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Electronic materials - growth and characterisation 
Michael Grishin (2005) 
Material Physics, Materials and Semiconductor Physics 
Microelectronics and Information Technology, Royal Institute of Technology 

Abstract 
In this thesis the InSb(111), InAs(111) and GaSb(001) surfaces have been studied by 
means of time- and angle-resolved photoemission spectroscopy based upon the 
femtosecond laser system. The pump-and-probe technique allows to analyse both 
electron states in the valence band and normally unpopulated electron states above 
the valence band, which can be occupied by transiently excited carriers at the 
optically pumped surface. The life time of excited carriers is analysed by controlling 
over the time delay between pump and probe pulses. Experimental studies of the 
InSb(111) surface and comparison with a previously studied InSb(110) surface show 
electron excitations in the bulk region with a minor surface contribution. Time-
resolved experiments of carrier dynamics at the polar InAs(111)A and InAs(111)B 
surfaces show about the same life time of excited carriers, while no populated states 
above the valence band maximum have been found at the InAs(111)A due to the 
charge removal. Surface intergap electron states have been found at the GaSb(001) 
surface located at ~250 meV above the valence band maximum. Angle-resolved 
experiments showed a strong confinement of this state at the centre of the surface 
Brillouin zone. 
A new two dimensional angle-resolved multi-anode analyser for the femtosecond 
laser photoemission setup has been constructed. The analyser can resolve a cone 
opening angle of ~1º at a drift distance of ~0.5 m with an energy resolution of 
~125 meV. 
A continuous series of binary system SrTiO3–PbZr0.52Ti0.48O3 has been grown by 
pulsed laser deposition (PLD) on sapphire substrate with crystalline quality control 
by x-ray diffraction (XRD). The maximum tunability has been tailored to room 
temperature, where STO-PZT (71/29) composition shows superior performance. A 
PbZr0.52Ti0.48O3 thin film pressure sensor has been fabricated by PLD and 
characterised by XRD and electrical measurements. The piezoelectric constant was 
found to be ~20 % higher compared to the bulk ceramics. A ferroelectric thin film 
electro-optical cell Na0.5K0.5NbO3/La0.5Sr0.5CoO3 (NKN/LSCO) on sapphire has been 
fabricated by PLD. Refractive indices and electro-optical coefficient of the cell were 
characterised by prism coupling refractometry. The tunability of the PLD fabricated 
2 µm slot NKN thin film interdigital capacitor has been found ~23 % at 40 V bias 
voltage and frequency 1 MHz. 
 
Keywords: Photoemission, Ultra-short laser pulse, Thin film, Laser deposition, InSb, 
InAs, GaSb, Ferroelectrics 
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Preface 
This thesis is based on the work carried out at the Laboratory of Materials and 

Semiconductor Physics in the Department of Microelectronics and Information 
Technology in the Royal Institute of Technology, Stockholm, Sweden 
(MSP/IMIT/KTH). Part of the work presented in the thesis has been aimed to 
develop the system for time- and angle-resolved photoelectron spectroscopy. 
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1 III–V Semiconductors 

1.1 Atomic Structure 

1.1.1 Bulk 
A single crystal has three-dimensional translation symmetry, where the crystal 

extends infinitely and repeats itself in all directions by a primitive unit cell that 
determines a crystal structure. The Bravais lattice is a fundamental concept in the 
description of any crystalline solids. It specifies the periodic array of repeated units 
in the crystal, while the units may be single atoms, groups of atoms, molecules, etc. 
The Bravais lattice summarises only geometry of the periodic structure, regardless of 
the actual units [1]. 

InAs, InSb and GaSb are the semiconductors studied in this thesis. They 
crystallise in a zinc-blende crystal structure that is based on the face-centred cubic 
(fcc) Bravais lattice. 

A zinc-blende crystal structure can be regarded either as an fcc lattice, where a 
basis of two atoms is associated with each point of the lattice, or as two 
interpenetrating fcc lattices with a displacement of 1/4 of a cubic unit cell body 
diagonal against another. 

In a compound semiconductor, each atom has four neighbour atoms that belong 
to another group. Thus the coordination number, i.e., a number of neighbour atoms in 
these crystals is four. Such an arrangement forms a regular tetrahedron where a 
central atom has four highly oriented bonds pointed toward the corners with an angle 
of 109.5o between them. Each bond involves two electrons and a spatially highly 
directional sp3 hybrid formed by a linear combination of valence s and p states. For a 
compound III-V semiconductor such as InAs for example, indium contributes three 
electrons (5s25p1), and arsenic does five electrons (4s24p3). Thus a total number is 
eight valence electrons per basis or four per atom [2]. 

Compound semiconductors consist of atoms of different types, where group V 
atoms are more electronegative and therefore accumulate negative charge, while 
group III atoms are positively charged. Due to differences in electronegativity, the 
bonds are partly ionic and thus not purely covalent as in a case of elemental 
semiconductors. Crystal planes are referred to as polar planes, when they do not 
include equal numbers of group III and group V atoms. These planes will therefore 
be electrically charged. For a zinc-blende crystal, the only electrically neutral 
(non-polar) low-index planes are the (110) planes. 

In the crystal [111] direction, one can find that all atoms are arranged in a parallel 
packed plane structure where the atoms of a layer belong either to group III or to 
group V. Figure 1 represents a zinc-blende crystalline structure that can be treated as 
a stack of double layers in the [111] direction. 
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Figure 1. A zinc-blende crystalline structure in the [111] direction 
has two different surfaces terminated either by cations (111) or by 
anions ( 111 ). 

Every double layer consists of two layers built up from a group III layer and a 
group V layer. The atoms are bonded together by three out of four sp3 orbitals within 
a double layer, while the last orbital is allocated along the plane normal binding a 
neighbour double layer. Furthermore, double layers can be stacked in two different 
ways creating one of the stacking sequences ABABAB… or ABCABC…. These 
sequences represent either a wurtzite structure or a zinc-blende structure, 
respectively. 

The coordinate system has been chosen in such a way that a double layer with a 
group V layer on top is referred to as the [ 111 ] direction, while a top group III 
layer is located along the [111] direction. 

1.1.2 Surface 
The ideally terminated bulk crystal will form an ideal surface, i.e., the truncated 

bulk surface. Atoms at the surface have a lower coordination number than bulk atoms 
and therefore the surface atomic surrounding is different from the one in the bulk. A 
truncated surface atomic arrangement is almost always energetically unfavourable. In 
order to minimise the surface energy, a rearrangement of atoms and electrons occurs 
during the surface formation. That makes the surface atomic structure to be different 
from a truncated bulk surface. Depending on the type of alteration, a surface is 
referred to as a “reconstructed” surface, when the size and/or orientation of a surface 
unit is different from the bulk geometry, while the surface rearrangement in the 
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direction perpendicular to the surface, which does not affect the surface periodicity, 
is referred to as “relaxed”. 

a) b)  

Figure 2. (a) The (2×2) reconstruction on the (111)A cation-
terminated surface; (b) the non-reconstructed (1×1) surface atomic 
structure of a III-V zinc-blende semiconductor (111)B surface. Dashed 
line indicates an elemental unit cell. 

For convenience, a truncated group III terminated surface is referred to as a 
cation-terminated surface and conventionally denoted as (111) or (111)A, while a 
truncated group V terminated surface is referred to as an anion-terminated surface 
and denoted as ( 111 ) or (111)B. 

A clean (111) surface of zinc-blende materials can not be prepared by cleavage in 
UHV, while it may be grown by molecular beam epitaxy (MBE) or be prepared by 
sputtering and annealing. The (111)A polar surfaces independently of preparation 
technique reveal the (2×2) reconstruction only [3,4,5,6]. The (111)B surfaces exhibit 
a large variety of reconstructions such as (2×2) [7], (3×3) [8] and (3×1) [9] 
depending on preparation conditions, beside the unreconstructed (1×1) [10]. 

The (111)A cation-terminated surface is presented in Figure 2 (a). Each group III 
atom of the top layer at the surface is bonded to three group V atoms of the layer 
beneath. One out of four atoms of group III in the top layer is removed from the 
surface and three group V dangling bond orbitals are created. The electrons in the 
remaining three group III dangling bond orbitals are transferred to the three created 
group V dangling bond orbitals. Such reconstruction can be considered in accordance 
to the group III (cation) vacancy model [11,12,13] as an example of a relaxed (110) 
surface where the numbers of group III and group V atoms are equal at the surface 
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and all electrons in group III dangling bonds have been transferred to group V 
dangling bonds that are completely filled. 

The ideal anion-terminated surface is presented in Figure 2 (b). This is a non-
reconstructed (111)B surface that can be obtained by sputtering and annealing, where 
no group III dangling bond orbital can be observed. The atomic geometry of the 
surface shows (1×1) periodicity and the surface is believed to be relaxed, when group 
V atoms are moved toward vacuum and group III atoms are moved toward the bulk 
[10]. 

1.2 Electronic Band Structure 

1.2.1 Bulk 
Due to the three-dimensional periodical arrangement of the atoms in crystalline 

materials, electrons experience a periodic potential and therefore the electronic states 
may be described by Bloch wave functions. The Bloch wave function is a product of 
a plane wave and a function with the periodicity of the Bravais lattice [1]. 

The solutions of the electron motion problem are represented in the reciprocal 
space (k-space), where the Bloch states are localised. Any solution with a wave 
vector k and an associated energy eigenvalue ε may be confined to the first Brillouin 
zone (BZ) since solutions in neighbouring zones can always be translated to the first 
BZ by a reciprocal lattice vector g. One cubic centimetre of a solid material contains 
~1023 atoms and therefore the number of allowed k-vectors depends on the size of the 
crystal, while allowed solutions are densely spaced in the first BZ. The energy 
eigenvalues εn(k) vary quasi-continuously with k determining the energy bands in the 
solid material. The band index n is used to distinguish different energy eigenvalues 
of different energy bands with the same k. The energy bands have periodicity of the 
reciprocal lattice. Each energy band has its upper and lower energy limits that define 
the energy bandwidth. Energy regions in the band structure without energy bands are 
referred to as band gaps. Available electronic states in the band structure are filled up 
to a certain energy level that is referred to as the Fermi level. If the Fermi level is 
located in the fundamental band gap that separates normally occupied valence band 
states and empty conduction band states, the material is insulating. 

1.2.2 Surface 
The three-dimensional periodicity of the lattice is obviously broken at the surface 

and therefore the electronic states at the surface are different from the electronic 
states in the bulk. The two-dimensional periodicity of the surface gives rise to the 
solutions with energy eigenvalues of type εn(k׀׀) which are disregarded in infinite 
systems [14,15]. These energy eigenvalues form energy bands with the periodicity of 
the reciprocal surface lattice and can be translated into the surface Brillouin zone 
(SBZ) in a similar manner as bulk states. The wave functions are delocalised along 
the surface plane while localised in the direction perpendicular to the surface. They 
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decay exponentially in the vacuum and in the bulk. Three types of the energy states 
at the surface are qualified as: 

♦ A decaying bulk state observed through the surface; 
♦ A surface resonance, when a correspondent energy eigenvalue is 

degenerated with bulk states and therefore propagates deep into the bulk 
having a large amplitude at the surface; 

♦ A true surface state, when a correspondent energy eigenvalue is located in a 
bulk band gap projected onto the SBZ. 

One-dimensional representation of these states is depicted in Figure 3. 

(1) Bulk State

(2) Surface Resonance

(3) Surface State

 

Figure 3. A schematic one-dimensional representation of wave 
functions in the near-surface region. 

In case of clean and well-ordered surfaces, all aforementioned surface states are 
known as intrinsic surface states. Due to various types of imperfections, e.g., missing 
surface atoms (vacancies), anion or cation mutual substitution (antisites) and 
adsorbed atoms or molecules other states can be localised at the surface region 
defined as extrinsic surface states. Depending on the conditions, they may form well-
ordered two-dimensional lattices with translational symmetry and therefore 
electronic band structures similar to the formation of intrinsic surface states can be 
observed. 

1.2.3 Space Charge Region 
Intrinsic and extrinsic surface states induce the development of a space charge 

region that is confined to the surface. Since the whole surface remains electrically 
neutral, the surface state charge generates variations in the electrostatic potential of 
the bulk charge beneath the surface that screen the charged surface. The following 
expression satisfies a charge neutrality condition: 
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0=+ scss QQ , (1) 

where Qss and Qsc are the net charge per unit area in surface states and space 
charge region, respectively [16]. 

The space charge region is accompanied with a band bending of the valence and 
conduction bands in the near-surface region. Thus a depletion layer, an inversion 
layer or an accumulation layer beneath the surface can be formed depending on the 
relative location of the surface states and the Fermi level, charging character and 
density of the surface states. 

 

Figure 4. Schematic diagrams of an n-type semiconductor (a) band 
alignment, (b) free carrier density, (c) local conductivity for depletion, 
inversion and accumulation space charge regions, from [16]. 

Figure 4 (a) illustrates a band alignment in the near-surface region of an n-type 
semiconductor. EC, EV, EF and Ei are the conduction band edge, the valence band 
edge, the Fermi level and intrinsic energy, respectively. D denotes bulk donors, while 
AS and DS denote surface acceptors and donors, respectively. ni is intrinsic carrier 
concentration level; nb and pb are concentrations of electrons and holes in the bulk 
[16]. 
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1.2.4 Surface Fermi Level Pinning 
The Fermi level position depends on the doping concentration and, in some cases, 

can be located above the conduction band minimum. This situation is known as the 
Fermi level pinning that can be observed on surfaces such as InAs(111) and 
InAs(001) [17]. This case is attributed to native point defects at the surface that are 
located in the band gap. Normally unoccupied surface states in the conduction band 
at the surface are populated with electrons that form a two-dimensional (2D) electron 
gas. They can move freely along the surface, while being confined by the potential 
well perpendicular to the surface. 

z

EF

CBM

VBM

+
--

-
2D e-

 

Figure 5. A schematic diagam of downward band banding when 
the Fermi level is pinned at the surface. 

Our experimental work on IBA1-prepared InAs(111) surfaces [18] showed the 
presence of 2D electron gas on indium terminated surface, with the (2×2) surface 
reconstruction. No experimental evidence of occupied electron states in the 
conduction band has been found on the opposite InAs( 111 ) surface. This fact has 
been attributed to the charge removal from the surface region [19] in contrast to the 
former surface. 

Photoemission spectra from both InAs(111) and InAs( 111 ) surfaces are 
presented in Figure 6. Spectra were taken in the probe-only mode, i.e. no transiently 
excited carriers are presented, meanwhile the 2D electron gas is confined at the 
surface region and can be observed at the InAs(111) surface without optical 
pumping. The energy shift ∆E between the valence band maxima of two spectra is 
estimated to be ~ 0.5 eV, which illustrates the correspondent energy shift of the 
Fermi levels. 

                                                                        
1 Surface preparation by the ion bombardment and annealing is described in Section 4.2 
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Figure 6. Photoemission spectra from InAs(111) (2×2) and 
InAs( 111 ) (1×1) surfaces, represented by solid and dashed lines, 
respectively. Occupied electron states above the valence band 
maximum (VBM) on InAs(111) surface create a two-dimensional 
electron gas, which is confined at the surface. ∆E = ~0.5 eV is the 
energy shift between the VBM of two spectra. 
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2 Electron Dynamics in Semiconductors 
In this section, a brief description is given about the interaction between the light 

and solids, carrier generation and carrier relaxation. 

2.1 Interaction between Light and Semiconductors 
The electromagnetic radiation, which is impingent on the semiconductor surface 

can be partly reflected, absorbed or transmitted. 
The reflectivity occurs at a material boundary, where the incident light penetrates 

through an interface of two media with different refractive indices. Fresnel’s formula 
describes how much light is reflected at the interface. The amount of reflection 
depends on the angle of incidence θ1, the polarisation of the light, the ratio of indices 
of refraction n2/n1, and since the index of refraction depends on wavelength, the 
light’s wavelength. 

( ))()(
2
1)( 1||11 θθθ RRR += ⊥ , (2) 

where ⊥R  and ||R  correspond to the reflectance for light polarised perpendicular 
and parallel to the plane of incidence, respectively 

)(sin
)(sin

21
2

21
2

θθ
θθ

+
−

=⊥R , (3) 

)(tan
)(tan

21
2

21
2

|| θθ
θθ

+
−

=R . (4) 

The refraction angle θ2 depends on the incident angle θ1 and refractive indices. θ2 
can be calculated from Shell’s law 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= 1

2

1
2 sinarcsin θθ

n
n . (5) 

The refraction angle θ2 is a complex value since the refractive index of 
semiconductors is a complex for the light radiation used in the experiments. The 
refractive index is related to the relative dielectric permittivity through the 
expression: 

ninn r ′′+′== ε , (6) 

rrr i εεεεεεε ′′+′== 000 , (7) 

where dielectric permittivity ε is a complex number described in more details in 
Section 5.1 and Section  6.4. 

This phenomenon occurs due to the electric displacement in a limited volume of 
the material. The interaction volume is directly related to the absorption coefficient 
and, therefore, penetration depth. 
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The light intensity in an absorbing material is described by an exponential decay 
and called Lambert-Beer’s law 

xeIxI α−= 0)( . (8) 

The amount of absorbed radiation is described by the absorption coefficient α, 
which depends on the wavelength and imaginary part of material refractive index n" 

λ
πα n ′′

=
4 . (9) 

Therefore, materials can be characterised by an absorption depth, which is 
inversely proportional to the absorption coefficient. Absorption coefficient α for 
InSb, InAs and GaSb are 97.79×103, 65.69×103 and 52.37×103 [cm-1] for normal 
incidence of the laser radiation with photon energy of 1.5 eV, respectively [20]. 
Hence the absorption depth of the pump pulse with a typical photon energy of 
~1.57 eV can be estimated to be about 100, 150 and 190 nm for InSb, InAs and 
GaSb, respectively. 

When a semiconductor surface is exposed to the ultrashort pulsed laser radiation, 
it experiences perturbation from its equilibrium state. This perturbation gives raise to 
the number of processes related to carriers excitation and relaxation. 

2.2 Carriers Generation 
Besides all possible excitations in semiconductors, such as band-to-band 

transitions, single or multi-photon absorption, excitonic, impurity related, intraband, 
inter-valence band transitions, the interband transitions dominate among other carrier 
excitation processes when the photon energy is higher than a band gap. The initial 
distribution of the excited carriers is predominantly defined by the dispersion of the 
conduction and valence bands and the spectral width of the excitation pulse. 

An unperturbed system can be described by the fundamental time-independent 
Schrödinger equation of quantum mechanics: 

ψψψ EU
m

H =⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+∇−= )(

2
2

2

0 r , (10) 

where Hamiltonian H0 is the sum of kinetic and potential energies, ψ is the 
electronic wave function, )(rU  is an effective periodic potential and E is the total 
energy of the system. The solutions of Equation (10) can be found from Bloch’s 
theorem in form 

)()( rr k
kr

k n
i

n ue=ψ , (11) 

where )(rknu  has a periodicity of the Bravais lattice and )(rknψ  are the Bloch 
states. 

When the incident electromagnetic radiation, which is induced by the laser pulse, 
interacts with the system, the ground state Hamiltonian H0 can be substituted with 
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( ) )(
2
1 2 rAp Ue
m

H +−= , (12) 

where ∇−= ip  is the momentum operator and A is the vector potential of the 
incoming electromagnetic wave. Equation (12) can be rewritten as a sum of the 
ground state Hamiltonian H0 and the light-solid interaction Hamiltonian H´, which 
acts as a perturbation operator of H0 

⎟
⎠
⎞

⎜
⎝
⎛ ⋅−+⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
+=′+= pArp

m
eU

m
HHH )(

2

2

0 . (13) 

Equation (13) is presented in an approximated form, where the Coulomb gauge 
0=⋅∇ p  and the term containing A2, which is usually much smaller than Ap ⋅ , are 

neglected. The extensive analytical description of light and matter interaction in 
general and interaction Hamiltonian in particular can be found in [21]. 

H´ is used for calculation of transition probability [22], where 

∫ ′=′≡′
V

ifif dHHH rψψψψ * , (14) 

is the overlap integral, which determines the strength of the interaction between 
the states. 

The transition rate per unit volume, i.e. the electron-hole pairs creation, is given 
by Fermi’s golden rule from time-dependant perturbation theory 

)(2 2 hvHRg ρπ ′= , (15) 

where ρ is the density of photons with energy hv. The transition matrix element 
MT, which is another important parameter for this calculation, relates to the 
perturbation Hamiltonian H´ as 
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for the vector potential of the electromagnetic field A(r) as a plane wave of the 
form krieA −

0 . The matrix element, being a material related parameter, depends on 
the symmetry conditions. 

After initial excitation, the semiconductor returns to the thermal equilibrium 
through a series of relaxation processes. 

2.3 Carriers Relaxation 
The relaxation processes can be classified as coherent, non-thermal, hot-carrier 

and isothermal regimes. These regimes are not strictly separated and may overlap in 
time [23]. 

In the coherent regime, the excited carriers are in phase with each other and the 
external electromagnetic field. The phase change of individual carriers occurs 
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randomly within a time interval of ~100 fs, which is referred to as dephasing time. 
The coherence is lost with dephasing due to various scattering mechanisms: carrier-
carrier, momentum, and hole-optical-phonon scattering. 

In non-thermal regime, which follows after coherent regime, excited carriers can 
not be characterised by temperature. The system continues to return to its equilibrium 
through carrier-carrier and carrier-phonon scattering. In time domain, this regime 
takes place between few hundred femtoseconds up to few picoseconds. 

When the system approaches a common single carrier distribution temperature, 
the relaxation can be described by hot-carriers regime. In this regime, carriers 
continue to transfer their excess energy to the crystal lattice through interaction with 
phonons. The thermalisation process can take up to ~100 ps before the carrier and 
lattice temperature reach equilibrium. 

Finally, the system approaches isothermal regime, when carriers, phonons and 
lattice are in equilibrium with each other, they can be described by common 
temperature. In this state, which is reached after ≥~100 ps, carriers still have excess 
energy compare to the thermal equilibrium. Therefore, the system continues to lose 
its energy through both radiative and non-radiative carrier recombination. 

For non-confined energy levels of the semiconductor surfaces, the transiently 
excited carriers concentration is driven by several factors such as carriers generation, 
relaxation and diffusion. The most important approach in the phenomenological 
description of the carriers generation and relaxation processes [22] is the rate 
equation, which can be presented in form: 

),(),(),(),( tzDtzRtzG
t

tzn
r −−=

∂
∂ , (17) 

where n denotes bulk electron density, G is the carrier generation, Rr is the carrier 
recombination and D is the carrier diffusion terms. 

The previously discussed carrier generation G depends not only on the transition 
matrix element MT and photon flux density ρ, but also on the surface reflectivity R 
and the absorption coefficient α [24]: 

g
z RReG )1( −∝ −αα  (18) 

The total carriers recombination rate Rr has a complex expression and consists of 
radiative and nonradiative processes involved in the carriers relaxation phenomena. 
The radiative recombination can be described by a process when an electron relaxes 
from the conduction band into the valence band through a consequent recombination 
with a hole, accompanied by energy release in form of a photon. This 
photoluminescence phenomenon has been known for a long time [25], while 
extensive studies of defect-rich semiconductors and quantum dots performed by 
means of photoluminescence spectroscopy can be found in [26,27]. The 
recombination rates for spontaneous Rspon and stimulated Rstim radiative 
recombination are described by equations 
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where ρ is the optical flux density of photons with energy hv, A21 and B21 are 
Einstein coefficients for spontaneous and stimulated emission [22], f1 and f2 are 
occupation probabilities, expressed by 
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where n and p denote electron and hole densities, respectively. 
The radiative recombination is efficient only for large transition energies, while 

the stimulated emission occurs for photon energies higher than the band gap energy 
of the semiconductor. This type of recombination occurs on the nanosecond 
timescale, while for drastically slowed processes, involving phonon assisted 
recombination in case of indirect bandgap semiconductor, can last up to several 
hundreds microseconds [27]. 

Non-radiative recombination can be characterised by excess energy dissipation 
not through photon emission, but through other processes such as Auger 
recombination and recombination at the defects and surface states. 

The Auger recombination is described by an electron-hole recombination 
accompanied by the energy and momentum transfer to another carrier, which results 
to the occupation of the energy levels in the conduction band higher than the initial 
photon energy of the laser pulse. The recombination rate is proportional to the 
electron and hole densities, n and p, respectively, and can be expressed by 
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The first expression corresponds to the process, which involves three electron 
states and one heavy-hole state (CCCH), and hence expected to be more important 
for higher electron densities. The second expression describes the process, which 
involves one electron state, two heavy-hole states and one split-off or light-hole state 
(CHHS and CHHL) and, therefore, is important for higher hole densities [22]. 

This type of recombination is therefore prioritised for high carrier concentration 
systems; while being bandgap dependent, the rate exponentially decreases with the 
bandgap increase [22]. 

Non-perfect periodic structure of the crystalline lattice and non-perfect surface 
periodicity may result in the presence of energy levels in the forbidden gap. Bulk 
structural defects can be described by point defects, dislocations or stacking faults, 
while surface defects are related to the creation of intrinsic or extrinsic surface states. 
This gives a rise to recombination phenomena that can be classified as carrier traps or 
recombination centres depending on their energy levels. 

Carrier traps are usually classified by quick capturing, while small energy 
differences between traps energy levels and the correspondent conduction or valence 
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bands highly affect the process. High energy separation between trap centres and 
populated energy levels of opposite type of carriers decreases recombination 
probability. The trapped carrier recombination is mostly driven by thermal excitation. 

The recombination centres are related to defects, which are characterised by deep 
energy levels in the forbidden gap. The recombination probability exponentially 
decays with the energy increase, which results in significant reduction of the 
recombination rate due to the thermal emission. Therefore, phonon assisted 
recombination processes are dominating in this type of carrier capturing [28]. 

In general, defect related recombination processes are linearly dependant on the 
carrier concentration, while extensive analytical description of this type of 
recombination can be found in [27]. 

The transiently excited carriers, which are generated by absorption of the optical 
radiation delivered by the pump pulse, can be driven from the near-surface region 
deeper into the bulk. This phenomenon can be described by the high carrier 
concentration gradient at the surface in comparison to the bulk. The laser probe pulse 
with the photon energy of ~9 eV probes the semiconductor surface within the depth 
of ~20-30 Å. The rapid diffusion of excited carriers away from the region, reachable 
by the probe pulse, results in the quick decay of the photoemission signal on the 
collected spectra. The carrier diffusion can be expressed by 
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where De is the diffusion constant related to the mobility µe as 
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where kB is the Boltzmann constant, T is the temperature and e is the electron 
charge. The hole diffusion Dh can be described in a similar manner with a difference 
of mobility coefficient µh, which has typically a smaller value. The high diffusion 
constants are significantly important in case when transiently excited states are 
degenerated with correspondent bulk states. 

Another criteria of carrier removal from the region reachable by the probe pulse 
is the surface recombination [16,24], which can be described by the surface 
recombination velocity S, at the boundary condition near the surface where z = 0 
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Finally in experiments with the time-resolved photoemission spectroscopy, the 
rapid decay of the photoemission signal from the transiently excited carriers is 
primarily governed by high values of diffusion coefficient and surface recombination 
velocity [24]. 
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3 Photoemission 
The photoelectric effect first discovered by H. Hertz was reported in 1887 [29]. It 

was explained by A. Einstein in 1905 [30] by introducing the concept of light energy 
quantisation. 

During years the number of instrumental techniques has been developed upon the 
photoelectric effect. These techniques are some of the most powerful instrumentation 
to study the electron structure of atoms, molecules, solids, surfaces and interfaces. 

In a simple way to describe a large variety of instrumentation and principles, one 
can imagine the material that is exposed to monochromatic light with photon energy 
of hν. Electrons in the sample absorb the photon energy. When the photon energy is 
higher then a certain minimum, which is referred as threshold photon energy hνo, an 
electron gains enough energy to escape through the sample surface into the vacuum. 
A schematic diagram of this process for a semiconductor surface is shown in 
Figure 7. 

hυ
e-

Vacuum Level
Conduction Band
Fermi Level
Valence Band

 

Figure 7. A schematic overview of the photoemission process. An 
incoming photon with sufficient amount of energy excites an electron. 
The electron overcomes the surface barrier and escapes into the 
vacuum. 

The photoemission process is very complicated indeed and quantum-
mechanically described as one-step model. To simplify the explanation of the 
process, the “three-step-model” is usually considered to be the easiest description 
that artificially divides the photoemission process into three independent steps [31]: 

1 The incoming photon of sufficient energy excites an electron from its 
initial state to its final state at a higher energy level. 

2 The excited electron propagates through the crystal to the surface. 
3 The electron escapes from the material through surface into the vacuum. 

During the first step, an electron absorbs photon energy, while energy and 
momentum within a reciprocal lattice vector g are both conserved 
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The electron can be inelastically scattered during propagation to the surface in 
step two. During a scattering event that may occur even several times the electron 
energy will diminish and therefore the information about electron initial state will be 
lost. Those electrons contribute to the background in the photoemission spectra. The 
probability of an electron to be transported to the surface without any inelastic 
scattering is given by the mean free path λ and represented in Figure 8. 

 

Figure 8. Escape depth of an electron as a function of electron 
kinetic energy, from [14]. 

The curve is fairly identical for all materials and referred as the universal curve 
for the escape depth of electrons. Due to the small λ at the local minimum of about 
50 eV, electrons from the outermost atomic layers are more likely to escape from the 
surface into the vacuum that makes experiments to be extremely surface sensitive at 
these energies. 

In step number three, a successfully transported excited electron escapes from the 
material. Its escape angle and its kinetic energy depend on its initial state. 

The following considerations can be applied to calculate the electron initial state 
from experimental data. Since three-dimensional symmetry of a crystal is broken at 
the surface, only two-dimensional translation symmetry of the surface requires a 
conservation of the parallel component of electron momentum within a reciprocal 
surface lattice vector G, while the perpendicular component normal to the surface is 
not conserved. The electron energy is still conserved. 
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Thus, by measuring the electron escape angle θe and the kinetic energy εk, the 
wave vector component parallel to the surface k|| can be directly extracted from the 
experimental data. 

A convenient expression to calculate the parallel component of the wave vector 
typically is used in an adapted form: 

[ ] [ ] ek θε sin eV0.5123Åk -1
|| = . (30) 

The relation between the perpendicular wave vector component and the electron 
initial state can be deduced theoretically by approximation of the final state bands 
with free-electron bands [32]. 
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where V0 is the inner potential and g is the reciprocal bulk lattice vector. 
On the other hand, surface states that do not have any dispersion relation with ⊥k  

can be fully specified by ε(k||). 

3.1 Bulk and Surface State Emission 
Experimental spectra contain data from bulk and surface electron energy states. 

To distinguish certain contribution to the photoemission spectra, the following 
criteria may be applied: 

♦ A true surface state is located in a projected bulk band gap; 
♦ A surface resonance coincides with a correspondent energy state in the 

energy bands of the bulk; 
♦ A surface state must have a periodicity of the SBZ; 
♦ Surface states can be changed with the surface due to different surface 

treatment or degeneration. 

3.2 Pump-and-Probe Photoemission 
The general principle of the laser pump-and-probe photoemission technique, 

depicted in Figure 9, is based upon utilisation of two laser pulses. The first pump 
pulse excites electrons from the valence band to normally unoccupied states above 
the Fermi level. The pump pulse is constructed from the fundamental harmonic of the 
laser system with photon energy typically ~1.6 eV. The second pulse emits electrons 
from the valence and the conduction bands. The probe pulse in the present setup 
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consists of the radiation obtained in two stages, i.e. by frequency doubling in a BBO 
crystal and sequential frequency tripling in a xenon gas cell. The photon energy in 
the probe pulse is typically ~9.5 eV. 

E

[semiconductor]

Pump

Probe

Pump

Probe

valence band

conduction band

Evacuum

Ekinetic

band gap

band gap

photoelectron
spectrum

∆t

laser pulses

excited structureθe

 

Figure 9. A schematic overview of the time- and angle-resolved 
pump-and-probe photoemission technique, from [24,33]. 

The optical delay line precisely controls a time delay between two pulses with 
spatial accuracy of ~1 µm, which corresponds to time accuracy of ~6 fs. The 
photoemitted electrons are finally analysed by the time-of-flight spectrometer that 
has an acceptance angle of ~5º. Angle-resolved experiments can be performed by 
changing the emission angle θe, i.e. the angle between the surface normal and the 
detector. 
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4 Instrumentation 

4.1 Low Energy Electron Diffraction 
Low energy electron diffraction (LEED) is used for determination of the surface 

structure, i.e. size, symmetry and the location of the atoms within the unit cell. 
Several studies devoted to the surface crystallography based upon LEED are 
extensively described in [34,35,36]. 
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Figure 10. A schematic overview of the LEED setup. 

LEED nowadays is used to routinely examine clean surfaces. In nearly all 
experiments that are carried out on single crystal surfaces, the basic characterisation 
is performed by LEED. 

A schematic overview of a typical LEED setup for electron diffraction 
experiments is depicted in Figure 10. A standard LEED technique is based on elastic 
scattering of the electrons from the sample surface. An electron beam with primary 
monochromatic electrons within the range from 20 to 500 eV is produced by an 
electron gun. The wavelength of these electrons is of the order of the inter-atomic 
distance in crystal lattices. After passing a system of electromagnetic lenses, the 
electron beam is focused on the sample surface, where the electrons are elastically 
scattered toward the fluorescent screen. A set of grids placed in front of the 
fluorescent screen serves as a filter. These grids prevent access of low energy 
secondary electrons to the detection area, where the diffraction pattern of the Bragg 
diffraction spots can be observed. 

Scattered by individual lattice points, electrons form a diffraction pattern, where 
the spot size and distances are inversely proportional to the domain size and atomic 
location at the surface in the real space. 

An extensive description of kinematic theory of surface scattering and of LEED 
can be found in [16] and [1], respectively. 
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4.2 Ion Bombardment and Post Annealing 
Due to the fact that the number of crystallographic surface planes, which can be 

produced by cleavage, is limited, a cleaning method utilising ion bombardment with 
followed subsequent annealing is an essential methodology to produce clean surfaces 
without such limitations. 

Once the sample has been introduced into the system, surface contaminants are 
allocated at the topmost atomic layers and can be sputtered off by bombardment with 
noble gas ions, e.g., Ar+ or Ne+. Subsequent post annealing is necessary to remove 
the rest of embedded and adsorbed noble gas atoms from the surface and to recover 
the surface order. Usually a typical cleaning procedure contains several sputtering 
cycles with post annealing after each bombardment cycle. An ion bombardment 
cycle starts by admitting a noble gas into the ion gun, where the gas ionisation 
process takes place. 

The base pressure in the system depends on the ion gun type and can vary in 
range from 10-9 to 10-3 Torr with either gas evacuation or a closed system 
configuration. In case of a differentially pumped ion gun base pressure in the system 
can be reduced down to 2.0×10-9 Torr, when only a small portion of ionised noble 
gas is introduced into the main system. Gas ions pass through an electromagnetic 
lens system that focuses the ion beam on the crystal surface. Four deflection plates 
are placed after the lens system. These plates can be used to raster the ion beam. 
Applying a saw-tooth-like voltage to one of two deflection pairs, the focused ion 
beam can be scanned along both horizontal and vertical directions. This rastering 
procedure provides a possibility to uniformly sputter an almost rectangular area at the 
sample surface during one cycle. 

The ion current, acceleration voltage, system base pressure together with the 
number of bombardment cycles and sputtering duration depend on the material type 
and the thickness of the layer to be removed. 

The present ion bombardment setup is a differential ion gun Model Φ04-300 by 
Perkin-Elmer. The gun is supplied with a leak valve supported with an argon gas 
reservoir. The ion gun is operated by an ion gun control unit Model Φ11-067 by 
Perkin-Elmer. 

The temperature needed during subsequent annealing is very much dependent on 
the material. In case of semiconductor surfaces, annealing temperatures a few 
hundred degrees below the melting point applied for 5-10 minutes are usually enough 
to restore the surface order. In our experimental setup a resistive heating element 
embedded into the sample holder is used to heat the sample. The heating element 
delivers thermal heat through a molybdenum holder to the sample that is fixed 
directly on the holder with two clamp locks. A thermocouple element is incorporated 
in the holder assembly in order to provide a temperature feedback to the electronic 
heating controller that drives the resistive heating element. Sometimes it is 
favourable to keep the sample at elevated temperatures during the ion bombardment. 
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Figure 11. A schematic overview of an ion bombardment setup. 

The sample is mounted on a sample “hot and cold” sample carrier Model 
XL25HC by Thermo Vacuum Generators that has an embedded resistive heating 
element continuously working in a temperature range -140…500 ºC and may be 
flashed up to 1000 ºC. The sketch of the sample carrier is presented in Figure 12. By 
utilising external dry nitrogen cooling assembly, the sample carrier may be cooled 
down. The sample carrier includes an N-type thermocouple for positive thermal 
contact and accurate temperature monitoring. The sample carrier is docked in a 
sample receiver Model XL25 that has the surface polar φ-rotation in a range of 
-110...180º. The receiver is mounted on a sample holder that has the complete 
azimuthal θ-rotation. The xyz-translation stage is attached to the top flange of the 
chamber supporting the sample holder. 

Clamp

Thermocouple

 

Figure 12. A sample carrier with an embedded resistive heating 
element, two clamps and thermocouple. 

In some cases the annealing temperature is very important for the surface 
geometry and several surface reconstructions can be observed at the same material. 
In particular cases, different types of atomic surface structure can be obtained by 
using cleavage and ion bombardment in UHV. For example, cleaved Si and Ge(111) 
surfaces exhibit the (2×1) superstructure, whereas the sputtered and annealed 
surfaces display the (7×7) and (2×8), respectively [16]. It should be mentioned that 
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for compound semiconductors cleavage in UHV is much preferred as surface 
preparation technique, while sputtering and annealing yield much higher rates of 
atomic deficiency and surface defects that worsen the surface quality. 

4.3 Experimental Setup 
A presentation of the experimental setup for time- and angle-resolved 

photoelectron spectroscopy based upon a femtosecond regeneratively amplified 
titanium:sapphire (Ti:S) can be found in [33], while the system is comprehensively 
described in [24]. Since then, the system has been modified with new equipment such 
as an optical delay line, a monochromatic grating, a multi-anode electron energy 
analyser (MAEEA), a sample holder. The description of new components together 
with a brief description of other parts is given in the following sections. 

4.3.1 Laser System 
The experimental setup is based upon a regeneratively amplified Ti:S laser 

system (Clark-MXR CPA-1) schematically presented in Figure 13. 
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Figure 13. A schematic overview of the regeneratively amplified 
femtosecond titanium:sapphire laser system, from [24,33]. 

An argon-ion laser (Spectra-Physics BeamLok 2060) continuously pumps a self-
mode-locked Ti:S laser oscillator (Clark-MXR NJA-4). The oscillator produces the 
pulsed radiation with a repetition rate of ~100 MHz and a pulse width of ~100 fs. 
This radiation is utilised for the experiments that do not require maximum pulse peak 
power such as photoluminescence spectroscopy [37,38]. In case of photoemission, 
the radiation is amplified by the chirped pulse amplification (CPA) method. The 
output beam from the oscillator is sent to an optical isolator box that redirects the 
beam to a single grating pulse stretcher, where a pulse is temporally stretched to 
~100 ps. A redirected stretched pulse acts as a seed pulse for a regenerative Ti:S 
amplifier, which is pumped by a Q-switched frequency doubled Nd:YAG laser 
(Clark-MXR ORC-1000). A fast photodiode inside the optical isolator synchronises 
the Pockels cell driver, which controls the Pockels cell inside the amplifier. One out 
of 105 pulses is locked inside the amplification cavity and makes ~10 roundtrips 
draining the energy from the Ti:S crystal. This arrangement provides an 



4 Instrumentation 23 

 

amplification gain of ~106. The unlocked amplified pulse is finally temporally 
compressed by a double grating pulse compressor. The pulse width of a compressed 
pulse is longer than an originally produced pulse from the oscillator due to the 
bandwidth limitation of the optical components inside the stretcher, amplifier and 
compressor. The system is tuneable in the wave length range from 760 nm to 810 nm 
without changing of any optical components, while the range between 720 nm and 
950 nm is available with a change of optical components. The repetition rate can be 
set up to 5 kHz, while the pulse energy decreases correspondingly. 

A specification of the amplified laser system is: 
♦ Pulse width, Tpw ~150 fs 
♦ Tunability, λ = 720..950 nm 
♦ Photon energy, Eph = 1.31..1.73 eV 
♦ Repetition rate, ƒ = 1..5 kHz 
♦ Pulse energy, Ep = 600 µJ at ƒ = 1 kHz 

4.3.2 Frequency Conversion 
The laser system in the present setup produces a pulsed radiation with the 

maximum photon energy of ~1.73 eV. This photon energy is not sufficient for the 
photoemission studies and, therefore, the fundamental frequency is up-converted by 
two stages. 

The first stage is based upon second harmonic generation (SHG) first discovered 
in crystalline quartz [39]. The frequency doubling is realised on a beta-barium borate 
β -BaB2O4 (BBO) crystal, which is well suitable for short pulse laser systems [40]. 
The BBO crystal has a thickness of ~1.5 mm and a diameter of ~5 mm. The crystal is 
embedded in a two-angle adjustable holder placed into a bidirectional translation 
stage setup for fine tuning. The phase matching adjustment and the laser beam 
position optimisation result in a conversion efficiency of ~30 %. Therefore, the 
pulsed radiation of the energy ~200 mJ and the photon energy of ~3.46 eV can be 
produced by the SHG stage. 

The second stage is realised in a xenon gas cell with a length of ~10 cm and a 
diameter of ~40 mm. The cell has an ultraviolet-grade fused silica (UVGFS) input 
window and a lithium fluorine LiF output window that is transparent for wave 
lengths down to ~105 nm. Both windows have a thickness of ~4 mm. The frequency 
doubled light after the BBO crystal is focused by a plano-convex lens with a focal 
length of 150 mm in the center of the gas cell filled with ~10 Torr of xenon gas. The 
focal intensity is ~1014 W×cm-2. The high intensity within the waist of the beam 
results in a nonlinear response within the noble gas by producing odd multiple 
harmonics of the input fundamental [41,42]. The conversion efficiency is ~10-5-10-6, 
while the intensity of produced harmonics rapidly decreases with the increase of their 
order [43,44] depending on a number of variables such as pulse intensity and gas 
pressure. The fundamental together with produced radiation expands collinearly into 
the UHV beam line. The output LiF window is transparent for the third harmonic and 
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filters out all higher harmonics. The wavelength selection is accomplished by the 
monochromator grating chamber, described in Section 4.3.6. 

4.3.3 Dichroic Beamsplitter 
After the frequency doubling stage, the radiation consists of two components: the 

fundamental harmonic from the laser system and the doubled frequency created by 
the SHG stage. A multi-layer dichroic beamsplitter by Melles–Griot/TecOptics is 
placed after the BBO crystal and separates the fundamental and the frequency 
doubled light. The beamsplitter is transparent for the fundamental radiation, while the 
frequency doubled light is reflected by the beamsplitter when the incident angle is 
~45º to the normal. Thus, two pulses are created by the beamsplitter referred to as a 
pump pulse (transmitted fundamental) and a probe pulse (reflected frequency 
doubled). Two pulses travel different optical ways to the sample: a probe pulse to the 
gas cell described in Section 4.3.2 and a pump pulse to the optical delay line. 

4.3.4 Optical Delay Line 
The optical delay line is almost the same as described in [24,33]. It consists of 

two mirrors placed at an angle of 90º in respect to each other in order to maintain a 
fixed beam position during translation. The mirrors are mounted on two stages: a 
computer controlled translation stage (TS) (ThorLabs single axis motorised 
translation stage PT1/M-Z6) and a manual TS (ThorLabs PT1/M). Both TSs have a 
travel range of 25 mm with a resolution of 1 µm. The collinear assembly of two TSs 
provides 50 mm total and 25 mm PC1 controlled travel range. This configuration 
enables to control a time delay of the pump pulse in respect to the probe pulse in the 
range of 333 ps totally and within a range of 166 ps by the PC. The PC is equipped 
with a motion control master board (ThorLabs DCX-PCI 100 series) and a servo-
motor control module (ThorLabs DCX-MC 100). The operational software is written 
in LabVIEW 5.1 (by National Instruments) and provides the motion control of the 
motorised TS during the experiments. 

4.3.5 Berek Polarisation Compensators 
The polarisation of both pump and probe beams are separately controlled by two 

Berek polarisation compensators (BPC) (New Focus Model 5540). One is placed 
after the optical delay line to control the pump beam, while another is located after 
the beamsplitter to control the probe pulse. A BPC is a single-order wave plate made 
from MgF2. The BPC can provide wide polarisation control in a wavelength range 
between 200 nm and 1600 nm. 

4.3.6 Grating Chamber 
The grating chamber is an UHV chamber pumped by a Varian Turbo-V250 pump 

and an ion pump. The base pressure is typically at low 10-8 Torr scale. Two vacuum 
beamlines connect a gas cell with a grating chamber and the grating chamber with 
                                                                        
1 PC is a personal computer, see Section 4.4.4.2 for more information about equipment control. 
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the analysis chamber, respectively. A monochromator grating is positioned in the 
centre of the grating chamber. The monochromator grating is an MgF2 coated 
aluminum 1200 grooves/mm blazed spherical grating with a blaze angle of 5.2º and a 
1 m curvature radius. The grating is mounted on a holder and a rotation stage that can 
be controlled through a rotational feedthrough for the final alignment and the 
wavelength selection. The circular part in the centre of the grating is uncoated, which 
enables the pump pulse2 to be sent from the back of the grating. Besides a wide 
energy range compatibility of the pump pulse, this configuration provides an 
excellent spatial overlap of the pump and probe pulses due to the collinear entry of 
both beams into the experimental chamber [45]. It eliminates the spread in the 
temporal overlap arisen from noncollinear incidence of two beams of a finite 
diameter. 

4.3.7 Analysis Chamber 
The analysis chamber is connected to the grating chamber by a beam line with a 

set of four sequentially placed circular diaphragms. The diaphragm diameters are 25, 
15, 5 and 2 mm. This arrangement is used to protect the sample surface from an 
unwanted radiation that can be reflected from the grating, limiting an admitted beam 
diameter to 2 mm. The chamber is pumped by a Varian Turbo-V550 pump together 
with a Varian ion pump Model 9127008SP. A base pressure in the analysis chamber 
is typically at low 10-10 Torr scale. The ultra high vacuum (UHV) is required to 
reduce the time of the surface contamination process that takes place after the surface 
cleaning and to perform the photoemission experiments. The chamber contains a 
LEED3 apparatus that is used to check the surface quality and orientation, an ion 
bombardment gun4 to sputter the sample surface, sample holder5, and a multi-anode 
electron energy analyser (MAEEA) described below. 

4.4 Multi-Anode Electron Energy Analyser 
The time-of-flight (TOF) multi-anode electron energy analyser (MAEEA) is used 

to examine the kinetic energy of photoemitted electrons. The photoemission 
phenomenon is described in Section 3. 

The escape angle and the electron kinetic energy depend on the crystal 
momentum k and the initial energy state of an electron. Thus, the detection of the 
electron escape angle and the analysis of the electron kinetic energy provide 
consistent information about the electron initial state. A circular analyser of diameter 
D placed at the distance ℓ from the sample has an acceptance angle 

                                                                        
2 The pump pulse travels different optical path from the probe pulse until the grating. 
3 LEED description can be found in Section 4.1. 
4 The description of ion bombardment can be found in Section 4.2. 
5 Sample holder description is presented in Section 4.2. 
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A smaller diameter and a longer drift distance result in a smaller acceptance angle 
accompanied by a decrease of the electron detection probability. The distance ℓ also 
determines the accuracy of electron kinetic energy measurements. The TOF 
technique is based upon the quantitative examination of the drift time of the 
photoemitted electron. The kinetic energy of a non-relativistic free electron is 
expressed by 

2

22

22 t
mm ee

k ==
νε , (33) 

where me is the free electron mass, v is the electron velocity, ℓ is the electron drift 
distance and t is the electron drift time. Therefore, the kinetic energy of the 
photoemitted electron can be obtained by measurements of its drift time. 

A schematic overview of the MAEEA is represented in Figure 14. Initially, the 
MAEEA consists of a photodiode with a constant fraction discriminator, a multi-
anode detector assembly, an adapter, a high voltage distribution box and electronics. 
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Figure 14. A schematic overview of the multi-anode analyser. 
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Photoemitted electrons drift in the vacuum towards the detector in the drift area 
surrounded by the drift tube. The electrons are amplified by a multi-channel plate 
(MCP) assembly and detected by the detector anodes. A high voltage (HV) electrical 
response from the anode is decoupled by the adaptor and transformed into a low 
voltage signal. The signal is sent through an amplifier into a constant fractional 
discriminator (CFD). A filtered logical signal from CFD stops a counter in a time-to-
digital converter (TDC). The TDC is started by a start pulse that is sequentially 
detected by a fast photodiode, filtered by a CFD, delayed by a pulse delay unit (PDU) 
and transformed into a logical signal by a logical level translator (LLT). Measured 
data is collected by a list sequence crate controller (LSCC). When the memory of the 
LSCC is full, all data is transmitted through a GPIB interface of a crate controller 
(CC) into the personal computer (PC). A program running on the PC continuously 
updates received data and visualises appropriate information in the real-time mode. 

4.4.1 Multi-Anode Detector 
The multi-anode detector (MAD) is based on an eight-inch ConFlat flange 

represented in Figure 15. A detector matrix is sealed into the centre of the flange with 
a diameter of 60.5 mm. A grid and a chevron-mounted pair of MCP are placed on top 
of the detector matrix. The detector matrix and the MCP are described in 
Sections 4.4.1.1 and 4.4.1.2, respectively. 

The grid is normally grounded in order to prevent the electron drift area from 
penetration of the electrical field induced in the MCP. The drift tube with a length of 
~47 cm and made out of µ-metal is located in front of the detector and also protects 
the drift area from external magnetic fields. The drift tube is fastened with two metal 
yokes that are through ceramic insulators attached to the flange by three metal rods. 
The drift tube is normally grounded. The light can be scattered from the sample 
surface and other parts inside the system and therefore can be reflected into the drift 
tube. Since the MCP is also sensitive to incoming photons, the presence of the light 
is unwanted. Hence for protection, the inner wall of the drift tube is covered with an 
anti-reflective coating to reduce the probability of undesirable light to be scattered 
from the walls. 

Notation Electrical Connection Connector Type 
A Grid BNC 
B MCP In SHV 
C MCP Out SHV 
D Anode Ground Plane SHV 

Table 1. A correspondence between notations on the eight-inch 
flange and the electrical connections of the detector assembly. 

Four standard mini-flanges with a diameter of 1 and 1/3 inch are placed on a 
circular diameter of 120 mm. Three of them are terminated by SHV-5 connectors 
mounted on correspondent flanges, while the fourth is a BNC connector. These 
electrical connectors are used to provide electrical connection to the MCP, an anode 
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ground plate and the grid. They are marked as A, B, C and D at the front side of the 
main flange. The correspondence between notations and electrical connections is 
represented in Table 1. 

AC

B

D

 

Figure 15. The multi-anode detector assembly is based on an 
8-inch Conflat flange with four electrical contacts mounted on mini-
flanges and equipped with a double stage MCP amplifier. 

4.4.1.1 Detector Matrix 
The detector matrix consists of ninety-six pixels that are arranged in a regular 

rectangular matrix of 12 rows and 8 columns. Each pixel has a rectangular shape with 
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a height and a width of 3.0 mm and 2.4 mm, respectively. Thus, a pixel detection 
area is 7.2 mm². 

Anode Ground Plane

a) b)

1
12

25

96

A-AA

A

c)

A

A

 

Figure 16. An overview of the detector matrix, some of the pixels 
are numbered for convenient correspondence to the signal channels. (a) 
A front view (vacuum side) of the anode pixel matrix with a pixel size 
of 2.4×3.0 mm2 arranged in a rectangular matrix 12×8, surrounded by 
an anode ground plate. (b) Pin-out layout of the ceramic flange (air 
side). (c) A side view cross section. 

The matrix is surrounded by the anode ground plane that is normally kept under 
the same electrical potential as the pixels. This electrical arrangement maintains the 
uniform electrical field around the detection area. Both the detector matrix and the 
anode ground plane are located inside the vacuum on a ceramic substrate with a 
diameter of 42 mm. The detector matrix is centrally mounted into the eight-inch 
flange. Each pixel has an electrical feedthrough with a diameter of 0.75 mm at the 
backside of the ceramics. The feedthroughts are also ordered in a 12×8 rectangular 
matrix with a pitch of 2.54 mm between neighbouring contacts in a similar way as 
the detection matrix on the vacuum side. This arrangement permits to use ordinary 
connectors to couple the matrix to the next stage. 

4.4.1.2 Electron Amplification 
The electron amplification stage contains a pair of 40-mm diameter circular 

chevron mounted multi-channel plates (MCP) shown in Figure 17. Although a round 
shaped MCP configuration is used, in principle, a plate of different shape can be 
constructed to satisfy any desirable coverage area [46,47,48,49]. An MCP consists of 
a large number of micro channels merged together. In the present MAD, the MCP 
has a channel diameter of ~6 µm, while the length of a channel is ~1 mm. The high 
voltage (HV), ~1000 V applied across the plate is required for a single stage MCP. 
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Several stages (up to three) of MCP can be sequentially assembled together in order 
to increase amplification gain. The operational HV increases according to the number 
of stages in the implementation. 

 

Figure 17. A standard circular configuration of a micro-channel 
plate (MCP), bottom part of the figure represents the principle of 
amplification, from [47]. 

When a primary electron strikes an inner wall of one of the channels in an MCP, 
a number of secondary electrons are emitted, Figure 17. These secondary electrons 
are accelerated by the electrical potential gradient and travel along a parabolic path 
determined by their initial velocities. Secondary electrons collide with the opposite 
wall surface, causing a next sequence of secondary electron emission. In this manner, 
the electrons collide continuously within the channel until the output side of the 
MCP. The result of this process is a logarithmic multiplication of the electron current 
appearing at the output. In order to avoid a flight-through possibility, a channel 
direction is skewed off the normal at an angle of ~30°. An assembly of several MCP 
up to three stages can be combined together to increase the amplification gain. The 
channel direction in each stage must be kept at a reverse angle in respect to its 
neighbours. Such a configuration is referred to as “chevron-mounted” and reduces an 
electron flight-through effect and finally improves electrical characteristics of the 
MCP. 

The amplification gain of a double stage MCP measured at operational voltage of 
2 kV is ~2×106 [47]. 

A multi-stage MCP configuration has worse spatial resolution compared to a 
single-stage MCP due to the electron current broadening within MCP cross-section. 
This situation is depicted in Figure 18. 
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a) b)  

Figure 18. A spatial overlap of MCP channels (a) between first 
stage and second stage and (b) second stage and third stage. 

A channel of the first plate that has experienced an electron strike, produces an 
electron current at the output side of the plate, represented by a solid circle. The 
channel output overlaps with four channels of the second plate and the electron 
current induces the secondary electron emission in these channels, depicted as grey 
filled channels in Figure 18 (a). Ten channels of the third stage depicted in 
Figure 18 (b) will accept the electron current from the sequential amplification in 
four channels of the second plate, which are represented by solid circles. Finally, this 
situation limits a distance between two neighbour anode pixels up to ~0.03 mm with 
MCP channel diameter of ~6 µm. The distance between two neighbour pixels in the 
present implementation is 0.14 mm. 

4.4.2 Adapter 
A home made adapter has been constructed to connect the detector matrix to the 

electronics. The adapter has three functions: mutual interconnection of anode pixels, 
decoupling the output signal lines from the HV and matching the output impedance 
with the next electronic module. 

4.4.2.1 Schematics 
An electrical diagram of the adapter is presented in Figure 19. The adapter 

consists of thirty-two electrical schemes identical to the diagram area surrounded by 
a dashed line. Each circuit contains three resistors referred to as R1, R2 and R3, one 
HV capacitor C1, and two counter-coupled diodes that are referred to as D1 and D2. 
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Figure 19. An electrical diagram of the adaptor, the dashed 
rectangular area represents a similar part of the electrical circuit for 
each channel. The detailed description of the correspondence between 
input anode pixels and output channels can be found in Table 2. 

A surface-mounted 1 MΩ resistor R1 is used for current limitation as well as an 
active damper for the signal propagation into other channels, i.e. two sequentially 
connected resistors of type R1 actively decouple any two channels. 

All ninety-six-pixel outputs from the detector matrix are connected in three 
(inputs “In 1”, “In 2” and “In 3”), producing a topological “L”-shape detection region 
for each output channel. Mutual interconnection among pixels has been performed 
according to Table 2, where an input “In (i)” is referred as “Pixel” and an output 
“Out” as “Channel”. 

An electrical discharge induced in any of three “L”-shaped pixels propagates 
through resistor R2. A 50 Ω surface-mounted resistor R2 is used to minimise ringing 
in the signal line due to the impedance mismatch between the input and output of the 
electrical chain. R2 is used as an active damper of the signal that is bouncing between 
the input and the output. The value of R2 has been found empirically and can be 
attenuated according to the design specificity. 

The HV of ~2.4 kV is supplied to the input “Adapter In”. A 470 pF ceramic high-
voltage capacitor C1 decouples DC components of the HV pulse.  
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Channel Pixels  Channel Pixels 
1 1, 13, 14  17 49, 61, 62 
2 2, 3, 15  18 50, 51, 63 
3 4, 5, 16  19 52, 53, 64 
4 6, 17, 18  20 54, 65, 66 
5 7, 19, 20  21 55, 67, 68 
6 8, 9, 21  22 56, 57, 69 
7 10, 11, 22  23 58, 59, 70 
8 12, 23,24  24 60, 71, 72 

9 25, 26, 37  25 73, 74, 85 
10 27, 38, 39  26 75, 86, 87 
11 28, 40, 41  27 76, 88, 89 
12 29, 30, 42  28 77, 78, 90 
13 31, 32, 43  29 79, 80, 91 
14 33, 44, 45  30 81, 92, 93 
15 34, 46, 47  31 82, 94, 95 
16 35, 36, 48  32 83, 84, 96 

Table 2. Mutual interconnection of the anode pixels and their 
correspondence to output channels. Any three pixels of an output 
channel are electrically connected. 

A 50 Ω pull-down resistor R3 matches an output impedance of the signal chain 
and an input impedance of sequentially connected electronics. During initial switch-
on or final shut-down procedures, capacitor C1 is charged or discharged, 
respectively, through the electrical chain R1-C1-R3. 

Two counter-coupled diodes D1 and D2 terminate each output channel to prevent 
HV hazard. This configuration also protects the electronics from being destroyed due 
to an accidental appearance of the HV at the output. 

4.4.2.2 Channel Layout 
96 anode pixels are connected in three, creating an “L”-shape pattern of the 

detection area for each channel. The vacuum side of the detector matrix together with 
the electrical interconnection of the pixels is represented in Figure 20. The anode 
ground plane surrounds the detector matrix. 

Some of anode pixels are conveniently marked. Any three neighbour pixels that 
are filled with the same pattern correspond to the same output channel, i.e., can be 
acknowledged as an identical detection area. It must also be noticed, that any two 
same pattern filled areas, which are not neighbours, are considered to be two 
different output channels. 
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Figure 20. Topological interconnection among anode pixels that 
can be seen from the vacuum side of the detector matrix. Some pixels 
are conventionally numbered. 

The crosstalk is one of factors that affect the total system performance. At higher 
crosstalk, the induced noise increases detection errors. Therefore, this 
interconnection has been chosen to minimise spatial boundary contact between 
neighbouring channels. The boundary minimisation results in the reduction of mutual 
capacitive coupling and the crosstalk between two neighbour channels. 

4.4.2.3 Detector Matrix Feedthrough Fitting 
A standard solution of connecting the pixels to the adapter with flat signal cables 

has turned out to be a severe problem because of the impedance mismatch, ringing 
and crosstalk issue among the channels. 

A connection fitting has been designed in order to overcome the problem. The 
fitting consists of two printed circuit boards (PCB), described in the next section, an 
intermediate plastic insulation disk with a thickness of 3 mm and two retain 
insulation disks both with a thickness of 6 mm. 

 Two PCBs are represented in Figure 21. The upper PCB (a) accommodates 
thirty-two surface-mounted resistors of type R1 and sixteen surface-mounted resistors 
of type R2 (refer to Section 4.4.2.1). The lower PCB (b) has only sixteen resistors of 
type R2. Two 2.54 mm pinch 12×2 straight connectors are mounted on each of the 
PCBs. The interconnection between two PCBs is done with sixteen single metal pins, 
which are soldered to both PCBs, while a 3 mm diameter insulation disk is located in 
between the PCBs. These pins form two intermediate connectors to RC-chain, while 
another pair of intermediate connectors of similar type is directly soldered to the 
upper PCB. 

Two retain insulation disks are mounted on both sides of the construction and 
fastened with four 3 mm diameter bolts with a length of 24 mm. This design allows 
the fitting to be perfectly aligned to pass the detector matrix pin-outs, but it has been 
found that any small displacement of the pins may cause pin bending and finally 
destroy the contact. A set of four intermediate ordinary 2.54 mm pinch 12×2 straight 
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connectors, placed directly to the detector matrix pin-outs, comes to be a simple and 
fine solution to prevent possible damages of the detector. 

4.4.2.4 Printed Circuit Boards 
The layouts of PCBs are represented in Figure 21. 

c)

b)a)

 

Figure 21. Layouts of printed circuit boards (PCB) implemented in 
the adaptor, where (a) and (b) PCBs are interconnected holding surface 
mounted components; (c)6 PCB accommodates output LEMO 
connectors and vertically allocated diodes and pull-down resistors. 

Two PCBs (a) and (b) are used in the feedthrough fitting design, while four PCBs 
(c) are used to accommodate the rest of the components. All PCBs are done from 
single-side 17.5 µm copper covered laminate material with a thickness of 0.5 mm. 

4.4.2.5 Component Mounting Design 
Thirty-two LEMO type connectors are mounted on four PCBs, presented in 

Figure 21 (c), i.e. eight connectors on each board. Two counter-coupled diodes D1 
and D2 together with a pull-down resistor of type R3, refer to Section 4.4.2.1, are 
placed close to each of LEMO output connectors. 

A HV ceramic capacitor C1 is soldered to the connector pin on one side, while 
the other side is soldered to 2.54 mm pinch straight 12×1 intermediate connector. 
                                                                        
6 The PCB layout (c) in Figure 21 is presented in inverted colours. 
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Thus, an adapter section is formed by one output PCB, eight LEMO connectors, 
sixteen diodes, eight resistors, eight capacitors and one intermediate connector. 

The channel outputs (“Out” in Figure 19) are arranged in an irregular matrix of 
4 rows and 8 columns in the output panel of the adaptor terminated by LEMO 
connectors. An overview of the output panel is represented in Figure 22. 

1 8

9 16

17 24

25 32

84 mm 56.5 mm 65 mm

83 mm

197 mm

 

Figure 22. A schematic overview of the adapter. Some of the 
output channels are numbered. Correspondence between output 
channels and the anode pixels can be found in Table 2. 

Two of the adapter sections are fastened together through two parallel metal 
supports. The intermediate connectors are directly attached to the fitting contacts and 
two supports are fastened to two “T”-supports located on the fitting. 

The adapter output panel together with two side-brackets makes the construction 
rigid enough. All elements are accommodated in a box cover that has two brackets to 
be fastened to the detector flange. The box is made out of 1.5-mm-thick stainless 
steel. A schematic overview of the adaptor is presented in Figure 22. The output 
channels are numbered in accordance to the logical connection to the anode pixels 
represented in Table 2. 

Thirty-two interconnection cables, made out of a flexible RG-174 cable, connect 
the adaptor to photoelectron preamplifiers. A 1.5-m-long cable is terminated by a 
straight plug LEMO type connector at both ends. 
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4.4.2.6 Output Channel Electrical Characteristics 
Typical signal waveform diagrams recorded at the adapter outputs are represented 

in Figure 23, Figure 24 and Figure 25. These signals have been practically measured 
on the oscilloscope (Tektronix Model TDS350) with a time resolution of 0.1 ns and a 
voltage resolution of ~200 µV by averaging of sixty-four random signals. 

 

Figure 23. A waveform diagram. The solid line waveform is a 
signal in the adapter output channel that has experienced an electron 
strike, while the dashed line waveform is an induced signal in the 
neighbouring channel and the doted waveform is noise induced in non-
neighbouring channels. 

In Figure 23, the solid line waveform corresponds to the electrical response from 
one of thirty-two adapter channels, which has experienced an electron strike. The 
signal is a negative electrical pulse with amplitude of ~25 mV and has the full width 
at half maximum of 2 ns. At the same time, the signal from the neighbouring channel 
has been measured and represented by the dashed line in Figure 23. This signal has 
the maximum amplitude of 4 mV, which corresponds to crosstalk of 16 % between 
two channels. Similarly, the doted line depicts the waveform from another channel, 
which is located far away from the signal channel, and referred here to as noise with 
the amplitude of 0.7 mV and crosstalk of 2.8 %. The noise and the signal in the 
neighbouring channel can be explained by the capacitive coupling between the 
channels, which is here referred to as the crosstalk. 

If the pulse can be approximated with a half period of the harmonic oscillation, 
then the time period of the oscillations will be ~8 ns, which corresponds to the 
frequency of 125 MHz. These parameters determine the requirements for the 
preamplifier connected to the adapter. 

Time characteristics of the signal pulse are represented in Figure 24. The pulse 
has a rise time of 1.2 ns and a falling time of 3 ns. The first order exponential fitting 
has the decay time constant of 1.4 ns. Several local minima of the pulse, separated 



38 4 Instrumentation  

 

from the main peak in time by ~2.5 ns, are considered to be electromagnetic 
oscillations induced in the channel due to the capacitive coupling between the 
detector anode matrix and the MCP amplifier together with reflections in the signal 
electrical chain because of impedance mismatch, referred here to as the ringing 
effect. 

 

Figure 24. Time characteristics of the pulse. Rising time tR, falling 
time tF, pulse amplitude VMAX and the full width of half maximum 
tFWHM equal to 1.2 ns, 3 ns, 25 mV and 2 ns, respectively. First order 
exponential decay fitting, represented by the dashed line, has a time 
decay constant of 1.4 ns. 

 

Figure 25. Waveform diagram of signals detected in cables of 
different length. Selected parts correspond to the signal reflection. 



4 Instrumentation 39 

 

By measuring the signal in cables of different lengths, a significant reflection 
from the 50 Ω cable terminator can be detected. This situation is shown in Figure 25. 
The reflection changes its position from the main signal peak by additional 15 ns 
according to the change of the cable length by additional 1.5 m. This timing 
corresponds to double path signal travelling in the cable. Two waveforms (dashed 
and doted lines) are artificially biased to -5 and -10 mV, respectively, for convenient 
estimation. 

4.4.3 High Voltage Distribution Box 
The high voltage distribution box (HVDB) is a custom made device to distribute 

high voltage among receivers. 
HVDB electrical diagram is represented in Figure 26, and consists of five 

resistors and eight capacitors. All the components are accommodated in a metal box 
supplied with six connectors. 

The high voltage of ~2400 V from a HV power generator is sent to input 
“HV IN”. Through a sequential resistive divider 2 MΩ–20 MΩ–2 MΩ, voltages of 
2400, 2400, 2200, 2000 and 200 V are supplied to the outputs “Adapter IN”, “Anode 
Ground Plane”, “MCP OUT”, “MCP IN”, respectively. Two 1 MΩ resistors at the 
outputs “Adapter IN” and “Anode Ground Plane” are used for current limitation. 

HV IN

4.7 nF

Adapter In1 MΩ

4.7 nF
Anode 
Ground
Plane

MCP OUT

MCP IN

GRID

1 MΩ

4.7 nF
2 MΩ

4.7 nF

1 nF

20 MΩ4.7 nF

2 MΩ
1 nF 4.7 nF

 

Figure 26. An electrical diagram of the high voltage distribution 
box. 

Type of connectors and technical characteristics of both input and outputs are 
represented in Table 3. 
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Contact Contact 
Type 

Connector 
Type Voltage, V Connected To 

HV IN Input SHV-5 2400 External high voltage 
power supply 

Adapter IN Output SHV-5 2400 Adapter “In” 
Anode 
Ground Plane Output SHV-5 2400 Detector flange “D” 

MCP OUT Output SHV-5 2200 Detector flange “C” 
MCP IN Output SHV-5 200 Detector flange “B” 
GRID Output BNC 0 Detector flange “A” 

Table 3. Specification of input and output connectors of the high 
voltage distribution box. 

The connection of the HVDB with other units is done by cables, which are made 
out of RG-58 cable. Interconnection cables have both ends terminated by SHV-5 
straight plugs, except GRID cable, which is terminated by BNC straight plug. 

The leak current through a 24 MΩ resistive chain is estimated to be 100 µA when 
the input high voltage is 2400 V. This current value is used as a reference for a 
current limiter control of the HV power generator. 

4.4.4 Signal Processing 
The principal idea of the time-of-flight technique is based upon measuring the 

time between a laser pulse that excites the electrons and an electrical response from 
the detector that detects photoemitted electrons. The accuracy of measurements is 
very critical and the signal processing must be done by a real-time data acquisition 
system (DAS). 

Typically, the laser system produces a short pulse radiation with the repetition 
rate of 1...5 kHz. At the laser repetition rate of 1 kHz, which is a usual experimental 
case, the DAS can detect 1000×32 time-values during time period of 1 second at the 
best. To produce one clear spectrum, a time period of ~15 min is required. During 
this time a number of changes in the surrounding conditions such as temperature 
drift, changing of the light intensity, incident beam position and etc. can be expected. 
The idle time minimisation together with increasing the detection performance 
drastically improves the experiment quality. 

4.4.4.1 Synchronisation 
The synchronisation of the signal processing with a laser pulse is carried out by a 

fast photodiode (ThorLabs DET2-Si High-Speed Silicon Detector). The photodiode 
is placed in the pulse compressor of the laser system. It responds immediately when 
the laser pulse leaves the laser system. A constant fractional discriminator (CFD) 
(Phillips Scientific 6915 Timing Discriminator) converts the photodiode response 
into a logical NIM signal for further processing. The signal from the CFD is sent to a 
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pulse delay unit (PDU) and the delayed NIM signal is transformed into a logical ECL 
signal by a logical level translator described in Section 4.4.4.2. 

4.4.4.2 Data Acquisition System 
The data acquisition system (DAS) consists of two primary parts: a CAMAC 

(Computer Aided Measurement and Control, IEEE 583) standard instrument bus and 
a personal computer (PC), represented in Figure 14. 

A mainframe (LeCroy 8025 CAMAC instrument mainframe) is able to 
accommodate up to 25 single module instruments. These modules can be used for 
data collection, storage and processing. Normally, a crate control module occupies 
the two last slots, which leaves only 23 available slots for additional instruments 
within one mainframe. 

The mainframe has an internal 24-bit data bus to provide communication between 
the instruments. Digital data and instructions can be transmitted through the data bus. 
Also almost all instruments are equipped with different standards of front and rear 
panels and contacts for interconnection. These features make a large variety of 
available instruments to be extremely flexible and suitable for scientific research 
purposes. 

The output signals from the adapter are sent to two amplifiers (16 Channel 
Photomultiplier Preamplifiers by Phillips Scientific Model 7176) (AMP). An AMP is 
a single width CAMAC module with 16 non-inverting voltage channels with an 
amplification gain of 10. It amplifies signals in the range from DC to over 275 MHz 
and therefore can process pulses with a pulse width up to 3.6 ns. 

After the AMP, the signal is sent to a constant fraction discriminator (CFD). Two 
slightly different models of a single CAMAC module (16 Channel CFD Model 
C 208 and Model C 808 by C.A.E.N.) are used in the present DAS. A CFD accepts 
16 positive or negative inputs and produces 16 differential ECL output signals. The 
discriminators thresholds are individually settable and readable for each channel. The 
value can be selected in a range from 0 to 1024 mV and corresponds to both positive 
and negative thresholds. Each channel can be turned on or off by using a mask 
register. The fraction delay can be selected in the range from 2 ns to 10 ns. The main 
purpose of a CFD is to qualify an input signal of the specific amplitude and width. In 
case of identification, the module produces a logical response of ECL standard in the 
adequate output channel. 

A logical signal from a CFD is sent to a time-to-digital converter (TDC). The 
DAS has two TDC (16 Channel TDC Model 7186 by Phillips Scientific). A TDC is 
packaged in a single width CAMAC module and contains 16 channels. Each channel 
has a time-to-amplitude converter followed by a digital processing section. A TDC 
has different timing settings covering the time range of 100, 200, 400 and 800 ns 
with 25, 50, 100 and 200 ps resolution, respectively. Each channel can be 
individually programmed with pedestal correction and both lower and upper 
thresholds. This feature allows compensation of the signal walk time due to the 
difference in signal path length in all channels. After acceptance of a CFD signal, a 
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TDC requests a list sequence crate controller (LSCC) to internally upload the 
processed data. 

An LSCC (List Sequence Crate Controller Model 3982 by Kinetic System 
Corporation) is a single width module that works together with a GPIB Crate 
Controller (CC) (Model 3988 by Kinetic System Corporation) to drive a CAMAC 
mainframe. The LSCC has a 16-bits 8192 program instruction memory and a 24-bits 
1024 data memory. A machine-language instruction set can be uploaded in the 
LSCC. The instruction set is executed autonomously and consumes LSCC data 
memory. When the LSCC data memory is full, the CC sends a request to the PC, 
which transfers the data from the LSCC through a GPIB interface. 

The PC (Dell Dimension XPS T450, Intel Pentium, 450 MHz) is used to make an 
initial initialisation of programmable registers in the CFDs and TDCs as well as to 
upload initial instruction set into the LSCC. Accepting a data transfer request from 
the LSCC through the CC, the PC transfers the data for further processing and 
visualisation. A LabVIEW program (LabVIEW 5.1 by National Instruments) 
provides complete functionality and also supports a programmable operation of the 
optical translation stage (refer to Section 4.3.4) during time-resolved experiments. 

A programmable high voltage power supply (HVPS) (Model 2415 by LeCroy) is 
a general-purpose HVPS packaged in a double CAMAC module. The output voltage 
and the maximum output current can be set via front panel potentiometers. The high 
voltage output can be selected in a range from –3.5 to +3.5 kV, while a configuration 
up to 7 kV is also available. The HVPS provides the HV to the HVDB, described in 
Section 4.4.3. 

A 16 channel logical level translator (LLT) (Model 7126 by Philips Scientific) is 
a double width module that is used for translation of input signals into the outputs of 
different standards. 

A pulse delay unit (PDU) (Model 792 by Philips Scientific) is a double width 
module. The PDU consists of two separate sections adjustable in 0.5 ns steps up to 
maximum delay time of 63.5 ns for each section. Therefore a serial connection of 
two sections provides maximum delay time up to 127 ns. 

The LLT and the PDU are sequentially implemented for the signal processing 
chain of the synchronisation signal that is detected by a fast photodiode ThorLabs 
DET2-Si High-Speed Silicon Detector. The photodiode is situated in the optical 
pulse compressor of the laser system. The diode detects laser pulses and produces 
analogue pulses, which are converted into logical NIM pulses in a constant fractional 
discriminator Phillips Scientific 6915 Timing Discriminator. And finally, an output 
signal from the CFD is sent to the TDC. The TDC accepts the signal as a start pulse 
to run a counting procedure for the current measurement cycle. 

4.4.4.3 Time Diagram 
The signal processing time diagram is represented in Figure 27. The diagram 

consists of eight lines referred to as: 
1 “Laser pulse” is a laser pulse produced by the laser system. 
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2 “LLT” is a logical pulse from the logical level translator (LLT). 
3 “Scattered light” is the light reflected from different surfaces in the 

system. 
4 “Electrons” are the photoemitted electrons from the sample surface. 
5 “CFD” is the signal from the constant fractional discriminator (CFD). 
6 “PDU” is the signal from the pulse delay unit (PDU). 
7 “TDC” is the signal from the time-to-digital converter (TDC). 
8 “LCSS” is an operation procedure of the list sequence crate controller 

(LSCC). 
Each laser pulse, produced by the laser system, is represented by Figure 27 (1). 

The laser pulse initiates three signal sequences represented by arrowed lines. 
The first sequence is the laser pulse detection by the fast photodiode with further 

signal processing in the CFD (not presented here) and the LLT, presented by 
Figure 27 (2). The logical signal from the LLT is sent to the PDU, presented by 
Figure 27 (6). The PDU formally delays the pulse in time in order to avoid the pulse 
overlap with the scattered light, which is represented by the third line of the diagram. 
Further more, the delayed pulse initiates the counting procedure in the TDCs and 
serves as a “START” signal for TDC internal counters. The TDC counting sequence 
is represented by Figure 27 (7) and referred as “TDC”. 
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Light
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CFD

PDU

TDC

LSCC

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)  

Figure 27. A time diagram of the signal processing taken at some 
points. 

The second sequence generated by the laser pulse is the following. The light is 
scattered from the sample surface as well as from some other reflective parts of the 
system and therefore can be reflected to the detection region. The scattered light is 
presented in Figure 27 (3). Since the detector is also sensitive to the photons with 
wavelengths used in the experiment, the signal is identified by the CFD and the CFD 
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response is generated. As it can be seen from Figure 27 (5), the CFD signal contains 
two portions. The scattered light initiates the first portion of the CFD signal while the 
photoemitted electrons correspond to the second part, which is well shifted in time 
from the laser pulse. 

Finally, the third sequence initiated by the laser pulse is the electron 
photoemission from the sample surface. These photoemitted electrons Figure 27 (4) 
are shifted in time from the scattered light since the electron drift velocity is much 
smaller then the speed of the light. Whenever the electron arrives at the detector, the 
detector produces an electron detection pulse. This event is represented by the dashed 
area in the forth line of the diagram due to the photoemitted electrons of different 
kinetic energies travel with different speeds and can be detected within a certain time 
window. The signal from the detector is sent to the CFD, Figure 27 (5), which 
consists of two parts as it was mentioned above. The second dashed part corresponds 
to the electron detection signal, which is farther sent to the TDC, Figure 27 (7), and 
formally serves as a “STOP” pulse for the internal counters of the TDC. 

When the counting procedure has been completed the internal interrupt request is 
generated. This request initiates a download procedure of the LSCC Figure 27 (8). 
During this time the information stored in the TDCs is transmitted to the internal data 
memory of the LSCC. 

4.4.5 Software 
In order to perform experiments and run the DAS, a number of programs has 

been written in LabVIEW, which is a graphical program interface environment 
issued by National Instruments (NI). LabVIEW is considered to be extremely 
oriented to the development of scientific applications. Aside from the main program, 
a code for the LSCC requires specific instructions written in machine-dependant 
language. 

A simplified block diagram of the software is represented in Figure 28. The 
diagram can be separated in four parts. The first part from block 1 to block 12 is an 
initial portion of software running on the PC, and it mainly serves for initialisation of 
all instruments and devices. This portion is executed only once when the main 
program has been started. The second part from block 13 to block 24 is the SRQ 
interrupt handler also running on the PC. This portion is executed whenever a system 
request (SRQ) from the CC to PC appears. The third part from block 25 to block 28 is 
the signal-processing running on a TDC. When either counter of the TDC gets its 
correspondent “STOP” pulse or in case of the counter timeout, then a local request 
RQ2 is generated. The fourth part from block 29 to block 35 is an LSCC oriented 
instruction set running on the LSCC. This portion is executed whenever a request 
RQ2 appears. 

At the beginning, program execution starts from block 1 by running the main 
program. A GPIB reset and initialisation of the CC are sequentially done in block 2. 
Block 3 enables a request from the CC to the PC to be handled by the system. A local 
request in the CAMAC from the LSCC to the CC, referred as RQ1, is enabled in 
block 4. The initialisation of two CFDs, i.e. setting up of thresholds, logical output 
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pulse width together with channels dead time is sequentially done in block 5 and 
block 6. In order to equalise the signal path difference of all channels, referred here 
as pedestal correction, a set of previously evaluated and stored pedestal values is 
loaded into two TDCs in block 7. Block 8 enables a local request in CAMAC from 
one of the TDCs to the LSCC. The request is referred to as RQ2. An LSCC 
instruction set is loaded into the LSCC program memory in block 9. If time-resolved 
experiments are required, then the optical translation stage (OTS) must be homed, i.e. 
OTS must be placed at its zero position, and finally located at the specific spatial 
point, which is usually close to time overlap of pump and probe pulses. This 
procedure is shown in block 10. Block 11 enables to run the uploaded LSCC 
instruction set by an RQ2 (block 29). And finally in this part, block 12 releases all 
priorities and returns the execution control to the system. 

The second part is an interrupt handler running on the PC. It is invoked when an 
SRQ is generated (block 13). In block 14 the LSCC data memory is read into the PC 
memory as a data stream through the GPIB interface. Block 15 resets the LSCC data 
memory. Since all received data is collected and LSCC memory is empty, the 
execution of the LSCC instruction set can be enabled in block 16, which was 
previously instrumentally disabled in block 33. The received data is processed 
according to the channel numbers and a part of spectra is analysed in case of time 
resolving in block 17. Then sequentially in block 18, storage data arrays are updated 
and the visual representation is refreshed on the PC display data graphs for 
interactive control during the experiment. In block 19, the completeness of the 
current spectrum is checked. If the spectrum is already finished, then a control is 
redirected to block 20, which changes the OTS location to a new appropriate 
position. The completeness of all spectra is checked in block 21, and in case when all 
spectra have been collected, then the control is sent to block 22, which saves all data 
arrays into a file set. Finally, the program termination is done in block 23. In case 
when neither the current spectrum is completed nor all spectra are collected yet in 
block 24, the interrupt handler returns the execution control back to the system in a 
similar manner as in block 12. 

The third part is executed in the TDC. Block 25 corresponds to a logical 
“START” signal generated by the fast photodiode when the laser pulse has been 
detected. This block runs all enabled counters in the TDC, which is referred to as 
time processing in block 27. Whenever the TDC channel experiences an electron 
strike, the “STOP” pulse is created in block 26, which terminates the time processing 
procedure. In block 28, a local CAMAC request RQ2 is generated when either the 
“STOP” pulse or the counter timeout is detected. RQ2 appearance invokes execution 
of block 29. 

The fourth part, represented in dashed blocks in Figure 28, is the LSCC oriented 
instruction set, which has been uploaded in the LSCC memory in block 9. This part is 
executed in the LSCC each time when an RQ2 is generated, block 29. In block 30, the 
LSCC reads the calculated data from both TDCs into internal LSCC data memory. 
The instruction set initiated request RQ2 is reset in block 31. In block 32, the 
instrumental control of the LSCC data memory overflow is performed. In case when 
the LSCC data memory is full, the control is sent to block 33, which instrumentally 
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disables the execution of the LSCC instruction set. The SRQ is generated in block 34, 
and the system will forward the operation control to the interrupt handler in block 13. 
If the LSCC data memory is not full, block 35 switches the LSCC into the waiting 
mode for another RQ2. 
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Figure 28. A block diagram of the software for the time-of-flight 
experiments. Solid line blocks correspond to LabVIEW code 
implementation on the PC, while doted and dashed blocks are 
correspond to TDC signal processing and LSCC internally loaded 
instruction set, respectively. 
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4.5 Energy Calibration 
The energy calibration procedure of the MAEEA can be split in two phases: 
♦ Time walk correction 
♦ Time-to-energy calibration 

The first phase is a compensation of the overall time walk, which arises from the 
diversity in the wire length and data processing electronic circuits among the 
channels. This compensation does not depend on photon energy of the laser radiation 
or kinetic energy of photoemitted electrons. Two solutions can be proposed to 
accomplish this phase: the directly reflected laser light or scattered light can be used 
since the MCP is sensitive to the photons; a sharp Fermi edge measured on all 
channels can be used as a reference point on the time scale. 

The time walk correction has been performed by measuring a sharp Fermi edge of 
molybdenum surface cleaned by 500 eV Ar+ IBA7 at room temperature (RT). The 
fundamental laser wavelength was λ = 790 nm and corresponding sixth harmonic 
with photon energy Eph = 9.42 eV. The measured data has been approximated with 
the Fermi-Dirac distribution function [22]. The Fermi level EF was calculated for all 
channels and a difference between the reference EF and the calculated EF for each 
channel was taken as a time value for pedestal correction8. 

The second phase of the energy calibration has been accomplished by measuring 
the EF of the aforementioned molybdenum surface with and without bias. 

Then kinetic energy of a free electron travelling in the field free region can be 
expressed as 

2

22

22 t
mvm ee

k ==ε , (34) 

where me is the free electron mass, v is the electron velocity, ℓ is the electron drift 
distance, and t is a drift time . With applied bias, the kinetic energy is expressed as 

2

22

22 bias

ebiase
biask t

mvmV ==+ε , (35) 

where vbias is the electron velocity, and tbias is the electron drift time with applied 
bias Vbias. By simplifying these equations, the kinetic energy can be rewritten as 

22

2

bias

biasbias
k

tt
Vt

−
=ε . (36) 

The drift length ℓ can be found from Equation (34) 

                                                                        
7 See Section 4.2 for IBA surface cleaning procedure. 
8 The DAS uses pedestal values for time walk equalisation, see Section 4.4.5. 
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The MAEEA work function ФA is the difference between the photon energy and 
the electron kinetic energy 

kphA E ε−=Φ . (38) 

Figure 29 shows two photoemission spectra taken from the IBA cleaned 
molybdenum surface similar to one used in the first calibration phase. The first (left) 
spectrum was taken from the biased surface with Vbias = -5 V, while the second 
(right) spectrum represents unbiased (grounded) surface. The Fermi edge EF has been 
found at tbias = 248.0 ns and t = 344.2 ns for biased and unbiased sample, 
respectively. The dotted line in Figure 29 represents a Fermi-Dirac distribution 
function of the EF for both surfaces. 

From Equation (36), the kinetic energy of the electrons at the Fermi level has 
been found to be ~5.40 eV. The drift length ℓ is ~47.4 cm, from Equation (37). The 
analyser work function ФA is 4.02 eV. This measurements were performed with the 
laser radiation of λ = 790 nm and corresponding sixth harmonic with photon energy 
Eph = 9.42 eV. 

 

Figure 29. Photoemission spectra form unbiased and biased at –5V 
IBA cleaned molybdenum surface. Dotted lines represent Fermi-Dirac 
distribution functions. The Fermi edge is located at t = 344.2 ns and 
tbias = 248.0 ns for unbiased and biased sample, respectively. 

The TOF energy resolution ∆E is given by the general expression [33,50] 
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For a given kinetic energy, the energy ∆E can be reduced by increasing the drift 
time t. This can be accomplished by increasing the drift length ℓ accompanied with 
the decrease of the detection probability due to collisions on the longer ℓ and smaller 
acceptance angle α (refer to Section 4.4). The time uncertainty ∆t is affected by 
several factors such as an MCP transit time jitter of ~100 ps [51], the TDC accuracy 
and the CFD time walk of >200 ps, the time difference for electrons hitting the 
central part of the detector vs. electrons at the detector perimeter due to a non-
spherical geometry. The former factor has been estimated to be ~295 ps for 
photoemitted electrons with kinetic energy εk of 5 eV on the drift length ℓ of 47.4 cm, 
while the time uncertainty for a single channel due to non-spherical geometry is 
~48 ps for same εk and ℓ. 

Figure 30 represents photoemission spectra of a Fermi edge of an IBA cleaned 
molybdenum surface measured at RT. 

The total energy resolution ∆εtot for a single channel has been estimated to be 
~140 meV, while a cumulative mode ∆εtot is somewhat higher (~158 meV). 

The ∆εtot can be split in several parts such as the thermal broadening, energy 
broadening of the laser system, and experimental energy resolution 

( ) ( ) ( ) ( )2222
laserthexptot εεεε ∆+∆+∆=∆ . (40) 

The thermal broadening is a function of the ambient temperature 
∆εth = 4kBT = ~100 meV. The energy broadening of the laser system is attributed to 
the frequency spread and therefore energy spread during short pulse generation. This 
fact has been comprehensively described in [24]. The short pulses with a pulse width 
of ~100 fs induce the energy broadening ∆εlaser of ~10 meV. 

The experimental resolution ∆εexp of the MAEEA has been estimated to be 
~122 meV and ~98 meV in the cumulative mode and for a single channel, 
respectively. This estimation is done for the Fermi electrons, i.e. εk = 5.4 eV. 
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Figure 30. The Fermi edge of IBA cleaned molybdenum surface 
measured at room temperature (RT) with a Fermi function fit (solid 
line) corresponds to the total energy resolution, while a dotted line 
represents a RT Fermi function for a randomly chosen channel #00 (a) 
in the corner and channel #11 (b) in the middle of the detection area 
(c). The total energy resolution of the multi-anode detector in the 
cumulative mode (d) is estimated to be ~158 meV. 
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5 Ferroelectrics 

5.1 Dielectrics 
Dielectric materials are good electrical insulators. They do not have free carriers 

due to the strong bounds between their valence electrons and atoms. Under influence 
of an external electric field, dielectrics respond by redistributing the charge balance 
inside the material. This causes a small displacement of negative and positive charges 
in opposite directions and therefore induced dipoles are formed. All dipoles are 
polarised. The total polarisation of a crystal depends on the number of dipoles in unit 
volume and their polarisation direction. The polarisation is a function of an external 
electric field and can be expressed as 

EEP 00)1( χεεε =−= r  [C m-2], (41) 

where εr is the relative dielectric permittivity, ε0 is the permittivity of free space, χ 
is the dielectric polarisability and E is the electric field. 

The total polarisation of a crystal is composed of several types of polarisation. 
These polarisation types can be classified as following. 

Electronic polarisation is a property of all dielectrics when a minute 
displacement of negatively charged electron shells with respect to the positively 
charged nuclei occurs. This displacement is small and the system returns in its 
original position after an external electric field is removed. Small separation of the 
charge centres results in a small total polarisation in contrast to other polarisation 
mechanisms. This mechanism can be observed in a wide spectral range. 

Ionic polarisation involves a displacement of charged ions with respect to other 
ions in the crystal structure in an applied field. This displacement results in a creation 
of temporally induced dipoles contributing to the total polarisation of the system. On 
a macroscopic scale, the physical dimension of the system is changed due to the 
atomic displacement. 

Orientation polarisation occurs in dielectrics that possess permanent dipoles. The 
dipoles are randomly oriented in the material without an external field. An applied 
electric field causes dipole reorientation along the direction of the field. A dielectric 
experiences a much higher polarisation degree compared to other polarisation 
mechanisms. 

Figure 31 illustrates schematic representation of abovementioned polarisation 
mechanisms. 

The three polarisation mechanisms discussed above contribute to the total 
polarisation of the system in a steady regime when a constant external field is 
applied, while some of them disappear in high frequency applied field. 
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Figure 31. Polarisation mechanisms: (a) electronic, (b) ionic and 
(c) orientation polarisation. 

A contribution of different polarisation mechanisms to the total polarisability is 
schematically represented in Figure 32. All three contributions can be observed under 
microwave frequencies and therefore the total polarisability is high. With further 
frequency increase, the contribution from the orientation mechanism diminishes. The 
ionic polarisation can be detected up to the infrared region. It disappears, however, at 
optical frequencies. The contribution of the orientation and ionic polarisation at high 
frequencies becomes negligibly small due to the inertia of the molecules and ions. 
Therefore the dielectric polarisability arises almost entirely from the electronic 
polarisation mechanism in the optical range. 
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Figure 32. Frequency dependence of the total polarisability 
composed of orientation, ionic and electronic polarisation mechanisms, 
from [52]. 
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5.2 Ferroelectric Materials 
Ferroelectric materials can be classified as non-linear dielectrics that exhibit an 

in-built electric dipole moment in the absence of an external electric field. The era of 
ferroelectricity might be dated to 1921 when J. Valasek discovered ferroelectric 
phenomenon in Rochelle salt [53]. Up to now, more then two hundred pure materials 
and complex crystals are known to exhibit ferroelectric properties. 

Ferroelectric materials demonstrate a wide range of physical properties such as 
polarisation switching, high dielectric constant, pyroelectricity, piezoelectricity, and 
electro-optic effect [54]. The phenomenon of ferroelectricity recently attracted the 
attention for the successful progress in the development of thin-film fabrication 
technique. The development enables the integration of ferroelectric materials in high 
quality thin-film form directly into standard micro device fabrication processes [55]. 

Moreover, applications of ferroelectric materials due to their unique properties 
can be found in electronics, electro-optics, electro-mechanics and many other 
branches in both bulk and thin-film forms. 

5.3 Ferroelectric Properties 
The ferroelectric properties usually disappear above a certain temperature. This 

temperature is called the transition temperature or Curie point Tc. Above the 
transition temperature the crystal is said to be in a paraelectric state, while below Tc 
the crystal remains in a ferroelectric state. Hence the crystals that are commonly 
considered to be ferroelectrics, experience the change from the low polarised state to 
the high temperature unpolarised state at Tc. 

Some ferroelectric crystals do not have a Curie point due to their melting point 
being located below the transition temperature. Therefore the crystals always remain 
in ferroelectric phase. 

The transition affects both structural and physical properties of the material. In 
ferroelectrics, a structural transition from centre-symmetric to non-centre-symmetric 
unit cell occurs at Tc. The cations in a unit cell, schematically presented in 
Figure 33 (a), oscillate in the periodic potentials about a nonpolar site (b) in the 
paraelectric state above Tc, while in the ferroelectric state (c) atomic displacements 
occur about a polar site. As an example, two polar sites represented in Figure 33 (c) 
can be considered as two logical states “0” and “1” for memory applications. 
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Figure 33. (a) A unit cell of a perovskite structure PbZrxTi1-xO3, 
cations oscillate in the periodic potential (b) with central symmetry, (c) 
with broken central symmetry. 
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Figure 34. Gibbs free energy polarisation dependence. The system 
is in (a) a paraelectric state where α(T) > 0 and in (b) a ferroelectric 
state where α(T) < 0 at different applied external fields. 

Devonshire developed a phenomenological theory of ferroelectricity based upon 
the phase transition theory of Landau-Ginzburg [56,57] by choosing the polarisation 
P as an order parameter [54], where the phenomenological expansion of the free 
energy is given in terms of P. The cubic symmetry reduces the expansion to a series 
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of even power terms of P, while truncated up to forth order, the Gibbs free energy G 
can be expressed as 

42
0 )(

4
1)(

2
1)(),,( PTPTTGEPTPEG βα +++−= , (42) 

where E is an external applied electric field, G0 is the Gibbs free energy at P = 0, 
α and β  are temperature dependant functions. 

The Gibbs energy G as a function of polarisation P is presented schematically in 
Figure 34. 

The thermo-dynamical equilibrium of the system can be found at the minimum 
value of the free energy G, where 

0)( 3 =++−=
∂
∂ PPTE

P
G βα . (43) 

In general case there are three solutions P(E) of this cubic equation shown in 
Figure 35. 
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Figure 35. Polarisation as a function of an applied external electric 
field. The solid line represents the system in a ferroelectric state, while 
the dashed line corresponds to the system in a paraelectric state. 

At α > 0 there is only one minimum of G presented in Figure 34 (a). This solution 
corresponds to one real root of Equation (43). The polarisation is zero if E = 0 and 
monotonously grows with the electric field increase. This is a paraelectric state 
shown in Figure 35 with a dashed line. The differential polarisability χ is the material 
response on a small change of the electric field 



56 5 Ferroelectrics  

 

23
1

PE
P

βα
χ

+
=

∂
∂

= . (44) 

At α < 0 and at a weak electric field E < Ec, there are two minima and one 
maximum of the Gibbs energy thus there are three real roots of Equation (43). The 
maximum of G(P) gives a branch of function P(E) with a negative differential 
polarisability χ < 0. It corresponds to an absolutely unstable thermodynamical state. 
Two others have χ > 0 and one of them is a ground state with the lowest value of the 
Gibbs energy and another is a metastable state with a higher G. At electric field 
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called coercive field, the second minimum disappears and a metastable 
polarisation is switched (rotated) from P1 = –[|α|/3β]1/2 to the positive value, so-called 
the ground state. This displays the hysteresis phenomenon, which can be defined as 
the irreversibility of the polarisation P(E). 

The presence of two minima of the Gibbs potential corresponds to the existence 
of ferroelectric domains. Each domain is considered to be a set of unit cells where all 
in-built permanent dipoles in ferroelectric state are oriented in the same direction. At 
zero electric field, a continuous formation of domain twin pairs of similar size and 
shape occurs until the total energy of the system will be minimised. Therefore, the 
formation of a ferroelectric domain structure can be explained by the minimisation of 
the electrostatic and elastic energies within the crystal. At non-zero external electric 
field, the volume of the domains polarised parallel to the field increases at the cost of 
the domains oriented in the direction opposite to the external field. Interestingly, the 
volume ratio of properly and non-properly oriented domains changes with external 
electric field strength to keep intrinsic electric field to be zero until all the interior of 
the ferroelectric becomes polarised in the direction of the electric field. 

Two main quantities parameterise the hysteresis loop presented in Figure 35. 
They are the coercive field Ec presented in Equation (45) and remnant polarisation Pr 

β
α

=rP . (46) 

The temperature dependant parameter α changes its sign at the critical 
temperature Tc (Curie point) 

)()( 0 cTTT −= αα ; 00 >α . (47) 

At T = Tc both the coercive field Ec and the remnant polarisation Pr approach 
zero, whereas the differential polarisability χ in Equation (44) drastically increases. 
Therefore, Tc is one of the main parameters used in practice to tailor the ferroelectric 
properties depending on the application needs. 

Square polarisation loops with a high coercive field and a high remnant 
polarisation are of a great benefit for nonvolatile memory and piezoelectric devices. 
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A ferroelectric memory is based on the principle to store the electric charge in one of 
the remnant states: “0” or “1”. However, the polarisation switching costs energy per 
volume, which is equal to the area inside the polarisation loop. 

Therefore, the hysteresis is a negative factor for voltage tunable or so-called 
frequency agile devices, which exploit a non-linear dependence of the dielectric 
polarisability χ(E). The ferroelectric with a slimming non-linear polarisation loop 
(with the lowest Pr and Ec) meet main requests for microwave and electro-optic 
materials. 
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6 Instrumentation and Technique 

6.1 Pulsed Laser Deposition 
The pulsed laser deposition (PLD) is an efficient method to grow highly 

crystalline thin films. The PLD utilises a technique called laser ablation. This 
phenomenon occurs when a highly intensive laser beam is focused on a target. The 
laser pulse with the high energy density ablates almost any material. Then, the 
ablated material in form of laser plume travels a short distance, typically ~4-10 cm, 
from the ablated target towards the substrate, where the thin film growth occurs. 
Thus, PLD can be regarded as a convenient method in particular to compounds that 
are difficult or sometimes even impossible to produce in thin film form by any other 
technique [58]. 

More than one hundred materials have been grown by PLD [58]. Typical 
examples of the complex materials that can be grown by PLD are high-temperature 
superconductors such as YBa2Cu3O7, BiSrCaCuO, TlBaCaCuO, MgB2 [59,60,61,62], 
oxides such as SiO2 [63], carbides such as SiC [64], nitrides such as TiN [65], 
ferroelectric materials Pb(Zr,Ti)O3 [66] diamond-like carbon C [67], Buckminster 
fullerene C60 [68], polymers polyethylene, PMMA [69], metallic systems 
30 alloys/multilayer, FeNdB [70,71]. 

Besides the variety of the materials that can be deposited, the following features 
of PLD can also be mentioned [58]: 

♦ The target material stoichiometry is accurately reproducible in the thin films 
♦ PLD has higher deposition rates in comparison to other physical deposition 

methods 
♦ Small target size can be used 
♦ Relatively low processing temperatures due to the high energy of the plume 
♦ Processing in the high pressure of the ambient gas environment 

The main disadvantage of PLD is a relatively small deposition area, which limits 
PLD mostly to research activities. 

6.1.1 Laser System 
The homogeneous laser output is one of the requirements for the high quality thin 

film production. Any deviation from the uniformity of the laser causes the film 
quality degradation [58]. 

The high output power and an appropriate operational wavelength region make an 
EXCIMER laser to be the most common type of the lasers suitable for the laser 
ablation. An excimer is a two-atomic molecule with a rare gas (R) and a halogen 
atom (Hal). The operational wavelength of an excimer laser depends on the gas 
mixture in the laser cavity, i.e. on an R-Hal constituent. Typical examples of 
excimers are ArF, KrCl, KrF, XeCl and XeF, which emit intensive radiation with 
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wavelengths of 193, 222, 248, 308 and 351 nm, respectively. The corresponding 
photon energies of these excimers are 6.42, 5.58, 5.00, 4.03 and 3.53 eV, 
respectively. 

Therefore the strong UV radiation of the excimer lasers is useful for most of 
solids, which highly absorb the light radiation in a region between 200 nm and 
400 nm. 

6.1.2 Optical Transport 
The simplest optical transport system is the one lens system, where the laser 

beam is directly focused on the target. 
The minimum of optical components in the laser beam travel direction obviously 

causes the maximum delivery of the laser energy to the target, while any extra optical 
component such as a lens or a mirror causes the light absorption and scattering. The 
energy loss on optical components is of no importance when the power output is high 
enough. 

The optical transport one-lens-system is considered to be the best solution for a 
single laser source that supplies a single PLD system when both units are located 
close to each other. If the beam travels a long distance, the divergence of the laser 
beam must be taken into account. One or several lenses can be used as additional 
optical components to converge the beam. 

When the same laser source is used for more then one PLD system, the laser 
beam can be guide to the deposition chamber by using the system of mirrors, flip-
flop mirrors or the revolving boards. In general, any lenses and mirrors, which are 
suitable for UV applications, can be used for this purpose. Typically, dielectric 
mirrors and fused silica lenses are used for the optical transport. 

In order to protect the working environment from undesirable UV radiation, 
which is relatively dangerous, the protection material such as a solid Plexiglas covers 
the optical beam path. Therefore, nearly 100 % of the scattered or direct light will be 
absorbed. 

6.1.3 Deposition System 
A schematic diagram of a PLD system is represented in Figure 36. 
The PLD system consists of a vacuum chamber equipped with a quartz window 

through which the laser radiation is focused on the target mounted on the target 
holder. An external motor through an appropriate mechanical feedthrough controls 
the rotation of the target holder. The substrate is mounted on the heating element 
above the target. Therefore the deposited material directly expands towards the 
substrate. The distance between the substrate and the target is accurately controlled 
by an external translation mechanism. The UHV system is also equipped with a 
process gas inlet and a turbo-molecular pump. 
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Figure 36. A schematic diagram of a pulse laser deposition system. 

As it was mentioned above, the PLD technique allows to fabricate a wide variety 
of materials in a thin film form. In order to extent the available range of fabricated 
materials, the working environment during the deposition must be either UHV or a 
reactive gas atmosphere. 

An UHV chamber must be equipped with at least one view port. The laser beam 
is guided through this port to the target material. The view port has to be transparent, 
i.e. to have a minimum absorption, for the UV light. Quartz is a typical material 
suitable for this purpose. 

The target material gets highly damaged during deposition process with each 
laser pulse. If the laser beam is focused on the same target spot during the processing, 
the target material in this spot rapidly deteriorates. This causes inconsistent 
evaporation of the material from the target. At the best, each laser pulse must strike 
the target at a new spot. In order to increase thin film quality, the target is usually 
placed on the rotational holder. In this configuration, a circular trace is formed on the 
target. 

Scanning of the target in the XY-direction is another option to improve the 
stoichiometry transfer during the deposition. 

When a multilayer structure is of interest, a multi-target holder system must be 
used. One of the common solutions is a carrousel setup, which is driven by a step-
motor or DC motor. The carrousel consists of several target holders. Therefore, all of 
the targets can be exposed to the laser beam in the desirable sequence and at well 
controllable time. 

During growth of oxides, the use of oxygen as a process gas is often inevitable to 
achieve a sufficient amount of oxygen in the growing oxide film [59]. 
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Therefore, the UHV chamber must be equipped with a process gas inlet. The 
UHV chamber is continuously pumped during deposition. When the process gas is 
required, a controllable gas flow must be kept to maintain the constant background 
pressure. Hence, a manual or an automatic leak valve must be incorporated with the 
process gas inlet. 

The mobility of atoms on the substrate surface during growth is one of the 
important parameters. Generally, the substrate must be kept at an elevated 
temperature suitable for specific applications. 

Direct heating is one of the methods used for this purpose. In this method, a DC 
current is applied to the resistive heater located inside the UHV chamber. The 
substrate can be directly attached to the resistive heater. With a reasonable thermal 
conductivity between the heater and the substrate, an accurate control of the surface 
temperature can be achieved. 

The thermocouple is used to measure the substrate temperature. The best 
temperature control can be achieved by mounting the thermocouple in close thermal 
contact with the substrate. Due to the thermal resistivity of the substrate-heater 
interface and the thermal resistivity of the substrate itself, the temperature difference 
between the thermocouple readout and the actual temperature on the substrate surface 
takes place. The required temperature at the substrate surface can be calibrated with 
an IR pyrometer and later on used as a reference for an autonomous temperature 
control system. 

The distance between the substrate and the target is one of the parameters that 
control the deposition rate and the stoichiometry of growing films. The distance can 
be adjusted by either translation of the sample holder or the target holder. 

PLD processing requires the UHV or a reactive gas atmosphere. In order to 
achieve the ultimate base pressure in the deposition chamber, the turbo molecular 
pumps are used. 

6.2 Thin Film Growth 

6.2.1 Light Interaction with Target 
The rapid interaction between the laser beam of high intensity and the target 

causes the vaporisation of the material. The origin of the target is of less importance 
when the power output is high enough, typically ~100 MW×cm-2. 

When the light hits the surface, the light absorption originates the photochemical 
dissociation, i.e. the break of the chemical bonds. Thus, the creation of species such 
as atoms, molecules and clusters occurs. A significant part of the photon energy is 
transformed into the thermal energy that increases the upper layer target temperature 
up to ~1000 K [72]. The high surface temperature leads to the surface liquefaction 
and further to surface melting. Once the vapour is created, further absorption of the 
photon energy leads to increase of kinetic energy of species at the target surface. 

Therefore the evaporated material forms highly directed plume along the normal 
direction to the surface. Further interaction of the laser beam with evaporated species 
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leads to inverse bremsstrahlung process [72]. Moreover, dissociation of diatomic 
species occurs [73,74]. 

6.2.2 Material Propagation towards Target 
Thus, the plasma plume is formed out of the evaporated species. The kinetic 

energy of the species is proportional to their atomic masses and the ionisation degree. 
The ions have high kinetic energies, more than 100 eV [75,76], due to the fact that 
ion expansion is mostly driven by the space charge electrical field [77,78]. The 
average kinetic energy of the neutrals is much lower ~5-10 eV [79]. 

The average kinetic energy of the deposited particles depends on the laser energy, 
temporal and spatial shape of the pulse. These experimental conditions slightly 
change properties of the deposited film [80], while the control of the ambient gas 
pressure during deposition significantly affects the film growth and consequently the 
film properties. 

The reduction of the average kinetic energy of the ablated particles can be 
described by scattering of a dense cloud of the ablated material moving through a 
dilute gas [75]. Mainly the energetic ions are scattered out during deposition, while 
the atoms with a low kinetic energy reach the substrate without any hindrance. With 
the increase of the gas pressure, the plasma expansion leads to the formation of a 
shock front between the plasma plume and the ambient gas. This causes further 
velocity reduction [81]. The ionisation degree and the average kinetic energy of the 
deposited particles are of importance in the formation of a thin film, since they 
directly control the adatom mobilites on the film surface. 

6.2.3 Layer Formation 
The film growth starts when the evaporated particles reach the substrate surface. 

There are two predominant factors that regulate the process of the layer formation 
[16]. 

The first factor is the kinetic energy of the plume controlled by the laser pulse and 
mostly by the background pressure, as it was discussed previously. 

In case of highly energetic plumes, the evaporated atoms penetrate through the 
surface. During these collisions, so-called sputtering occurs, i.e. the upper layer 
atoms are removed from the surface. Removed atoms may leave the surface or travel 
over the surface due to scattering until they finally get trapped. Moreover, at high 
kinetic energy, more than ~100 eV, the substrate can be highly damaged, which 
results in the distortion of the crystallographic structure in both the substrate and 
grown layers. 

An incoming atom with lower energy does not penetrate through the surface but 
its excess energy transforms to the movement over the surface until nucleation 
occurs. 

With further lowering of the kinetic energy of a deposited atom, the substrate 
temperature determines the surface mobility of the atom. The film growth rate 
decreases due to the repulsive effect between the incoming species and the substrate 
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atoms when the deposition is performed at too high substrate temperatures. This 
temperature control mechanism is widely used to produce high quality films. Usually 
a post annealing procedure is required to minimise the energy of the weakly bonded 
adsorbed material and improve the quality of the deposited film. 

The interdiffusion occurs when evaporated atoms diffuse into the substrate and, 
vice versa, substrate atoms diffuse into the grown film. This process increases with 
the temperature increase. The interdiffusion modifies a sharp interface between the 
substrate and the grown film. This modification changes electronic properties of the 
interface, which in most cases is considered to be an unwanted effect and results in 
degradation of the film quality. 

6.2.4 Growth Modes 
Besides the experimental conditions such as a substrate temperature and a 

deposition rate, which have been discussed previously, the film growth mode 
depends also on material properties. Surface energy of the sample together with a 
lattice mismatch between a substrate and a grown film leads to different growth 
modes. Three types of the growth mode are generally distinguishable [16]. 

Growth
Time

(a) (b) (c)  

Figure 37. Three basic growth modes: (a) layer-by-layer or Frank-
van der Merve growth mode; (b) island growth or Vollmer-Weber 
growth; (c) Stranski-Krastanow growth or layer-and-island growth, 
after [16]. 

Layer-by-layer growth mode, also known as Frank-van der Merve growth, occurs 
when a new layer formation starts after the previous layer has been completed. This 
growth mode is driven by the substrate surface energy, which exceeds the total 
energy of epilayer surface energy and interface energy. This growth mode is often 
referred to as 2D growth mode. 

In the opposite case, when the interaction within the deposited layer is stronger 
than the interaction towards the substrate, island growth mode, also known as 
Vollmer-Weber growth mode, occurs. In this case the deposited material forms 
multilayer conglomerates of adsorbed atoms. Thus, the island mode is considered a 
3D growth mode when each multilayer conglomerate becomes wider and higher 
simultaneously with each next portion of the deposited material. 



64 6 Instrumentation and Technique 

 

Layer-and-island growth mode, also known as Stranski-Krastanow growth mode 
is an intermediate growth mode. The latest occurs at a critical film thickness of a few 
monolayers, also referred to as 2D-3D growth transition, when it becomes 
energetically more favourable to form separated island pattern. 

6.2.5 Post Deposition Treatment 
A post deposition treatment of a freshly grown film is usually required in a form 

of annealing at an elevated temperature in ambient gas atmosphere. The post 
deposition treatment of oxides improves the oxygen stoichiometry and the crystalline 
quality of thin film through partial relaxation of the strain induced in the film during 
its growth. 

The processing temperature of the post deposition is somewhat lower than the 
growth temperature and lower than a melting point of any layer of the fabricated 
structure. The ambient gas atmosphere, usually the oxygen environment, is needed to 
provide the oxygen transport in a newly grown film heated at high temperature. 

6.2.6 Process Parameters 
The process parameters, which control the film growth, can be summarised as 

folloing. 
Parameter Typical value Control 
Laser energy density 2−3 [J cm-2] Ablation 
Target-to-substrate distance 4−10 [cm] Material transfer 
Gas pressure 50−600 [mbar] Stoichiometry, thermalisation 
Substrate temperature 25−900 [ºC] Growth kinetics 
Pulse duration, repetition 
rate 

10−50 [Hz] Growth kinetics 

Table 4. Controllable process parameters. 

6.3 X-Ray Diffraction 
X-ray diffraction (XRD) is a powerful method, which is widely used for 

characterisation of crystalline and structural properties. 
When monochromatic X-ray radiation is incident upon the sample, a part of the 

radiation is scattered from the sample atoms. Scattered X-rays may constructively 
interfere when certain conditions are satisfied. This phenomenon is known as 
diffraction of X-rays. Similar behaviour of X-rays and light has been assumed by 
Bragg, who developed a geometrical explanation, nowadays known as the Bragg law 

θλ sin2dn = . (48) 
Two incident rays are scattered from two atomic planes of the crystal. The 

travelling difference of two rays is equal to the double product of the inter atomic 
plane distance dhkl and the sin function of the incident angle θ. The Bragg law says 
that if the travelling difference is equal to an integer number of the incident X-ray 
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wavelength then the constructive interference of the diffracted beam occurs and a 
sharp diffraction peak can be observed. 
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Figure 38. X-ray diffraction. 

The incident angle of the X-ray beam is commonly denoted as angle θ, while the 
detector is placed at the detection angle 2θ, according to the diffracted beam 
geometry. 

One of the common characterisation techniques in XRD is θ-2θ scan. During 
such an experiment both the angle of incidence and the angle of detection are 
synchronously scanned. The displacement of the incident beam requires twice larger 
displacement of the detection angle according to the diffraction geometry. Therefore 
θ-2θ XRD provides the general information of the inter atomic distances of the 
sample material. 

ω-scan, also known as rocking curve XRD measurement, is another method of 
XRD material characterisation. The detection angle is fixed and set preliminarily at 
the position of one of the diffracted peaks 2θ0. The measurements are performed by 
scanning the sample plane near the initial incident angle θ0, while angle ω is defined 
as a difference between the initial incident angle and a scanned incident angle 
ω = θ-θ0. The geometry of rocking curve measurements is presented in Figure 39. 
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Figure 39. X-ray diffraction, ω-scan. Rocking curve technique. 

Rocking curve measurements provide information about in-plane crystalline 
quality of the sample. In case of an ideal single crystal, one sharp diffraction line is 
observed. Any deviations from the ideal case, such as polycrystalline structure, 
crystallites disorientation or multi domain formation, broaden the recorded 
diffraction line. These cases are schematically represented in Figure 40. The upper 
part shows a rocking curve of an ideal crystal, while the lower part corresponds to 
multi-domain crystalline texture that results into broadening of the rocking curve. 
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Figure 40. Schematic diagram of (a) the domain orientation and (b) 
the XRD intensity of rocking curves for a single-domain, a two-
domain and a multi-domain textures (from top to bottom), respectively. 

The in-plane scan, also denoted as φ-scan, is often used to enhance XRD 
examinations. Similarly to the rocking curve measurements, the incident angle and 
the detection angle are fixed. The scan is performed by rotation in the sample plane. 
Therefore the maximum response can be detected and used for further measurements. 
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Another interesting aspect can be revealed by a non-trivial oblique XRD. This 
method allows to detect reflections from crystallographic planes located in 
off-sample-plane positions. A schematic diagram for XRD characterisation of the 
(013) crystallographic plane is presented in Figure 41. 
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Figure 41. XRD reflection from oblique planes. (a) A unit cell with 
the (001) sample plane. (b) XRD geometry, where the sample is tilted 
at angle σ. 

All above considerations about θ-2θ scan, ω-scan and φ-scan are valid with an 
exception that the sample angle is not equal to the incident angle θsample ≠ θdet, but 
tilted at angle σ. The tilt angle σ corresponds to the angle between the normal sample 
plane and the specific oblique plane. The exact position of θsample and θdet is 
determined by an initial set of regular scans. A φ-scan recorded in the oblique 
geometry for a single crystal substrate and grown films allows to draw conclusions 
about the in-plane orientation of crystallites and the substrate orientation inheritance 
of the grown film [82,83]. 

In case of thin films, lattice mismatch between the grown film and the substrate 
occurs. Thus, the complete set of XRD experiments enables to determine and 
compare the lattice parameters of the substrate and the grown films, to determine the 
strain accumulation in the grown film, to locate the non-uniformity within the film 
thickness, to reveal the content of different phases, etc. 

6.4 Dielectric Spectroscopy 
A dielectric spectroscopy is one of the methods to characterise electric properties 

of ferroelectric materials. The method is based on the measurements of the dielectric 
permittivity of fabricated materials as a function of frequency. 

A set of vertical or planar capacitors can be produced by the thermal evaporation 
of the top contact material through a shadow mask or by using the lift-off 
photolithography technique, respectively. The shadow mask geometry defines the 
size of electrodes. A vertical capacitive structure 
Au/PbZr0.52Ti0.48O3/La0.7Sr0.3CoO3/Al2O3 is represented in Figure 42 (a). The top 
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electrode is a gold evaporated contact connected to terminal A, while the bottom 
electrode is a LSCO sublayer connected to terminal B. The material characterisation 
is performed by applying frequency swept harmonic signal and therefore the value of 
the capacitance can be measured. 
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Figure 42. (a) a vertical capacitive structure Au/PbZr0.52Ti0.48O3 
/La0.7Sr0.3CoO3/Al2O3, (b) an equivalent electric scheme of (a). 

A vertical capacitive structure can be approximated by a single parallel-plate 
capacitor of area A and with a distance between its electrodes d. Such a capacitor has 
a capacitance C expressed by 

d
A

C rεε 0= , (49) 

where ε0 is the dielectric permittivity of vacuum and εr is the relative dielectric 
permittivity of the material. 

Hence the dielectric permittivity of the material, which is used as a dielectric 
layer in a capacitor with well known geometry, can be simply extracted from the 
direct measurements of the capacitance. Moreover, any material, which exhibits 
dielectric properties, can be used as a dielectric in these measurements and therefore 
characterised by the method. 

A fabricated capacitor is never perfect and therefore has a leakage. The leakage 
can be characterised by a leakage current attributed to the crystalline material 
imperfectness. Hence an equivalent electric scheme for a capacitive structure can be 
considered as a parallel connection of an ideal capacitor Cp and a resistor Rp 
represented in Figure 42 (b). 

Therefore a dielectric permittivity is a complex value consisting of two 
components, where ε′ represents a capacitive behaviour of a dielectric and ε″ is a 
dielectric loss 

εεε ′′−′= i . (50) 
The dissipation factor, also known as dielectric loss, is the ratio of the power loss 

in a dielectric material to the total power transmitted through a dielectric. The 
dissipation factor equals to the tangent loss angle 



6 Instrumentation and Technique 69 

 

pppp RfCRC πω
δ

ε
ε

2
11tan ===

′
′′

. (51) 

Measurements of the capacitance and the tangent loss angle for planar interdigital 
circuits (IDC) are much more complicated. IDC are rather small and have 
micrometer dimensions. IDC capacitance of few pF is much smaller compared to a 
vertical structure with a typical capacitance of few nF. Moreover a parasitic 
capacitance is comparable or can be even higher than the IDC capacitance. 
Therefore, the calibration procedure in frequency ranges above 1 MHz becomes very 
important. The calculation of the dielectric permittivity from the measured 
experimental data is not a straightforward operation. The electrical field induced 
around a transducer penetrates into the substrate. It is not uniform and highly 
depends on the transducer geometry. The experimental and theoretical approach of 
an appropriate modelling based upon conformal mapping and a partial capacitance 
technique is used to develop a single closed form solution for IDC structures [84,85
,86]. 

The scaling of devices in modern applications such as memories and filters 
requires high capacitance density, low power losses, low leakage current under 
applied voltage and high breakdown strength. Therefore the fabrication and later 
characterisation of the materials with high ε and low tanδ remain an important task 
and an attractive field for exploration. 

6.5 Temperature Measurements 
The temperature measurements are performed by analysing the dielectric 

permittivity and the dielectric loss dependencies on the ambient temperature. The 
phase transition temperature, the maximum of the dielectric permittivity and the 
minimum of dielectric losses can be found by this method. 

There are several tasks to be addressed. First, the temperature coefficient of 
capacitance (TCC) increases in the vicinity of the Curie point. This behaviour limits 
the temperature range of the reliable operation for ferroelectric devices. Second, the 
engineering of a proper temperature dependence of the dielectric permittivity of the 
relaxor material enables a significant enhancement of the polarisability, which is in 
turn needed for the manufacturing of voltage tuneable devices, e.g. variable 
capacitors (varactors). Third, the engineering of composite ferroelectrics, e.g. a 
binary SrTiO3-PbZr0.52Ti0.48O3 alloy system [87], allows to tailor the Curie point 
within desirable temperature range. 

Special precautions must be undertaken for temperature measurements. A bad 
thermal contact, errors in temperature measurements, an ignorance of the temperature 
scan rate as well as a field cooled (FC) and a zero field cooled (ZFC) regimes can 
lead to experiment artefacts and a wrong interpretation of experimental results. 
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6.6 Ferroelectric Hysteresis 
Ferroelectric properties of the material can be characterised by measurement of 

the polarisation as a function of the applied electric field. An instrumental realisation 
of the method can be done by a well-known Sawyer-Tower circuit [88] that consist 
of two serially connected components: a ferroelectric capacitive cell CF under the test 
and a linear capacitor C0, where C0 >> CF. An applied voltage of an appropriate wave 
form and an amplitude results in polarisation switching of the ferroelectric. This 
process can be registered by recording a hysteresis loop and accompanied 
repolarisation. 
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Figure 43. Schematic diagram of the Sawyer-Tower circuit. 

The total polarisation of the ferroelectric as a function of a voltage drop across 
capacitor C0 can be expressed by 

A
UC

A
UC

A
QP CCFF F 00=== , (52) 

where P is the total polarisation of the ferroelectric, A is an area of a ferroelectric 
capacitive cell, QF is a charge stored in CF. Since both CF and C0 are serially 
connected, the stored charge in both components is the same, i.e. QF = Q0, and 
therefore 

00 CCF UCUC
F

= . 

The applied electric field as a function of voltage drop across CF can be expressed 
as 

d
U

E FC= , (53) 

where d is a thickness of the ferroelectric. 
Therefore a remnant polarisation and a coercive electric field can be directly 

measured by utilising this method for a ferroelectric capacitive cell of a well-known 
geometry. The experimental results from our P−E experiments were collected by a 
home-built electrometer with 1 pC resolution calibrated with an RT66A (Radiant 
Technologies) ferroelectric tester. 

6.7 Current-Voltage Characteristics 
A leakage current in fabricated thin films is of interest due to several reasons. 

Ultra thin, high−K (high−ε), highly resistive films are required for applications. We 
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aim for the specific resistivity as high as ~5−10×1013 [Ω cm] and a breakdown 
electric field as high as ~2-3 [MV cm-1]. For fundamental physics, the mechanism 
responsible for the leakage in epitaxial grown ferroelectric films is not yet 
completely understood and therefore remains to be explored [55]. 

The leakage depends on various factors related to materials and processing. Some 
of the factors are interdiffusion of atoms near interfaces, oxygen depletion at the 
surface, ionic migration within the bulk, surface traps, precipitation at interfaces, 
trapped charges, roughness of the surface and interfaces, pinholes and 
inhomogeneous stoichiometry. Therefore, the complex analysis is a difficult task due 
to complicated and controversial nature of the charge transport process. 

The method of I-V characteristics is based upon registering the leakage current as 
a function of applied voltage through a capacitive ferroelectric cell by an appropriate 
electrometer. A typical capacitive ferroelectric cell is presented in Figure 42 (a). The 
applied voltage is swept both in positive and negative direction. The measurements at 
each point are done after a certain time delay due to pronounced time-dependant 
relaxation current and non-linear polarisation in ferroelectrics. I-V characteristics also 
appear to be asymmetrical, which indicates the difference in Schottky potential at the 
top and the bottom electrodes. The breakdown electrical field in forward and reverse 
direction together with the material resistivity can be measured by this method. 
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7 Summary of Papers 
The attached papers are summarised in this chapter in two parts: 
♦ Papers I, II, III and IV describe experimental work on semiconductor 

surfaces. 
♦ Papers V, VI, VII and VIII are devoted to the growth and characterisation of 

ferroelectric thin films. 
The time- and angle-resolved photoemission spectroscopy (TARPES) based upon 

a femtosecond laser system is a powerful tool to study electron structure of 
semiconductor surfaces. Using the pump-and-probe technique, both occupied 
electron states and normally unpopulated electron states can be studied at the same 
time. The control over the time delay between the probe and pump optical pulses 
allows resolving of the life-time of transiently excited carriers. Papers I, II and III are 
based upon photoemission experiments utilised aforementioned technique, while 
Paper IV describes development of instrumentation parts for the experimental setup. 

The pulsed laser deposition (PLD) technique is widely used to produce high 
quality thin films of various materials. The crystalline quality of thin film multi-layer 
structures is characterised by x-ray diffraction, while electrical characterisation has 
been used to investigate properties of PLD fabricated ferroelectric thin films. 
Experimental work on growth and characterisation of ferroelectric thin films is 
presented in Papers V, VI, VII and VIII. 

Paper I 

InSb(111) surface by femtosecond photoemission spectroscopy 
In this paper the InSb(111) surface prepared by ion bombardment and annealing 

(IBA) shows the (2×2) reconstruction. The life time of transiently excited carriers 
populated energy levels at ~0.45 eV above the valence band maximum (VBM) has 
been compared to previous results from the cleaved InSb(110) surface [89]. The 
similarity of time decay constants for both surfaces makes it possible to conclude that 
the photoemission from electron states in the conduction band are originating from 
electron excitations in the bulk region, while the surface plays a minor role. 

Candidate contribution: experimental preparations, data collection and analysis, 
discussion, first draft writing. 

Paper II 

InAs(111)A and InAs(111)B surfaces 
The IBA prepared polar InAs(111) surfaces were analysed by the TARPES. 

Optical pumping of the surfaces resulted in extension of the electron structure 
already formed by a two dimensional electron gas on an indium-terminated surface. 
No well formed states at the InAs(111)B have been found. This fact has been 
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attributed to the charge removal from the surface, while surface defects contribute to 
a weak photoemission signal above the VBM. The decay of the photoemission signal 
within the excitation energy range shows a small value of ~4-5 ps for both surfaces. 
A rapid diffusion of the excited carriers away from the photoemission reachable 
region has been proposed, while possible decay timing can also be limited by the 
experimental time-resolution. 

Candidate contribution: experimental preparations, data collection and analysis, 
discussion, first draft writing. 

Paper III 

A bandgap surface state at the GaSb(001) surface 
Transiently excited states at the centre of the Brillouin zone at ~250 meV above 

the VBM have been observed on the IBA prepared GaSb(001) surface. The angle-
resolved photoemission experiments has been performed along J−Γ , 'J−Γ  and 

K−Γ  directions of the surface Brillouin zone (SBZ). The excited electron states at 
the centre of the SBZ have been attributed to intergap surface states with the time 
decay of ~11 ps. The energy shift of the VBM on the undisturbed and optically 
pumped surface is due to the surface photovoltage, which annihilates a band banding 
at the surface. 

Candidate contribution: experimental preparations, data collection and analysis, 
discussion, first draft writing. 

Paper IV 

Multi-anode analyser for the TARPES setup 
A new multi-anode angle-resolved electron detector has been constructed for the 

TARPES. The single channel angle-resolution of the detector is ~1º, while the total 
acceptance angle is ~4º. The detector energy resolution in single channel and 
cumulated modes has been found to be ~100 and 120 meV. The detector 
performance has been demonstrated by photoemission experiments on the IBA 
prepared GaSb(001) semiconductor surface. 

Candidate contribution: design and fabrication of instrumentation parts, 
experimental preparations, data collection and analysis, discussion, first draft writing. 

Paper V 

STO-PZT on sapphire 
A series of ferroelectric thin films based upon a binary system of two ferroelectric 

components SrTiO3 and PbZr0.52Ti0.48O3 (SPZT) has been fabricated onto 
La0.7Sr0.3CoO3/Al2O3 by the PLD. The crystalline layer quality has been characterised 
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by XRD, while electrical characterisation has been performed by 
Au/SPZT/LSCO/Al2O3 capacitive cells. The maximum of effective tunability factor 
K = (1-∆ε´)ε´-1tan-1δ = ~60 has been tailored to room temperature at the molar ratio 
of 83/17 (STO/PZT), accompanied by the high resistivity ρ = 3.5×1012 Ω·cm at 
E = 186 kV·cm-1. 

Candidate contribution: experimental preparations, film growth and 
characterisation, data collection and analysis, discussion, writing. 

Paper VI 

A pressure microsensor 
In this paper, the PLD-prepared multi-layer thin film pressure sensor 

Au/Pb0.52Zr0.48TiO3/La0.67Sr0.33MnO3/Pt0.80Ir0.20 has been fabricated. The preferential 
orientation of PZT-001 layer has been confirmed by XRD, while the material 
properties were characterised by electrical measurements. The dynamic piezoelectric 
response was found to be as high as 67 pC/N, which is ~20 % higher compared to the 
bulk ceramics. The pressure-resolution of the microsensor has been found to be 
~1 mbar. The potential use of ferroelectric materials for microsensor applications has 
been discussed.  

Candidate contribution: film growth, XRD characterisation, discussion. 

Paper VII 

NKN/LSCO electro-optical cell 
Heteroepitaxial structure Na0.5K0.5NbO3/La0.5Sr0.5CoO3 has been grown on 

sapphire by rf-magnetron sputtering and PLD. Electro-optical properties of an 
Au/NKN/LSCO/Al2O3 capacitive cell were analysed by prism coupling waveguide 
refractometry. Refractive indices, electro-optic coefficient, and optical thickness 
were determined. 

Candidate contribution: XRD characterisation, discussion. 

Paper VIII 

NKN thin films for acoustoelectric devices 
Perovskite Na0.5K0.5NbO3 (NKN) thin film interdigital capacitor (IDC) has been 

fabricated by PLD. The crystalline quality has been tested by XRD, while electrical 
measurements were utilised to characterise material performance. The tunability 
factor of 2 µm IDC at bias voltage of 40 V and operational frequency 1 MHz has 
been found to be ~23 %. Potential use of NKN material for acoustoelectric 
applications has been discussed. 

Candidate contribution: film growth, lithography, XRD characterisation. 
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