Figure 41 shows the variation of 7,;. and A, at different momenta for 1.5 nm

and 4 nm thick bismuth films.

Unlike predicted by Hanisch-Blicharski et al. [8], a dependence of momentum-resolved rise-
times for different thicknesses was not observed. Since the critical angle for total internal re-
flection is very small (7.3° up to 19.7°) [8], any contribution from the expected phenomenon
should be observed close to the region near the Bragg spots. In our results, we find it diffi-
cult to disentangle the information from this because of several reasons like charging effects
and broad Bragg spots. Our results rather indicate that there is no difference in contribution
from different phonons (See Figure 42). This uniform temporal evolution indicates that all

phonons behave similarly.

This study thus emphasizes the need for further investigation into the underlying properties.
The distortions and possible charging effects can be a cause for not observing the expected.
Increasing the integration time may render the observation of small differences possible if
they exist at all. Also, taking a silicon substrate with higher conductivity can be a possible

solution to reduce the charging effects.
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Figure 40: 1.5 nm bismuth film (a) Rise time plotted over wavenumber q. (b) A, plotted
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4 Conclusion

In this thesis, ultrafast dynamics of bismuth films on Si(001) were studied using Ultrafast
Low Energy Electron Diffraction (ULEED). Owing to its high temporal resolution and sur-
face sensitivity, ULEED is a powerful tool for understanding the photoinduced structural
response and phonon dynamics in bismuth films when subjected to femtosecond laser exci-
tation.

Key parameters like rise time and cooling time constants were determined using a suitable
fitting procedure. Their dependence on incident fluence and film thickness was systemati-
cally analyzed to understand the underlying mechanisms.

Our results show a decrease in rise times with increasing fluence, consistent with the in-
verse dependence on maximum temperature reported by Brand et al. However, this trend was
not clearly observed in another set of measurements, likely due to reduced variation in rise
times at higher temperatures. The cooling time was, however, found to be independent of the
applied fluence. Our study reveals a deviation from the linear dependence of cooling time
constant on film thickness below 3 nm, differing from previous reports that observe this devi-
ation below 6 nm. The discrepancy may be attributed to differences in thickness calibration,
deposition rates etc.

We also analyzed the diffuse background in the vicinity of Bragg spots to study momentum-
resolved dynamics in the phonon population due to the Debye-Waller effect. Our experiments
did not show the expected dependence of momentum-resolved rise times on the wavevector
for different thicknesses, contrary to predictions by Hanisch-Blicharski et al. This absence
suggests a uniform temporal evolution of phonons, potentially due to distortions, charging ef-
fects, and broad Bragg spots obscuring the expected contributions. Conducting experiments
with silicon of higher conductivity could be a crucial next step in reducing charging effects
enabling us to observe the phonon dynamics more accurately. This study paves the way for
more precise investigations that could further unravel the fundamental mechanisms govern-

ing the thermal transport of ultrathin bismuth films.
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