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I am also indebted to Ing. Emil Š́ıpek, CSc. for the repair work and the
adaptation made on the air STM microscope. Besides, I am grateful to
the other members of the staff of the Department of Thin Films including
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Supervisor’s e-mail address: fejfar@fzu.cz

Abstract : New characterization techniques based on the use of local lumi-
nescence probes enable to study the properties of various nanostructures for
optoelectronic applications with high (nanometric) spatial resolution. An
experimental setup for measuring by one of these methods, namely, the pho-
ton emission induced with the tip of a scanning tunnelling microscope (PE-
STM), has been built. In the future, this setup will be used for studying the
luminescence from individual silicon nanocrystals in contrast to traditional
macroscopic measurements providing only the information on the light emis-
sion from a large number of nanocrystals.

Nanocrystalline silicon is a promising material in which the light emis-
sion is enhanced, in contrast to monocrystalline silicon, by quantum con-
finement. Optoelectronic properties of two series of samples containing this
interesting material were measured. Firstly, a weak electroluminescence sig-
nal and reasonable transport properties of samples prepared by embedding
electrochemically etched silicon nanocrystals into SiO2 matrix, and secondly,
a conductive path created between individual silicon nanocrystals implanted
in a silica glass slab were observed. Besides, for the latter series of samples,
an interference model was developed and used to describe their structure. All
these results are important for the future PE-STM measurements of these
samples.
Keywords : nanocrystalline silicon, electroluminescence, photon emission in-
duced with the tip of a scanning tunnelling microscope



Introduction

Ever since the first chip was designed, the trend towards faster and smaller
computers has started. However, when the chips get smaller and smaller,
there must be a limit, the least size of a functional component. Probably the
most obvious problem that can possibly cause a malfunction of an electronic
device is overheating [1]. In order to overcome these limitations, various
ideas have been offered. These approaches include for example spintronics [2]
based on the spin polarized current and using the the up- and down-state of
an electron’s spin to get the two basic units of information, or photonics [3],
the replacement of electrons by photons. Concentrating on photonics, or
optoelectronics—the combination of electronic circuits and photonic compo-
nents, new light-emitting materials, preferably producible by the present-day
technology, need to be developed. Therefore, as most present electronic de-
vices are made from silicon, many laboratories nowadays aim their research
into either the preparation of light-emitting silicon-based materials (or even
a silicon laser) [1], [4], or the compatibility of the already used materials with
silicon substrates [5].

As for the other consequence of the miniaturization trend, it is apparently
the size of a structural detail that has to be studied. The sizes of optoelec-
tronic and high-speed electronic components are under 1 µm even nowadays
and are expected to be less than 0.1 µm in a few years. In certain cases
(such as lasers or modulators for photonic applications) the active size of a
device can even be in the order of nanometres [6]. Therefore, new methods of
studying with high spatial resolution, characterizing not only the shape and
the size of the studied structure, but also its optical (or electrical) properties,
are essential.

Lately, several methods making possible the study of the optical proper-
ties with high spatial resolution has emerged largely due to the availability
of sensitive light detectors. The most important advantage of these meth-
ods is the possibility to study the processes taking place in an individual
nanometre-sized objects in contrast to the traditional measurements in which
a macroscopic part of the studied sample is excited. This local excitation en-
ables to overcome the inhomogeneous broadening of spectra resulting from
the distribution in properties of the light-emitting centres, which can reveal
new phenomena, such as the details on the structure of the spectra. Thus,
the optical spectra of single molecules [7], semiconductor nanocrystals [8], [9]
or various nanostructures [10], [11], [12] can be studied using such methods as
microphotoluminescence (µ-PL) [13], cathodoluminescence (CL) [14], near-
field scanning optical microscopy (NSOM) [15], or photon emission induced
with the tip of a scanning tunnelling microscope (PE-STM, in literature often
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called scanning tunnelling luminesence, or STL) [16].
It is very difficult to say which of these methods is the most convenient.

µ-PL, the use of “traditional” photoluminescence together with a microscope,
requires specially prepared samples with low concentration of individual light-
emitting centres but is probably least demanding in special equipment. In
both CL, based on collecting the photon emission excited by an electron beam
(usually from an electron microscope), and NSOM, a scanning technique us-
ing near-field imaging, the resolution is limited reaching somewhat better
values than 100 nm, in the former case due to the use of high-energy electron
beam and in the latter case because of optical limits. A method that provides
the highest resolution (several nanometres has been demonstrated [17]) but
is, so far, probably not as widespread as the others, is PE-STM, using the
tip of a scanning tunnelling microscope (STM) as the source of low-energy
electrons of high intensity. The limitation of PE-STM measurements is given
by its suitability only for samples that are conductive enough to allow tun-
nelling between the STM tip and the sample. On the other hand, transport
properties of the studied samples can be measured by PE-STM, in contrast
to the other methods.

The motivation of this work lies in building an experimental setup for
measuring PE-STM in air. The work on this experiment in the Institute of
Physics of the Academy of Sciences of the Czech Republic (FZÚ AVČR) was
started by P. Fojt́ık [18] who successfully measured the photon emission from
a testing material of polycrystalline silver using the STM placed in ultra high
vacuum. However, the signal could only be obtained at low temperature and
high tunnelling current, so a more sensitive detecting system was needed.
Therefore he suggested a second experimental setup which I have built and
tested using the STM in air. However, we encountered problems with signal
intensity and a modelling approach had to be undertaken to optimize the
photon collection.

Besides, my work lay in participating in the research on nanocrystalline
silicon as a promising light emitting material since optical gain in silicon
nanocrystals has been demonstrated [19]. In fact, the study of these materi-
als was the reason for building the air-based PE-STM setup. The PE-STM
measurement of silicon nanocrystals enables the excitation of single nanocrys-
tals, allowing more thorough understanding of the processes responsible for
the photon emission. The PE-STM study of silicon nanocrystals has not
been, to our best knowledge, performed yet. However, the benefits of such
a measurement can be illustrated by one of the measurements performed on
porous silicon [20]. In this measurement, the PE-STM spectra obtained from
exciting protrusions of various sizes were acquired. A blue shift in the photon
emission peak with the decrease in the size of the protrusion was observed,
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which confirms the importance of quantum confinement in the light emission
from silicon nanostructures.

Concerning the nanocrystalline samples, I got acquainted with a unique
sample preparation method used at FZÚ AVČR and then I measured the
luminescence of the new series of samples with silicon nanocrystals that were
especially prepared to enhance the electroluminescence signal from this type
of structures. Moreover, I measured the transmission spectra of another sam-
ples containing silicon nanocrystals, namely, ion implanted samples. They
are very interesting because they exhibit waveguiding effects [21]. In order to
learn more about their structure I developed and used an interference model.



Chapter 1

Semiconductors

Semiconductors are crystalline (or amorphous) materials whose electrical
conductivity lies between the conductivity of insulators and conductors. Fur-
thermore, their conductivity can be influenced by changing the temperature,
impurity density, or the intensity of incident light. Both some elements (in
the IVth group in the periodical table) and various alloys (mostly obtained by
combining either the elements in the IIIrd and the Vth group, or the elements
in the IInd and the VIth group) are important semiconductor materials. The
most important elements in semiconductor industry are depicted in Table 1.1.

II III IV V VI

Aluminium Silicon Phosphorus Sulphur
Zinc Gallium Germanium Arsenic Selenium

Cadmium Indium Tin Antimony Tellurium
Mercury Thallium Lead Bismuth Polonium

Table 1.1: A part of the periodic table with semiconductor elements and
elements used in semiconductor alloys in bold.

The interesting properties of semiconductors are successfully used both in
electronics and in photonics. Therefore, we can find them nearly everywhere
around us—in computers, displays, printers, CD players, cellular phones,
remote controls, washing-machines, etc.

The theoretical description of these materials is based on their band struc-
ture, i.e., the dependance of the energy of electron on their quasi-momentum
E(�k). The quasi-momentum �k is in fact one of quantum numbers charac-
terizing an electron in a crystal. It is suitable for describing an electron in
a crystal because the quasi-momentum conservation law (deriving from the
translational symmetry of the crystal lattice) applies.
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The ideal (theoretical) band structure of a semiconductor comprises a
conduction band and a valence band separated by a band-gap. We are usually
interested in the shape E(�k) of the bands near the extremal values of the
band-gap where they can be approximated with parabolas. In this one-
electron approximation we consider an electron moving in an ideal crystal;
the electron’s mass is replaced with an effective value that represents the
interaction with other electrons.

Under ideal circumstances at zero temperature all the electrons in the
crystal would be in ground states in the valence band. In reality, however, the
electrons are excited by various mechanisms into the conduction band. The
process of electrons transferring from the valence band to the conductive one
is responsible for the unique electrical properties of semiconductors. Their
conduction band is, unlike in metals, empty under ideal conditions at zero
temperature and their band-gap is, unlike in insulators, small enough to allow
the excitation of an electron to the conduction band.

After the excitation an empty state (a hole) remains in the valence band.
Naturally, the excited electron has a tendency to decrease its energy by re-
combining with a hole. The recombination can result in the emission of a
photon, which is then called radiative recombination (or luminescence
in semiconductors), or the energy can be transferred to other particles with-
out emitting any light (non-radiative recombination).

Obviously, the recombination processes depend on the band structure.
The semiconductors are divided into two groups according to their band
structures: direct semiconductors in which the maximum of the valence
band coincides to be directly under the minimum of the conduction band
in the �k-space, and indirect semiconductors in which the maximum of
the valence band and the minimum of the conduction band are located at
different points of the �k-space.

Both optical and electrical properties of semiconductors can be changed
by doping. The abundance of electrons arises from replacing some of the
atoms in the crystal by atoms with excess valence electrons; these impurities
are called donors. A material doped with atoms with less valence electrons
can be prepared, too. These impurities are then referred to as acceptors. In
the doped materials the impurities give rise to discrete energy levels within
the band-gap. Thus, properties (and processes) connected with this discrete
energy level are often referred to as extrinsic in contrast to intrinsic prop-
erties associated with the ideal band structure.
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1.1 Intrinsic Radiative Recombination

1.1.1 Direct Semiconductors

In a direct semiconductor the process of radiative recombination is quite
simple—the electron changes its position from the conduction band to the
valence band where it recombines with a hole (Figure 1.1a, process I.). There
are two important principles in the process: the principle of the conservation
of energy and the principle of the conservation of �k-vector. As the energy of
the electron-hole system decreases during the recombination, the difference
between the initial and the final value of energy is carried away, in the case
of radiative recombination, by a photon. On the other hand, the momentum
of the photon is very low, so the electron’s quasi-momentum does not change
during the recombination and the transition is direct.

This radiative recombination process is quite efficient since it requires only
the coincidence of an electron and a hole with the same quasi-momentum.

E

k

VB

CB E

k

VB

CB

a) b)

I. II.

I.

II.

Figure 1.1: Examples of radiative (processes I.) and non-radiative (pro-
cesses II.) recombination in a direct (a) and indirect (b) semiconductor.

1.1.2 Indirect Semiconductors

Obviously, the above described process of radiative recombination cannot
happen in an indirect semiconductor. When an electron in the minimum of
the conduction band (where most conducting electrons in the semiconductor
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are present) changes its position to the maximum of the valence band (with
the most probable presence of a hole), the value of the electron’s quasi-
momentum must vary, too. However, the photon’s momentum is too low to
compensate the difference, so another particle must participate in the process
(Figure 1.1b, process I.). In the case of the radiative recombination in an
indirect semiconductor the “participating particle” is a phonon whose energy
is very low but whose quasi-momentum is high enough to supply the change
in the quasi-momentum of the recombining electron.

The necessity of the presence of the third particle (a phonon) makes the
radiative recombination in an indirect semiconductor much less (i.e., several
orders of magnitude) probable (and, consequently, slower) than the radiative
recombination in a direct semiconductor.

1.2 Intrinsic Non-Radiative Recombination

The difference of the energy before and after recombination can be trans-
ferred not only to a photon but also to another particle. We cannot observe
any light emission as a result of such a process; in fact, the non-radiative re-
combination is a competing (and usually undesired) process to the radiative
recombination.

The most common type of non-radiative recombination is Auger recom-
bination. Auger recombination is generally a process in which the difference
in energy is transferred to another electron in the conduction band (or a hole
in the valence band, as is depicted in Figures 1.1a, 1.1b, processes II). This
recombination process takes place in both the direct and indirect semiconduc-
tor, often with the probability of the same order of magnitude (see Table 1.2).

GaAs Si

τr 1 ns 500 µs
τA 10 µs 3 µs

Table 1.2: The comparison of the radiative and non-radiative intrinsic pro-
cesses in direct semiconductors, such as GaAs, and indirect semiconductors,
such as Si. The processes are characterized by the lifetime of an electron
before it recombines radiatively (τr) or by the Auger process (τA). After [22].

1.3 Extrinsic Recombination

In reality, discrete energy levels can be found in the band-gap. These levels
arise from various lattice defects, such as impurities, dislocations, or grain
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boundaries and can act either as recombination centres (in case they are
able to capture both electrons and holes) or traps (if the probability of cap-
turing one type of carriers is higher). The recombination via recombination
centres in the band-gap can be both radiative and non-radiative.

CB

VB

A

D

A

D

a) b) c)

Figure 1.2: Three most important mechanisms of the recombination via
discrete energy levels in the band-gap.

The following mechanisms of the recombination via discrete energy levels
in the band-gap are the most important:

The band-impurity recombination: a free electron (or hole) in the con-
duction (valence) band recombines with a hole (electron) bound on an
acceptor (donor) energy level (see Figure 1.2a and 1.2b, respectively).

The recombination of donor-acceptor pairs: an electron bound on a
donor energy level recombines with a hole bound on an acceptor energy
level (Figure 1.2c).

The recombination via isoelectric impurities: important mostly in in-
direct semiconductors because it can enhance radiative recombination.
The strong localization of an electron at the impurity gives rise to an
uncertainty in the value of its quasi-momentum which allows a quasi-
direct recombination without the assistance of a phonon.

1.4 Quantum Efficiencies

In order to distinguish between different efficiencies of the light generation
in various materials the internal quantum efficiency of radiative recom-
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bination ηi has been introduced. It can be defined as the ratio of the ra-
diative recombination rate (Rr) and the total recombination rate (R) (that
are indirectly proportional to the corresponding radiative and non-radiative
lifetimes τr and τnr, respectively)

ηi =
Rr

R =
1
τr

1
τ

=
τnr

τr + τnr
. (1.1)

The internal quantum efficiency quantitatively compares the probabilities
of radiative and non-radiative recombination. In direct semiconductors, the
internal quantum efficiency is high (∼ 1), but in indirect semiconductors the
competitive non-radiative processes have shorter lifetimes than the radiative
ones, which leads to low internal quantum efficiency of radiative recombi-
nation, or, in other words, the indirect semiconductors are inefficient light
emitters.

Besides, the external quantum efficiency is used, too.

1.5 Luminescence

The photon emission, arising from some of the above described mechanisms,
can, obviously, be experimentally observed and is called luminescence. It
can be defined as the light emitted by matter which exceeds the Planck’s
radiation law and whose lifetime is greater than 10−10 s (which excludes the
reflected or scattered light). Thus, luminescence is the emitted light that is
not caused by solely the rise of temperature.

Various kinds of luminescence depend on the injection mechanisms:

Photoluminescence: the light emission that results from the excitation of
electrons into the conduction band by photons. The energy of a photon
absorbed in a material is transformed into the excitation energy of an
electron. Photoluminescent materials are used for layers in fluorescent
lights, or, if lifetime is sufficiently long, for the at-night-luminous hands
of clocks and watches.

Electroluminescence: the carriers are injected electrically. Light-emitting
diodes (LED) and semiconductor lasers are based on electrolumines-
cence.

Chemiluminescence: the energy comes from an exothermic chemical re-
action. It is used e.g. in the diver’s glowing sticks that start to shine
when they are “broken” (two different materials mix in the stick which
is followed by a chemical reaction exciting the chemiluminescence).
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Cathodoluminescence: the luminescence arises from the incidence of elec-
trons with high energy. We can come across this phenomenon in our
televisions as the picture we see is created by an electron beam.

Bioluminescence: the light is produced by a chemical reaction which orig-
inates in an organism. The best-known case of bioluminescence is that
of fireflies but most luminous organisms are found in seas, ranging from
one-cell algae and bacteria to deep-sea fishes.

Sonoluminescence: the luminescence produces by ultrasonic devices has
been discovered, too.

1.6 Quantum Confinement

The properties of volume semiconductors result from their periodic struc-
ture. However, with reducing the size of a semiconductor under the order of
micrometers in one or more dimensions its physical properties, such as the
band structure, the density of states, and optical and electrical properties,
start to change. This change is due to the quantum confinement effect,
the confinement of the motion of carriers. The quasi-two-dimensional struc-
ture, with the confinement in one dimension, is called a quantum well, in case
of a quasi-one-dimensional structure we talk about a quantum wire, and the
quasi-zero-dimensional structure is called a quantum dot (or a nanocrystal,
which usually refers to the samples, not the ideal structure).

The basic description of the optical properties of a quantum dot is based
on solving the Schrödinger equation for an electron-hole pair in infinite spher-
ical confinement potential. Three regimes can be distinguished, comparing
the radius of the quantum dot R with the Bohr radius of an exciton aB in
the given material:

aB = 4πε0
h̄2εr
e2mr

. (1.2)

In Equation (1.2) ε0 is the permittivitity of vacuum, h̄ is the reduced Planck’s
constant, εr is the relative permittivitity of the material, e is the charge of
an electron, and mr is the reduced mass of the electron-hole pair given by

1

mr

=
1

me

+
1

mh

. (1.3)

The three regimes are as follows:

Strong coupling: R � aB, the Coulombic interaction of the electron-hole
pair is small with respect to the confinement potential. The electron
and the hole behave as free particles. There is an increase in the value
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of the lowest optical transition EQDsc
g (corresponding to the band-gap

Ebulk
g )

EQDsc
g = Ebulk

g +
h̄2

2mr

(
π

R

)2

. (1.4)

Weak coupling: R � aB, the Coulombic interaction is dominant and the
motion of the electron-hole pair is quantized. The band-gap value
EQDwc
g is then

EQDwc
g = Ebulk

g +
h̄2

2(me + mh)

(
π

R

)2

. (1.5)

Intermediate coupling: the theoretical description is difficult. The differ-
ence in the effective masses of an electron and a hole (me < mh) can be
used; the motion of the electron is then quantized and the hole interacts
with the electron by Coulombic interaction.

1.7 The Optical Constants of Semiconductors

Till now, the properties of semiconductors has been described mostly from
the microscopic point of view. However, the macroscopic insight can also be
useful.

The propagation of an electromagnetic wave is described by Maxwell
equations

∇× �E + ∂B
∂t

= 0 ∇· �D = ρ

∇× �H− ∂D
∂t

= �j ∇· �B = 0
(1.6)

The behaviour of a wave in a material is usually described with the vector
of electric induction �D and magnetic induction �B (assuming that the material
is linear, isotropic, and without free charges (ρ = 0))

�D(�r, t) = ε�E(�r, t) = ε0εr �E(�r, t) (1.7)

and
�B(�r, t) = µ �H(�r, t) = µ0µr �H(�r, t) (1.8)

respectively. In these formulas �E ( �H) is the intensity of electric (magnetic)
field, and ε0 (µ0) is the permittivitity (permeability) of free space. Never-
theless, the properties of a material are often described with the permittiv-
itity ε (or a dimensionless unit of relative permittivitity εr). The value of
relative permeability µr is one for paramagnetic and diamagnetic materials.
Finally, �j stands for the current density and ρ for the charge density.
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Assuming a harmonic planar wave ( �A stands for any of vectors �E , �D, �H,

or �B, �q = ω
c
�s for the wave vector, ω is the circular frequency, c the velocity

of light in the given material and �s is a unit vector describing the orientation
of the vector �q)

�A = �A0 exp[i(�q·�r − ωt)] = �A0 exp[i(q�s·�r − ωt)], (1.9)

and linear isotropic non-magnetic material without free charges, the Maxwell
equations can be written as

�s× �E = −cµ0
�H �s· �E = 0

�s× �H = c
(
ε− iσ

ω

)
�E �s· �H = 0

(1.10)

where the conductivity σ is given by

�j = σ�E (1.11)

If a wave travels through a medium with an interface, the condition for the
continuity of the electric and magnetic induction vectors (i.e., their tangential
components must remain unchanged when travelling through the interface)
can simply be derived from these equations.

Except for the relative permittivitity, a material can also be described by
the refractive index n characterizing the velocity of light in the material c
compared to the velocity of light in vacuum c0

c =
c0
n
, n > 1 (1.12)

The relationship between the refractive index and relative permittivitity can
be expressed as

n2 = εrµr (1.13)

These material constants are often defined as complex numbers ε̂ and n̂,
with the real parts ε1 and n, and imaginary parts ε2 and κ, respectively

ε̂ = ε1 − iε2 = n̂2 = (n − iκ)2. (1.14)

If we consider an electric wave (1.9), it will travel through a material as

�E = �E0 exp[i(qn̂�r·�s − ωt)] = �E0 exp
[
i
(ωn

c0

�r·�s − ωt
)]

exp
[
− ωκ

c0

�r·�s
]
. (1.15)

The complex refractive index n̂ (and permittivitity) then comprises both the
normal refractive index n and the absorption coefficient α

α

2
=
ωκ

c0
. (1.16)

The complex refractive index is used to describe absorbing materials because
the absorption can be simply included into the refractive index and formulas
for absorbing and non-absorbing materials are analogous.
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1.8 Optical Constants in Inhomogeneous

Materials

The optical properties of an inhomogeneous material can be characterized
by effective optical constants if the wavelength of the incident wave is much
greater then the average size of inhomogeneities. Then the wave cannot dis-
tinguish between individual scattering centres and an effective value of the
optical constants characterizes the inhomogeneous material from the macro-
scopic point of view.

In the theory of effective medium the typical microstructure of the in-
homogeneous material is replaced by a random cell embedded in the effective
medium. Supposing that the inhomogeneous material is both translationally
and rotationally symmetric, the random cell is spherical. The relative permit-
tivitity characterizing the effective medium is then defined by the condition
that the electromagnetic waves in the proximity of the random cell and in
the effective medium cannot be distinguished.

Figure 1.3: The replacement of an inhomogeneous material consisting of
grains and a matrix with an effective medium and a random cell.

Obviously, the effective permittivitity of the inhomogeneous medium de-
pends on the permittivitities of the materials of which the inhomogeneous
material is composed. In the case of small grains (with permittivitity εg)
embedded in a matrix (with permittivitity εm) the random cell representing
this microstructure is a sphere with the core of the grain material surrounded
by the layer of the matrix material (see Figure 1.3.)

The change in the electric field caused by a two-layer sphere such as the
random cell can be estimated; the effective permittivitity is then determined
by requiring this change to be zero. Thus, a formula for the effective per-
mittivitity εef can be deduced. In the case of grains embedded in a matrix
the so-called Maxwell-Garnett formula [23] for effective permittivitity is
as follows

εef − εm
εef + 2εm

= f
εg − εm
εg + 2εm

. (1.17)
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The fill factor f is the volume ratio of grains to the whole layer

f =
Vgrains

Vgrains + Vmatrix

. (1.18)

1.9 An Electromagnetic Wave at an Interface

If we consider a wave (1.9) at the interface of two materials with refractive
indexes n1, n2 (the situation is schematically shown in Figure 1.4), the wave

splits into a reflected �Er and transmitted �Et one:

�Er = r(ω)�E
�Et = t(ω)�E (1.19)

where the amplitude coefficients of reflection and transmission are denoted
r and t, respectively. We can see from the requirement of the equality of
the phases at the interface that the frequency ω of the wave is unchanged
and both the reflected and transmitted waves stays at the same plane as the
incident wave.

Figure 1.4: The reflection and transmission at a planar interface.

The angle of reflection θr remains the same as the angle of incidence θ
whereas the angle of refraction θr is determined by the Snell’s law

n1 sin θ = n2 sin θt. (1.20)

The amplitude coefficients of reflection r and transmission t for �E perpendic-
ular (⊥) or parallel (‖) to the plane of incidence can then be calculated from
the Fresnel equations (deduced from the requirement of the continuity of
the wave at an interface)

r⊥ = E⊥
r

E⊥ = − sin (θ−θt)
sin (θ+θt)

= n1 cos θ−n2 cos θt

n1 cos θ+n2 cos θt

r‖ = E‖
r

E‖ = tan(θ−θt)
tan(θ+θt)

= n2 cos θ−n1 cos θt

n2 cos θ+n1 cos θt

t⊥ =
E⊥

t

E⊥ = 2 cos θ sin θt

sin (θ+θt)
= 2n1 cos θ

n1 cos θ+n2 cos θt

t‖ =
E‖

t

E‖ = 2 cos θ sin θt

sin(θ+θt) cos(θ−θt)
= 2n1 cos θ

n2 cos θ+n1 cos θt

(1.21)
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which can be simplified for the special case of a perpendicularly incident wave
(θ = θt = π

2
)

r⊥/‖ = n1−n2

n1+n2
t⊥/‖ = 2n1

n1+n2
. (1.22)

In these formulas either real or complex refractive indexes can be used.
The coefficients of reflection and transmission for intensities (the re-

flectance R and the transmittance T ) can then be written as

Ir(ω) = �Er(ω)· �E∗
r (ω) = |r(ω)�E| 2 = R(ω)|�E| 2 = R(ω)I

It(ω) = �Et(ω)· �E∗
t (ω) = |t(ω)�E| 2 = T (ω)|�E| 2 = T (ω)I

(1.23)

1.10 The Interference in a Thin Layer

An electromagnetic wave incident at an interface is partly reflected and partly
transmitted as was described above. The partial reflection and transmission
of the wave in a thin layer (i.e., its thickness is less than the coherence length
of the light) results into a series of transmitted and reflected waves with
phase difference. The waves can then interfere.

Figure 1.5: Interference in a thin layer.

If we want to describe the interference, we can consider an electromagnetic
wave �Ei transmitting and reflecting at planar interfaces between three media
with refractive indexes n1, n2, and n3. The corresponding coefficients of
transmission and reflection (calculated from the Fresnel equations (1.21))
are then denoted r12, t12, etc., depending on the subscript of the refractive
index and the direction in which the wave propagates (see Figure 1.5). The
transmitted, twice reflected, etc., N-times reflected wave in the middle layer
can then be expressed as

�E0 = t12t23�Ei exp(iδ)
�E1 = t12r23r21t23�Ei exp(3iδ)

...
�EN = t12(r23r21)

N t23�Ei exp[(2N + 1)iδ].

(1.24)
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The phase difference is denoted δ and equals

δ =
2π

λ
n2d (1.25)

(d is the thickness of the layer). The resulting transmitted wave �ET is then
the sum of the individual transmitted waves

�ET = t12t23 exp(iδ)
M∑

N=0

(r21r23)
N exp(2Nδ)�Ei ≈ t12t23 exp(iδ)

1 + r12r23 exp(2iδ)
�Ei. (1.26)

Thus, the complex transmittance of the whole system can be defined

Tlayer =
Re(n3)

Re(n1)

∣∣∣∣∣ t12t23 exp(iδ)

1 + r12r23 exp(2iδ)

∣∣∣∣∣
2

. (1.27)

The only material parameters that need to be known if we want to estimate
the transmission from Equation (1.27), are the refractive indexes n1, n2, and
n3, because the coefficients of transmission and reflection can be evaluated
from Fresnel equations (1.21). The absorption can be included into the imag-
inary parts of the refractive indexes.

Abelés matrix method [24] is usually used for more complicated sys-
tems than one thin layer. It is based on solving the Maxwell equations (1.10)

with the requirement of the continuity of tangential components of the �E
and �H vectors [25], similarly as when deriving the Fresnel equations. In the
case of a medium consisting of several homogeneous layers, the electric and
magnetic fields (x0 in subscript denotes the x-component “above” the inter-
face, x in subscript stands for the x-component “under” the interface, and
similarly) can be connected by means of a characteristic matrix [25]

( Ex(z)
Hy(z)

)
=

(
cosϕ i

Y
sinϕ

iY sinϕ cosϕ

)( Ex0(z)
Hy0(z)

)
(1.28)

where
ϕ(z) = q0(z − z0)

√
n2 − n2

0 sin2 θ0 = q(z − z0). (1.29)

In Equation (1.29) q describes the wave vector of the wave propagating in
the medium with refractive index n if the preceding layer has the refractive
index n0 and the angle of refraction θ0, from the plane z0 to the plane z.
The formula for Y differs for the vector �E polarized perpendicularly (⊥) or
parallel (‖) to the plane of incidence; it can be written as

Y⊥ =

√
ε0

µ0

(n2 − n2
0 sin2 θ0) and Y‖ = −

√
ε0

µ0

n2√
n2 − n2

0 sin2 θ0

, (1.30)
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respectively.
The main advantage of this approach lies in the fact that the charac-

teristic matrix of a medium comprising more layers can be obtained simply
by multiplicating the matrices of the individual layers in the right order. It
can even be generalized for a medium with continuously changing properties
(refractive index) by considering a wave propagating through a system of
infinitesimally thin layers.



Chapter 2

Light Emission in Silicon

A great deal of recent electronic circuits are based on silicon (its most im-
portant physical properties are introduced in Table 2.1). The reasons for the

Energy gap 1.12 eV
Crystal structure cubic diamond
Lattice constant 5.43 Å
Density 2328 kg m−3

Melting point 1410 ◦C
Conductivity 3 × 10− 4 Ω−1cm−1

Table 2.1: The most important physical properties of bulk silicon. All the
values excluding the melting point correspond to the room temperature. Af-
ter [26].

widespread use of silicon in electronics are numerous:

• Its energy gap of 1.12 eV is ideal for room temperature operation.

• It can be easily passivated by oxidation. During this process, an
insulating layer of SiO2 appears.

• As a semiconductor consisting of only one element it is well suitable
for the production of monocrystals. In semiconductors comprising more
than one element more parameters must be kept constant during the
preparation, which makes the production of a one-element monocrystal
less difficult than the production of a more-elements one.

• It is chemically stable and non-toxic.

• It is available. It is the second most abundant element in the Earth’s
crust, of which it makes up 27.7 % by weight, as is depicted in Table 2.2.
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It is found largely as silicon oxides such as sand (silica), quartz, or rock
crystal, then in amethyst, agate, flint, jasper and opal.

Oxygen 46.6 % Calcium 3.6 %
Silicon 27.7 % Sodium 2.8 %
Aluminum 8.1 % Potassium 2.6 %
Iron 5.0 % Magnesium 2.1 %

Table 2.2: The most abundant elements in the Earth’s crust (by weight).
After [27].

As it has started to be used in industry on account of the qualities mentioned
above, it has also become cheap (due to mass production) and easy to
handle since a lot of experience has been gained.

2.1 Silicon in Photonics

Photonics is one of possible ways of solving the current problems of electronics
(or, said in a better way, the problems which will limit the development of
electronics in the future)—overheating and information delay [1].

Photons have numerous advantages over electrons, including the facts,
that they do not dissipate heat, are immune to cross-talks, have low trans-
mission losses and less information delay. Therefore, the photonic chips built
into the electronic circuits can improve the performance of the used devices.

Photonics has boomed recently. Photonics-based devices include such
widespread appliances as liquid crystal displays (LCD), compact discs (CD),
or laser printers. Furthermore, silicon microphotonic devices have been
demonstrated [1], e.g., silicon-based optical waveguides with low losses, tune-
able optical filters, fast switches (∼ ns) and optical modulators (∼ GHz).

However, when combining the advantages of silicon and photonics, we will
encounter one big problem because bulk silicon is a very poor light emitter
due to its indirect band-gap as was described in the previous Chapter. Nev-
ertheless, various approaches have been undertaken to overcome this disad-
vantage. The most important ones are luminescence through impurities
and quantum-confined structures.

2.1.1 Luminescence through Impurities

The approach of doping silicon with isoelectric impurities has been un-
dertaken. Even though it works with other semiconductors (probably best-
known is indirect-gap GaP [28] since effective LED’s at room temperature
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can be made from it), it fails with silicon [4]. The intensity of the light emis-
sion from silicon doped with isoelectric impurities at room temperature is
low.

Another, and more successful, way of making a light-emitting material
from silicon is the doping with the rare-earth elements, e.g., with er-
bium [4]. When silicon is doped with the ions of Er3+ and then irradiated,
a transition in the 4f-shell in the electron cloud of erbium atoms (1I 3

2
→1 I 5

2
)

takes place (with certain probability). The deexcitation occurs through nu-
merous competing processes, including the radiative deexcitation. The in-
teresting thing about the radiated photon is its wavelength of 1.54 µm that
can be important in optical telecommunications.

The rare-earth-doped silicon has become a very promising light-emitting
material. Not only photoluminescence, but also electroluminescence from
this material has been observed. Metal-oxide-semiconductor (MOS) struc-
ture with erbium-doped SiO2 showed the external quantum efficiency of
10 % [29]. Moreover, an idea of an optical amplifier is based on the erbium
doped SiO2 waveguides [30]. As the erbium ions do not absorb the excitation
light well, the waveguides are doped with silicon nanocrystals, too. They ab-
sorb light well and transfer the energy to the amplifying erbium ions. Thus,
the silicon nanocrystals serve as an “antenna” for the erbium ions [30].

2.1.2 Quantum-Confined Structures

The discovery of effective luminescence from porous silicon in the visible
range at room temperature [31] initiated the interest in silicon nanostruc-
tures. Porous silicon is prepared by electrochemical etching of a silicon wafer
by hydrofluoric acid. As the acid attacks the surface of silicon, its struc-
ture changes into a combination of quantum wires and quantum dots. The
reasons of the enhanced photoluminescence, quoted here with regards to sil-
icon nanocrystals because they are the material that will be studied in this
diploma thesis, are as follows:

• The quantum confinement (in a strong-coupling region) causes par-
tial change from the indirect transition in bulk crystals to a quasi-direct
one in nanocrystals as is schematically depicted in Figure 2.1. The wave
function in a nanocrystal is localized in �x-space. Because of the Heisen-
berg’s uncertainty principle it must be delocalized in �p -space and thus
in �k-space. This delocalization makes the quasi-direct transition possi-
ble, which increases the radiative recombination rates.

• On the other hand, the nanocrystal occupies only a small volume
that is usually almost without defects. Moreover, its surface is
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passivated because the nanocrystal is imbedded in a matrix. These
two phenomena lead to a decrease in the non-radiative recombination
rates.

ordinary crystals
(indirect bandgap)

small crystals (<2 nm)

a) b)

Figure 2.1: The change from an indirect transition (a) in bulk crystals to a
quasi-direct one (b) in small Si nanocrystals.

Moreover, the energy gap increases with decreasing size of a nanocrystal
(Section 1.6). This phenomenon leads to a blue shift of the luminescence.
As (very weak) luminescence from bulk silicon (at low temperature) is sit-
uated in the infrared range corresponding to its energy gap of 1.12 eV, the
luminescence from silicon nanocrystals is shifted to visible range.

Another promising property of silicon nanocrystals is the decrease in
free-carrier-absorption. This phenomenon stems again from from the
larger energy gap in nanocrystals and the consequent situation of lumines-
cence at lower wavelengths. As the free-carrier-absorption decreases with de-
creasing wavelength (αFCA ∼ λ2), the photoluminescence is less reabsorbed
in nanocrystals. Materials with high free-carrier-absorption cannot be used
as an active material for lasers, because the free-carrier absorption prevents
inversion. The decrease in the free-carrier-absorption in silicon nanocrystals
would make a future construction of a silicon laser possible.
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The Preparation of Samples

In my diploma thesis I will focus on silicon nanocrystals (nc–Si) as a silicon-
based light-emitting material. Although there are numerous methods of the
preparation of nc–Si, such as the plasma enhanced chemical vapour deposi-
tion [32], laser ablation [33], sputtering [34], or organic synthesis [35], I will
concentrate only on ion implantation and electrochemical etching. Samples
being to my disposal were prepared by these two methods.

3.1 Ion Implantation

Ion implantation is a wide-spread method with a variety of possible applica-
tions, ranging from modifying surface mechanical properties (such as friction,
adhesion, or corrosion) and optical properties (index changes for an anti-
reflection coating or wavelength-selective mirrors) to semiconductor doping.
All materials, metals as well as insulators and semiconductors, can be used
as a substrate for implantation. It is even possible to introduce buried layers
(such as nc–Si layers) with completely different properties from the substrate
if the implantation dose is high enough.

As for the preparation of a nc–Si layer in a silica glass slab, a layer with
an excess concentration of Si+ ions in silica glass is introduced by means of
an Si+ ion beam. The depth of the Si+ ions layer within the silica glass can
be changed by varying the energy of the ion beam because the energy of ions
decide their range in the substrate. The usual value of energy is in the order
of 100 keV.

After the implantation the whole sample is annealed to the temperature
of about 1000–1100 ◦C. During the annealing, the Si+ ions merge into single
silicon nanocrystals with the diameter in order of nanometres. The density
of these nanocrystals can again be controlled; samples with higher doses (i.e.,
with higher numbers of Si+ ions per a unit of surface of the sample in the ion
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beam) during the implantation result in samples with higher concentrations
of nc–Si in the layer.

The concentration of nanocrystals is not constant throughout the layer
but depends on the depth: it decreases at the top and bottom edges of the
layer whereas it is higher in the middle part (see Figure 3.1).

Figure 3.1: A cross-section of a sample prepared by ion implantation.

The depth layer profiles of ion implanted layers generally range from
Gaussian peaks to asymmetrical peaks with one part tailing towards the
direction from which the ions were implanted [36].

Despite the high cost of the equipment essential for the ion implanta-
tion it is an important and commonly used technique for preparing nc–Si
because both the dose and the depth within the substrate can be controlled.
Furthermore, the surface of the sample is of high optical quality.

Description of samples

Sample Dose [cm−2]

II03 3 × 1017

II04 4 × 1017

II05 5 × 1017

II06 6 × 1017

Preparation parameters
substrate 1 mm thick silica glass slab (Infrasil)
energy of Si+ beam 400 keV
implantation temperature room temperature
annealing 1 hour in N2 at 1100 ◦C

1 hour in 5 % H2 in N2 at 500 ◦C

Table 3.1: The parameters used in ion implantation.

The samples studied in this diploma thesis were prepared in the Research
School of Physical Sciences and Engineering at the Australian National Uni-
versity in Canberra, Australia. The preparation parameters are listed in Ta-
ble 3.1. The preparation resulted in the nanocrystalline layer within a glass
slab with the mean diameter of nanocrystals between 4–5 nm.
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One of these samples, namely, the sample with 4 × 1017 cm−2 dose was
adapted for the measurement of transport properties. Two thin parts with
the shape of a rectangular prism were cut off from the sample, the faces were
polished and the two parts were pasted together so that the nanocrystalline
layers were situated next to each other (as is depicted in Figure 3.2). This
procedure was suggested by J. Valenta. The structure was contacted (top
indium-tin-oxide (ITO) contact and bottom silver glue). This sample will be
referred to as II04P.

nanocrystalline
layer

ITO contact

Figure 3.2: The adaption of ion-implanted samples for the measurement of
transport properties. Two part were cut off and then pasted together.

3.2 Electrochemical Etching

The method of preparing nc–Si used in our laboratory in the Institute of
Physics of the Academy of Sciences of the Czech Republic (FZÚ AVČR) was
suggested by V. Švrček [37] and developed by K. Dohnalová [38]. The prepa-
ration is based on electrochemical etching, providing porous silicon (por–Si),
and comprises three steps: firstly, the process of electrochemical etching, sec-
ondly, the isolation of nanocrystals, and finally embedding nanocrystals in
a matrix. This method is relatively cheap and easy compared to e.g. ion
implantation. It enables the preparation of samples with varying concentra-
tion of nanocrystals, and, moreover, it provides samples whose photolumi-
nescence is blue-shifted compared to samples prepared by ion implantation,
which can be seen if the photoluminescence spectra of the electrochemically
etched nanocrystals measured in this master’s thesis (Figure 4.2) and the
photoluminescence spectra of the ion implanted samples [21] are compared.
The blue shift is important for the search for optical gain. On the other
hand, it results, for the time being, in quite inhomogeneous samples [38].

3.2.1 Porous Silicon

The setup used for standard electrochemical etching of a monocrystalline
silicon wafer by hydrofluoric acid consists of a bottom rust-free contact (an



CHAPTER 3. THE PREPARATION OF SAMPLES 28

anode) on which the etched silicon wafer is placed, then of an etching teflon
chamber and a platinum cathode as is depicted in Figure 3.3. The platinum
cathode rotates during the etching process to make the resulting por–Si more
homogeneous.

Si wafer anode

Pt cathodeteflon chamber

HF

Figure 3.3: A scheme of the setup used for electrochemical etching of a
silicon wafer.

The properties of prepared por–Si strongly depend on the used set of
parameters; etching parameters utilized in our laboratory are summarized
in Table 3.2.

dilution of 50 % HF and UV ethanol 1:3
etching time 2 hours
etching current density 1.6 mA/cm2

illumination natural room light
type of the Si wafer P
surface structure of the Si wafer polished
temperature room temperature

Table 3.2: The used set of etching parameters.

The prepared por–Si exhibits orange photoluminescence when illuminated
by ultraviolet lamp in air at room temperature (see Figure 3.4).

3.2.2 Isolation of Silicon Nanocrystals

The isolation of nc–Si takes place by means of mechanical pulverization re-
sulting in a powder material consisting of single nanocrystals with the diam-
eter of about 3 nm and nanocrystalline clusters [38]. The pulverization of
por–Si surface of about 10 cm2 yields 0.1 mg of nc–Si.
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Figure 3.4: The photoluminescence of porous silicon can be observed with a
naked eye. After [38].

In order to get rid of the biggest (and consequently least luminescent)
nanocrystals, they are dispersed in UV ethanol. The biggest ones are sepa-
rated by sedimentation and the ethanol with nc–Si is filtered through a filter
with 1 µm holes.

However, on account of a large active surface the photoluminescence of
both por–Si and nc–Si is not stable and decays with time. Therefore the
surface must be passivated; in our case, nc–Si are embedded in a matrix.

3.2.3 Embedding in a Matrix

A unique sol-gel-based technique has been developed in the laboratory of
FZÚ AVČR. Pulverized nc–Si are embedded in SiO2 matrix arising from
the solidification of a commercially available dilution. The so-called spin-on-
diffusant P509 (P509), produced by an American company FILMTRONICS
that is standardly used in silicon-based technology for doping silicon wafers
with phosphorus, serves as a substrate material. After a few hours in air the
dilution solidifies at room temperature into a transparent SiO2 layer.

In order to embed the nc–Si in the SiO2 matrix the nanocrystals are added
to P509 and the mixture is treated in an ultrasonic bath to achieve more
homogeneous samples. The mixture can solidify either in a spectroscopic
cuvette, resulting in samples for optical measurements, or on an Si substrate.

After embedding in the matrix, nanocrystals still exhibit orange pho-
toluminescence that can be observed by a naked eye at room temperature
under ultraviolet excitation. In contrast to por–Si, the photoluminescence of
embedded nc–Si is relatively stable on longer time scale [38].

Regarding possible optoelectronic application, electrical excitation needs
to be used instead of optical one. Therefore, conductive samples are essential.
Thus, thin-film samples of nc–Si in SiO2 on silicon substrate were prepared.
The preparation of the samples took place in collaboration with the Insti-
tute of Anorganic Chemistry AVČR in Řež by a spin-coating method with
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parameters summarized in Table 3.3.

Description of samples
ncSi02 reference (blank) sample on N-type Si wafer
ncSi03 N-type Si wafer with nanocrystalline layer
ncSi05 P-type Si wafer with nanocrystalline layer

Preparation parameters
nc–Si to P509 ratio 6 mg : 0.1 ml
rotation rate 500 rot/s
rotation time 30 s
acceleration 100 rot/s2

Table 3.3: The parameters for spin-coating.

As for the contacts, ITO circles 2 mm in diameter were sputtered at room
temperature on the top side of the samples and the sample was attached to
an aluminium foil using a conductive silver glue. The resulting structure is
shown in Figure 3.5 (the (nc–Si+SiO2)-layer is about 300 nm thick).

BOTTOM Al CONTACTBOTTOM Al CONTACT

TOP ITO CONTACTTOP ITO CONTACT

Si SUBSTRATE

nc-Si IN SiO2nc-Si IN SiO2

Figure 3.5: A cross-section of the sample prepared by spin-coating method.
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Results

This master’s thesis was focused on the measurement of the optoelectronic
properties of nanocrystalline-silicon samples and on building an experimental
setup for PE-STM, with the future outlooks for measuring the optoelectronic
properties of nanocrystalline silicon with high spatial resolution. In the fol-
lowing Sections the measurements performed on the samples presented in
the previous Chapter are introduced. The last Section of this Chapter deals
with building the setup for PE-STM.

4.1 Photoluminescence Measurements of the

Samples Prepared by Spin-Coating

A photoluminescence measurement provides us with the information on the
most important optical properties of the studied material. Therefore, it is
the basic optical characterization method revealing (spectrally resolved) light
emission of the material. In case of various nanostructures the preliminary
information on their size can be derived from them assuming the quantum
confinement model.

4.1.1 Experimental Setup

All the photoluminescence measurement were performed at FZÚ AVČR. The
experimental setup for measuring photoluminescence is shown in Figure 4.1.
The sample is excited with a continuous wave He-Cd laser at 435 nm (or
325 nm), then the photoluminescence signal is collected by a glass fiber, and
transferred to a H20 monochromator. The photoluminescence spectrum is
finally detected with an Andor CCD camera. The measurable wavelengths
range from 391 to 1079 nm with the step of 0.174 nm. In these measurements,
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SAMPLE

MONOCHROMATOR

LASER

CCD

GLASS FIBERGLASS FIBER

FILTER

FILTER

PC

PRISM

Figure 4.1: The experimental setup used for photoluminescence measure-
ments.

the monochromator slit of 100 µm was used and the CCD camera was cooled
to −50 ◦C to suppress the dark noise.

4.1.2 Photoluminescence Spectra

The photoluminescence of the samples prepared by spin-coating (Table 3.3)
was measured. The measured spectra can be seen in Figure 4.2. All the
measurements were performed at room temperature. The maximum of the

Figure 4.2: The measured photoluminescence spectra of the ncSi samples.
The excitation wavelength is shown in brackets. The notch at 695 nm is an
artifact of the measurement.

spectra with nanocrystals (at about 720 nm) is attributed to the photolu-
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minescence of nc–Si (the position of the maximum corresponds to the di-
ameter of the nanocrystal of about 3 nm). The band is quite broad; its
width (FWHM∼ 200 nm) is caused by wide distribution of sizes of individ-
ual nanocrystals. The shape of the band is very similar to that of the samples
prepared previously by the same technique [38]. The intensity of photolu-
minescence of the sample ncSi03 was lower than that of ncSi05 despite the
same concentration of nc–Si in P509 during the preparation. The difference
can be partially caused by not exactly the same adjustment of the positions
of the sample and the glass fiber during the measurement.

The reference sample (pure P509) exhibits no photoluminescence in the
region between 600 and 800 nm in which the nc–Si photoluminescence is
situated when excited with 435 nm line. Nevertheless, a weak blue photo-
luminescence was observed under the excitation with the 325 nm line. This
blue photoluminescence from the reference sample is probably caused by the
defects in SiO2.

4.2 Electroluminescence Measurements of

the Samples Prepared by Spin-Coating

Practically, optoelectronic devices are not excited optically but electrically.
However, in order to get an electroluminescence (EL) signal from a material
apart from a photoluminescence one, good transport properties are necessary,
which is not easy to achieve in a nanocrystalline material. Thus, not only
optical but also electrical properties need to be studied.

4.2.1 Experimental Setup

In order to describe the optoelectronic properties current-voltage (I-V ) curves
along with spectrally integrated EL were studied in FZÚ AVČR using an ex-
perimental setup shown in Figure 4.3. Required voltage (current) is applied
to the sample and then the flowing current (or resulting voltage) is measured
(both with a source/electrometre Keithley 237 ) to obtain the I-V curves.
The EL signal from the sample placed in the chamber is collected with a
glass waveguide, then detected with a photomultiplier tube (R636-10 ). Pho-
ton counter Hamamatsu C5410 is used to integrate the EL signal (the inte-
gration time is 1 s). The whole experiment is automated and controlled by
a personal computer (PC).

EL spectra can also be measured in this setup simply by adding a mono-
chromator with a chopper and a lock-in amplifier. However, the measured
EL was too weak to enable to obtain any measurable signal after passing
through the monochromator-chopper system.
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Figure 4.3: The experimental setup used for electroluminescence measure-
ments.

4.2.2 Current-Voltage Curves and Integral
Electroluminescence

The I-V curves and EL-voltage curves of the samples prepared by spin-
coating (Table 3.3) were measured. These samples were prepared to achieve
better optoelectronic properties and thus higher EL signal with high concen-
tration of nanocrystals in the SiO2 layer (6 mg of nc–Si powder in 0.1 ml of
P509 corresponds to about 180× 1016 nc/cm3 compared to 45× 1016 nc/cm3

as a maximum in previously prepared samples [38]).
The top ITO contacts of the samples were biased whereas the bottom

Al contacts were grounded. Thus, the polarity quoted hereafter corresponds
to the polarity applied to the (SiO2+nc–Si)-layer. As a doped substrate
is used, the negative bias applied to the SiO2 layer on N-type Si (and the
resulting positive bias applied to the Si wafer) can be regarded as a reverse
bias (samples ncSi02 and ncSi03) whereas the negative bias applied to the
SiO2 layer on P-type Si can be viewed as a forward bias.

The results are displayed in Figures 4.4–4.6. The measured curves were
reproducible when measuring different samples though the measured EL sig-
nal usually slightly decreased during the several first measurements after
which it became stable.

The voltage range in which individual samples were measured, depended
on their electrical properties. When the bias applied to a sample was in-
creased above a critical value (“a breakdown voltage”) a sudden change in
the I-V curve appeared—the current decreased radically (to nA) and the EL
signal disappeared. There were usually regions preceding the breakdown in
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Figure 4.4: The electroluminescence signal and current-voltage curve of the
reference sample ncSi02. The polarity of the bias corresponds to the polarity
applied to the SiO2 layer.

Figure 4.5: The electroluminescence signal and current-voltage curve of the
sample ncSi03. The polarity of the bias corresponds to the polarity applied
to the (SiO2+nc–Si) layer. The source compliance (Keithley 237) was set to
10 mA.
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Figure 4.6: The electroluminescence signal and current-voltage curve of the
sample ncSi05. The polarity of the bias corresponds to the polarity applied to
the (SiO2+nc–Si) layer.

Figure 4.7: The electroluminescence as a function of current of the measured
samples. The polarity of the bias corresponds to the polarity applied to the
SiO2 layer.
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which the current remained more or less constant, which was accompanied by
the decrease in the EL signal (as can be seen in Figure 4.6). The value of the
breakdown voltage was about 10 V for samples ncSi02 and ncSi03 (though
it was slightly lower for the sample ncSi02) and between 15 and 20 V for the
sample ncSi05.

The conductivity of the measured samples was estimated to be in the
order of 10−7 Ω−1cm−1 (this value can be compared to the conductivity of
monocrystalline silicon which is 3 × 10−4 Ω−1cm−1) with very similar values
for the samples ncSi02 and ncSi03 and somewhat lower value for the sample
ncSi05.

A weak EL signal from both the nanocrystalline samples was observed
when reversely biased. However, contrary to expectations, EL signal from
the reference sample ncSi02 with no nanocrystals and no photoluminescence
except for a weak photoluminescence band in the blue region was observed
(again in the reverse bias).

This behaviour was confirmed by the measurement of EL as a function of
current that can be seen in Figure 4.7. This plot is in fact also a comparison
of the EL signal of the samples prepared by spin-coating.

4.2.3 Time Stability

In order to see if the EL signal is stable on a longer time scale the time
stability measurements were performed using the same experimental setup
as in the previous case (Figure 4.3). A constant current was forced to flow
through the sample and both the intensity of EL and the resulting voltage
were measured. The resulting plots are shown in Figure 4.8.

The intensity of EL was found to be stable over the interval of several
minutes except for a slight decrease in the EL signal at the beginning that
can be seen in the inset of Figure 4.8a.

Two types of behaviour were observed in general, occurring according to
the value of the voltage. If the voltage resulting from the flowing current
was sufficiently low, both the EL signal and the voltage were stable as is
displayed in Figure 4.8a. However, if the voltage exceeded a critical value,
the increase in the voltage (decrease in the conductivity) of the sample was
observed (as in Figure 4.8b), which usually led to the disappearance of the
EL signal after several minutes. However, after contacting the sample in a
slightly different spot in the same contact the electrical properties got better
again approaching the same values as before the measurement (though a
decrease in the EL intensity occurred).

The stability of the EL signal over the interval of several minutes could
allow us to measure an EL spectrum that would reveal more details on the
origin of the measured EL. Some attempts of measuring EL spectra were
performed. However, the signal was still too low, probably as a result of
broad spectra.
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Figure 4.8: The time stability measurement of the sample ncSi03 (a) and
ncSi05 (b). Constant current −10 mA (a) and 0.5 mA (b) was forced to flow
through the samples and both the EL signal (red) and resulting voltage (black)
were measured. The inset in (a) shows the voltage curve in more details. The
compliance was set to 40 V.
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4.2.4 Spectrally Integrated Electroluminescence with
a Red Filter

As it was not possible to measure EL spectra, a filter was used to distinguish
between the red region in which the emission of nc–Si is expected and the
blue region of defect photoluminescence in SiO2 (according to the photolumi-
nescence spectra in Figure 4.2). A filter with the transmittance of about 60 %
in the longer wavelength region and less than 5 % in the shorter wavelength
region (with the edge at about 590 nm) was used (Figure 4.9).

Figure 4.9: The transmittance of the used filter as it was measured by a
Shimadzu spectrometre.

However, the measured spectra in Figures 4.10–4.12 show that the filter
caused roughly the same decrease (to about a half of the original value) in
all the measured samples. Therefore, the emission of all the samples must be
situated, at least partially, in the same region in which the photoluminescence
band of nc–Si is, i.e., above 590 nm.

The light emission from the reference sample ncSi02 can be attributed ei-
ther to a silicon P-N junction reversely biased near the breakdown region [39],
emitting light nearly over the whole visible range, or to the EL of neutral
oxygen vacancies [40].
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Figure 4.10: The intensity of EL of the sample ncSi02 when measuring with
and without the filter. The spectra are background-corrected.

Figure 4.11: The intensity of EL of the sample ncSi03 when measuring with
and without the filter. The spectra are background-corrected.
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Figure 4.12: The intensity of EL of the sample ncSi05 when measuring with
and without the filter. The spectra are background-corrected.

4.3 Transmission Measurements of the Ion

Implanted Samples

The transmission measurements usually provides us with the transmission
spectra of the samples which are important for the information on absorp-
tion. However, in our case, the transmission spectra were used for deriving
the structure of our samples (namely, the position and the thickness of the
nanocrystalline layer).

4.3.1 Results of the Transmission Measurements

The transmission of the ion implanted samples (Table 3.1) were measured
by both a Fourrier Transform Infrared (FTIR) spectrometre and a conven-
tional spectrophotometre (Shimadzu). The measured spectra are shown in
Figure 4.13.

The measurement with the spectrophotometre covers a wider range of
wavelengths (250–2600 nm), especially the interesting region between 250
and 500 nm in which the nc–Si absorption edge is present. The onset of
strong absorption (an abrupt decrease in transmission) shifts towards longer
wavelengths with higher doses, or, in other words, towards lower photon
energies with higher density of nanocrystals.
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Figure 4.13: The transmittance spectra of ion implanted samples measured
by spectrophotometre and FTIR (in the inset).

An interference pattern can also be seen at wavelength above the ab-
sorption edge. The problem is that the interference effects have significant
influence in the absorption region, too, and may cause an error in deriv-
ing any absorption-related properties directly from these measurements [41].
Scattering losses should also be taken into account [42].

The FTIR transmission spectra will be helpful in understanding the in-
terference patterns better. Even though they do not contain the region of the
nc–Si absorption (the wavelength range is 600–2600 nm) their signal-to-noise
is higher, and consequently they describe the interference patterns better.
An important information that can be derived from the interference patterns
is the actual composition of the samples (as the thickness of the implanted
layer or the depth in which it is buried). More sophisticated models can even
describe the profile of the refractive index throughout the layer. Moreover, by
understanding the interference pattern and describing it quantitatively the
extraction of absorption-related properties (such as Tauc gap) would become
both possible and accurate.

The FTIR spectroscopy has many advantages, such as high spectral reso-
lution without the need to use narrow slits and thus decrease the intensity or
a quick measurement due to detecting the whole spectrum at once. However,
there are some disadvantages, too, namely, the possible distortion of the mea-
sured spectrum. Therefore, the FTIR spectra were corrected by subtracting
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a line background (with a very small slope) to match the spectrophotometre
spectra as well as possible. Otherwise, the spectra measured by both above
mentioned methods match in the overlapping region.

4.3.2 The Model of the Optical Properties
of the Nanocrystalline Layer

In order to characterize the nanocrystalline layer, a model based on the
Maxwell-Garnett formula (Equation (1.17)) for the permittivitity of effec-
tive medium of a two-component material was introduced. The properties
of nc–Si were approximated with the complex refractive index of crystalline
silicon obtained from literature [43]; this material was embedded in the SiO2

matrix with a constant real refractive index of 1.45 (setting the imaginary
part κ to zero). Therefore, our model approximated the refractive index of
the nanocrystalline layer by the Maxwell-Garnett effective complex refractive
index. The refractive index can then be the function of fill factor f (Equa-
tion (1.18)) describing the nanocrystals-to-the-whole-layer volume ratio and
thus characterizing the density of nc–Si in the layer. The curves resulting
from our model are shown in Figure 4.14.
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Figure 4.14: The real (a) and imaginary (b) parts of the complex refrac-
tive index of the (SiO2+nc–Si) layer estimated from the Maxwell-Garnett
formula. The shape of the curve changes with fill factor f .

The fill factor influences the optical properties radically. The refractive
index ranges from the refractive index of SiO2 (if f = 0) to that of bulk silicon
(if f = 1). The value of its real part strongly increases with increasing fill
factor and the onset of the band is shifted towards lower energies. The onset
of the band of the imaginary part is similarly shifted towards lower photon
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energies with increasing fill factor, which qualitatively agrees with the same
behaviour of the measured transmission spectra.

4.3.3 A Model of Interferences in a Thin Layer

The first simple model to explain the interference pattern in the transmission
spectra was a Fabry-Perot interference in a single thin layer (1.27). The mod-
elled sample consisted of a layer with the effective permittivitity described
above (standing for the nanocrystalline layer) which was thin enough (i.e.,
its thickness is less than the coherence length of the used light) to enable
the interaction of the passing waves resulting into constructive and destruc-
tive interference. The SiO2 substrate is considered too thick to allow the
interference. Therefore no interference in the second medium is taken into
account, the model spectra are only corrected for the reflection at the inter-
face (though the influence of this correction is negligible). Normal incidence
is assumed because the value of the angle of incidence in the measurement
was 90◦ or very close to it.

In this model two parameters need to be adjusted: the fill factor f influ-
encing the density of nanocrystals in the layer and thus the change in the
(complex) refractive index, and the thickness t of the layer in which the in-
terference occurs. The comparison of the measured spectra and the model
transmission are depicted in Figure 4.15. The model obviously characterizes
the main features of the measured spectra. The absorption region arising
from the imaginary part of the crystalline-silicon refractive index roughly
matches the absorption region of the measured data, however, the fit gets
worse with increasing dose. The model absorption region can be shifted
towards lower energy by increasing the fill factor when adjusting the param-
eters but the fill factor also affects the amplitude of the interferences. Thus
the fill factor was set to match both these parameters without forcing it to
describe the onset of absorption perfectly.

The separation between local maxima and minima in the model corre-
sponds to those in the measured spectrum with the lowest dose perfectly.
However, with increasing dose a variation in the separation is observed ex-
perimentally (Figure 4.15b, d, f, h), which does not appear in the model.

If both the thickness t and the fill factor f are known, it is possible
to estimate the number of silicon ions in the layer simply from the volume
essential to accommodate all the ions (supposing they make a typical lattice).
Thus a simple formula of the “contents of silicon” can be derived as follows

CSi =
fρ t

Armu

(4.1)

from the atomic number of Si Ar, mass unit mu and the density of crystalline
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Figure 4.15: The comparison of the measured transmission spectra (black)
and a simple model (red) of the interference in one thin layer. The data
measured by FTIR (b, d, f, h) in the insets describes the interferences better
than the data measured by a spectrometre (a, c, e, g).
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silicon ρ. These estimated values of the silicon contents along with the pa-
rameters obtained by adjusting are summarized in Table 4.1. The estimated
values of the contents of silicon correspond (taking into consideration the
fact that the approximation of a single layer with constant refractive index is
really rough) to the preparation parameters (dose) of individual samples even
though the estimated values are slightly higher. The thickness of the layer is
about 700 nm and slightly increases because of the shift of the positions of
local maxima and minima in measured spectra.

Sample Dose t f CSi Difference
[1017cm−2] [nm] [1017cm−2]

II03 3.0 715 0.12 4.3 43 %
II04 4.0 715 0.15 5.4 35 %
II05 5.0 730 0.16 5.8 16 %
II06 6.0 735 0.19 7.0 14 %

Table 4.1: The values of parameters obtained by adjusting the one-layer-
interference model to fit the measured spectra. The dose is compared to the
value of the silicon contents estimated from adjusted parameters.

Although some features mentioned above can be well described by this
simple model, the model spectra completely lack the observed decrease in
the amplitude of interferences. Therefore a second model was introduced.

4.3.4 A Model of Interference in Two Layers

The ions are not absorbed just under the surface of the glass during the
implantation but they penetrates deeper. Consequently, there is a thin SiO2

layer at the top part of the sample influencing the interferences. In order to
take this fact into account a more complex model of the interference in two
layers was considered.

The nanocrystalline layer was again characterized in the same way by the
effective permittivitity. The difference is in characterizing the interference
patterns. In this case the interference in the system of two layers (the com-
parison with the previous model is displayed in Figure 4.16) was evaluated by
means of the Abelés matrix method (see Section 1.10 for more details) assum-
ing normal incidence again. The number of adjustable parameters therefore
increased to three: the fill factor f , the thickness of the nanocrystalline layer
t and the depth of the SiO2–nc–Si interface d.

The model spectra adjusted to best fit the measured ones are shown
in Figure 4.17. The fit in the whole range of energies looks very similar to
the one before. It is mainly because of the same requirement while adjusting
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Figure 4.16: The sample (a) was described by a one-layer interference model
(b) and then by a two-layer interference model (c).

on the correspondence of both the position of the absorption region and the
amplitudes of the interference patterns. However, the second interference
arising from the added layer modulates the pattern and thus it can change
the amplitudes. This phenomenon can best be distinguished in the model
interference pattern of the sample with highest dose (Figure 4.17h). The
fact that in this case the positions of the peaks in the highest-dose spectrum
match should also be noticed. The positions of the peaks change with varying
thickness of the nanocrystalline layer while the depth remains constant.

The values of adjusted parameters in comparison with the estimated con-
tents of silicon (Equation (4.1)) are depicted in Table 4.2. The increase in

Sample Dose d t f CSi Difference
[1017cm−2] [nm] [nm] [1017cm−2]

II03 3.0 120 620 0.12 3.7 23 %
II04 4.0 120 630 0.17 5.4 35 %
II05 5.0 120 630 0.19 6.0 20 %
II06 6.0 120 660 0.21 7.0 17 %

Table 4.2: The values of parameters obtained by adjusting the two-layer-
interference model to fit the measured spectra. The dose is compared to the
value of the contents of silicon estimated from the adjusted parameters.

the thickness of the nanocrystalline layer resembles the one estimated before
and so does the correspondence between the theoretical value of the contents
of silicon and the dose. The graphic representation along with the refractive
index and the absorption coefficient as a function of energy evaluated from
the fill factor and Maxwell-Garnett effective medium theory are displayed in
Figure 4.18. Our model approximates the refractive index as a function of
the depth in the sample only roughly but it takes into account absorption
and dispersion.

In order to explain the decrease in the interference amplitude throughout
the whole spectrum and thus describe the properties of the material better,
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Figure 4.17: The comparison of the measured transmission spectra (black)
and the model (red) of the interference in two thin layers. The data measured
by FTIR (b, d, f, h) in the insets describes the interferences better than the
data measured by a spectrometre (a, c, e, g).
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Figure 4.18: The model data for the refractive index and absorption coeffi-
cient derived from the adjusted fill factor. The refractive index as a function
of the depth in the sample at 650 nm (a), compared to another refractive
index model of the same samples (c) (after [21]), then the refractive index
(b) and the absorption coefficient (d) as a function of energy can be seen.

an approach of continuously changing refractive index forming a peak (as
in Figure 4.18c) instead of a step-like function (as in Figure 4.18a) must be
taken [21].

Nevertheless, the main features of the measured spectra are characterized
by this simple interference model in two layers. In Figure 4.18 the compar-
ison between this profile of refractive index and a more sophisticated one
made by T. Ostatnický [21] can be seen. In his model the profile of the re-
fractive index is approximated with a Gaussian and a Lorentzian curve and
the parameters of these curves are adjusted to best fit the interference pat-
terns with the values for the refraction index of nanocrystalline silicon from
literature used as starting point for the fit. No absorption or dispersion is
taken into account. However, the step-like dependence and the peak agree
with one another very well. The long tails of the peaks correspond to a very
thin SiO2 layer above the nanocrystals, in both cases the refractive index
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Figure 4.19: The TRIM calculation of the Si+ ions range in quartz.

rises and the nanocrystalline layer gets a little thicker with increasing dose.
The centres, widths and the differences between the values of the refractive
indexes of the nc–Si layer and the substrate match, too.

There is one more point of view that can be useful when determining the
refractive index of such a structure. The distribution of the implanted ions
within the substrate can be modelled using a TRIM: SRIM–98 programme.
This modelling was performed by J. Král, FJFI ČVUT, Prague. The result
of modelling the implantation of 20,000 Si+ ions with the energy of 400 keV
into quartz (the dose cannot be taken into account) can be seen in Fig-
ure 4.19. Although the samples were annealed after the implantation the
resulting profile of the nc–Si layer corresponds to the refractive index profile
in Figure 4.18c.

Our results confirm not only the importance of interference effects in
transmission spectra of implanted samples but also the use of the Maxwell-
Garnett approximation as a beneficial tool for studying such materials.

4.4 Conductivity of the Ion Implanted

Samples

In order to answer the question if the macroscopic lateral injection of carriers
into the ion implanted samples is possible, the transport properties of such
a system was measured. The adapted ion implanted sample II04P was used
for this measurement and the experimental setup was the same as in EL
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measurements (Figure 4.3). The acquired I-V curve is shown in Figure 4.20.

Figure 4.20: The I-V curve of the ion implanted sample. The voltage was
applied to the ITO contact.

The conductivity of this structure can be evaluated to 4×10−6 Ω−1cm−1.
Obviously, the nanocrystals have created a conductive path in the glass al-
lowing the tunnelling carriers to get through the layer. This is a positive
message in view of the way towards an injection EL device. The I-V curve
of the ion implanted sample is similar to that of a Zener diode.

The good elecrical and optical properties of the ion implanted samples
makes them a good candidate for PE-STM measurements.

4.5 Photon Emission Induced with an STM

Tip

The STM-tip-induced photon emission (PE-STM) has emerged lately as a
new way of studying light emitting materials with high spatial resolution.
In this experiment, the STM tip is used as a source of low-energy electrons
or holes of high brightness. The photons generated within the tunnelling
process are then collected. Thus, extra information to the measured STM
topography is obtained. This adds a “chemical contrast”—it is possible to
distinguish between two materials which emit light with different efficiency.
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Furthermore, not only the intensity of the photon emission, but also the
spectra or the angular distribution of photons can be measured.

The use of the STM tip as a local optical probe allows us to study many
physical phenomena, such as plasmons and interband transitions in metals,
intrinsic luminescence and luminescent defects in semiconductors, molecular
fluorescence, or photon emission from quantum-confined structures. We will
focus on the photon emission from metals (since the films of silver or gold are
used as a testing material in our case) and luminescence in semiconductors
(as semiconductor nanostructures are to be studied by PE-STM in our group
in the future).

4.6 The Theoretical Background of Scanning

Tunnelling Microscopy

Scanning Tunnelling Microscopy (STM) is one of scanning probe techniques.
It was discovered in 1981 by G. Binnig and H. Rőhrer [44] who were soon
(1986) awarded the Nobel Prize for their invention.

STM is a powerful means of imaging surfaces that can even reach the
atomic resolution. It is based on the quantum mechanical phenomenon of
tunnelling: if two conductive materials are brought close enough to each
other and are biased, there is a non-zero probability of an electron getting
through the barrier which isolates the surfaces. If we consider the simplest
possible model of tunnelling between two metals, we will get the following
relation for the tunnelling current It [45]:

It ∼ Vtrs exp(−Kd
√

Φ), (4.2)

where Vt is the bias, rs is the local density od states, K is a constant (K ≈
10 nm−1eV− 1

2 ), d is the tip-sample distance and Φ is the average barrier
height. With two metals in vacuum, the barrier height is the average of their
respective work functions.

The microscope can operate in various modes. The most important ones
are the current-imaging and the constant-current modes:

A current-imaging mode: means that the tip position over the surface is
kept unchanged and the topography is evaluated from the fluctuations
in the current signal. This mode is not often used because the tip-
sample distance is usually less than a nanometre but the typical sample
roughness exceeds this value. The given conditions may cause a tip
crush and consequently the tip is damaged. Therefore, this mode can
only be operated with very flat surfaces.
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Figure 4.21: The basic scheme of STM operation (a), an etched tip (b),
and the STM image with atomic resolution reconstruction (c), showing 7× 7
reconstruction on Si(111) surface.

A constant current mode: is more convenient for most surfaces. When
the tip scans the surface, the feedback loop controls the tunnelling
current, keeping it constant by adjusting the bias. Thus, the tip follows
the contours of the constant tip-sample distance d and the topography
image d(x, y) can be obtained without any risk of collision.

The most important advantage of this probe technique is its very high res-
olution. In the vertical direction the resolution can be less than a nanometre,
depending on both the sharpness of the tip and the roughness of the studied
surface. This can be achieved thanks to the strong distance dependence of
the tunnelling current and the sensitivity of piezocrystals by which the tip is
driven.

4.6.1 STM Measurements

The STM topographies of the samples prepared by spin-coating displayed
in Figure 4.22 were measured using an ultra high vacuum (UHV) STM system
in a constant current mode in Commissariat à l’Energie Atomique (CEA),
Saclay, France. The tunnelling voltage was −2.0 V and the tunnelling current
500 pA.



CHAPTER 4. RESULTS 54

a) b)

c)

ncSi02 ncSi03

ncSi05

Figure 4.22: STM topographies of the samples ncSi02 (a), ncSi03 (b), and
ncSi05 (c).

These images demonstrate that high spatial resolution can be achieved
when using an STM system. The limitations of its use are, however, given by
the requirement of sufficiently good transport properties to enable tunnelling.

If we compare individual topographies, we can see that the surface of the
pure SiO2 (ncSi02) is smoother (the range of the z-scale in only 1 nm) than
the surfaces of the other two nanocrystalline samples (ncSi03 and ncSi05)
with the z-scale reaching 5 nm and 3 nm, respectively. This difference is
probably caused by the presence of nc–Si, or, more likely, nc–Si clusters.
Thus, identifying the bumps on the surface as nanocrystalline clusters, the
inhomogeneity of the distribution of single nanocrystals in the sample can be
seen. Therefore, in order to improve the optoelectronic properties of these
samples, the preparation method should be reviewed with special emphasis
on the homogeneity of the resulting samples.
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4.6.2 Photon Emission from Metals

One of the simplest models describing the STM-induced photon emission
from metals [46] considers tunnelling from an s-like orbital at the apex of
the tip to a spherical metallic particle. Thus, the probabilities of competing
radiative and non-radiative processes can be estimated analytically. As the
result, the inelastic-tunnelling-induced plasmon excitation shows as the most
effective way of emitting a photon (with the probability in order of 10−3

photons per electron [46]).
The fact that the energy for the excitation of the plasmon comes from

inelastic tunnelling, has one important consequence: both the materials of
the tip and the sample and the geometry of the experiment influence emitted
photons.

4.6.3 Photon Emission from Semiconductors

The STM-induced photon emission from semiconductors can arise due to
various processes within the semiconductor sample. The kind of the process
which occurs depends on both the energy of the tunnelling carriers and the
type of a semiconductor. In the following processes electrons are assumed to
be the tunnelling (injected) carriers. Similar mechanisms are possible with
tunnelling holes, too.

• If the electron tunnels right into the minimum of a conduction band,
the so-called resonant tunnelling, it can recombine radiatively.

• In case of higher energies, the tunnelling is followed by hot electron
decay and again by the radiative recombination.

• If the energy of the tunnelling electron is higher of about the energy
of the gap above the bottom of the conduction band, an electron in
the sample can be excited from the valence band to the conduction one
via the Auger deexcitation of the tunnelling electron. The excited
electron then recombines radiatively.

• For very high tunnelling energies the impact ionization can occur.

In contrast to metals, in semiconductors the excitation energy originates
largely from the excess energy of the elastically injected carrier. Therefore,
the detected photon emission is influenced only by the sample, and the ma-
terial of the tip (and the geometry of the setup) are not important.
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4.6.4 Building the Experimental Setup for PE-STM

The usual value of the tunnelling current in an STM is about 1 nA, which cor-
responds to approximately 1010 tunnelling electrons per second. The value
of the external quantum efficiency of the photon emission process can be
10−3 [46] at best. Furthermore, there will be additional losses in the detect-
ing system arising from limited angle from which the light is collected (one
or two orders of magnitude), and the limitation of the collecting/detecting
chain (another one or two orders of magnitude). Then, the decrease in the
acquired signal due to losses within transfer will be in order of of 10−2–10−4.
However, the signal of about 103–105 cps can still be obtained (these val-
ues are summarized in Table 4.3). Because of low intensity of PE-STM, a
sensitive detecting system is necessary.

current [electron/s] 1010

the efficiency of photon emission 10−3

losses in the collecting system 10−2–10−4

resulting signal [photons/s] 103–105

Table 4.3: The estimate of the signal acquired from PE-STM.

The detecting system that we have built is displayed in Figure 4.23. In
our case, the detecting system consists of two lenses and a detector. The
first lens has the diameter of 45 mm and the focal length of 50 mm. It is
aspheric to effectively collect the light emitted from a very small spot. The
second lens is used to focus the collected light to the circular active area
(with the diameter of 180 µm) of the detector; the lens’ diameter is 8 mm
and its focal length is 10 mm. As for the detector, a very sensitive commercial
single photon counting module (PerkinElmer SPCM-AQR) is used. It was
designed for the detection of low-intensity light (over the wavelength range
of 400–1060 nm) and utilizes a silicon avalanche photodiode.

The used STM is a commercial microscope Tescan measuring in air
shown in Figure 4.24. This microscope is used even though another STM
measuring in UHV conditions and thus reaching higher resolution (Omicron)
is available in FZÚ AVČR. However, both the manipulation with samples
and the adjustment of the detecting system is much easier when utilizing the
air-STM system. Therefore, the air-STM is more convenient for testing a
detecting system that can later be adapted for the use in the UHV-STM.

The microscope is controlled by a special electronic unit operated with
the software on a personal computer. This software was designed for mea-
suring the STM topographies and local spectroscopy (I-V curves) but not
for measuring the photon maps. In order to enable the measurement of a
photon map, a photon counter was added to the avalanche photodiode and
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Figure 4.23: The scheme of the PE-STM setup (a) and the built setup with
air-STM (b).

the whole system was connected with the computer via a GPIB interface.
Afterwards, new software Surface Editing and Analysing (SEA) developed
by M. Buček, FSI VUT, Brno was installed on the computer. The software
is essential for displaying, modifying and saving the acquired photon maps.

The increase in the collected light intensity caused by the use of the second
lens was measured using a LED with a shade and a pin-hole as a point source.
The intensity was enhanced to 2400 cps with the second lens compared to
400 cps without it while the positions of the other parts of the collecting
system remained unchanged. Thus, the second lens increases the intensity
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Figure 4.24: The head of air STM microscope (a) and a topography of
polycrystalline silver (b) measured by this microscope.

of the collected light by the factor of about 6. The measured background of
the whole setup is about 50 cps.

In order to adjust the detecting system as well as possible a modelling ap-
proach was undertaken. The simulation was performed by A. Svoboda, MFF
UK, Prague using the OSLO software based on ray tracing. The distance
between the tip-sample interface and the first lens d1 was set to 50 mm. The
distances between the first and the second lenses d2, and the second lens and
a detector d3 were optimized for obtaining the highest possible intensity of
signal. The acquired parameters are depicted in Figure 4.25.

Another aim of the modelling approach was the quantitative description
of the losses in the collecting system. As for the source, it was modelled
as a Lambertian source, circular in shape with the radius of 1 µm emitting
the light at the wavelength of 600 nm. 5 × 105 rays were launched and the
previously obtained values of distances d1, d2, and d3 (in Figure 4.25) were
used. The image of the source made at the plane of the detector’s active area
was modelled by ray tracing and the results can be seen in Figure 4.26.

The resulting illuminated spot is quite small—it is a circle with the diam-
eter between 100 and 200 µm, which means that the setup must be adjusted
very sensitively. However, the irradiance as a function of the separation from
the cental point does not just simply decrease as the separation increases.
On the contrary, it reaches values over 0.5 for the separation less than 50 µm,
which makes the adjusting much easier compared to the situation when the
irradiance steeply decreases as the separation from the central point increases.

The concrete shape of the irradiance curves is strongly dependent on the
distance d1. The curves resulting from the same modelling differing only
in the preset value of d1 to 55 mm exhibited completely different behaviour
containing only one maximum.
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Figure 4.25: The optimized adjustment of the setup obtained by modelling.
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Figure 4.26: The modelled image of the source at the active area the the
detector (a), its projections (b, c) and the description of modelling (d).
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Concerning the efficiency of the detecting system, it will be characterized
by the ratio of the power of the light incident on the active area of the detector
to the power of the light emitted by the source (“transmitted power”). The
value of the transmitted power was estimated to 7.7 %. Nevertheless, there
is one important factor influencing the efficiency that was not included in
the model, namely, the inclination of the source. In the model, the angle
between the direction of maximum emission from the source and the axis of
the collecting system is set to zero. In reality, the scanning with the STM
takes place in the horizontal plane and the inclination angle was 90◦. This
inclination, obviously, causes additional losses that can be estimated at ten
times less signal. Thus, the value of the transmitted power is in the order of
several permilles, which agrees with the estimate made at the beginning of
this subsection (summarized in Table 4.3).

As the result of the modelling, two ways to improve our detecting system
can be found. Firstly, the whole collecting system can be inclined so that
the angle between the maximum of the light emission and the axis of the
collecting system could be less. However, if the angle between the maximum
of the light emission and the axis of the collecting system was set to zero,
the signal would be shaded by the tip. In this case, the ideal adjustment
will probably be with the inclination of about 45◦. Secondly, replacing the
second lens by another aspherical one with larger diameter would increase
the intensity, too.
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Discussion

The use of local luminescence probe that enables photon emission mea-
surements with high spatial resolution, makes the study of light-emitting
nanometre-sized objects possible. In a PE-STM measurement, local trans-
port properties can be studied along with the optical ones. The aim of this
master’s thesis was to build an experimental setup for air-based PE-STM.
This setup, unique in the Czech Republic, was started to be built with the
future outlooks for studying the luminescence from silicon nanocrystals, a
promising silicon-based light-emitting material. Therefore, emphasis was also
put on studying optical and electronical properties of available nc–Si sam-
ples. The obtained results are summarized and discussed in the following
sections.

5.1 Electrochemically Etched Silicon

Nanocrystals

The first studied series of light-emitting silicon-based samples were nanocrys-
tals prepared by electrochemical etching and subsequent spin-coating. The
measured STM topographies (Figure 4.22) imply that the distribution of
nc–Si in the SiO2 layer is still quite inhomogeneous and the preparation
method should be reviewed in order to obtain more homogeneous samples.

As for studying optoelectronic properties of these samples, the measured
photoluminescence spectra (Figure 4.2) show the band centred at 720 nm of
the light emission from nc–Si in the nanocrystalline samples and the absence
of this band in the reference sample (pure SiO2 on N-type Si). Furthermore,
the samples exhibit reasonable electric conductivity across the (SiO2+nc–Si)-
layer (∼ 10−7 Ω−1cm−1) and also a weak electroluminescence (Figures 4.4–
4.6). An increase in the EL signal from the bias value of 4–5 V was observed
under reverse polarity, indicating that impact ionization rather than bipolar
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injection is the main excitation mechanism. The EL increase was followed by
a decrease of both the current and the EL signal at the bias above 10–15 V
caused probably by the dielectric breakdown in the SiO2 layer. Consequently,
the EL signal could not be increased by applying higher voltage to the sam-
ples.

The EL signal was too weak to enable the measurement of EL spectra
but the luminescence is, at least partially, situated at the wavelength range
above 600 nm, as can be seen from the EL measurements with a red filter
(Figures 4.10–4.12).

The appearance of the EL signal from these samples could signify an
important message, namely, achieving a conductive path through the nc–Si
(a kind of percolation behaviour). What is, however, hard to understand
in this context, is that the EL signal was obtained also from the reference
sample free of nanocrystals. As this light emission is situated also above
the wavelength of 600 nm, the light emission from the reference sample is
probably caused by a P-N junction (or a Schottky barrier) biased in reverse
direction [39] near the breakdown region or by neutral oxygen vacancies in
pure but defect SiO2 [40].

Therefore, no final conclusion concerning the mechanisms of EL from
the nanocrystalline samples can be drawn yet. The possibility of different
excitation mechanisms of photoluminescence and electroluminescence arises.
The use of a sensitive CCD camera would probably enable the measurement
of EL spectra revealing more details on the excitation mechanisms. Samples
with higher degree of homogeneity of nc–Si distribution in SiO2 layer are also
needed.

5.2 Ion Implanted Silicon Nanocrystals

Another series of nc–Si samples was prepared by ion implantation, providing
samples of high optical quality. The surprising results confirming an elec-
trical transport (displayed in Fig 4.20) taking place between the individual
nanocrystals in the matrix give rise to the possibility of using these samples
for PE-STM measurements. The conductivity of the (SiO2+nc–Si)-layer es-
timated from these measurements is in order of 10−6 Ω−1cm−1, which is a
very high value compared to the conductivity of pure glass.

However, the STM tip must be placed directly above the nanocrystalline
layer if the photon emission from nc–Si is to be measured successfully. There-
fore, the ion implanted samples must be adapted similarly as they were for
the conductivity measurement (the adaptation is shown in Figure 3.2) and
the information on the position of the (SiO2+nc–Si)-layer within the sub-
strate is essential.



CHAPTER 5. DISCUSSION 63

Therefore, the structure of the samples was obtained from a created in-
terference model describing transmission spectra (Section 4.3). The model
was based on the approximation of the (complex) refractive index of the
(SiO2+nc–Si)-layer by the Maxwell-Garnett formula (Equation (1.17)). The
dispersion and the absorption of the silicon material were also comprised in
the model. The refractive index profile was then adjusted to fit the measured
transmission spectra (Figure 4.17), acquiring the information on the position
of the (SiO2+nc–Si)-layer within the substrate (about 500 nm thick layer
reaching about 100 nm under the surface). In this model, two important
facts were neglected: firstly, the refractive index as a function of the depth
in the sample is definitely smoother than the assumed step-like function, and
secondly, the size (and light emission) of nanocrystals in the layer was not
taken into account. The nanocrystals were approximated with crystalline-
silicon grains with size less than the wavelength of the used light instead.
Nevertheless, the acquired parameters corresponded very well to other esti-
mates (Figures 4.18c, 4.19) and the main features of the measured spectra,
including the decrease in transmission attributed to the absorption of nc–Si,
were characterized very well.

5.3 The Experimental Setup for PE-STM

In order to enable the measurement of spatially resolved photon emission with
high resolution an experimental setup for PE-STM measurements has been
built by adding a photon collecting system to an air-STM as is displayed
in Figure 4.23. Both the adjustment and the efficiency of the collecting
system were modelled. The resulting efficiency is sufficient to obtain photon
emission from samples of polycrystalline silver or gold in which the efficiency
of the radiative decay of plasmon is high (10−3). Even though the modelled
parameters and the testing materials of polycrystalline silver and gold were
used, no photon emission excited by tunnelling carriers injected into the
samples was observed so far. The answer to the question why is very difficult
and more studies need to be performed.

Therefore, the question why no photon emission was observed remains,
for the time being, unanswered. However, the work on this experiment will
be continued by the author of this master’s thesis during her future PhD.
studies in the collaboration with the Nanophotonics group in Commissariat
à l’Energie Atomique, Saclay, France.
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Conclusions

This master’s thesis was focused on the study of silicon nanocrystals and
also on the participation on building the experimental setup for measuring
photon emission induced with the tip of a scanning tunnelling microscope.
This system will allow to study the optoelectronic properties of nanometre-
sized light-emitting centres with high spatial resolution.

• A weak electroluminescence signal from the samples prepared by em-
bedding electrochemically-etched silicon nanocrystals in an SiO2 ma-
trix by spin-coating was observed. Nevertheless, the distribution of
nanocrystals in the SiO2 layer is still inhomogeneous and more homo-
geneous samples are needed.

• An interference model of the transmission spectra of samples of ion
implanted silicon nanocrystals was created. The information on the
structure of these samples was obtained by comparing the model spec-
tra with the measured ones. Furthermore, the existence of the electrical
transport between individual silicon nanocrystals in the silica glass was
confirmed. Both the electrical properties and the structure of the sam-
ples are crucial for possible future PE-STM measurements.

• The experimental setup for measuring air-based PE-STM was built
and tested. In order to adjust the setup as well as possible the ideal
adjustment was modelled. Besides, some suggestions for improving the
performance of the setup were obtained from the modelling. However,
the proper adjustment of the setup requires further effort.
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