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Wissenschaftliche Forschung kann durch Förderung des kausalen Denkens und
Überschauens den Aberglauben vermindern. Es ist gewiß, daß eine mit re-
ligiösem Gefühl verwandte Überzeugung von der Vernunft bzw. Begreiflichkeit
der Welt aller feineren wissenschaftlichen Arbeit zugrunde liegt.

(Albert Einstein)

Die Wiegen von Wissenschaft und von Religion liegen im Staunen, im Suchen und
Fragen, in der schöpferischen Neugier.

(in Anlehnung an Einstein und andere)

Wahrheit ist wie eine endlos sich windende Spirale, deren oberstes Ende wir nicht
erkennen können.

(frei aus dem Kopf unter dem Einfluss bisheriger Erlebnisse und Worte anderer Menschen)
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Abstract

Thin films of silicon nanocrystals (Si-nc) were produced by laser pyrolysis of SiH4 and accu-
mulated on various substrates. Layer growth, optical properties, charge transport, photolumi-
nescence (PL) and electroluminescence (EL) were investigated on these porous layers.

A stick-ball model for layer growth of porous Si-nc films was developed and implemented
by Monte-Carlo computer simulations. Therefrom a valueP(∞) = 0.86 for the bulk porosity of
the layers was calculated in the limit of infinitely large volume.

Charge transport during layer growth could qualitatively be explained by percolative trans-
port near interfaces and in the bulk respectively. The experimentally observed exponentBexp≈
1.5 in the power law dependence of the electric conductance on the Si-nc layer areal density
was fairly well reproduced by further Monte-Carlo simulations based on the stick ball model.

Current-voltage characteristics of oxidized Si-nc layers were reproduced by a model assum-
ing tunnelling through oxide shells between adjacent Si-nc and from these fits the number of
oxide barriers between the two contacts on the sample was determined. This number turned
out to be a factor 1.5. . .12 larger than the calculated number of Si-nc in a straight line between
the contacts, which can be attributed to the existence of percolation paths. Experimentally se-
vere instabilities in charge transport measurements were detected, which I mainly attribute to
the large surface to volume ratio of the porous Si-nc layers and therefore extreme sensitivity to
gases or water vapour.

Optical transmission was evaluated to obtain the absorption coefficient of Si-nc layers. By
application of a one-oscillator model to the evaluated real part of refractive index curves band
gapsEg,opt≈ E0/2 were estimated as approximately half the resonance energyE0, which agree
well with the band gaps determined from measurements of PL.

EL was achieved from p-type crystalline silicon / Si-nc / metal structures. The depen-
dence of EL on the current through the devices could be reproduced by an approach based on
Shockley-Read-Hall recombination in competition with radiative recombination. In most of the
measurements spectral distributions of EL and PL agree. For theses measurements I propose
radiative recombinationvia quantum confined states as origin. For some measurements, how-
ever, EL is significantly blue-shifted compared to PL, which I explain by recombinationvia
silicon oxide related states for the EL in contrast to the PL originating from transitions between
quantum confined states.
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Abbreviations and symbols

Abbreviations

AFM atomic force microscope / microscopy
c-Si bulk crystalline silicon
EL electroluminescence
p-Si p-type c-Si
PL photoluminescence
PSi porous silicon
RT room temperature

S-Eq Schrödinger-equation
SCR space charge region
Si-nc silicon nanocrystal(s)

Symbols

d diameter of a Si-nc or number of dimensions
D areal density of Si-nc or electronic density of states
dc number of confined space directions
g degeneracy

EF Fermi-level
Eg energy gap of semiconductor
E∗g separation energy of nanocrystals (analogue toEg)

f (E) Fermi-distributionf (E) = 1
exp(E−EF

kT )+1

h layer thickness
L macroscopic extension in non-confined spatial direction

Lquant mesoscopic extension in confined spatial direction
λPL PL peak wavelength
m∗ effective mass
m∗1l longitudinal effective mass inx1-direction
m∗it transversal effective mass inxi-direction, i=2, 3
m∗dc density of states effective mass ofconduction bandm∗dc = (m∗1l m

∗
2tm
∗
3t)

1/3

P porosity
T temperature



8 CONTENTS

Fundamental constants

Bohr-radiusaB 0.53·10−10m
Boltzmann-constantk 8.6·10−5eV

K = 1.38·10−23 J
K

electrical field constantε0 8.85·10−12 As
Vm

elementary chargee 1.6·10−19As
free electron massme 9.1·10−31kg

magnetic field constantµ0 = 1
ε0c2

0
1.26·10−6 Vs

Am

Planck-constant~ 1.05·10−34Js
velocity of light in vacuumc0 ≈ 3.00·108m

s
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Introduction

Since the stimulating talk of R. P. Feynman, “There’s Plenty of Room at the Bottom”, in 1959
[13] there has been tremendous effort in down-scaling physical devices and machines. Starting
mainly with the aim to make machines like motors smaller and smaller, this trend has reached
a point, where novel physical effects appear, especially at lengths of a fewnm. This field of
research can be described asnanosciencein contrast tonanotechnology, the mere down-scale
of well-known devices to smaller lengths, while the physics behind stays the same as for their
macroscopic counterparts.

Silicon nanocrystals (Si-nc), produced by laser pyrolysis of SiH4, are composed of a crys-
talline Si core surrounded by an Si oxide shell and show effects belonging to the field of
nanoscience. Due to quantum confinement the separation between conduction and valence
band-like states is increased in comparison to the bulk band gap of crystalline silicon (c-Si).
Thus photoluminescence (PL) of Si-nc is visible to the human eye (PL peak wavelengths
λmax & 700 nm) in contrast to the PL emitted from c-Si, which lies in the infrared range
(λmax= 1100 nm). This main feature of Si-nc makes them a very interesting material for opto-
electronic investigations. As PL had been already thoroughly investigated prior to the start of
my work, this thesis relies on these results and expands investigations in other directions.

Most of the results presented in this thesis can be allocated to fundamental research, e. g.
layer growth, charge transport and optics of thin layers composed of Si-nc. One chapter explores
applications of Si-nc dealing with electroluminescence (EL). EL is encountered in everyday
life in form of light emitting diodes (LEDs), indicating e. g. if an electric device is turned on
or off, or which is the current mode of operation. EL has been investigated already with Si
nanocrystals produced by other techniques like recrystallized Si-ion implanted SiO2 layers [25].
Nevertheless it has not yet been reported for Si-nc deposited by laser pyrolysis. To investigate,
if EL is achievable by devices incorporating these Si-nc, was one of the main tasks of the thesis.
However silicon suffers from one severe disadvantage compared to some other semiconductors,
which is its indirect band gap. There have been speculations that due to carrier confinement
the band gap becomes partially direct. PL experiments have shown, however, that lifetime of
excited carriers in Si-nc is still long compared to direct band gap semiconductor nanocrystals.
(E. g. average PL decay timesτPL≈ (100. . .500) µs of Si-nc with diametersd≈ 3.4 nm [18] are
more than a factor 5000 larger than average PL decay timesτPL≈ 20 ns of CdSe quantum dots
with core diameters of 3.4 nm [6] at RT.) This hints to a predominance of indirect transitions
in Si-nc. After the claim of [34], to have discovered optical gain in Si nanocrystals, the highly
desired silicon laser, seemed to be feasible in near future. But up to now the results of [34]
are still very controversially discussed [46], and the above mentioned rather indirect character
of the Si-nc band gap makes me doubt if a laser built on the basis of Si nanocrystals will be
realized soon or ever.
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1 Deposition and samples

1.1 Deposition

Layers of Si-nc have been produced by CO2 laser induced decomposition of SiH4 (laser py-
rolysis, Fig. 1). As a detailed description of the set-up has been published earlier [12], I will

Figure 1: Sketch of apparatus designed for the deposition of Si-nc layers by laser pyrolysis.

summarize only the main features. By pulsed CO2 laser radiation a stretch-bond vibration in
SiH4 molecules is excited and they are decomposed into smaller compounds. These fragments
agglomerate to Si-nc, which are extracted by a nozzle into vacuum. After passing a second
nozzle (skimmer) they are collected on a substrate and build porous thin layers of circular shape
with a spot diameter≈ 7 mm. The Si-nc stick on the substrate and on each other due to in-
termolecular forces, which are large enough to counteract gravity. In the interaction volume
of the CO2 laser with the SiH4 flow Si atoms start to agglomerate and in direction of the gas
flow the agglomeration continues and Si-nc grow larger and larger. Therefore one can choose
Si-nc of the desired size distribution by adjusting the nozzle at the right position, or as done
here by variation of the CO2 laser beam position. If the sample is removed, the Si-nc diameter
distribution can be measured by a time of flight mass spectrometer (TOF). This measurement
is performed during the adjustment of the CO2 laser beam. Helium gas is used to confine the
SiH4 gas flow and to keep a laminar flow extending as far as possible below the the tube outlet.
The substrate is kept at room temperature (RT) and the pressures in each of the chambers during
deposition are indicated in Fig.1. One has to note that the pressures are significantly increased,
because gas is escaping from the flow reactor. Gas leaks through the nozzle into the left big
chamber and through the skimmer into the middle chamber. The pressures measured with-
out gas flow are relevantly lower, which means that the vacuum is cleaner from undesired gas
species than the mentioned pressures suggest. For further size selection a mechanical chopper
can be used, which by phase adjustment relative to the CO2 laser pulse selects only a fraction
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of each Si-nc particle cloud. This size selection is possible, because Si-nc with smaller masses
have higher velocities than Si-nc with larger masses. Size selection has not been used for any of
the here treated samples, because it would further reduce the anyway low (≈ 10. . .1000 nm/h)
deposition rates .

1.2 Samples

Characteristic parameters of samples, which I report on in this thesis, are listed in Tab.1.

Sample layers hSi-nc (nm) λPL (nm) dPL (nm)

GO_10 quartz/partly Au/Si-nc 104±9 771 4.7
GO_11A p-Si/Si-nc/Pt 372±15 823 5.6
GO_11B p-Si/Si-nc/SiO2/Pt ” ” ”
GO_14 glass/ZnO:Al/Si-nc 320±8 884 7.4

GO_36B p-Si/Si-nc/SiO2/Pt 324±12 811 5.4
GO_52 quartz/interdigital Au/Si-nc 490±30 828 5.8
GO_54 ” 530±20 838 6.0
JO_60 quartz/Si-nc - 821 5.6
JO_62 quartz/interdigital Cr/Si-nc440. . .2900 842 5.1
JO_69 mica/Si-nc - - -
JO_70 quartz/interdigital Cr/Si-nc 54. . .110 804 5.2
GP_10 HOPG/Si-nc - - -

Table 1: Description of samples. Layer thicknesshSi−nc determined by AFM, PL peak wavelengthsλPL

and derived Si-nc diametersdPL.

Layer thicknesses were estimated by atomic force microscopy (AFM) after carving a line
scratch by a needle usually used for injections. On each sample at least 2 measurements have
been performed and the average has been calculated. The errors as listed in Tab.1 are deter-
mined to specify a range, which includes all measurement data. For all samples these errors
are smaller than±30 nm, except for samples JO_62, JO_70, which show lateral thickness in-
homogeneities. On two of the samples (JO_69, GP_10) only a sparse distribution of Si-nc was
deposited, hence a layer thickness is not well defined.

Evaluation of the layer thicknesses was performed by the “step height” function of the soft-
ware supplied by Digital Instruments with the “Dimension Series SPM”, which was used for the
measurements. For each measurement one has to specify two plateaus on different levels, e.ġ.
one on the substrate and one on the layer (Fig.2). On each area the mean height is calculated
by the software and the step height is determined as the difference of these two values.

Si-nc diametersdPL were estimated from photoluminescence (PL) measurements (Fig.3) by
translating the measured wavelengthsλmax of PL maximavia relation (2) into Si-nc diameters
dPL. Samples were excited by a frequency doubled continuous wave Nd:YAG laser at wave-
lengthλexc= 532 nm with power of 0.2 µW focused on an area of about(1 µm)2 in a confocal
microscopy set-up. The PL yield was intensity calibrated with help of a tungsten calibration
lamp and a pyrometer. PL yieldsYPL given in Fig.3 are proportional to the spectral distribution
of the emitted photon flux. On sample GP_10 the PL yield was too low to estimate a maximum.
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Figure 2: Estimation of layer thickness by AFM. Upper graph: mean height in a vertical line in the
scan (lower graph) in dependence on lateral position. Lower graph: Tapping mode AFM scan on sample
GO_11A, height is encoded in tones of grey-scale. Left side shows p-Si surface, right side Si-nc layer.
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14 2 THEORY OF QUANTUM CONFINEMENT

2 Theory of quantum confinement

If semiconductors are scaled down to smaller and smaller structures and the extension in the
3 space directions reach scales of fewnm, quantum mechanical effects modify the electronic
states. According to the number of confined spatial dimensionsdc quantum confined structures
are classified into three types:

1. quantum wells (dc = 1),

2. quantum wires (dc = 2),

3. quantum dots (dc = 3).

The Si nanocrystals (Si-nc) investigated here belong to the category of quantum dots. In order
to calculate the state functions of electrons in Si-nc, one can solve the Schrödinger-equation (S-
Eq) in 1-electron approximation for electrons in the potential of the Si ion cores of the Si-nc. As
nanocrystals are confined in three directions of space, this leads in effective mass approximation
to the S-Eq for an electron in a 3-dimensional (3d) potential well. Therefore in the following
we summarize solutions of the potential well S-Eqs. We report on the steps necessary to obtain
the solutions of 4 kinds of potential wells:

1. infinite and finite spherical potential well (Section2.1),

2. infinite and a special finite cubic potential well (Section2.2).

In all calculations an isotropic effective massm∗ of the electrons and holes respectively is as-
sumed. We will only outline the steps how to solve the S-Eqs and how to obtain the energy
eigen-values.
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2.1 Spherical potential well

Here we report on the infinite and finite spherical potential wells.

Remark
Infinite 3d spherical potential
well

Finite 3d spherical potential well

Sketch of potential

E1

−R R
r

V 88

quantquant

E1

R

V

r
−R

E2
E

quant

∆

quant

Stationary S-Eq (− ~2

2m∗
∆+V(r))ψ = Eψ

with Laplace-operator∆ = ∆rθφ = ∂2

∂r2 + 2
r

∂
∂r −

(L/~)2

r2 in spherical coor-
dinates, whereL is angular momentum operator (see AppendixB).

Transformation of en-
ergy

ChooseE1 as zero energy.
ChooseE1 as zero energy and nor-
malize∆E to 1.

Transformed potential W(r) := V(r)−E1 W(r) := (V(r)−E1)/∆E
Transformed energy
eigen-values

F := E−E1 F := (E−E1)/∆E

Energy transformed S-
Eq (− ~2

2m∗
∆+W(r))ψ = Fψ

Normalization in radial
direction

normalized radial variableρ : = r/Rquant
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Radially normalized
potential

X(ρ) := W(ρRquant)

Radially normalized
wave function

ϕ(ρ,θ,φ) := ψ(ρRquant,θ,φ)

Radially normalized
Laplace-operator

∆ρθφ := R2
quant∆rθφ

Normalized S-Eq (−CR∆ρθφ +X(ρ))ϕ = Fϕ with CR := ~2

2m∗R2
quant

Solutions of normal-
ized S-Eq (bound
states)

ϕnlm(ρ,θ,φ)
= Chl ·Ylm(θ,φ) j l (χnlρ)

for ρ < 1:
ϕnlm(ρ,θ,φ)
= Chl ·Ylm(θ,φ)A jl (χnlρ)
for ρ > 1:
ϕnlm(ρ,θ,φ)
= Chl ·Ylm(θ,φ)Bh(1)

l (iκnlρ)
with spherical Bessel-functionsj l , spherical Hankel-functionsh(1)

l of 1.
kind, spherical harmonicsYlm (see AppendixB), χnl denotesn-th zero
point of j l .

Eigen-energies
Fnl = CRχ2

nl

= 3.781·10−20eVm2

·
(

m∗

m0

)−1

R−2
quantχ

2
nl

Continuity of ϕnlm, ϕ′nlm at ρ = 1
demands:
qnl

∂
∂ρ ln( j l (qnlρ))|ρ=1

= κnl
∂

∂ρ ln(h(1)
l (iκnlρ))|ρ=1

with qnl =
√

F
CR

, κnl =
√

1−F
CR

Energy eigen-values Fnl follow
from solutions of the above equa-
tion.
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2.2 Cubic potential well

The solution of the infinite cubic potential well and solutions of a specially designed finite cubic
potential well are sketched in the table below.

The 3d finite cubic potential well with a constant potential inside a cube and a constant
potential outside the cube is complicated to be solved due to complex boundary conditions. A
3d Schrödinger-equation with a potential, which is built of a sum of 1-dimensional finite cubic
potential wells, however, is more easily solved, because the solutions are obtained as the product
of the solutions to the 1-dimensional cases [48]. For simplicity this will be demonstrated for the
2d case here. The normalized potentialW(x,y) is composed of two 1d contributions

W(x,y) = W1(x)+W2(y),

as is shown in Fig.4. Let ψi (i = 1,2) be solutions of the 1d S-Eqs

W (x)

1

1

2 2

0

2

1

1

2

y

x

quant

−L      /2

−L      /2

quant

quant L      /2

1

0

1=

1

0

1

0

1

1 1

1

00

1

1

0

1

1

+

 L      /2 quant

W(x,y)

W (y)1 2

Figure 4: PotentialW(x,y) of the specially designed finite cubic 2d well is composed of two 1d potentials
W1(x), W2(y).

(− ~2

2m∗
∆i +Wi)ψi = Fiψi .

Thenψ(x,y) := ψ1(x)ψ2(y) is a solution of the 2d S-Eq, because

(
− ~2

2m∗
∆+W(x,y)

)
ψ(x,y)

=
(
− ~2

2m∗
∆+W1(x)+W2(y)

)
ψ1(x)ψ2(y)

=
[(
− ~2

2m∗
∆xψ1(x)

)
+W1(x)ψ1(x)

]
ψ2(y)

+
[(
− ~2

2m∗
∆yψ2(x)

)
+W2(x)ψ2(x)

]
ψ1(y)

= [F1 +F2]ψ1(x)ψ2(y).
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Remark Infinite 3d cubic potential well Special finite cubic potential well

Sketch of potential
E1

V

L0
x, y, z

88

quant

V(x,y,z)

=


E1 x,y,z∈ I

E1 +∆E 2 of x,y,z∈ I
E1 +2∆E 1 of x,y,z∈ I
E1 +3∆E x,y,z /∈ I

with I := [−Lquant
2 ,

Lquant
2 ]

Stationary S-Eq
(− ~2

2m∗
∆+V(x,y,z))ψ = Eψ

with Laplace-operator∆ = ∆xyz= ∂2

∂x2 + ∂2

∂y2 + ∂2

∂z2 in rectangular coordi-
nates.

Transformation of en-
ergy

ChooseE1 as zero point of energy.
ChooseE1 as zero energy and
normalize∆E to 1.

Transformed potential W(x,y,z) := V(x,y,z)−E1 W(x,y,z) := (V(x,y,z)−E1)/∆E
Normalized energy
eigen-values

F := E−E1 F := (E−E1)/∆E

Energy transformed S-
Eq (− ~2

2m∗
∆+W(x,y,z))ψ = Fψ

Normalized variables
of space

(ξ1,ξ2,ξ3) := (x,y,z)
Lquant

(ξ1,ξ2,ξ3) := (x,y,z)
Lquant/2

Spatially normalized
potential

X(ξ1,ξ2,ξ3) := W(ξ1Lquant,ξ2Lquant,ξ3Lquant)

Spatially normalized
wave functions

ϕ(ξ1,ξ2,ξ3) := ψ(ξ1Lquant,ξ2Lquant,ξ3Lquant)

Spatially normalized
Laplace-operator

∆ξ1ξ2ξ3
:= L2

quant∆xyz ∆ξ1ξ2ξ3
:= 2−2L2

quant∆xyz
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Normalized S-Eq

(−CLquant∆ξ1ξ2ξ3
+X(ξ1,ξ2,ξ3)ϕ = Fϕ

with CLquant := ~2

2m∗L2
quant

with CLquant := ~2

m∗L2
quant

Solutions of normal-
ized S-Eq

ϕn1n2n3(ξ1,ξ2,ξ3)
= A·ϕ(n1)

1 (ξ1)ϕ
(n2)
2 (ξ2)ϕ

(n3)
3 (ξ3)

with ϕ(ni)
i (ξi) = sin(niπξi)

for ξi ∈ (−1,1),
ϕ(ni)

i (ξi) = 0
for ξ /∈ (−1,1),
ni ∈ {1,2,3. . .}.

(Follows withansatzof
separation.)

ϕn1n2n3(ξ1,ξ2,ξ3)
= ϕ1(ξ1)ϕ2(ξ2)ϕ3(ξ3)

with ϕi(ξi)

=


Ai sin(qξi) −1 < ξi < 1
or
Ai cos(qξi) ”
B−i exp(κξ) ξi <−1
B+

i exp(−κξ) ξi > +1

q = F1/2C−1/2
Lquant,

κ = (1−F)1/2C−1/2
Lquant.

Eigen-Energies

Fn1n2n3 = CLquantπ2(n2
1 +n2

2 +n2
3)

= 3.732×10−19eVm2
(

m∗
me

)−1

·L−2
quant(n2

1 +n2
2 +n2

3)

Continuity ofϕi , ϕ′i demands
for odd solutions:
tan(q−π/2) = (C−1

Lquantq
−2−1)1/2

for even solutions:
tan(q) = (C−1

Lquantq
−2−1)1/2

Energyeigen-valuesF follow from
solutions of the above equations.
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2.3 Eigen-energies of electrons and holes in 3d Si quantum wells

In order to determine theeigen-energies of the charge carriers in Si quantum wells, one has to
account for the effective masses of electrons and holes respectively.

For the electrons an isotropic effective massm∗e = m∗dc := (m∗1l m
∗
2tm
∗
3t)

1/3 = 0.33·me has
been assumed, which is the density of states effective mass in c-Si at room temperature. This

results from effective electron masses
m∗1l
m0

= 0.916 (longitudinal),m
∗
2t

m0
= m∗3t

m0
= 0.199 (transver-

sal) at RT according to [16]. (Note that the approach of [16] to include the degeneracy factor
ν = 6 of conduction band minima in the first Brillouin-zone in the density of states effective

mass asm∗(Green)
dc := ν2/3(m∗1l m

∗
2tm
∗
3t)

1/3 has not been followed here.)
The situation of the holes in the valence band is more complicated. There exist three differ-

ent types of holes with different effective massesm∗hh, m∗lh, m∗sh corresponding to three different
kinds of valence bands [32]:

1. heavy holes (m∗hh = 0.49me),

2. light holes (m∗lh = 0.16me),

3. split-off holes (m∗sh = 0.25me).

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

-5

0

5

10

15E

l = 0
(electrons)

j = 1/2
mj = ±1/2

j = 3/2
mj = ±1/2

(light)

j = 1/2
mj = ±1/2
(split-off)

j = 3/2
mj = ±3/2
(heavy)

l = 1
(holes)

k

Figure 5: Sketch of c-Si band structure (EnergyE vs. wave vectork). Quantum numbers of orbital
angular momentuml , total angular momentumj, magnetic quantum numbermj . Three types of holes
indicated: heavy h. (solid line), light h. (dashed line), split-off h. (dotted line).

In c-Si the valence band edge has p-orbital character, whereas the conduction band edge has
s-character. This means the orbital angular momentum of the electrons in the valence band is
l = 1, whereas the conduction band ownsl = 0 (Fig. 5). In the valence band there are two
possible values for the total angular momentum quantum numberj, which originates from an
addition of orbital momentum and spin:j = 3

2 (heavy holes and light holes),j = 1
2 (split-off

holes). Forj = 3
2 there are four possibilities for the magnetic quantum numbermj =±3

2 (heavy
holes) andmj =±1

2 (light holes), whereas forj = 1
2 there are only two degenerate possibilities

mj = ±1
2. The selection rules for dipole allowed photon induced, phonon assisted transitions

between the valence band and the conduction band are:
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∆l = ±1

∆ j = 0, ±1

∆mj = 0, ±1

Hence we see, that in principle transitions between all types of valence bands and the conduction
band are possible. Anyway we approximate the effective mass of the valence band by the
effective mass of the heavy holes:m∗h≈ 0.5me. As the corresponding band has higher energies
than the ones corresponding to the two other types of holes, the heavy holes are assumed to
play the most significant role for the band structure of the Si-nc. Furthermore the right way
of weighting the three effective hole masses to yield an isotropic mean effective hole mass
depends on the quantity to be calculated (density of states, conductivity, thermal velocity) and
is complicated to formulate in a general way.

In Tab. 4 the first 6 energyeigen-valuesFnl, Fn1n2n3 for electrons and holes in infinite
spherical and cubic Si potential wells are summarized. We consider Si-nc with diameterd =

n l χnl g F(e)
nl (eV) F(h)

nl (eV) n1 n2 n3 g F(e)
n1n2n3 (eV) F(h)

n1n2n3 (eV)
1 1 3.14 1 0.18 0.12 1 1 1 1 0.21 0.11
1 2 4.49 3 0.37 0.24 2 1 1 3 0.42 0.22
1 3 5.76 5 0.61 0.39 2 2 1 3 0.63 0.34
2 1 6.28 1 0.72 0.48 3 1 1 3 0.76 0.41
1 4 6.99 7 0.90 0.59 2 2 2 1 0.84 0.45
2 2 7.73 3 1.10 0.72 3 2 1 6 0.97 0.52

Table 4: Lowest 6 energyeigen-values of electrons (e) and holes (h) in infinite spherical (Fnl) and cubic
(Fn1n2n3) Si quantum wells (according to Section2.1, 2.2). χnl: n-th zeros of spherical Bessel-functionj l ,
g: degeneracy. Parameters:Rquant = 2.5 nm,Lquant = 4.03 nm,m∗e = 0.330·me, m∗h = 0.5·me.

5 nm. Thus as radius of the spherical wellRquant= 2.5 nm has been chosen and the edge length
Lquant of the cubic well has been determined such, that the volume of the cube corresponds to
the volume of the sphere:

L3
quant =

4
3

πR3
quant.

By cyclic permutation ofn1, n2, n3 identical energy values are obtained for the cubic well,
which are listed only once in Tab.4.

2.4 Separation energies of Si-nc

In Si-nc the energy splittingE∗g between the highest occupied state and the lowest unoccupied
state (at temperatureT = 0) differs from the energy gapEg,c−Si of crystalline silicon. The
separation energyE∗g is the analogue to the band gap of bulk semiconductors, where one has to
keep in mind that in nanocrystals bands of states do not exist, but rather discrete states (Fig.6).

In effective mass approximationE∗g is calculated as

E∗g = Eg0 +∆EC +∆EV +∆ECoulomb,
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Figure 6: Band diagram of c-Si in comparison to the energy positions of electronic states in Si-nc
(sketched).D(E) denotes the density of states in c-Si.

whereEg0 is the bulk energy gap of the semiconductor,∆EC, ∆EV are confinement induced
energy shifts of the conduction and valence bands corresponding to the lowesteigen-energies of
the electrons / holes in the quantum wells and∆ECoulombis the energy due to Coulomb-attraction
between the electron and the hole, if an exciton is formed. By neglecting the Coulomb-inter-
action, one may approximate the separation energy with the results of the firsteigen-energies of
the infinite spherical potential well (Section2.1):

E∗g ≈ Eg0 +∆EC +∆EV

≈ Eg0 +3.781·10−20eVm2m∗−1
r π2R−2

quant

≈ 1.12 eV+7.51·10−18eVm2d−2, (1)

whereEg0 = 1.12 eV is the RT energy gap of c-Si,

m∗r :=
(

m∗−1
e +m∗−1

h

)−1
=
(
0.33−1 +0.50−1)−1

me = 0.20me

denotes the reduced electron-hole mass andd = 2Rquant the Si-nc diameter (Fig.7). By appli-
cation of linear combination of atomic orbitals (LCAO) technique [10] another formula for the
dependence of the separation energy on the Si-nc diameter was derived [26]:

E∗g,Delerue≈ Eg0 +3.73 eV· (d/nm)−1.39. (2)

According to Fig. 7 both formulae agree for diameterd = 3 nm and due to their different
exponents of the power laws they show increasing differences as the diameters depart from this
value. For the estimation of the Si-nc diameters from PL measurements Eq. (2) will be used.

2.5 Excitons

Forquasi-free electrons and holes in c-Si exerting Coulomb-interaction on each other there exist
hydrogen-atom-like solutions. These so-called exciton states exhibit energies
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∆ECoulomb=−E∗Rn−2 (n = 1,2,3. . .)

with a “Rydberg-energy”

E∗R =
m∗r e4

8ε2
0ε2h2

= 13.6 eV· ε−2m∗r
me

= 0.019 eV

corresponding to the ground state and a “Bohr radius”

a∗B =
4πε0ε~2

m∗r e2 = 0.053 nm· ε
(

m∗r
me

)−1

= 3.2 nm.
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Figure 7: Separation energyE∗g in dependence on Si-nc diameter. Dotted line: approximation (1) ac-
cording to infinite spherical potential well. Solid line: equation (2) derived by LCAO technique [10].

The ratio of the quantum confinement radiusRquant to the Bohr radiusa∗B determines, how
large the Coulomb-interaction∆ECoulomb is in comparison to the confinement induced energy
shift ∆EC +∆EV . Expressing the shift as

∆EC +∆EV =
~2π2

2m∗r R2
quant

= E∗R

(
πa∗B

Rquant

)2

suggests that for small quantum dots the energy shift is large in comparison to the ground
state exciton binding energy|∆ECoulomb| = E∗R. However this argumentation neglects, that
for Rquant < a∗B the electron-hole pair is forced to stay together closer than in a distancea∗B.
This should alter the Coulomb-interaction from the value for quasi-free excitons such that
|∆ECoulomb|> E∗R. According to [11] and [5], confinement can be classified into three regimes,
depending on the relation between the quantization radiusRquant and the Bohr-radii of electrons
(aB,e), holes (aB,h) and electron-hole pairs (a∗B):

1. Rquant� a∗B (strong confinement),



24 2 THEORY OF QUANTUM CONFINEMENT

2. aB,h < Rquant < aB,e ( intermediate confinement),

3. Rquant� a∗B (weak confinement),

where the single particle Bohr-radii of the electrons / holes are defined as

aB,e/h =
4πε0ε~2

m∗e/he2 .

For c-Si

aB,e = 1.93 nm,aB,h = 1.27 nm,a∗B = 3.2 nm,

such that Si-nc with diameterd = 5 nm (radiusRquant= 2.5 nm), which have been mainly inves-
tigated in this thesis, can be classified to the transition range between strong and intermediate
confinement. These Si-nc show an energy shift

∆EC +∆EV = 0.30 eV� E∗R = 0.019 eV.

As the corresponding radiusRquant = 2.5 nm is not so small compared toa∗B = 3.2 nm to ex-
pect an enormous deviation of∆ECoulomb from the bulk valueE∗R, we neglect the Coulomb-
interaction in the calculations with Si-nc. More precisely we use (2), where also no Coulomb-
interaction is included, for all following calculations.

2.6 Bloch-functions in nanocrystals

In the preceding estimations we have just added the energy of the potential well to the energy of
a Bloch-function in the bulk semiconductor to obtain the total energy of an electron / hole in a
quantum confined system. Why one can separate the whole problem into two parts like this, will
be exposed in the following. We will stick to the one-dimensional case, but it is analogously
valid in 2 or 3 dimensions.

Let’s first recapitulate the solutions of a 1-dimensional infinite potential well (Fig.8). The

Figure 8: Infinite, 1-dimensional square well with first two solutionsϕ1, ϕ2.

solutions of the Schrödinger-equation are sine-functions

ϕn(x) = sin(knx)

with kn = nπ
L , n = 1,2,3. . . and theeigen-energies

En =
~2π2

2m∗L2n2. (3)
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Figure 9: Finite 1-dimensional crystal. Circles symbolize positions of the atoms. Envelopes of first two
solutions are sketched.

Let’s visualize a confined crystal (Fig.9). The Bloch-functions can be written as

ϕnk(x) = eikx fnk(x),

where f (x) has the periodicity of the lattice,n is the band index andk the quasi wave vector.
They are exact solutions for the infinite crystal. We assume that they are still approximate
solutions for the confined crystal. Additionally we demand boundary conditions

ψ(−L
2
) = ψ(

L
2
) = 0 (4)

for the solutionsψ of the problem. As the problem has symmetry of inversion, the energies
of the solutionsϕnk, ϕn,−k are the same, and they even exhibit the same functionsfnk = fn,−k.
Hence we can build new solutions to the sameeigen-energy by adding these pairs of Bloch-
functions,

ψ+
nk := ϕnk+ϕn,−k = 2cos(kx) fnk(x)

or subtracting them,

ψ−nk := ϕnk−ϕn,−k = 2i sin(kx) fnk(x).

The boundary conditions (4) are fulfilled for the functionsψ+
nk, if

k = (2l −1) · π
L
, l = 1,2,3. . . ,

and for the functionsψ−nk, if

k = 2m· π
L
, m= 1,2,3. . . .

Summa summarumthere exist only solutions for wave vectors

kn = n· π
L
, n = 1,2,3. . . . (5)
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In other words, in theE(k)-diagram, which is a parabola in effective mass approximation, only

specialk-values represent states (Fig.10). The functionsψ+/−
nk andψ+/−

n,−k belong to the same

states, becauseψ+/−
n,−k =±ψ+/−

nk . For this reason theE(k) relation has only been drawn for pos-
itive k. For 6 atoms in a chain (Fig.9) we obtain exactly 6 solutions in one band of the confined
crystal (Fig.10), neglecting spin degeneracy. The corresponding energies are calculated as

Figure 10: Electron dispersion relation for a 1-dimensional, finite crystal consisting of 6 atoms.

E(kn) =
~2k2

n

2m∗
=

~2π2

2m∗L2n2,

which is exactly the same result as the one (3) for the 1-dimensional infinite potential well. We
have to keep in mind, that also the procedure followed here is an approximation, because the
Bloch-functions are no correct solutions of the S-Eq at the boundaries of the crystal. But in
contrary to the mere addition of the energies of an electron in an infinite crystal and theeigen-
energies of electrons in a potential well, the procedure of combining Bloch-functions provides
a picture about which kind of states electrons occupy in a confined crystal.

One can combine the above knowledge with the band structure of c-Si to gain a sketch
of a “Si-nc band structure”. Therefore we mark all allowed wave vector values with a star in
the band structure of c-Si (Fig.11). If we assume Si-nc with diameterd ≈ 5 nm, we yield
according to Eq. (5) 10 allowed wave vectorskn ≈ n · π

d , n = 1,2,3. . .10 up to the end of the
first Brillouin-zone atk = π

a ≈ k10, because the lattice constant of c-Si isa ≈ 0.54 nm[29],
which meansd≈ 10a. The states marked by open circles at the maximum of the valence band
and the minimum of the conduction band do not exist in Si-nc. Thus the transition from the
valence band to the conduction band with lowest energy is the one indicated by the arrow in the
figure. Fig.11provides an imaginative understanding of the increase of the “band gap” of Si-nc
(rigorously separation energyE∗g) with regard to c-Si. One has to be careful when using Fig.11
for quantitative calculations, because the allowed wave vectors have been calculated assuming
a 1-dimensional model of confinement, whereas the Si-nc diameterd and c-Si band structure
originate from 3-dimensional considerations. But for qualitative imaginations about electronic
transitions in Si-nc this picture is extremely suggestive and enlightening.
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Figure 11: Electronic band structure (energyE vs. wave vectork) of c-Si [29]. The existing values of
k for a 5 nm diameter Si-nc are marked by stars. The highest valence band state for bulk c-Si and the
lowest conduction band state are indicated by open circles. These states do not exist in Si nanocrystals.
Arrow shows the lowest interband transition for the Si-nc.



28 3 ATOMIC FORCE MICROSCOPY

3 Atomic Force Microscopy

Atomic Force Microscopy(AFM) is a broadly used method to record the topology of a surface
in theµm-range down to the atomic scale. In our case it was used to estimate layer thicknesses
as described in Section1.2 and to determine the Si-nc diameters of a sparse distribution of
Si-nc on a substrate. Furthermore the surface structure of Si-nc agglomerates was monitored.
All AFM topography scans shown in this chapter were recorded by a Nanoscope Multimode
Scanning Probe Microscope of Digital Instruments and the measurements were performed by
Frederic Houze in LGEP / SUPELEC in Paris Orsay.

3.1 Determination of diameters

10 Si-nc were chosen (marked by circles in Fig.12) on a Si-nc / mica sample to measure
their heights . The Si-nc heights have been determined by the “Analyze / Grain Size” function
of the Digital Instruments Nanoscope III software. These heights represent the proper values
for the diameters of the Si-nc, whereas the lateral dimensions on the AFM scan are obtained
as the convolution of the AFM tip with the Si-nc height profile. An average Si-nc diameter

d(AFM)
Si−nc = (5.7±0.9) nm has been estimated, where 0.9 nm is the standard deviation of the

single values. The larger structures in Fig.12are agglomerates of Si-nc, which show extensions
not related to the diameters of a single Si-nc.

Figure 12: AFM topography scan of sample JO_69, Si-nc / mica. All numbers are in units of nm.
Estimated heights of the encircled Si-nc are included in the graph.

Another thicker Si-nc layer (sample JO_70) has been deposited immediately after deposition
of sample JO_69 in the same run. By PL measurements the Si-nc diameter has been determined

via relation (2) to d(PL)
Si−nc = 5.2 nm (Fig.13), which agrees fairly well with the above mentioned

mean diameter, determined by AFM.

3.2 Structure of agglomerates

The composed structure of agglomerates can be seen in AFM topography scans (Fig.14). Fig.
14 (a) shows a zoom on the largest agglomerate in Fig.12. Lateral structures down to≈ 30 nm
are resolved. This is not the range of a Si-nc diameter (≈ 5 nm), but one has to be aware
that the topography image originates as a convolution of the real structures with the AFM tip.
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Figure 13: PL on sample JO_70, quartz/interdigital Cr/Si-nc. Squares: measurement. Line: Gaussian fit
with peak positionλmax= 804 nm.

Figure 14: AFM topography scan showing the surface structure of agglomerates. (a) Sample JO_69,
Si-nc / mica. (b) Sample GP_10 Si-nc / HOPG, agglomerates of Si-nc with length scales of someµm.
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On the Si-nc layers agglomerates with lateral extensions of a few Si-nc diameter to extensions
of about 10µm are found. In the centre of Fig.14 (b) an agglomerate of about 2µm can
be seen. Topography scans certainly show only the surface of the agglomerates, but from PL
measurements on agglomerates as well on Si-nc in comparison it can be concluded that the
diameter distribution of the Si-nc inside the agglomerates and for the single Si-nc on the layer
underneath are similar [47]. Furthermore it should be noted, that the contours of single Si-nc are
also not resolved in Fig.14 (b). The smallest structures seen in the figure amount to≈ 30 nm,
which is not much larger than the diameter of the AFM tip. Probably these structures are again
composed of agglomerates of single Si-nc. One hypothesis about the origin of the agglomerates
is that Si-nc accumulate inside the nozzle during deposition, are detached after some time and
impinge on the substrate.
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4 Optical Transmission and Reflection

4.1 Introduction

Aims

Transmission experiments have been mainly carried out with the aim to determine the absorp-
tion coefficientα2 of the layers. As a second result we obtain also the layer thicknessd2, which
can be compared with results from AFM. Furthermore we estimate optical band gapsEg,opt.

Outline

As will be derived later in Eq. (24), the optical transmittance through a system consisting of
a layer, which is thin in comparison to the coherence length of the radiation, on a comparably
thick substrate can be calculated as

Ttheo=
|t123|2 |t34|2e−α3d3

1−|r321|2 |r34|2e−2α3d3
(6)

where the undefined symbols in (6) denote transmission, reflection and absorption coefficients
of the system andd3 the substrate thickness. (The coefficients will be defined in Subsec-
tion 4.2.5.) Relevant at this point is that for every photon energyTtheo only depends on 2
unknown quantities: the real partn′2 = re(n2) and the imaginary partn′′2 = im(n2) of the com-
plex refractive indexn2 of the layer. These parts influence the coefficientst123, r123 in (6). (Here
it is assumed that the layer thicknessd2 is known. It can either by estimated from an analysis of
transmittance in the transparent region (see Subsection4.5.1) or can be measured, e.g. by AFM.
Also the substrate parameters are assumed to be known.) As there is only one equation for each
value of energyE,

Ttheo(n′2(E),n′′2(E)) = Texp(E),

whereTexp denotes the measured transmittance, one cannot determine the real and imaginary
part of the refractive index for each single energy separately, unless one uses the Kramers-
Kronig relation. But a Kramers-Kronig analysis is extremely complicated for this general case
and lies outside of the scope of this PhD thesis. So we have to supply additional information,
e. g. a model. We can assume some functionn2model(P1,P2,P3 . . .PN,E) with parametersP1,
P2, P3. . . PN for the complex refractive index, derived e. g. from an oscillator model. Then
we can try to fit the modelled dataTtheo to the experimental dataTexp by variation of the pa-
rametersP1 . . .PN and minimization ofχ2 := ∑

i
(T1231coh_inc(Ei)−Texp(Ei))2. This attempt is

extremely difficult and ”does not fit pretty well” in most cases, because it is essential to find the
proper initial values for the fit parameters; furthermore additional complications are induced
by inhomogeneities, which effect that the extrema of interference do not reach the theoretically
predicted values of (6). To circumvent these complexities we apply the method of envelopes
[43, 41]. We plot the transmittance curves, draw the lower and upper envelopes enclosing the
transmittance by means of a curved, flexible ruler and subsequently transfer the curves by scan-
ning from the paper to the computer. From the envelope curvesTexp_min, Texp_max an average
transmittanceTexp_geo := (Texp_minTexp_max)0.5 is calculated. As there follow rigorous analytical
expressions for the theoretical envelope curvesTtheo_min andTtheo_max from (6), a rigorous ex-
pression for the theoretical geometrical meanTtheo_geo can also be deduced (see Eq. (28), the
same as the expression derived in [43]). By evaluation of the position of the extrema ofTexp



32 4 OPTICAL TRANSMISSION AND REFLECTION

in the transparent region, one obtains the real partn′2 of the refractive index at these energies.
While extrapolatingn′2 in the region, where absorption occurs, the only open quantityn′′2 can be
determined by use of Eq. (28) and equating

Ttheo_geo(n′2(E),n′′2(E)) = Texp_geo(E). (7)

Fromn′′2 the absorption coefficient is calculated according toα2 = 4π
λ0

n′′2.

T1234_inc_0 =
(1−R12)(1−R23)(1−R34)

1−R23(R12+R34)−R12R34(1−2R23)
.

Remark: Ttheo_geo approximately equals the incoherent transmittanceT1234_inc, Eq. (19),
through the layer substrate system. So the absorption coefficient can alternatively be obtained
by equating

Ttheo_inc(n′2(E),n′′2(E)) = Texp_geo(E). (8)

One has to keep in mind that although it is a very good approximation, it is not exact.

4.2 Theory

4.2.1 Basics

When an electromagnetic plane wave enters a medium, it retains its frequency, but alters its
velocity and therefore its wavelength. This can be described by a change of the wave vector
k0 = 2π

λ0
to k = 2π

λ0
n, wheren is the refractive index of the medium andλ0 is the vacuum wave

length. Absorption in the medium can be included, if we let the refractive indexn take complex
values:

n = n′+ in′′.

The electric field at locationx in direction of propagation in the medium becomes

E(x) = E0eikx = E0e
i 2π

λ0
n′x− 2π

λ0
n′′x

(9)

with the electric field amplitudeE0. As the energy flux densityS is proportional to|E(x)|2, we
yield

S(x) |E0|2e
− 4π

λ0
n′′x

.

This is Lambert-Beer’s law of absorption with absorption coefficient

α =
4π
λ0

n′′. (10)

The plane wave (9) is a special solution to the Maxwell equations in a medium, if the relation

n2 = ε

is fulfilled, whereε is the medium dielectric function.
If an electromagnetic wave meets an interface between two media, it is partly reflected and

partly transmitted (Fig.15).
Fresnel coefficientsr i j (ti j ) are defined as ratio of the electric field amplitude of the reflected

(transmitted) part to the amplitude of the incident wave. They are determined by the refractive
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Figure 15: Reflection and transmission of an electromagnetic wave at an interface.

indicesni , n j of the media, the angle of incidence and the polarization of the wave. For normal
incidence one yields :

r i j = Er
E0

= ni−n j
ni+n j

, ti j = Et
E0

= 2ni
ni+n j

. (11)

Reflection (Transmission) coefficients can also be defined for the energy flux densityS, which
can be calculated as the norm of the Poynting vector.S is proportional ton|E0|2, with the
refractive indexn of the medium and the electric field amplitudeE of the wave. We yield the
“intensity” coefficients

Ri j = ni |Er |2

ni |E0|2
=
∣∣r i j
∣∣2 =

∣∣∣ni−n j
ni+n j

∣∣∣2 , Ti j = n j |Et |2

ni |E0|2
= n j

ni

∣∣ti j ∣∣2 = 4nin j

|ni+n j |2
. (12)

4.2.2 Transfer matrix method

We investigate a system consisting of N layers of dielectric media (Fig.16).

Figure 16: N-media system.

Let di denote their thicknesses,ni their indices of refraction. The electric field in each
medium is assumed to consist of a superposition of two plane waves, one with electrical field
amplitudeEi moving to the right side and one with amplitudeFi moving to the left side. Now
2(N−1) equations can be deduced:

Ei+1 = Giti,i+1Ei +Gi+1r i+1,iFi+1,

Fi = Gi+1ti+1,iFi+1 +Gir i,i+1Ei+1,
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(i = 1,2,3. . .N−1), whereti j , r i j are Fresnel transmission and reflection coefficients (11) and
Gi := eγi contains a change in phase and an attenuation of the electromagnetic wave when
protruding mediumi; In detail

γi = iϕi−
α
2

di

with phase shiftϕi := 2π
λ0

nidi and absorption coefficientα = 4π
λ0

n′′ (see (10)). The above equa-
tions are equivalent to the following transfer formula:(

Ei

Fi

)
= Mi+1,i

(
Ei+1

Fi+1

)
,

(i = 1,2,3. . .N−1), with transfer matrix

Mi+1,i =

(
G−1

i t−1
i,i+1 −G−1

i Gi+1r i+1,it
−1
i,i+1

r−1
i,i+1 Gi+1(ti+1,i− r i+1,ir i,i+1t

−1
i,i+1)

)
.

In order to calculate the total transmission and reflection coefficients of the system, we have
to solve for the 2N unknown field amplitudesEi , Fi(i = 1,2,3· · ·N), but our system of linear
equations consists of only 2(N−1) equations. So we have to supply additional information,
e. g. two of the field amplitudes. In a standard transmission/reflection experiment we know two
field amplitudes by boundary conditions:

E1 = given,

FN = 0.

Recursively one yields(
E1

F2

)
= M21 ·M32 ·M43. . .MN,N−1

(
EN

0

)
.

Therefore the transmission and reflection coefficients of the field amplitude through the total
system can be calculated as

t123...N :=
EN

E1
=
{[

M21 ·M32 ·M43. . .MN,N−1 ·
(

1
0

)]
·
(

1
0

)}−1

, (13)

r123...N :=
F1

E1
=

[
M21 ·M32 ·M43. . .MN,N−1 ·

(
1
0

)]
·
(

0
1

)
[
M21 ·M32 ·M43. . .MN,N−1 ·

(
1
0

)]
·
(

1
0

)−1 . (14)

The transfer matrix method can also be used, when electromagnetic waves incoherently
penetrate a multilayer system. Then we have to deal with energy flux densities (“intensities”)
instead of field amplitudes. LetIi (Ji) denote the energy flux densities of the electromagnetic
wave moving in mediumi to the right (left) side. Then we yield a system of linear equations
similar to the one given above for the field amplitudes. This system can analogously be trans-
formed into transfer formalism:(

Ii
Ji

)
= M∗i+1,i

(
Ii+1

Ji+1

)
,
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(i = 1,2,3. . .N−1), with transfer matrix

M∗i+1,i =

(
A−1

i (1−Ri,i+1)−1 −A−1
i Ai+1Ri,i+1(1−Ri,i+1)−1

Ri,i+1(1−Ri,i+1)−1 Ai+1

[
(1−Ri,i+1)−R2

i,i+1(1−Ri,i+1)−1
] ) ,

whereAi = e−αidi is the absorbance of layeri andRi j are the reflection coefficients (12) for the
energy flux density. The transmission (reflection) coefficientsT123...N_inc (R123...N_inc) for the
energy flux density through the total system are calculated analogously to Eqs. (13), (14).

In the following, results of the transmission and reflection coefficients from matrix transfer
formalism (13), (14) are summarized. In every case the absorption and the phase shift in the first
and the last medium are assumed to be zero (γ1 = γN = 0). This corresponds to the case, where
E1would have been defined as close as possible to interface 1|2 andFN close to interface N-1|N
in Fig. 16. For our experiments this assumption is justified, because the outer media are air. In
the incoherent case the transmission (reflection) coefficients directly resemble the transmittance
(reflectance) of an experiment as they will be defined in section4.3. In coherent cases the
transmittance (reflectance) can be calculated from the amplitude coefficients analogously to
(12):

T123...N_coh =
nN

n1
|t123...N|2 = |t123...N|2 , R123...N_coh = |r123...N|2 .

Coherent transmission through a 3-media system

t123 :=
E3

E1
=

G2t12t23

1−G2
2r21r23

, (15)

r123 :=
F1

E1
= r12+

G2
2r23t12t21

1−G2
2r21r23

. (16)

Incoherent transmission through a 3-media system

T123_inc :=
I3
I1

=
A2(1−R12)(1−R23)

1−A2
2R12R23

. (17)

Coherent transmission through a 4-media system

t1234 :=
E4

E1
=

G2G3t12t23t34

1−G2
2r21r23−G2

3r32r34−G2
2G2

3r21r34(t23t32− r23r32)
. (18)

Incoherent transmission through a 4-media system

T1234_inc =
I4
I1

=
A2A3(1−R12)(1−R23)(1−R34)

1−A2
3R23R34−A2

2R12R23−A2
2A2

3R12R34(1−2R23)
. (19)

If we neglect the absorption in media 2 and 3 we get the coefficient of ”transparent transmit-
tance”

T1234_inc_0 =
(1−R12)(1−R23)(1−R34)

1−R23(R12+R34)−R12R34(1−2R23)
.
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4.2.3 Substitution of a subsystem in a multilayer system

The field amplitudesE1, F2 of the incoming waves and the amplitudesE2, F1 of the outgoing
waves on an interface between two media (Fig.17 (a)) are related to each other via the Fresnel
coefficientst12, t21, r12, r21:

E2 = t12E1 + r21F2,

F1 = r12E1 + t21F2.

This can be summarized in the matrix equation(
E2

F1

)
=
(

t12 r21

r12 t21

)
·
(

E1

F2

)
. (20)

Figure 17: Substitution of an interface by a layer. (a) Just an interface between two media. (b), (c)
Instead of the interface another layer is introduced.

On the other hand the amplitudesE1, F1 andE3, F3 in a 3-media system (special case of Fig.
16) are connected via the transfer formula(

E1

F1

)
= M21 ·M32 ·

(
E3

F3

)
. (21)

Let’s focus on 2 special solutions to (21), one, where light only enters from the left side
(F3 = 0) and one, where light only enters from the right side (E1 = 0). We will call these
solutions “fundamental solutions” and name themE10

1 , E10
3 , F10

1 , F10
3 (= 0) andE01

1 (= 0), E01
3 ,

F01
1 , F01

3 respectively (Fig. 17 (b)). According to (13), (14) these “fundamental solutions”
define the reflection and transmission coefficientst123, t321, r123, r321, which can be summarized
in the two equations(

E(10)
3

F(10)
1

)
=
(

t123

r123

)
·E(10)

1 ,

(
E(01)

3

F(01)
1

)
=
(

r321

t321

)
·F(01)

3 .

The 2 “fundamental solutions” to (21) added together yield again a solution to (21), because
(21) is linear: (

E(10)
3 +E(01)

3

F(10)
1 +F(01)

1

)
=
(

t123 r321

r123 t321

)
·

(
E(10)

1

F(01)
3

)
.
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In fact any solution of (21) can be obtained by this kind of superposition: First, one can achieve
any desired coupleE1, F3, because in one “fundamental solution”F3 is zero in the otherE1 = 0.
Second, if two of the quantitiesE1, F1, E3, F3 in (21) are known, the other two can be calculated,
because (21) resembles a homogeneous system of two linear equations with 4 unknowns. (We
assume that the matrixM21 ·M32 has maximal rank.) Hence the matrix equation(

E3

F1

)
=
(

t123 r321

r123 t321

)
·
(

E1

F3

)
(22)

is equivalent to (21).
Eq. (22) has the same structure as (20). If we substitute

E2→ E3, F2→ F3,
t12→ t123, t21→ t321, r12→ r123, r21→ r321,

(23)

(20) transforms to (22). This means that an interface can be replaced by an interface|layer|-
interface system just by substitution according to (23). Here we have to set the absorption /
phase-factorsG1 = G3 = 1 in the calculation of the coefficientst123, t321, r123, r321, because
the amplitudeE1 (F3) is defined at the left (right) side of medium 1 (3) in Fig.16, but the
corresponding amplitudesE1 (F2) in Fig. 17 are defined in closest proximity to the interface to
be substituted.

Analogously one can substitute an interface by a multi-sandwich consisting of many media
stacked together. One just has to replace the transmission/reflection coefficientst12, t21, r12,
r21 by the appropriate multi-transmission/reflection coefficients, while using one of the transfer
matrix formulae of subsection4.2.2.

4.2.4 Coherent transmission through a 4-media system, recalculation

From matrix transfer formalism we have the coherent transmission coefficient (15) through a 3
media system. If we numerate the media 1, 3, 4 the formula reads

t134 :=
E4

E1
=

G3t13t34

1−G2
3r31r34

.

As has been shown in the proceeding subsection, we can substitute the interface between media
1 and 3 by an interface|layer 2|interface system just by substitutingt13, t31, r13, r31 by t123, t321,
r123, r321. Thereby we yield

t1234 =
G3t123t34

1−G2
3r321r34

=
G3

G2t12t23
1−G2

2r21r23
t34

1−G2
3

(
r32+ G2

2r21t32t23

1−G2
2r23r21

)
r34

=
G2G3t12t23t34

1−G2
2r21r23−G2

3r32r34−G2
2G2

3r21r34(t23t32− r23r32)
.

This result is identical with (18), which has been obtained by pure matrix transfer formalism.

4.2.5 Partially coherent transmission through a 4-media system

The optical transmission through a thin layer on a thick substrate often occurs coherently in
the layer while the transmission through the substrate is incoherent. This can be attributed to 2
effects:
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1. The substrate is not flat on a scale of the wavelengths of the electromagnetic waves used.

2. The coherence length of the monochromatic light is less than the thickness of the sub-
strate.

Additionally also the interference in the thin layer is not perfect. One reason is that the light
that is used to explore the layer is not strictly monochromatic, but has a band width∆λ. Another
reason can be thickness inhomogeneities of the thin layer. In the following treatment we will
neglect the latter two effects.

Analytically we have to calculate a mixture of coherent and incoherent transmission. From
matrix transfer formalism we have the expression (17) for the incoherent transmittance through
a 3-media system. If we numerate the media 1, 3, 4, the formula reads

T134_inc =
A1A3(1−R13)(1−R34)

1−A2
3R13R34

=
A1A3

n3
n1
|t13|2 n4

n3
|t34|2

1−A2
3 |r31|2 |r34|2

=
n4

n1
· A1A3 |t13|2 |t34|2

1−A2
3 |r31|2 |r43|2

.

As was shown in the previous subsection and is illustrated in Fig.18, we can substitute the
interface between layers 1 and 3 by an interface|layer 2|interface system by substitutingt13, t31,
r13, r31 by t123, t321, r123, r321.

Figure 18: Substitution of layer 2 in a 4-media system to calculate the transmittance occurring coherently
in layer 2 and incoherently in layer 3.

Then we yield the transmittance, which is calculated coherently through layer 2 and inco-
herently through the substrate (layer 3).

T1234_coh_inc =
n4

n1
· A1A3 |t123|2 |t34|2

1−A2
3 |r321|2 |r43|2

=
|t123|2 |t34|2e−α3d3

1−|r321|2 |r34|2e−2α3d3
, (24)

assumingA1 = 1, and usingA3 = e−α3d3, r34 =−r43.
The last formula can be found in [42], where a similar but less detailed derivation is given

as shown here. Analogously a reflection coefficient is found in this reference

R1234_coh_inc = |r123|2 +
|t123|2 |r31|2 |t321|2e−2α3d3

1−|r321|2 |r34|2e−2α3d3
.

4.3 Experiments

Specular transmittanceT and reflectanceR of Si-nc/quartz samples were measured for wave-
lengthsλ = (200. . .3000) nm by a double beam spectrophotometer (Varian Cary 5E). Trans-
mittance (Reflectance) is defined as ratio of the transmitted (reflected) energy flux densitySt(Sr )
to the incident energy flux densityS0:
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T =
St

S0
, R=

Sr

S0
.

The absolute accuracy of the spectrometer is approximately±1 %. Inhomogeneities in the Si-
nc layers make it necessary to confine the light beam to a small area of the sample surface.
Therefore diaphragms (1 mm diameter) have been introduced in front of the samples (Fig.19).

Figure 19: Sketch of beam path for transmission (a) and reflection (b) measurements. Only measurement
beam is shown in (b).

The same light source is used for the reference and the measurement beam. This is managed by
a turning wheel, which is partly transmitting and partly reflecting the beam. Thus the reference
and measurement beam are switched on and off in an alternating series. The light of both beams
is collected on the same detector and the signal is transfered to a computer. In the reflection
measurement the incidence of light is almost normal to the sample surface. The beam path
is simplified in the sketch. In the real experiment there are more mirrors in the set-up for the
reflection measurement, which allow to measure the reflectance of a single mirror and to record
baselines. The baseline corresponds to 100 % transmittance (no sample) and 100 % reflectance
(perfect mirror) respectively; It has to be recorded before every measurement series and is used
to calculate the specular transmittanceT (reflectanceR) from the detector signal.

4.4 Experimental results

Measured specular transmittance of Si-nc/quartz samples shows interference patterns for small
energies, which is typical for thin films (Fig.20). For large energies the transmittance decreases
asymptotically towards zero.

For one of the Si-nc/quartz samples specular reflectance has been measured (Fig.21). The
measurement was performed with a circular diaphragm of 1 mm diameter in front of the sample.
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Figure 20: Measured specular transmittance of samples GO_10, JO_60.

This reduces the effect of layer inhomogeneities. Features of interference are observed for
low energies. The measured reflectanceR decreases drastically for energiesE ≥ 4 eV. From
4 eV to 6 eV it drops one order of magnitude. At the highest measured energy it becomes
R(6 eV)≈ 3·10−3.
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Figure 21: Specular reflectance measurement on sample JO_60.
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4.5 Evaluation

4.5.1 Specular transmittance

I used a method, described in the thesis [41] to determine the real partn′2 of the refractive index
and the absorption coefficientα2. (At variance with the method described in [41] I will use
Eq. (7) to determineα2 in step 5 below, whereas in [41] approximation (8) was used. The
approximation is very good and does not yield significant differences compared with the exact
expression in most cases.) Only the partially coherent transmittanceT1234_coh_inc through the
layer-substrate system is needed as input for this evaluation. The procedure consists of the
following steps:

1. Determination of envelopesTexp_min, Texp_max to the measured dataTexp and calculation
of geometrical meanTexp_geo.

2. Determination of layer thicknessd2.

3. Calculation of real partn′2(Ek) of refractive index at energiesEk of extrema of transmit-
tance in the transparent region.

4. Quadratic extrapolationn′a0_a1_a2(E) of real part of refractive index in entire measured
energy region.

5. Determination of imaginary partn′′(Ek) of refractive index and therefore the absorption
coefficientα2 as a function ofTexp_geo andn′a0_a1_a2(E).

In the following is shown, how the above steps are carried out in detail for a measurement
on sample GO_10 (Fig.22). (As an additional check the software “Diplot 4.3” [28] was used,
which is designed for evaluation of optical thin film spectra. For sample GO_10 results obtained
by a fit toTexp with this program are included for comparison in the following graphs showing
n′2 andα2.)

Step 1: The measured transmittanceTexp in dependence on the energyE was plotted on a
paper. With a flexible ruler the lower and the upper envelopesTexp_min, Texp_max were drawn
(Fig. 22). The envelope curves were scanned, digitized to numerical data and interpolated with
a computer. The geometrical mean was calculated asTexp_geo := (Texp_minTexp_max)1/2.

Step 2: First the ordersk of the extrema have to be determined. The condition for the
wavelengthsλk at extrema is

2n′2d2 = kλk (25)

with k = 0.5,1.5,2.5. . . for minima andk = 1,2,3. . . for maxima. From (25) follows that
the extrema have equidistant energy positions, as long asn′2 is constant. In the transparent
regime, wheren′2 varies only little, the orderk can be calculated from the energies or from the
wavelengths of two adjacent extrema:

k =
λk+0.5

2(λk−λk+0.5)
=

Ek

2(Ek+0.5−Ek)
. (26)

These calculated values ofk are listed in the second column of table5. As the refractive index
slightly changes also in the regime of low energies, and absorption starts to obscure the real
position of the extrema, the calculated values ofk are not exact integers or integers+ 0.5. The
assumed values ofk are listed in column 3. Nown′2d2 can be calculated from condition (25). In
order to calculate the layer thicknessd2, the values ofn′2 have to be known. We obtainn2 in the
transparent region from the measured absolute valueTexp_geo.
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Figure 22: Transmittance of sample GO_10. Thick line: measurementTexp. Geometrical meanTexp_geo

is found in middle of the envelopesTexp_min, Texp_max. Also included is the substrate transmittanceTsubstr.

Theoretically one has

T1234_coh_inc_min/max=
16n2

2n3A2

(n2 +1)3(n2 +n2
3

) +
− 2

(
n2

2−1
)(

n2
2−n2

3

)
A2 +(n2−1)3(n2−n2

3

)
A2

2

,

T1234_coh_inc_geo : = (T1234_coh_inc_min ·T1234_coh_inc_max)
1/2

=
C1A2{[

C2 +C3A2 +C4A2
2

][
C2−C3A2 +C4A2

2

]}1/2

=
C1A2{

C2
2 +
(
2C2C4−C2

3

)
A2

2 +C2
4A4

2

}1/2
, (27)

with C1 := 16n2
2n3, C2 := (n2 +1)3(n2 +n2

3

)
, C3 := 2

(
n2

2−1
)(

n2
2−n2

3

)
,

C4 := (n2−1)3(n2−n2
3

)
. If we neglect the absorption in layer 2 by settingA2 = 1, we obtain

T2
1234_coh_inc_geo_0 =

C2
1

(C2 +C4)
2−C2

3

=
8n′2

2n2
3

[n′24 +n′2
2(n2

3 +1)+n2
3](n

2
3 +1)

. (28)

This quadratic equation inn′2
2 can be solved forn′2:

n′2 =

[
−P

2
±
(

P2

4
−n2

3

)1/2
]1/2

(29)
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with P := −
(

8n2
3

T2
1234_coh_inc_geo_0(n2

3+1) −
(
n2

3 +1
))

(after [43]). We assumen3 = 1.53. By substi-

tuting T1234_coh_inc_geo_0 = Texp_geo_0 with the experimental value, we determinen′2 (values in
the 6th column of Tab.5 for the + sign in (29), the - sign would result inn′2 < n3). The layer
thicknessd2 is now calculated fromn′2d2 (4th column) andn′2 (6th column). If absorption was
absent, all values obtained ford2 should be identical, but the calculated values decrease for
increasingk; Since absorption is smallest fork = 0.5, the valued2 = 218 nm is the most exact
and this value is taken for further calculations. (The layer thicknessd2 is about a factor 2 larger
than the valuehSi−nc = 104 nm determined by AFM (Tab.1); This difference results from the
fact, thathSi−nc was determined near the border of the Si-nc spot, whereas optical transmission
was measured in the centre of the spot.)

Ek (eV) k assumptionk n′2d2 Texp_geo(Ek) n′2 d2

Eq. (26) Eq. (25) Eq. (28)

0.83 (min.) 0.58 0.5 373 0.891 1.71 218
1.55 (max.) 1.19 1 400 0.872 1.82 220
≈ 2.2 (min.) 1.83 1.5 ≈ 423 0.827 2.08 203
≈ 2.8 (max.) - 2 ≈ 443 - - -

Table 5: Results of evaluation of transmittance of sample GO_10.

Step 3: Having determined the layer thicknessd2, more accurate values ofn′2 can be found
by using Eq. (25). These values are more exact than the ones calculated in step 2 fromTexp_geo,
because the positionsλk of the extrema are less influenced by absorption thanTexp_geo. (See
Tab.6.)

Ek (eV) n′2
d2 = 218 nm and Eq.(25)

0.83 (min.) 1.71
1.55 (max.) 1.83
≈ 2.2 (min.) ≈ 1.94
≈ 2.8 (max.) ≈ 2.03

Table 6: More accurate values for the real partn′2 of the refractive index by using the condition for
position of the extrema (sample GO_10).

Step 4: Now the real partn′2 of the refractive index is extrapolated with a quadratic polyno-
mial in the entire measured energy region:

n′2 = a0 +a1E +a2E2. (30)

By using only three of the valuesn′2 in Tab. 6 (k = 0.5,1,1.5) we obtain the coefficients by
solving a system of linear equations:

a0 = 1.5741,a1 = 0.1622,a2 = 0.0019. The result of the extrapolation is shown in Fig.23.
Step 5: The absorption coefficient is calculated by equatingT1234_coh_inc_geo = Texp_geo.

Equation (27) shows that this leads to a quadratic equation inA2
2. After solving for A2 the

absorption coefficient and the imaginary part of the refractive index are determined:
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Figure 23: Real partn′2 of refractive index of sample GO_10. Crosses: values from Tab.6, solid line:
extrapolation from step 4, dots: results from software “Diplot”.

α2 =− ln(A2)
d2

,

n′′2 =
λ0

4π
α2,

with λ0 = 1240 nm eV
E . The absorption coefficient of sample GO_10 is shown in Fig.24.

In the following I will summarize the evaluation of a measurement on sample JO_60. As
the procedure is the same as for sample GO_10, only the results are shown in form of tables and
graphs. The extrema have been determined as the energies at the osculation points between the
measured transmittanceTexp and the envelopesTexp_min, Texp_max (Fig. 25).

Ek (eV) k assumptionk n′2d2 Texp_geo(Ek) n′2 d2

Eq. (26) Eq. (25) Eq. (28)
±0.01 ±0.001

≈ 0.46 (min.) 0.52 0.5 ≈ 674 ≈ 0.836 ≈ 2.03 332
0.90 (max.) 0.98 1 689 0.826 2.09 330
1.36 (min.) 1.66 1.5 684 0.792 2.27 301
≈ 1.77 (max.) - 2 ≈ 701 0.731 ≈ 2.60 270

Table 7: Results of evaluation of transmittance of sample JO_60.

A quadratic extrapolation of the 3 first values ofn′2 found in Tab.8 according to30supplies
an unreasonable result, becausen′2 is largest for the middle energy. I have chosen the first three
values ofn′2 in the 6th column of Tab.7 for the extrapolation and yield:

a0 = 2.0845,a1 =−0.2489,a2 = 0.2833.



4.5 Evaluation 45

1 2 3 4 5101

102

103

104

105

106

A
bs

or
pt

io
n 

co
ef

fic
ie

nt
 α

2 
(c

m
-1
)

Energy E (eV)

Figure 24: Absorption coefficient of sample GO_10. Solid line: evaluation according to [41], dots:
results from software “Diplot”.
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Figure 25: Transmittance of sample JO_60. Bold line: measurementTexp. Geometrical meanTexp_geo is
found in middle of the envelopesTexp_min, Texp_max. Also included is substrate transmittanceTsubstr.
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Ek (eV) n′2
d2 = 331 nm and Eq.(25)

≈ 0.46 (min.) ≈ 2.04
0.90 (max.) 2.08
1.36 (min.) 2.07
≈ 1.77 (max.) ≈ 2.12

Table 8: More accurate values for the real partn′2 of the refractive index by using the condition for
position of the extrema (sample JO_60).
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Figure 26: Real partn′2 of refractive index of samples JO_60. Crosses: values from Tab.7, solid line:
extrapolation from step 4.
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Figure 27: Absorption coefficient of sample JO_60. Solid line: evaluation according to [41].

4.5.2 Estimation of band gaps

According to [49] the real partn′ of the refractive index follows the relation

n′2 = 1+
E0Ed

E2
0−E2

(31)

for many materials. The above given result resembles an effective 1-oscillator model, withE0

being the resonance energy andEd a “dispersion-energy” parameter. With substitutionY :=
(n′2−1)−1 follows the linear relation

Y = E−1
0 E−1

d

(
E2

0−E2)
betweenY andE2. A plot of Y vs. E2 yields a straight line withE2

0 as intercept on theE2-axis.
Now in [45] was found, that for amorphous AsS films the optical band gapEg,opt and the

resonance energyE0 follow the relationE0 ≈ 1.9 ·Eg,opt. I will follow the procedure of the
authors of reference [31], who calculated approximate optical band gapsEg,opt by

Eg,opt≈
E0

2
for amorphous GeSe films and found good agreement with the Tauc gaps, determined from the
absorption coefficients.

The n′2-values obtained by the procedure of the proceeding subsection in step 3 are not
suitable to determine the resonance energyE0. They can only be calculated at extrema of trans-
mittance and are therefore too few data (3 for both examined samples). In order to supply more
n′2-values for a fit according to (31) we calculaten′2 from the geometrical meanT1234_coh_inc_geo

of the envelopes by Eq. (29) assuming again that absorption is negligible. Hence the calculated
n′2-values are accurate only for small energies and we expect them to fulfil relation (31) also
only for small energies. Astonishingly the data for sample GO_10 describe a straight line over
a large range (E ≤ 2.4 eV) in theY vs. E2-plot (Fig. 28 (a)). A fit according to (31) has been
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Figure 28: (a) sample GO_10, (b) sample JO_60;Y := (n′2−1)−1 in dependence onE2. Crosses (x):
n′2 determined by (29). Crosses (+):n′2 determined from position of extrema (Tabs.6, 8). Solid lines:
Fits to crosses (x) for small energies according to (31).
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performed in the rangeE = (0.46. . .2.1) eV and is included in the figure. For sample JO_60
a behaviour of the correspondingn′-data according to (31) is observed only for small energies.
A fit has been performed in the rangeE = (0.46. . .1.0) eV (Fig. 28 (b)). The results of the fit
parameterE0 are shown in Tab.9. The relative deviation betweenEg,opt and the PL band gap
EPL is less than 0.025.

Sample E0(eV) Eg,opt (eV) λPL (nm) EPL(eV) relative deviation

GO_10 3.29 1.65 771 1.61 0.025
JO_60 3.005 1.503 821 1.510 0.005

Table 9: Resonance energiesE0 and approximated optical band gapsEg,opt. For comparison the
PL band gapEPL = 1240 eV nm/λPL calculated from the wavelengthλPL of maximal PL. Relative
deviation|Eg,opt−EPL|/EPL.

Each of the fits in Figs.28 (a) and (b) quite reasonably hits the first two of then′2-data (+),
justifying the use of then′2-data (x), evaluated by (29). In each figure the third of then′-data
(+) lies above the fit lines. One reason can be inaccuracies of these (+)-data; They have been
evaluated from transmittance in a range where absorption is no longer negligible. Furthermore
relation (31) is only valid for energiesE . 0.4·E0. This can be estimated by studying the plots
for substances NaF and CdS in [49]. For higher energies deviations can be observed because of
the proximity of the band edge or excitonic absorption.

4.5.3 Diffuse reflection

From specular reflection measurements at the high energy end of the spectrum one can find out,
whether diffuse scattering of the light is important for a specific sample [42]. Diffuse scattering
is negligible for wavelengths large compared to the dimensionsRof the structures on the layer.
When the wavelengths approach the dimensions of the structures on the sample surface (λ > R),
scattering strongly increases with decreasing wavelength (Rayleigh scatteringSR):

SR∼ λ−4.

Forλ . Rscattering is almost wavelength independent (Mie scatteringSM). This is also the case
for λ < R, where diffuse scattering can be explained just as an effect of reflection on the layer
surface. Although there is little wavelength dependence of scattering forλ ≤ R, nevertheless
this is the regime where diffuse scattering is strongest. The increase of scattering should affect
the diffuse reflectanceRdi f f to increase and therefore the specular reflectanceRspecto decrease,
because light is scattered in all directions. This can also be deduced from the net formula

Rspec+Rdi f f +Tspec+Tdi f f +A = 1.

For high absorption (α2d2� 1) almost all photons are absorbed in medium 2 (Si-nc layer).
This means that the specular reflectanceR1234_coh_inc converges to the reflection coefficientR12

of the air|medium 2 interface [42]:

R1234_coh_inc≈ |r123|2≈ |r12|2 = R12 =
|1−n2|2

|1+n2|2
= 1−

4n′2
(1+n′2)2 +n′′22

, (32)

wheren′2, n′′2 are the real and the imaginary part of the refractive index of medium 2.
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By AFM we have determined a root mean square roughnessRq ≈ 100 nm of Si-nc layers
(sample GO_54B showedRq = 145 nm). Although the AFM roughness is measured only in
direction perpendicular to the sample surface, it is also an estimate for the lateral dimensions
R of the structures of the layer. So we expect the scattering to increase significantly in the
proximity of 100 nm.

Specular reflectance was measured on sample JO_60 (Fig.21). There is no convergence
to a finite value to be seen. Reflectance seems rather to drop to zero forE→ ∞. According
to [42] this is a hint for the presence of diffuse reflection. Semiquantitatively I will discuss the
measured specular reflectionR(6 eV)≈ 3·10−3 at the high energy end.

From the evaluation of specular transmission on this sample (Figs.26, 27) we estimate the
values of the optical constants andR12, listed in the first row of Tab.10. The valuen′2 has been

sample reference n′2 n′′2 α2[cm−1] R12

JO_60 Figs.26, 27 11 ≥ 0.16 ≥ 105 ≥ 0.69
Si-nc/quartz [1] 1.75 0.5 0.10

c-Si [29] 1.010 2.909 0.677

Table 10: Optical constants and reflection coefficientR12 at wavelength 200 nm (energyE ≈ 6 eV) for
three samples.

obtained by extrapolation from values ofn′2 for energiesE ≤ 1.5 eV to an energyE = 6.2 eV.
As this far extrapolation is doubtful, we supply other examples of calculations ofR12(200 nm)
for similar materials. In [1] the values given in the second row of Tab.10 are found, which
correspond to a wavelength of 200 nm and a 30. . . 40 nm thick Si-nc layer consisting of Si-nc
with diametersd≈ 3 nm. Crystalline silicon has a quite high reflectance at 200 nm. In [29] the
values shown in the third row of Tab.10are recorded for c-Si at 6 eV.

Each of the 3 above mentioned values ofR12(E ≈ 6 eV) is more than a factor of 50 higher
than the experimentally found reflectanceR(200 nm) = 2 ·10−3. This is a strong hint, that dif-
fuse reflectance indeed plays a significant role for sample JO_60 for energiesE = 4 eV. . .6 eV.
That is probably also the case for other Si-nc samples. A more quantitative treatment of diffuse
reflection would require its measurement by an integrating sphere.

4.6 Discussion

4.6.1 Sources of error

Non-negligible contribution of diffuse reflection forE > 4 eV implies that the evaluation of the
absorption coefficients (Figs.24, 27) is erroneous in this range. Nevertheless the evaluations
should not or only little be influenced by diffuse reflection forE < 4 eV. As we have only used
the transmittance values for energiesE 6 2.4 eV to determine the optical band gaps (Subsection
4.5.2), this evaluation should not be affected by diffuse reflection.

4.6.2 Dense layer

As Si-nc layers are highly porous, the optical constantsn′2, n′′2 obtained in subsection4.5.1are
the result of a mixture of the components of the layers. The components are the Si-nc with
their oxide shells and the empty pores. For comparison with other materials, it is necessary to
formulate constants, which do not depend on the grade of porosity. Therefore we are interested
to calculate the optical constants of a hypothetical dense layer of Si-nc. The standard way to
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calculate the real partn′Si−nc and the imaginary partn′′Si−nc of a dense layer of Si-nc would be a
transformation via Bruggeman’s effective medium approximation ([7]). This would consist of
the following steps:

1. calculationε′2 + iε′′2 = (n′2 + in′′2)
2,

2. transformationε′2 + iε′′2→ ε′Si−nc+ iε′′Si−nc,

3. recalculationn′Si−nc+ in′′Si−nc = (ε′Si−nc+ iε′′Si−nc)
1/2.

According to (10) the absorption coefficientαSi−nc can be calculated fromn′′Si−nc. In the trans-
formational step 2 one has to consider that the “measured pseudoelectric function [hereε2] is
described by the sum of the dielectric function of the film constituents averaged by their respec-
tive volume fractions” [15]. As the film constituents in our case are just a hypothetical dense
Si-nc layer and air, we would yield

ε2 = (1−P)εSi−nc,

whereP denotes the layer porosity (see Eq. (33)). The above given procedure involves a cou-
pling betweenn′2 andn′′2 in the calculation ofn′′Si−nc and thereforeαSi−nc. As n′2 is extrapolated
in a large interval of energy and therefore rather un-precise in this range, this procedure is here
not suitable to determineαSi−nc.

We choose a pragmatic way to calculateαSi−nc directly from α2, based on the following
considerations, and abandon to calculaten′Si−nc. If light pervades a porous medium like a layer
of Si-nc, it passes both, dense material and voids (Fig.29(a)). At the end of the layer the energy

Figure 29: A porous Si-nc layer (a) is “compressed” to a hypothetical dense layer (b).

flux density has been attenuated by a factor

e−α2d2.

If one would “compress” the layer to a dense layer with thicknessdSi−nc and absorption coeffi-
cientαSi−nc, one would yield an attenuation

e−αSi−ncdSi−nc.

By equating these two exponential factors one yields

αSi−nc =
d2

dSi−nc
α2.

From the point that the volume filled by Si-nc is the same in the porous and the dense layer,
follows the thicknessdSi−nc of the dense layer:
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Ad2P = AdSi−nc,

whereA is the area andP the layer porosity. We yielddSi−nc = d2P and hence

αSi−nc =
α2

P
.

We take the mean value

P≈ 0.78

of the experimentally determined porosity and the one found by simulations (Eq.36). Di-
rectly observable in the plot of the calculated absorption coefficientsαSi−nc(Fig. 30) is, that
sample GO_10 has a larger band gap than JO_60, which is in accordance with the band val-
ues listed in Tab.9. Furthermore the calculated absorption coefficientsαSi−nc of hypothetical
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Figure 30: Absorption coefficientsαSi−nc of hypothetical dense layers of Si-nc. Dotted: samples GO_10,
JO_60. Solid lines: absorption coefficient of c-Si at RT (lower curve: “pure c-Si” [17], upper curve: n-
type c-Si, donor concentrationND = 2.3×1014 cm−3 [3]) .

dense layers are strikingly similar to the absorption coefficient of c-Si for energiesE ≥ 1.7 eV,
whereasαSi−nc < αc−Si for E < 1.5 eV. This is understood in the framework of band structure
supposed for Si-nc in Fig.11. Due to the lack of electronic states near the valence band maxi-
mum and the conduction band minimum in Si-nc there exist less transition for photon energies
Ephoton≈ Eg,c−Si. . .Eg,Si−nc in the range between the indirect band gapEg,c−Si of c-Si and the
separation energyEg,Si−nc of Si-nc. This significantly reduces the absorption coefficient of Si-
nc in comparison to the one of c-Si in this range. If the photon energy is sufficiently higher than
the Si-nc separation energy,Ephoton� Eg,Si−nc , a variety of possible transitions also exist for



4.6 Discussion 53

Si-nc, quite similar as in c-Si, which results in similar absorption coefficients for the confined
and non-confined form of silicon.
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5 Layer growth

5.1 Introduction

During deposition Si-nc impinge on the substrate and form a porous layer. I have simulated
the layer growth by a computer program using the Monte-Carlo method, based on a simple
stick-ball approach. When increasing the volume to surface ratio in the simulations one obtains
a limit bulk value of the porosity of the layers. This value is compared to an experimentally
estimated porosity of [1]. Furthermore the stick-ball model will be used later to explain charge
transport during layer growth.

5.2 Model

The main properties of the computer model are:

1. Si-nc are treated as solid spheres.

2. Si-nc move one after the other towards a base area (substrate). Their local distribution
perpendicular to their direction of motion is uniform.

3. The Si-nc stick as soon as they touch the base area or other Si-nc and do not move further
(surface mobility assumed to be zero).

The number of spheres contributing to layer formation has been varied betweenN = 100. . .106.
Quadratic base areasA with side lengthsa = (5. . .100)d have been chosen, whered corre-
sponds to a Si-nc diameter (examples shown in Fig.31).

5.3 Porosity

Former experiments showed a high porosityPexp = 0.706 of Si-nc layers [1]. PorosityP is
defined by the deficit in filling volume

P = 1− 4
3

πR3 ·N
Ah

, (33)

whereR is the Si-nc radius,A the base area of the regarded volume,N the number of Si-nc
in this volume andh height of the volume. As the upper surfaces of the layers show large
roughness, the definition of the layer thicknessh is not trivial. One can choose the position of
the top of the highest located Si-nc, which will be denoted byhmax (Fig. 32 (a)).

An average valuehav for the height is obtained by "Monte Carlo probing" of the upper
surface: A Si-nc probe impinges 1000 times on the completely simulated arrangement and is
removed after each probing event;hav is the average of the “south pole positions” of the Si-
nc at these probing events (Fig.32 (b)). The corresponding filling volumes are calculated as
Vmax= hmax·a2, Vav = hav · (a−d)2.

In the calculation ofVav half a Si-nc diameter (0.5d) has been subtracted on each side of the
base area, because in the bulk in a region of a distance of one Si-nc diameter also Si-nc partially
lying outside the simulation volume would contribute to the filling. Corresponding toVmax and
Vav porositiesPmax, Pav have been calculated according to (33) as upper and lower estimates for
the bulk porosityP(∞). For small numbers of Si-nc in the simulation and small filling volumes
V the boundary surfaceS= 2a2+4ahhas large influence on the calculated porosity. To quantify
the influence of boundary effects we calculate the volume to surface ratioη = V/S. The larger
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Figure 31: Simulated Si-nc arrangements according to model with 1000 Si-nc (diameter = 1) on a
10 × 10 square base area and 10000 Si-nc on a 22× 22 area respectively.
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Figure 32: Illustration of definitions of layer thicknessh: (a) Definition of maximal heighthmax. (b)
Definition of average VolumeVav by Monte Carlo probing of the surface.
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η, the better the calculated value of porosity represents the bulk value. Asη increases the upper
and the lower boundsPmax, Pav of the porosity values "numerically converge" (Fig.33). For
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Figure 33: PorositiesPmax, Pav from simulation in comparison with experimental valuePexp in variation
with volume to surface ratioη. (Unit d is the Si-nc diameter).

N = 106 anda = 100d (η = 21.7d) a porosity

P(∞) = 0.856±0.008 (34)

is obtained. Due to the small layer thicknesshexp= (9±1) nm in the experiment [1] the experi-
mental volume to surface ratiohexp=V/S= hexpa2/(2a2+4ahexp)≈ hexpa2/(2a2) = hexp/2=
9 nm/2 = 1.5d (with d = 3 nm) is small (Fig.33).
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5.4 Discussion

The simulated porosityP(∞) departs from the experimental valuePexp by a differenceP(∞)−
Pexp= 0.856−0.706= 0.15, which we attribute to two reasons:

1. By the computer model the porosityP(∞) is overestimated, because it does not allow
for spatial relaxation (increasing density of the film) due to vanishing surface mobility of
arriving Si-nc.

2. The experimentally detected porosityPexp is underestimated since in the current experi-
ment the volume to surface ratioηexp= 1.5d is too small to yield reliable results for film
thicknesses of only few (≈ 3) Si-nc diameters as chosen in the experiment.

As the layer thicknesshexp has been determined as an average value by AFM measurement in
the experiment which corresponds to a Monte Carlo scanning of the surface in the simulation,
one expectshexp≈ hav. SoPav should be a good approximation for experimentally determined
porosities, even for smallη. Actually the scatter of the simulated valuesPav(η≈ 0.8d) extends
almost toPexp (Fig. 33).

We note that compared to the porosities of simple cubic (0.48) and a close package like face
centred cubic (0.26) the valuesP(∞), Pexp are both quite high.

5.5 Conclusions

Both, experiments and simulations show a high porosity of the thin films built from Si-nc,
which supports the plausibility of the model. The difference of 0.15 between the simulated
(P(∞) = 0.856±0.008) and the experimental (Pexp= 0.706) value of porosity can to one part
be attributed to discrepancy between the model and reality and to another part to a low volume
to surface ratio (h = 1.5d) of the experiment. The actual bulk porosityP of the layers can be
expected to lie somewhere between the two values:

P≈ 1/2(P(∞)+Pexp)≈ 0.78. (35)
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6 Charge transport

6.1 Introduction

Charge transport through porous layers of Si-nc is highly complex. One has to consider trans-
port through a network of interconnected Si-nc, of which the exact arrangement and structure
of existing paths are unknown. In the easiest case one can assume that charges are transported
through 1-dimensional channels, which are aligned parallel and connect the two metal contacts
(Fig. 34). This is certainly a strong simplification of the percolative network of paths between

Figure 34: Rearrangement of Si-nc, which allows simpler calculations.

the metal contacts, which is only applicable for sufficiently thick layers. In order to gain in-
sight into the growth of Si-nc layers, we have recorded charge transport simultaneously with
layer growth, which reveals the percolative nature of transport-paths in thin Si-nc layers. For a
fundamental understanding of charge transport, measurements after completed deposition and
at different grades of oxidation were performed as well. Corresponding to the two types of
experiments,

1. In situcharge transport during layer growth;

2. Charge transport after different grades of oxidation;

we expect different mechanisms governing charge transport:

1. Transport from Si-nc to Si-nc with minor importance of the Si-nc oxide shells;

2. Tunnelling from one Si-nc to the next through the Si-nc oxide shells.

6.2 In situ charge transport during layer growth

During the deposition of Si-nc layers charge transport has been measured (Fig.35). As the de-
position takes place in vacuum, at a pressurep≈ 5·10−5 mbar, it is assumed that no significant
oxide shell is formed around the Si-nc.

It must be admitted that also atp≈ 5 ·10−5 mbar oxidation can take place; but we know
that oxidation of the Si-nc surfaces even in ambient air takes place very slowly. According to
[26] only after oxidation for some hours or days in ambient air the Si-nc surfaces are passivated
by SiO2 and PL can be observed. Oxidation of the Si-nc surface is finished after some months.
According to the equation for an ideal gas the density of gas molecules is proportional to the
pressure. If the composition of the gas mixture in the vacuum chamber is approximately the
same as in the ambient air, the density of O2 molecules and also of O radicals, is a factor of
2×107 smaller than in the atmosphere. So I assume that we can neglect the oxidation occurring
in the vacuum chamber in the time-frame of hours.
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Figure 35: Set-up for charge transport measurements through Si-nc during layer growth.

6.2.1 Experimental

The currentI10 V at a voltageU = 10 V was monitored during deposition of three samples as
measured by a pico-ampere-meter (Präcitronic MV 40 DC-Milli-Pico-Meter). Deposition took
place at RT and a pressurep≈ 5 ·10−5 mbar. The contact arrangement was coplanar; metal
electrodes had been evaporated on the quartz substrates prior to deposition in an interdigital
pattern (Fig.36). Deposition parameters for the three samples have been similar. The Si-nc

Figure 36: Interdigital contacts used for charge transport measurements. The gaps between the electrode
fingers wereL = 60µm, total contact length was 500 mm.

mean diameters and the layer thicknesses are listed in Tab.11.
To compare the experimental results with computer simulations the description is based on

the areal densityD of Si-nc rather than the layer thicknessh. Especially for small areal densities
the layer thicknessh is a rather undefined magnitude, due to the granular structure of the Si-nc
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Sample name dPL (nm) λmax (nm) h (nm)

GO_52 5.8 828 490
GO_54 6.0 838 530
JO_62 6.1 842 < 2900 (inhomogeneous)

Table 11: Si-nc diametersdPL determined from PL peak wavelengthsλmax and layer thicknessh.

layers. The transformation of the two quantities is illustrated in Fig.37. We assume thatN Si-
nc with diameterd occupy an areaA and fill it up to a heighth. Let P denote the layer porosity,
which is defined as the ratio of the empty volume to the total volume. Now the volume occupied
merely by the Si-nc without the space in between can be calculated in two ways:

N · 4
3

π(
d
2
)3 = A·h(1−P).

For the layer porosity we assume the arithmetic mean value

P≈ 0.78 (36)

of the experimentally determined porosityPexp= 0.706 [1] and the bulk valueP(∞) = 0.856,
Eq. (34), obtained by computer simulations. As described in Sections5.4, 5.5 this value ap-
proximates the real bulk porosity. And here we are interested in the bulk porosity, because the
layer thicknesses of the samples (Tab.11) are large enough, that the porosities are very close to
bulk at the end of a deposition. We calculate the Si-nc areal density

D :=
N
A

=
1−P

4
3π(d

2)3
·h =

6(1−P)
π

d−2 · (h
d
) = 0.42(

h
d
)d−2. (37)

The layer thicknessh was assumed to be proportional to the recorded deposition time. After
measurement of the total layer thickness after the deposition, we could therefore calculate the
layer thickness at every time during deposition and via (37) the Si-nc areal densityD was
determined.

6.2.2 Results

The conductanceG = I
U in dependence on the Si-nc areal densityD showed three regions (Fig.

38):
I: GI (D)≈ 0,

II: GII (D) increases non-linearly,
III: GIII (D) = const·∆D (linear increase).
Within regime II a range is found with super-linear increase

GIIa(D) = G0 ·DBexp (38)

with exponentBexp(JO_62) = 1.62±0.03. This range is marked by a rectangle in Fig.38(a).
Fig. 38(b) shows a zoom in this region with measurements and power law fits of all three
samples. The mean value of the 3 exponents isBexp≈ 1.5.
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Figure 37: Illustration for the calculation of Si-nc areal densityD vs. layer thicknessh.
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Figure 38: (a) Conductance monitored during deposition (sample JO_62, monitoring time 2h). Rectan-
gle within regime II marks region of increase according to a power law. (b) Zoom in region marked by
rectangle in (a); also shown are the conductances recorded on samples GO_52 (circles), GO_54 (trian-
gles). Solid lines are fits according to power law (38).
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6.2.3 Qualitative model

The charge transport during film growth can be explained qualitatively by a “three layer” model
(Fig. 39). Each “layer” corresponds to one of the three regimes described in Fig.38 such that
G consists of three contributions:

I: GI = 0: No paths of Si-nc between contacts built,

II: GII : non-linear increase due to percolation near Si-nc layer/substrate interface and
near Si-nc layer surfaces,

III: GIII = const·∆D: linear increase, because percolation near interface and surface is
negligible compared to contribution of bulk.

Figure 39: Qualitative model for charge transport during layer growth.

The separation between the “layers” is not abrupt, but smooth. This applies especially to
the transition between the “layer” corresponding to the regimes II and III.

6.2.4 Simulations

Monte-Carlo computer simulations have been carried out to reproduce some of the main features
found in experiments of charge transport during layer growth. The model for the simulation of
the layer growth has already been described in Sec.5.2. Additionally we assume here:

1. Charge carriers can only tunnel between two Si-nc for distances lower than a critical
tolerance valuedtol.

Two types of simulations have been performed: “first contact simulations” and “simulations of
connections”.

First contact simulation The simulation is performed until a contact between two metal elec-
trodes is achievedvia a path of Si-nc. The base area in the simulations is composed of a square
with side lengthdgap= (9. . .300)d, enclosed by two rectangles with areas(dgap/3)×dgap rep-
resenting the metal electrodes. The computer algorithm to check for the first contact is a kind of
paint fill algorithm; all Si-nc touching one of the two metal electrodes (magenta, cyan) within
the tolerancedtol are painted in red and blue colour respectively (Fig.40). Si-nc touching
red/blue Si-nc withindtol are painted in the same colour. As soon as one Si-nc “owns both
colours red and blue”, the first contact is established. The Si-nc areal density at this moment is
denoted byD1c.
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Figure 40: Arrangement of Si-nc at the moment of the first contact.dtol = 1
3d, dgap = 30d. Lengths are

given in units of the Si-nc diametersd.
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Figure 41: Results of first contact simulations. (a) Si-nc areal densityD1c in dependence on contact gap
dgap for 3 values of tolerance parameterdtol. For each value ofdgap and each tolerance parameterdtol

three simulations have been performed. (b) Limit values ofD1c for dgap = 300d in dependence ondtol.
The dotted line is a fit according to a power law.
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Results of first contact simulation The densityD1c at the first contact strongly depends
on the parameterdtol (Fig. 41(a), (b)). For small contact gap lengthsdgap the scatter in the 3
simulations which have been performed for each value of the tolerance parameterdtol is signifi-
cant. For increasing contact gap lengthsdgap the areal densitiesD1c “numerically converge” for
each value ofdtol separately. Fordgap = 300d we yield the values displayed in Tab.12. These

dtol (d) D1c(dgap = 300d) (d−2)
1/6 3.08±0.80
1/3 1.41±0.02
2/3 0.61±0.04

Table 12: Densities at moment of first contactD1c in dependence on tolerance parameterdtol.

limit values are plotted in Fig.41(b) versus the tolerance parameterdtol. With increasingdtol

the areal densityD1c(300d) decreases hyperbolically. A least square fit yields the power law
D1c(dgap = 300d)(dtol) = 0.393d−2 · (dtol/d)−1.15.

Discussion The simulated areal densitiesD1c(dgap= 300d) are smaller than the valueD≈
5d−2 at which the onset of the conductance occurs in the experiment (Fig.38). This difference
can be partly attributed to the measurement accuracy. The precision of the current measurement
is ∆I ≈ 10−12A, such that the precision of the conductance should be∆G≈ ∆I

U ≈ 10−13S. But
the deposition of Si-nc influences the current measurement such that the accuracy becomes
∆G≈ 10−11S, which can be observed by an increase of G by≈ 10−11S right at the start of the
deposition. Probably ions generated by decomposition of SiH4 or charged Si-nc contribute to
the total electrical current. So we conclude that the value of the onset of the conductance versus
the areal density cannot be deduced from our experiment. Another feature is the ambiguity of
D1c due to the choice of the tolerance parameterdtol.

A more detailed simulation should include the properly calculated quantum mechanical
tunnelling currents through the oxides and the gaps between two adjacent Si-nc. This approach
is very complicated to be accomplished in a large scale simulation and lies therefore outside the
scope of this PhD thesis.

Simulation of connections In order to describe the increase of the conductance after the
first contact I pursued an approximateansatz[8]. The computer simulation starts with a “first
contact simulation” (see previous paragraph). When the first contact is established, the last Si-
nc is removed. Then the simulation is continued till a contact occurs the second time. Again the
last Si-nc is removed, and the simulation is continued. This cycle is performed several times.
Fig. 42 shows a screen-shoot after 10 cycles where the Si-nc establishing the contacts have
been coloured in green colour. (They have been removed in the simulation, but are nevertheless
drawn in the figure.)

Under certain circumstances the numberNc of established connections at a given moment
during deposition is a measure for the conductance of the layer. In Fig.42 one observes that at
the 10th connection almost the entire area is coloured either red or blue. The green coloured
Si-nc, establishing the 10 connections, lie all in a line separating the red coloured Si-nc from
the blue ones. We assume that the connections between the Si-nc in a single coloured area are
numerous, such that the main resistance will occur at the green painted Si-nc connecting the
differently coloured areas of Si-nc. Therefore an equivalent circuit diagram shown in Fig.43
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Figure 42: Arrangement of Si-nc at the moment when a contact between the two metal electrodes has
been established for the 10th time.dtol = 1

3d. Lengths are given in units of the Si-nc diametersd.
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can be applied. The “green” Si-nc occupy bottleneck positions and provide for conductances
G1, G2, G3... GNc. The mean conductance between the left (right) metal contact and the “green”
Si-nc is denoted byGL (GR). With the assumption

GL, GR�G1 = G2 = G3 = ... = G0

one obtains a total conductance

G≈G1 +G2 +G3 + ... = Nc ·G0.

Figure 43: Equivalent circuit diagram representing a “bottleneck model”.

Results of simulations of connections 18 runs have been performed, each with a total
number ofNc = 50 connections (Fig.44). As the scatter between the experiments is still quite
high at the scale the experiments have been performed (dgap = 30d, dtol = 1

3d), some kind of
averaging has to be applied to the results. For that purpose we calculated the arithmetic mean
of the 18 Si-nc areal density valuesD for each value of calculated number of connectionsNc.
The resulting average curve can be fitted by an expression

Nc = Nc0 · (D−D0)Bsim,

with the fit parametersNc0, D0, Bsim given in Fig.44.

Discussion The fit parameterBsim = 1.35± 0.03 agrees fairly well to the experimental
mean valueBexp= 1.54±0.07. In the fit to the simulated data, however, a shift parameterD0

has to be included, whereas in the fit to the experimental data it is not needed. But one has to
remember, that measurement noise is involved in the conductance measurements shown in Fig.
38. If one subtracts a conductance off-set∆G = 8×10−12 S from the measurement on sample
JO_62, also a shift parameterD0 is needed to perform a power law fit (Fig.45).

In the following theachievementsof simulations according to the bottleneck model (Fig.
44) are listed and thelimits of the modelare outlined:
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Figure 44: Results of simulation of connections. Dotted lines: simulations. Circles: average curve
of all 18 simulations. Parameters:dtol = 1

3d, dgap = 135d. Fit results of average curve according to
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Achievements

• Non-linear increase according to power law in regime II of simulations.

• Shiftedpower law adequately describesG(D) relation in regime II as well for simulations
as for experiment.

Limits of model

• Tunnelling is not directly included in simulations.

• RelationNc(D)∼G(D) is inappropriate for largeD.

• Transport through network not only through Si-nc bottleneck positions has to be regarded
in real Si-nc structures.

One might argue that tunnelling is not included in the model, although tunnelling could be the
dominant charge transport mechanism in thin layers of Si-nc. There are two reasons, which
justify to omit tunnelling. First deposition takes place in vacuum, thus the SiO2 layers around
the Si-nc might be negligibly thin. One would rather expect charge transport as a kind of
scattering process than tunnelling. Second, it will be shown in Section6.3, that the tunnelling
current through a structure composed of a series of SiO2 barriers in a broad range depends
linearly on the applied voltage. Hence a tunnelling junction can be replaced by an Ohmic
resistance in this case, which complies with the model.

Conclusions We achieved qualitative agreement between a model and the measurements. The
measured Si-nc areal density at first contact does not agree with the simulations. Although
Bsim = 1.38±0.03 agrees fairly well with the experimental mean valueBexp= 1.54±0.07 the
scale of simulation of connections is too small to make decisive statements about the exponent
Bsim. Note that the range of Si-nc surface density in experiments isDexp = (0. . .200)d−2,
whereas in the simulation only valuesDsim = (0. . .3)d−2 are reached. Although the scale of
the simulations, limited by the memory capacities of the used computer and my life-time, are
rather small in scale compared to the experiments, the simulations provide some understanding
for the mechanisms of charge transport during layer growth.

6.3 Tunnelling through Si-nc oxide shells

After sufficient long exposure of the Si-nc layers to ambient air, the single Si-nc will be over-
coated by SiO2 oxide layers. Thus charge carriers have to surmount barriers, consisting of these
oxide layers (Fig.46). The form of the oxide barrier between two adjacent Si-nc is complex and
not exactly known and can most easily be approximated as a disc. We will even apply a more
simplified model and assume a barrier in the calculations below, which corresponds to a disc
expanded to infinity. In the following theoretical considerations we will assume that only elec-
trons contribute to the total current. The contribution of holes is neglected here. Nevertheless
the formalism can be easily translated into the situation where holes are the majority current
carriers. A possibility for the electrons to cross the barriers, is tunnelling. In the following the
consequences of tunnelling for the electrical transport will be described.
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Figure 46: Oxide layers overcoat each Si-nc, yielding barriers of widthW between adjacent Si-nc cores.
Ub is the part of the applied voltageU dropping at each oxide barrier.

6.3.1 Theory

Tunnelling probability According to [23] the probabilityT(E) of an electron to tunnel through
a rectangular barrier, as drawn in Fig.47, is

T(E) =
∣∣∣∣ e−ikW(1−Φ2)
eKW−Φ2e−KW

∣∣∣∣2 =
1

1+ 1
16 ·

V2

E(V−E) (eKW−e−KW)2 (39)

k := (2m∗E)1/2

~ wave vector outside barrier,

K := (2m∗(V−E))1/2

~ “ inside “,

Φ := K+ik
K−ik subsidiary variable,

m∗ effective mass.

Figure 47: 1-dimensional square barrier, heightV, widthW. Conduction band edgeEC is chosen as zero
point of energy.

For small energies,E�V or more exactlyKW� 1, the tunnelling probability can be approx-
imated as

T(E)≈ 16·V−2(V−E)Eexp(−2KW) . (40)
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Fig. 48 exemplarily showsT(E) in the regionE = 0. . .20 eV for electrons, which tunnel
through a SiO2 barrier in c-Si. In this example approximation (40) is valid up to energies
E . 3

4V ≈ 2.5 eV.
While in the 1-dimensional case electrons only have velocities in one direction, in 3 di-

mensions the components in all three directions of space are present. For a 3-dimensional
rectangular barrier (Fig.49),

V3d(x1,x2,x3) := V1d(x1) :=


0 x1 < 0
V 0 < x1 < W
0 W < x1

,

the stationary Schrödinger-equation (S-Eq) reads

− ~2

2m∗
∇2ϕ+V3dϕ = Eϕ,

where the periodic lattice potential of the semiconductors is accounted for by the effective mass
m∗. Rigorously the effective masses are different outside the barrier (Si) and inside (SiO2),

Figure 49: 3-dimensional rectangular barrier of heightV and widthW. (Third spacial coordinatex3 is
left out in figure.)

which we will neglect in the following treatment. Anansatzof separation

ϕ(x1,x2,x3) = ϕ1(x1) ·ϕ2(x2) ·ϕ3(x3)

yields solutions

ϕ(x1,x2,x3) = C ·ϕ1(x1) ·ei(k2x2+k3x3).

Hereϕ1 is the solution of the 1-dimensional problem with S-Eq

− ~2

2m∗
ϕ′′1 +V1dϕ1 = E1ϕ1, (41)

C is a constant andei(k2x2+k3x3) represents a solution of the S-Eq

− ~2

2m∗
ϕ′′i = Eiϕi (i = 2,3)

for plane waves. Thereby
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ki =
(2m∗Ei)1/2

~
(i = 2,3).

The total energyE is composed of three parts

E = E1 +E2 +E3, (42)

representing the kinetic energies inx1-, x2-, x3-direction. As onlyϕ1 varies in direction per-
pendicular to the barrier (=x1-direction), only the energy componentE1 is relevant for the tun-
nelling probability. The tunnelling probability reads (39) analogously as in the 1-dimensional
case, if onlyE is replaced byE1.

In the calculation of the tunnelling current density the decomposition of the kinetic energy
in 3 independent parts has the following consequences:

• The tunnelling probability only depends onE1.

• In the energy schemes one only considers the energy partE1 in comparison with the
electronic potential. (Such the correct limits of the velocity componentv1 in x1-direction
are found for the integrals.)

Tunnelling current density In the following the tunnelling current density through a barrier
as shown in Fig.49 will be calculated. Firstly the partial current is calculated, which flows
in thermal equilibrium through the barrier in one direction. In thermal equilibrium no total
current flows at all. The situation can, however, be equivalently described by equally large tun-
nelling currents flowing in opposite directions, resulting in a vanishing total current. Secondly
we consider the barrier underbiasvoltageU . By the voltage drop induced asymmetry the par-
tial current in one direction increases, while the current in opposite direction decreases, which
results in non-vanishing total current.

Thermal equilibrium We yield the current densityJ→ from the left side of the barrier to the
right side by integration in velocity space. Here we assume an isotropic dispersion relation
E = 1

2m∗v2 with density of state effective massm∗. From the well-known expressionzk =
2

8π3 for the density of states in wave vector space and by the relationv = ~
m∗k the density of

stateszv = m∗3

4π3~3 in velocity space is obtained. Occupation of the states follows Fermi-statistics,

i. e. the occupation probability of a state at energyE equalsf (E) = 1
exp(E−EF

kT )+1
. The current

densityJ→ is composed of infinitesimal contributionsdJ→ = ν ·e·dn· v1 · (1− f (E)), where
the factorν = 6 accounts for the 6 minima found in the band structure of silicon anddn =
zv f (E)T(1

2m∗dcv
2
1)dv1dv2dv3 denotes the part of the electrons approaching the barrier (v1 > 0)

and succeeding in tunnelling through it. The factor(1− f (E)) represents the the probability of
a state at energyE at the other side of the barrier being unoccupied . In total one yields
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J→ =
+∞Z
−∞

dv3

+∞Z
−∞

dv2

+∞Z
0

dv1ν ·e·zv · f (E)(1− f (E))T(
1
2

m∗dcv
2
1)v1

≈
+∞Z
−∞

dv3

+∞Z
−∞

dv2

+∞Z
0

dv1ν ·e·zv · f (E)T(
1
2

m∗dcv
2
1)v1

= ν ·e·zv

+∞Z
0

dv1v1T(
1
2

m∗dcv
2
1)

+∞Z
0

2πv23dv23 f (E).

In the first step 1− f (E) ≈ 1 has been approximated, because we focus on non-degenerate
semiconductors withEC� EF and we deal with energiesE > EC. In the second stepv2 andv3

have been substituted by the radial variablev2
23 := v2

2 +v2
3. Further substitution,E1 := 1

2m∗dcv
2
1,

E23 := 1
2m∗dcv

2
23 , yields

J→ = ν ·4πem∗h−3
+∞Z
0

dE1

T(E1)
+∞Z
0

dE23 f (E1 +E23)

 .

In Boltzmann-approximation (f (E)≈ exp(−E−EF
kT )) this simplifies to

J→ ≈ ν ·4πem∗h−3kTexp(
EF

kT
)

+∞Z
0

dE1 exp(−E1

kT
)T(E1). (43)

The integrand

g(E1) := exp(−E1

kT
)T(E1) (44)

shows a maximum atE1 ≈ 0.025eV= kT for barrier heightV = 4.5 eV, widthW = 1 nm and
effective massm∗ = 0.50· 9.1× 10−31 kg at room temperature (Fig.50). This means, the
contributions to the tunnelling current mainly stem from electrons with energiesE1≈ 0.025 eV
near the conduction band edgeEC := 0, which are much smaller than the barrier heightV. The
above mentioned issue, thatg(E1) is maximal atE1 ≈ kT can be theoretically derived. The
integrand is approximately

g(E1)≈ 16exp(A(E1))(V−E1)E1V
−2, (45)

with A(E1) :=−E1
kT −23/2m∗1/2~−1W (V−E1)

1/2. We yield the derivative

g′(E1) ≈ 16V−2exp(A(E1))
{

A′(E1)(V−E1)E1 +(V−2E1)
}

= 16V−2exp(A(E1))
{(
−k−1T−1 +21/2m∗1/2~−1W ·F−1/2

)
F ·E1 +F−E1

}
(46)

with the abbreviationF := V − E1. The integrandg(E1) is maximal at energyEmax with
g′(Emax) = 0, which is equivalent to

E−1
max= k−1T−1 +21/2m∗1/2~−1W ·F−1/2−F−1.

For the above parameters
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Figure 50: Integrandg(E1) from (44) for the parameters listed in text at RT.

F ≈ 4.475 eV � kT,(
F · ~2

2m∗W2

)1/2

≈ 0.58 � kT,

and therefore we yield

Emax≈ kT.

It is worthwhile to note, that by no means the exponential factor

exp
(
−23/2m∗1/2~−1W (V−E)1/2

)
of the tunnelling probabilityT(E) is responsible for this feature, but the expression(V−E)E,
which leads to the dominating terms in (46) for small energies. If the exponential factor would
be neglected in (45), the same maximal positionEmax≈ kT of g(E) would be derived.

Barrier with bias voltage As we assume that no scattering of charge carriers occurs in the
crystalline core of the Si-nc, a voltageU applied to a barrier structure as shown in Fig.46 will
solely drop at the barriers. Hence the band diagram of a single barrier (Fig.47) is modified to

the diagram shown in Fig.51. The conduction band edgeE(2)
C on the right side of the barrier

differs from the band edgeE(1)
C on the left side by an amounteUb. The same holds for the

Fermi-levelsE(1)
F , E(2)

F . Therefore the definitionEC := 0 of zero point of energy can no longer
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Figure 51: 1-dimensional rectangular barrier withbiasvoltageUb.

be sustained. The quantitiesEC, E1, E2, E3, n, f , T are defined on each side individually. With
upper indices the side of the barrier for the individual quantities is denoted,

E(i) = E(i)
C +E(i)

1 +E(i)
2 +E(i)

3 (i = 1,2).

By the bias voltage an asymmetry is introduced, which effects a net flow of carriers. In the
calculation of the tunnelling current density the following assumptions and approximations are
used:

1. The voltage solely drops at the barrier.

2. Occupation of the states is assumed to follow the thermal equilibrium distribution on both
sides of the barrier.

3. The inclined barrier (Fig.51) is approximated by a flat rectangular barrier (Fig.52).This
approximation is justified foreUb�V andkT�V, which applies in our case. Most of
the electrons tunnel through the barrier near its base at energiesE ≈ EC. (The flat barrier
approximation corresponds to the Wentzel, Kramers, Brillouin method (WKB).)

4. Tunnelling probability is approximated by Eq. (40), which is strictly valid only for the
symmetric case.

Figure 52: Approximation of tunnelling barrier (Fig.51) by a flat rectangular barrier.

In this ansatzthe effective barrier heightV(i) (i = 1,2) depends on the direction, from which
the electron approaches. It is reduced for electrons on the left side and increased for electrons
on the right side:

V(i) =
{

V−1/2·eUb for i = 1
V +1/2·eUb for i = 2

.
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Hence also the tunnelling probabilityT(i) from sidei to the other side depends on the sidei,

T(i)(E(i)
1 ) = tunneling probability of an electron with

kinetic energyE(i)
1 in x1-direction, which tunnels from

sidei (i = 1,2) through a barrier of heightV(i) and widthW.

With assumption 4 and Eq. (40) follows

T(i)(E(i)
1 )≈ 16·

(
V(i)
)−2(

V(i)−E(i)
1

)
E(i)

1 exp
(
−2K(i)

1 W
)

(47)

with K(i)
1 := (2m∗(V(i)−E(i)

1 ))1/2

~ .
In conclusion the assumptions imply, that the net current can be regarded as being composed

of two contributions, due to the origins:

• The barrier height is different for electrons approaching the barrier from opposite sides.

• Electrons can only tunnel through the barrier, if they can enter empty states on the other
side of the barrier (unoccupied states in the conduction band).

Total current density In analogy to Eq. (43) follows:

J→ ≈ ν ·4πem∗h−3kTexp(
EC−EF

kT
)

+∞Z
0

dE(1)
1 exp(−

E(1)
1

kT
)T(1)(E(1)

1 ).

In the process of tunnelling from the right to the left one has to take care with the limits of

integration. Only electrons with kinetic energyE(2)
1 ≥ eUb in x1-direction can tunnel into empty

states in the conduction band on the left side. Therefore the current density reads

J← ≈ ν ·4πem∗h−3kTexp(
EC−EF

kT
)

+∞Z
eUb

dE(2)
1 exp(−

E(2)
1

kT
)T(2)(E(2)

1 ). (48)

By superposition we yield a total current density

J = J→−J←

= ν ·4πem∗h−3kT ·exp

(
−EC−EF

kT

)

·

 ∞Z
0

dE(1)
1 exp

(
−

E(1)
1
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)
T(1)(E(1)

1 )−
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−
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1
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 (49)

As already shown the integrand (44) is maximal atE1 = kT, and similarly

g→(E(1)
1 ) := exp

(
−

E(1)
1

kT

)
T(1)(E(1)

1 )

will be maximal forE(1)
1 = kT. Therefore we approximate
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J→ ≈ Dexp(−1)T(1) (kT) ,

with D := const·kTexp
(
−EC−EF

kT

)
. We approximate the integral in (48) by the integrand

g←(E(1)
1 ) := exp(−

E(2)
1

kT
)T(2)(E(2)

1 )

at the same energyE = E(1)
C +E(1)

1 = E(2)
C +E(2)

1 as forJ→, which amounts toE(2)
1 = eUb+kT,

J← ≈ D ·g← (eUb +kT) = exp(−1)exp(−eUb

kT
)T(2) (eUb +kT) ,

and meetJ(Ub = 0) = 0. Applying (40) we yield

J(Ub) ≈ Dexp(−1)
[
T(1) (kT)−exp(−eUb

kT
)T(2) (eUb +kT)

]
≈ C1exp

(
−χW

[
V− 1

2
eUb−kT

]1/2
)(

V− 1
2

eUb−kT

)

·

[
kT

(
V− 1

2
eUb

)−2

−exp

(
−eUb

kT

)
(eUb +kT)

(
V +

1
2

eUb

)−2
]

(50)

with

χ := 23/2m∗1/2~−1 (51)

and
C1 := 16exp(−1)D.

With the effective massm∗e = 0.33·9.1×10−31 kg for electrons we yield

χe = 1.48×1019 J−0.5m−1 = 5.9 (eV)−1/2nm−1

and with the effective massm∗h = 0.50·9.1×10−31 kg for holes

χh = 1.82×1019 J−0.5m−1 = 7.3 (eV)−1/2nm−1.

6.3.2 Experiments

Charge transport has been measured in interdigital and in sandwich contact configuration. For
the measurements with interdigital contacts the same samples as for thein situ charge trans-
port have been used (Tab.11). The sandwich contacts consisted of a ZnO layer on a glass
substrate and an upper gold contact with dot diameter 1 mm (measurement on one sample
reported (GO_14), parameters Tab.1). The dependence of dark current at constant voltage
vs. time during exposure to ambient air has been measured. Voltage-current characteristics
(UI_curves) have been recorded at RT for the samples with interdigital contacts and at tem-
peratureT = 240 K for the sample with sandwich contacts. (At higher temperature the UI-
dependence was unstable and irreproducible for the sample with sandwich contacts.) For the
coplanar contacted samples the voltage range wasUinterd = (0. . .500) V, whereas the sandwich
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contacted sample was exposed to smaller voltagesUsandw= (−1· · ·+1) V. The corresponding
extreme values of electric fields are

Einterd = 8.3×104 Vcm−1

and

Esandw≈ 3×104 Vcm−1.

A severe deficit in reproducibility of UI-curves, recorded in ambient air, was observed.
Probably gases or water vapour adsorb on the surfaces of the Si-nc layers and thereby evoke
field effects. Concentration differences of gases or humidity can therefore lead to changes in
charge transport. One has to imagine how tremendously large the surface to volume ration of
layers consisting of agglomerated Si-nc with diametersd≈ 5 nm is. To enhance stability, I have
recorded UI-curves only with the samples placed in vacuum.

6.3.3 Results

Fig. 53 shows the temporal development of the sample currentI10V with an applied voltage
U = 10 V for sample GO_52 after breaking the vacuum.I10V drops after an exposure time
of almost 104 min almost an order of magnitude. UI-curves have been measured for sample
GO_52 after successive grades of oxidation (Fig.54(a)). The first measurement on this sample
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Figure 53: CurrentI10 V in dependence on oxidation timet in ambient air (sample GO_52).

was performed in vacuum at pressurep≈ 5×10−5 mbar immediately after the deposition. After
oxidizing for 10h at pre-vacuum pressurep = 2× 10−2 mbar the second UI-curve has been
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Figure 54: UI-curves for samples with interdigital and sandwich contacts under vacuum. Measure-
ments after successively increasing grades of oxidation. Interdigital contacts, RT: (a) sample GO_52, (b)
GO_54. Sandwich contacts, temperatureT = 240 K: (c) GO_14.
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recorded. Finally after oxidation for 190 days in ambient air the third curve was measured.
Similar measurements have been performed on sample GO_54 (Fig.54 (b)). The UI-curve
on the sample with sandwich contacts has been recorded after exposing the sample to air for
39 days (Fig.54 (c)). In the measurements on the samples with interdigital contacts the UI-
curves recorded after long oxidation times show a curvature in the log-log plots for voltages
U > 100 V. Also in the measurement on the sample with sandwich contacts the UI-curve is
clearly non-linear (Fig.54 (c)).

6.3.4 Model

In order to explain measured UI-curves and to reproduce themvia Eqs. (49), (50), it has been
assumed:

1. Charges tunnel in parallel paths through a defined numberN of barriers between one
contact and the other (Fig.34, no percolation in the Si-nc layer).

2. The voltage (Ub) at each barrier is the applied voltage (U) divided by the number of
barriers:Ub = U/N.

3. Tunnelling at the borders of the Si-nc layer (metal / Si-nc, ZnO / Si-nc) is neglected.

6.3.5 Results of numerical model

Fits to the measured data shown in Fig.54 have been performed using Eq. (50). (Fit procedure
with “Non-linear Curve Fit” from software “Origin 5.0” was chosen, which performs a least
square fit according to a Levenberg-Marquardt algorithm [27, 30]. In the weighting method
“Arbitrary Dataset” was activated and as weighting data the currentI , which should be fitted,
was specified, which results in weightsw= I−2. Fit parameters for all samples are listed in Tab.
13.)

First a fit to the measurement data on GO_52 after maximal oxidization was performed. The
fixed valuesχ = 7.3 (eV)−1/2nm,V = 4.5 eV correspond to exclusive hole transport. Almost
perfect agreement was achieved, if the three parametersC1,W, N were varied, but the calculated
error of N was of the order of its own value and theerrors of C1, W were much larger than
their values. This hints to a mutual dependence amongC1, W, N. I have therefore fixedW to
different values and observed the behaviour ofC1 andN. WhenW is increased from 0.01 nm
to 5 nm, equally good fits are achieved (Fig.55 (a)), the numberN of barriers is constant,
but the factorC1 varies much (Tab.13). Therefore the interdependence occurs only between
C1 andW and we obtain a reliable value of parameterN. On the other hand this means, that
W cannot be determined from the measurements within our model. Therefore the oxide barrier
thickness has been fixed to a reasonable value,W = 1.0 nm, andC1 andN have been determined
from the fitting procedure. The same interdependence betweenC1 andW and stability ofN
is found for the fixed parametersχ = 5.9 (eV)−1/2nm, V = 2.9 eV (values expected for pure
electron transport in the conduction bands). For electron transport only the result forW =
1.0 nm is given in the table and included in Fig.55(a). Also for measurements on the same but
less oxidized sample fits have been performed. For these fits the parametersC1, N were kept
constant to the the values obtained for the maximal oxidized stage, and onlyW was obtained as a
fitting parameter, in other words I have assumed that during oxidation the parametersC1, N stay
constant. For the numberN of barriers this is evidently true, if the arrangement of the Si-nc does
not change. Fit parameterC1 is supposed to be proportional to the number of channels of Si-nc
paths per area, which should also stay constant during oxidation. (Note that this idea was not
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included in the derivation of (50), because laterally infinitely extended barrier structures were
assumed. But a more rigorous calculation would include the fraction of the area of conductive
channels perpendicular to the direction of of current.) The smaller the times of exposure to air,
the lower are the obtained oxide barrier widthsW. The errors received by the fitting procedure
of Origin 5.0 are smaller than 0.002 nm, which is much lower than the measurement accuracy
for the oxide barrier widths of the sample, obtained by this method. Therefore these errors are
left out in the table.

For sample GO_54 the results are similar (Fig.55 (b)). Note that the determined oxide
barriers thickness of the as deposited samples are the same for both samples: 0.60 nm (for hole
transport), 0.38 nm (for electron transport).

Analogously (50) can be fitted to the measurements on the sample with sandwich contacts
(Fig. 55 (c)). As before the parametersC1, W show interdependence, when one of them is
varied, but the number of barriers stays constant (N = 521). Results forW = 1 nm and the
parametersχ, V fixed to the values either for electron or hole transport are listed in the table.

Sample C1 (A) χ (eV)−1/2nm−1 V (eV) W (nm) N

GO_52

190 days ox. (2.0±0.3)×10−5 7.3 (fix) 4.5 (fix) 0.01 (fix) (6.7±0.5)×105

” (7.1±0.8)×1028 ” ” 5 (fix) ”

” 105±11 7.3 (fix) 4.5 (fix) 1.0 (fix) ”

” 0.12±0.02 5.9 (fix) 2.9 (fix) 1.0 (fix) (4.3±0.5)×105

10 h ox. 105 (fix) 7.3 (fix) 4.5 (fix) 0.80 6.7×105 (fix)

” 0.12 (fix) 5.9 (fix) 2.9 (fix) 0.69 4.3×105(fix)

as deposited 105 (fix) 7.3 (fix) 4.5 (fix) 0.60 6.7×105 (fix)

” 0.12 (fix) 5.9 (fix) 2.9 (fix) 0.38 4.3×105(fix)

GO_54

184 days ox. 102±20 7.3 (fix) 4.5 (fix) 1.0 (fix) (3.4±0.6)×105

” 0.12±0.03 5.9 (fix) 2.9 (fix) ” (2.2±0.4)×105

as deposited 102 (fix) 7.3 (fix) 4.5 (fix) 0.60 3.4×105 (fix)

” 0.12 (fix) 5.9 (fix) 2.9 (fix) 0.38 2.2×105 (fix)

GO_14

39 days ox. 20±5 7.3 (fix) 4.5 (fix) 1.0 (fix) 521±90

” 0.022±0.007 5.9 (fix) 2.9 (fix) 1.0 (fix) 323±60

Table 13: Fit parameters for fits to measurements on samples GO_52, GO_54, GO_14 shown in Fig.55.
TemperatureT = 290 K was considered for samples GO_52, GO_54 andT = 240 K for sample GO_14.

The approximation in Eq. (50) is to some extent inappropriate, because the two integrals
in (49) have been approximated by the values of the integrands at a single value of energy. In
order to check the validity of fits performed with this approximation, I will compare the results
of these fits with the results obtained with Eq. (49) instead of Eq. (50), but with the same fit
parameters. (Eq. (49) is bare of the above described approximation.) Only the measurements
after long time of oxidation have been simulated, because for these the tunnelling model is
assumed to be best applicable.

As we are here not interested in the temperature dependence, we write (49) as
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Figure 55: Fits of (50) to the measurements shown in Fig.54. (a) Sample GO_52, (b) GO_54, (c)
GO_14. All fits listed in Tab.13are included, where multiple fits are only visible as one solid line.
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J = C2 · (kT)−1 ·
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1 exp
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 , (52)

where the factor(kT)−1 has been included to yield constantC2 in units of Ampere. With the
above given abbreviation (51) introducing variableχ, the exponential factor in the approximated
tunnelling probability (47) can be simplified as

exp

(
−χ
(
V(i)−E(i)

1

)2
W

)
.

The integrals in (52) have been numerically approximated (functionquad8of the software MAT-
LAB 6.5) with a relative error of 10−6 and upper bounds 0.3 eV andeUb +0.3 eV respectively
have been used (see Fig.44). In the following the parametersχ, V, W have been taken as
estimated by the fits according to (50), but constantC2 and the numberN of barriers have been
readjusted. IfN is taken as estimated by the fits according to (50), insufficient agreement is
achieved between simulation and measurement (Fig.56, dotted lines). Therfore a fitting pro-
cedure was implemented in MATLAB, which variedN. During the fit the measured current
dataIdat,i (i = 1,2,3. . .) were normalized such that∑ Idat,i = 1. The same normalization was
applied to the calculated valuesI f it ,i (i = 1,2,3. . .) at each step of the fit. By this trick constant
C2 cancels out in the fitting algorithm. It was recalculated afterwards. Hence only parameter
N was left free, which was determined by minimizing∑i

[(
Idat,i− I f it ,i

)
/Idat,i

]2 (i = 1,2,3. . .)
by the MATLAB function “lsqnonlin”. (One also has to supply lower and upper bounds ofN
to “lsqnonlin” in order to succeed in fitting.) The resulting values are listed in Tab.14 (2nd,
4th, 6th row) and the fits are included in Fig.56, solid lines). For the samples with interdig-

Sample C2 (A) χ (eV)−1/2nm−1 V (eV) N NSi−nc N/NSi−nc

GO_52 1.5 / 2.5·10−3 7.3 / 5.9 (fix) 4.5 / 2.9 (fix) 6.7×105 / 4.3×105 (fix) 1×104 67 / 43
” 0.26 / 6.3×10−4 ” ” 1.20×105 / 1.12×105 ” 12 / 11

GO_54 1.5 / 2.5·10−3 ” ” 3.4×105 / 2.2×105 (fix) ” 34 / 22
” 0.17 / 4.2×10−4 ” ” 4.55×104 / 4.24×104 ” 4.6 / 4.3

GO_14 0.43 / 6.6·10−3 ” ” 521 / 323 (fix) 43 12 / 7.5
” 0.033 / 8.6×10−5 ” ” 66 / 64 ” 1.5 / 1.5

Table 14: Parameters used for fits to measurements after long oxidization according to (52). Barrier
thicknessW = 1 nm was assumed for all fits. Listed are also the numberNSi−nc of Si-nc, which fit in a
straight line between the contacts.

ital contacts (GO_52, GO_54) these fits agree well with the measurements. For the sample
with sandwich contacts (GO_14) the double logarithmic slope of these fits corresponds better
to the one of the measured data than for the above mentioned simulations (dotted lines), but the
curvature in the plot does not very well represent the one of the measured data.
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Figure 56: Simulated UI-curve according to (49). Dotted lines: Parametersχ, V, W, N chosen exactly
as in Tab.13, C2 adjusted. Solid lines: MATLAB fits withN as the only fit parameter (see Tab.14). (a,
b) samples GO_52, GO_54, (c) sample GO_14.
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6.3.6 Discussion

Both the fits with the approximate relation (50) and with the exact integral relation (52) nicely
reproduce the measured data (with exclusion of fit in Fig.56(c)). The interdependence between
parametersC1 (C2) andW prohibits an absolute determination of either of the two parameters.
Thus the question arises, which fit parameters are meaningful. The only other free fit parameter
left is the numberN of barriers, which turned out to be stable with regards to changes inC1 or
W. ComparingN determined from fits with relations (50) and (52) one detects agreement within
a factor of 10. This and the possibility to perform good fits with the approximation, supports
the principal validity of approximation (50), but also states that evaluation might reasonably be
approved by the more exact formula (52). N can be compared to the numberNSi−nc of Si-nc,
which fit between the contacts in a straight line. Ifdcontact denotes the distance between the
metal contacts andd the Si-nc diameter, it is found

N =
dcontact

d
.

For the samples with interdigital contacts we havedcontact = 60µm andd = (5.9± 0.1) nm
(Tab. 1), henceNSi−nc = (1.02± 0.2)× 104. For the sample with coplanar contactsdcontact

corresponds to the Si-nc layer thicknesshSi−nc = (320± 8) nm and withd = 7.4 we yield
NSi−nc = 43±2. In Tab.14the ratiosN/NSi−nc are listed, they reach from 67 to 1.5. However, a
ratio of 67 can hardly be explained by percolation with a path 67 times as long as the electrode
gap and is not meaningful. By common sense one would regard ratiosN/NSi−nc≤ 10 as real-
istic for layers built from Si-nc. Fits obtained by exact integral relation (52) (2nd, 4th, 6th row
in Tab.14) yield lower values (N/NSi−nc = 1.5. . .12) for the quotient than the ones performed
with relation (50) (1st, 3rd, 5th row,N/NSi−nc = 7.5. . .67). These lower values are more real-
istic, hence the more sophisticated fitting procedure according to Eq. (52) is recommended for
evaluation and not the crude approximation (50).

The procedure, which finally led to Eq. (50) was considerably influenced by the model
suggested in Ref. [36] for the tunnelling current through crystallites in PSi. In this paper a
formula from Ref. [39] “Generalized Formula for the Electric Tunnel Effect between Similar
Electrodes Separated by a Thin Insulating Film” was used:

J(U) = C1

(
V exp

(
−χWV1/2

)
− (V +U)exp

(
−χW [V +U ]1/2

))
, (53)

where the symbols designate the same quantities as in formula (50). Eq. (53) was derived in
Ref. [39] under the assumption of metal electrodes on both sides of an insulator. An electron
distribution corresponding to temperatureT = 0 K was assumed in order to calculate the tun-
nelling transitions at givenbiasvoltage. In my opinion this model can neither be applied to a
system of Si-nc separated by oxide barriers nor to a series of oxide-surrounded crystallites in
PSi as it was done in Ref. [36]. Si-nc (and similarly the crystallites in PSi) are not metal-like.
One cannot suppose aT = 0 K electronic distribution in this system in order to determine the
possible tunnelling transitions, because in this case the conduction bands of the Si-nc would be
entirely empty and the valence bands completely filled by electrons. No charge transfer between
the conduction bands (valence bands) of two neighbouring Si-nc would be possible. We have to
account for the thermal electrons (holes) in the conduction (valence) bands of the Si-nc in order
to correctly describe the tunnelling processes.

If the system of Si-nc was well ordered and well determined, one could surly observe the
signature of interference in measurements. Coherent tunnelling through subsequent barriers
would occur in such a system. This would demand a treatment according to the formalism
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developed in [9]. However, the disorder of the position of the Si-nc in the layer and the distri-
bution of the Si-nc diameters seem to destroy any appearance of interference in the undertaken
measurements.

6.3.7 Conclusions

UI-curves measured on Si-nc layers with contacts can be fairly well reproduced, both by a nu-
merical model according to approximation (50) and the more exact relation (52). Non-linearity
of the curves is successfully modelled by both kind of fits. Whether charge transport is dom-
inated by electrons or holes cannot be distinguished from the fit results, as with both corre-
sponding values for parameterχ and the band offsetV equally good fits can be performed. Due
to a mutual dependence between the parameter andC1 (C2) and the oxide barrier thicknessW,
both parameters cannot be determined uniquely from a fit. On the other hand the parameterN
of the numbers of barriers is stable with regard to changes inC1(C2) andW and is extracted as
the only reliable fit parameter. The numberN of oxide barriers determined from fits according
to the more exact relation (52) is closer to the numberNSi−ncof Si-nc fitting in a straight line
between the contacts and the values are more reasonable, which supports this more advanced
calculation.
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7 Electroluminescence

7.1 Introduction

Development of all-silicon optoelectronics is a challenging task, because it is said that micro-
electronics industrywill build every device of silicon, whichcanbe built of silicon. Over the
years technological know-how about silicon and its easily controllable oxide SiO2 has tremen-
dously increased and there exist facilities all over the world to fabricate complex structures
based on silicon. Nevertheless and in spite of intense research, light emitting electronically
driven devices built from silicon are rarely seen in industrial applications.

This is mainly due to an optical disadvantage, inherent in the band structure of Si. Crys-
talline silicon has an indirect band gap, which means, every optical transition must be accompa-
nied by the creation or annihilation of a phonon. As these three particle processes are unlikely,
radiative recombination lifetime is extremely long for c-Si and thus are response times of optical
devices built of c-Si. Another disadvantage is due to the low band gap valueEg,c-Si= 1.12 eV (at
RT) corresponding to a wavelengthλg,c-Si = 1107 nm: the radiation emitted by a light emitting
diode (LED) built of c-Si is infrared and non-visible by the human eye.

By usage of nano-scaled Si structures the last mentioned disadvantage can be overcome.
There are optical transitions in quantum confined states of Si nano-structures, which generate
visible radiation. But the disadvantage of the indirect band gap still remains. Average PL
decay times for Si-nc with diametersd ≈ 3.4 nm are reported to beτPL ≈ (100. . .500) µs at
RT [18], which is more than a factor 5000 larger than for CdSe nanocrystals of similar size (see
introductory Chapter). This remaining dominant indirect character of the Si-nc band gap can
also be deduced from the band diagram sketch shown in Fig. (11). By quantum confinement
the distance ink-space between the highest occupied state in the valence band and the lowest
unoccupied state in conduction band of Si-nc with diametersd = 5 nm is reduced only by a
factor≈ 8/10 with regard to the value needed for c-Si. Thus for the corresponding transitions
phonons with a factor≈ 8/10 smaller momenta are needed for radiative transitions, which is
not much change with regard to c-Si.

Additionally there are problems to electronically inject carriers into the nano-structures,
because they have to tunnel through SiO2 layers in order to enter. According to [4] transport
and photo-luminescence (PL) mutually exclude each other in nano-crystalline Si (also known
as micro-crystalline Si). Experimental results in this reference show that PL is quenched, if
electric conductivity is increased (by an increase of the Si to SiO2 ratio). An increase of the
silicon network connectivity implies a higher probability of the electrons and holes to tunnel
between adjacent crystallites and thus get separated. The decrease in PL was attributed to this
mechanism in the above mentioned reference. In this context the high PL yield of the Si-nc
samples investigated in this thesis implies that the Si-nc are well separated by oxide barriers
and a poor conductivity is expected, which is experimentally confirmed.

A lot of research has already been performed on EL in nano-structured Si. EL has been
detected from devices built of porous Si (PSi) [24], Si / SiO2 layer structures [20], annealed
Si-ion implanted SiO2 layers [25] and nano-crystalline Si [4]. EL has not yet been reported in
literature from Si-nc deposited by laser-induced decomposition of SiH4. In this sense the novel
results presented in this chapter affirm the possibility of EL by structures incorporating Si-nc
produced by this technique.
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7.2 Theory

7.2.1 Band diagrams of p-n, p-i and p-i-n structures

The investigated EL structures consist mainly of three media: a semitransparent metal (Me), the
Si-nc layer (Si-nc), which we assume to be intrinsic and a p-type c-Si wafer (p-Si). Therefore
two junctions exist, a Me / Si-nc junction and a Si-nc / p-Si junction.

To develop an understanding of the Si-nc / p-Si heterojunction, we first recapitulate the
properties of ap-n homojunction and then regard the limit of donor concentrationND→ 0 in
then-type semiconductor, while the acceptor concentrationNA in thep-type semiconductor is
held constant. We also show an exact solution for ap-i junction in thermal equilibrium and
an approximate band diagram for ap-i-n diode. Finally we generalize the results found for a
homojunction to a heterojunction. The second junction, Me / Si-nc, is a metal / semiconductor
junction, also known as Schottky-contact, which will first be described with help of the simple
electron affinity rule and secondly a hypothetical dipole layer between the Me and the Si-nc
will be included.

In a p-n junction thebuilt-in voltage Ubi is composed of a voltage dropUp in thep region
and a dropUn in then region. How the voltage is divided between the two regions is governed
by the doping concentrationsND of donors andNA of acceptors (AppendixA):

Up

Un
=

ND

NA
.

i.e., the higher the doping in one region compared to the other, the lower the voltage drop in this
region.

A p-i junction can be understood as an extreme case of ap-n junction withND = 0. Although
in this limit the formalism of ap-n junction in depletion approximation is no longer valid, the
above described trend is.Ubi drops almost entirely on thei-side. Thep-i junction will be
described now in more detail. In an intrinsic semiconductor the Poisson-equation reads for a
1-dimensionally varying system

U ′′el(x) = ε−1ε−1
0 e(p−n), (54)

whereUel is the electrostatic potential for an electron,p, n are the hole and electron concentra-
tions,ε is the dielectric constant,ε0 the permittivity of free space ande the elementary charge.
By applying the rule that the Fermi-level is constant in thermal equilibrium, one can solve equa-
tion (54) in effective density of states approximation. Following [50], Chapter 9, one obtains
the solution

Uel(x) = 4kTe−1 tanh−1
{

tanh

(
eUel(0)

4kT

)
exp

(
±x
λi

)}
(55)

with the intrinsic Debye-lengthλi =
(

kTεε0
2e2ni

)1/2
, Boltzmann-constantk, temperatureT and the

intrinsic carrier concentrationni . The +sign is valid for the boundary conditionUel(−∞) = 0,
whereas the−sign corresponds toUel(+∞) = 0. Note that for the +sign the solution diverges
for x→∞ and for the−sign forx→−∞. As we want to describe ap-i junction with the intrinsic
layer on the right side, we choose the−sign. The voltage drop in thei-layer hence is

Ui = U(0)−U(∞) = U(0).

Note also that (55) is no general solution of (54); it does not contain the cases of non-vanishing
electric field atx = −∞ and x= +∞. These cases occur practically, if there are charges at the
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borders of the layer under investigation. Fig.57showsUel in dependence on the dimensionless
variableξ := x

λi
for a total voltage dropUi = 0.3 V in the i-region. We extract that the voltage

drops fromUel(0) = 0.3 V to the half valueUel ≈ 0.15 V at a distancex≈ 1
10λi . The nominal

room temperature intrinsic Debye-length for c-Si is

λi,c-Si = 32µm (56)

and for Si-nc
λi,Si-nc = 7.2 mm,

where the parametersεc-Si = 12, εSi-nc = 3, ni,c-Si = 8 ·109 cm−3, ni,Si-nc = 4 ·104 cm−3 have
been used. Hence after a layer thickness of 1µm the voltage will drop toUel( 1

32) = 0.20 V in
c-Si and only toUel(1.4·10−4) = 0.2986 V in Si-nc.
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Figure 57: Solution for the potentialUel for an electron in an intrinsic semiconductor at room tempera-
ture satisfying the boundary conditionsUel(+∞) = 0,Uel(0) = 0.3 V.

From the above exposed trend in p-n junctions, that the voltage mainly drops in the less
doped layer, we extrapolate that in ap-i junction the voltage will almost solely drop in the
intrinsic layer. We will assume here, that the voltage drop occurs exclusively in thei-layer, that
means the built-in voltage equals the voltage dropUi in the i-layer:

Ubi = Ui .

Adding the potentialUel from Fig. 57 to the bands in thei-layer and presuming thatEC, EV are
continuous at the junction leads to the band diagram in Fig.58.

The validity of the assumption that the voltage drops only in thei-layer will be checked now.
How the voltage drop in the SCR is divided between thep- and thei-layer is governed by the
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Figure 58: p-i junction. Top:p andi semiconductors separated from each other. Bottom: p-i junction in
thermal equilibrium.

demand of charge neutrality. The sum of the chargesQp in thep-layer and the chargesQi in the
i-layer is zero:

Qp +Qi = 0. (57)

The charges in thei-layer are obtained by integration and application of the Poisson-equation
(54)

Qi

A
= e

∞Z
0

(p−n)dx= εε0

∞Z
0

U ′′el(x)dx=−εε0U
′
el(0) =

2εε0kT
eλi

sinh

(
eUi

2kT

)
. (58)

In thep-layer the charges per areaA can be calculated from the acceptor concentrationNA and
the extensionxp of the space charges in depletion approximation as

Qp

A
=−eNAxp. (59)

As the voltage in the SCR (−xp < x < 0) of a p-type semiconductor is known in depletion
approximation as

U(x) =− eNA

2εε0
(x+xp)+C,

with a constantC, the voltage dropUp in thep-layer can be calculated as

Up = U(−xp)−U(0) =
eNA

2εε0
xp. (60)

Combining (57), (58), (59), (60) we yield

Up =−2εε0k2T2

e3λ2
i NA

[
sinh

(
eUi

2kT

)]2

.
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We use the parameters for a c-Sip-i junction at room temperature with an acceptor con-
centrationNA = 1015 cm−3 in thep-layer, i.e.εc-Si = 12, ni = 8 ·109 cm−3, hence an intrinsic
Debye-length (56) λi = 32µm, Ubi = 0.3 V and a band gapEg,c-Si = 1.1 eV. By assuming
Ui = Ubi = 0.3 V we finally yieldUp = 0.033 V. By combination of (58) and (59) we calculate

the extension of the SCR in thep-layer asxP = 0.21µm. The ratioUp
Ui

= 0.11 is low enough,
that the approximationUbi = Ui is justified for a rough calculation. On the other hand it is
high enough to indicate, that an inclusion of the voltage drop in thep-layer would significantly
improve the above calculations.

In ap-i-n structure the solution of the Poisson-equation (54) in the intrinsic layer in thermal
equilibrium is difficult, if its thicknessdi is not large enough to comprehend the SCRs which
originate from thep-i and thei-n junction. The thicknessesdi,Si-nc≈ 1 µm of the intrinsic Si-nc
layers in the EL structure investigated here are much smaller than the corresponding intrinsic
Debye-lengthsλi,Si-nc = 7.2 mm. Therefore we focus on this case also while describing the
p-i-n structures. Solution (55) applies only for boundary conditionsUel(−∞) = 0 orUel(+∞) =
0; It cannot be applied in the case of an additional constant electric field, which is supplied
by charges outside thei layer. For this kind of boundary conditions there does not exist an
analytical solution, to my knowledge. The Poisson-equation (54) can be solved numerically by
means of a computer, but this lies beyond the scope and intention of this thesis. Instead of this
I apply an approximation; I assume that there are only SCRs in thep and then layers. In the
n layer there is a positive SCR and in thep layer the space charges are negative. The space
charges in thei layer are neglected, because of low carrier concentration there, because of low
layer thicknessdi < λi and because of the above mentioned lack of an analytical solution. This
implies, that due to the charges in the SCRs of thep and then layer, there is a constant electric
field in thei layer. By depletion approximation in thep andn layer the voltage drops in thep, i,
n layers are calculated as

Up = eNA
2εε0

x2
p, Ui = Emaxdi , Un = eND

2εε0
x2

n,

wherexp, xn are the extensions of the SCRs in thep andn layer andEmax is the electric field in
the i layer. It is convenient to introduce the variable

xpn := xp +xn;

because of charge neutrality,xpNA = xnND, it is related toxp, xn by

xpn =
NA +ND

ND
xp =

NA +ND

NA
xn.

By integration of the Poisson-equation in the p or n layer we yield

Emax=
e

εε0
· NAND

NA +ND
xpn

and hence a built-in voltage

Ubi := Up +Ui +Un =
e

εε0
· NAND

NA +ND
xpn

(
di +

1
2

xpn

)
.

Solving forxpn gives

xpn =−di +
(

d2
i +

2e
εε0
· NA +ND

NAND
Ubi

)1/2

.
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Inserting the values for c-Si with doping concentrationsNA = ND = 1015 cm−3, a band gap
Eg,c-Si = 1.1 eV andUbi = 0.6 V we obtain

xpn = 508 nm, xp = xn = 254 nm ,

Ui = 0.478 V.

The fraction of the built-in voltage, which drops in thei layer is

Ui

Ubi
=

0.478
0.6

= 0.78.

This means, approximately 10% ofUbi drop in the SCR of thep layer and another 10% in then
layer (Fig.59).

Figure 59: p-i-n structure. Top:p,i andn semiconductors separated from each other. Bottom: p-i-n
junction in thermal equilibrium.

For comparison the results of the software “SC-Simul” are shown for thep-i-n structure with
the same parameters as above (Fig.60). The software proclaims a voltage dropUi = 0.44 V in
the i layer and a built-in voltageUbi = 0.62 V, which leads to a fraction

Ui

Ubi
=

0.44
0.62

= 0.71.

This result is approximately 10% lower than the one obtained by the above calculations. Hence
the approximation of a constant electric field in thei layer - pursued in the above calculations -
is supported, although it is not very exact.
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Figure 60: p-i-n junction in thermal equilibrium, result from software “SC-Simul”. Each layer is as-
sumed to be 1µmthick.
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7.2.2 Band diagrams of the investigated EL structures

Electron affinity rule In heterojunctions, like the Si-nc/p-Si junction in the EL structures
investigated here, arises the additional complexity to determine, how the valence and conduction
bands are connected at the junction in energy scale. For two separated semiconductors, which
we assume to be uncharged and have no dipole layers (DLs) or space charges at their boundaries,
it is clear from definition of electron affinity, that it determines the absolute energy position of
the bands in the semiconductors (Fig.61 (a)). (Theelectron affinityis defined as the energy,

Figure 61: (a) Electron affinitiesχ1, χ2 determine the absolute energy positions of the conduction bands
Ec1, Ec2 of two separated semiconductors. (b) Electron affinity rule: The step in the conduction band in
a semiconductor heterojunction is determined by the differenceχ2−χ1 of their electron affinities.

which is released, when an electron transits from the vacuum level into the conduction band.)
When the semiconductors are joined together, the energy of the bands in dependence on the
position in the semiconductors is only changed by an electric field. The electric field can either
be effected by space charges in the semiconductors or by external fields, e.g. generated by
a voltage source. The electric fieldE is connected to an electric potentialΦel for electrons
(electron potential) via

Φel(x) = Φel(x0)+
Z x

x0

E(x)dx

in the 1-dimensional case, which gives the spatially varying energiesEC/V(x) of the bands:

EC/V(x) = EC/V(x0)+Φel(x).

If we assume to be no DLs at the position of the interface, the electron potential is the same
in both semiconductors in immediate vicinity of the junction. Thus the energy step in the
conduction band at the heterojunction corresponds to the difference in the electron affinities of
the two semiconductors (Fig.61 (b)). This behaviour is called electron affinity rule.

A similar rule exists for metal semiconductor junctions. For a metal the work functionW
determines the absolute energy position of the Fermi-level (Fig.62 (a)). (The work function is
defined as the energy, which is needed to free an electron from the Fermi-level to the vacuum
level.) If no DL is present at a metal semiconductor junction, the barrier for electrons from the
metal into the conduction band of the semiconductor is determined by the differenceW−χ of
the work functionW of the metal and the electron affinityχ of the semiconductor (Fig.62 (b),
Schottky-Mott model). This complies with the electron affinity rule in heterostructures.
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Figure 62: (a) Work functionW and electron affinityχ determine the absolute energy positions of the
bands of a separated metal and semiconductor. (b) Schottky-Mott model: The barrier between the metal
Fermi-levelEF and the conduction bandEC of the semiconductor is determined by the differenceW−χ.

According to [38] DLs are built at almost every metal semiconductor interface and play a
significant role in the band diagram; DLs are also formed at heterojunctions, but the voltage
drop in the DL can often be neglected.

Thermal equilibrium In summary the following approximations and assumptions are
made in order to find band diagrams of the EL structures:

1. The porous Si-nc layer, constituted of many attached Si-nc, is treated effectively as a
semiconductor with the band gapEg,Si-nc = 1.6 eV of a single Si-nc. (This corresponds
to Si-nc with diameterDSi-nc = 5 nm.) The oxide shells around the Si-nc and the pores in
between are neglected.

2. a) As first attempt the electron affinity rule and Schottky-Mott model are assumed. Dipole
layers (DLs) at the interfaces are neglected.
b) As second attempt a DL at the Pt / SiO2 interface is taken into account.

3. The electron potentialΦel is assumed to depend linearly on the position in the Si-nc layer.
Because of the Poisson-equation this is equivalent to a constant electric field in the Si-nc
layer and also to the absence of space charges there.All voltage corresponding to the
Fermi-level differenceEF,p-Si−EF,Pt = 0.65 eV of the extreme layers Pt and p-Si in the
separate state (Fig.63 , top) is assumed to drop in the Si-nc layer.

In the upper graph in Fig.63 all energies are given with respect to the vacuum level, which
is chosen as zero point. After combining the layers (middle graph), a state is formed in ther-
mal equilibrium, such that the Fermi-level is constant throughout the structure. Therefore the
Fermi-levelEF is chosen as reference energy,EF := 0. Space charge regions are present in the
equilibrium state, and the electron potential varies in space. This is reflected in the electron
potential modified vacuum levelE′vac := Evac+Φel, which is included in the figure.

The electron affinity of c-SiχSi = 4.01 eV≈ 4.0 eV according to literature [40]. The elec-
tron affinity of the Si-nc follows from the assumption of a band gapEg,Si-nc = 1.6 eV and
symmetrical shift of the edges of the valence and the conduction band with respect to c-Si:
χSi-nc = χc-Si−0.5(Eg,Si-nc−Eg,c-Si) = 3.75 eV withEg,c-Si = 1.1 eV. The work function of the
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Figure 63: EL structure. Top: State before joining the layers, reference energy is the vacuum energy.
Middle: Thermal equilibrium, reference energy is the Fermi-level. Bottom: Additionally a dipole layer
(DL) is assumed, which effects a voltage dropUDL = 0.65 V. Numbers are energies in eV.

Material W, χ (eV) Eg (eV)

Pt 5.5 -
c-Si 4.0 1.1
Si-nc 3.75 1.6
SiO2 0.85 9

Table 15: Work functionW, electron affinityχ and band gapEg values used in this thesis.
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metal platinum isWPt = 5.5 eV according to [37]. Tab. 15 lists values of all work functions,
electron affinities and band gaps, which have been used in this thesis.

The distance between the Fermi-level and the valence bandEF,p-Si−EV,p-Si = 0.25 eV of the
p-type c-Si wafer follows from its specific resistanceρ = (10±2.5)Ωcm which corresponds to
a room temperature hole concentrationp = 1.25×1015 cm−3. At the borders of the Si-nc layer
the energies of the bands have been included in Fig.63 (middle). These points are marked by
circles. The two other numbers denote the energy of the bands of p-Si, which are assumed to
be constant.

The degeneracy in the valence band of the Si-nc layer near the Pt / Si-nc interface cannot
occur the way it is shown in Fig.63 (middle). It would effect a huge hole density and thus an
enormous amount of space charges, which would alter the electric potential significantly. The
assumption of a linear dependence of the electric potential on the position in the Si-nc layer,
which is equivalent to the assumption ofno space charges in the Si-nc layer, would not be
tenable in this case. If a DL is assumed at the Pt / Si-nc interface, this degeneracy vanishes
(Fig. 63, bottom). The voltage step, generated by the DL, is assumed to be the same as the
voltage stepUDL in a DL at a Pt / c-Si interface. The Pt / c-Si junction is known to have a
barrier heightΦPt,c-Si = 0.83 eV ([37], p. 55, for etched c-Si), which is 0.67 eV lower than the
valueWPt−χc-Si = (5.5−4.0) eV = 1.5 eV, predicted by the Schottky-Mott model. I assume
that the difference drops in a DL at the Pt / c-Si interface:

UDL = 0.67 V≈ 0.65 eV.

The electron potential modified vacuum levelE′vac illustrates the voltage drop in the DL (Fig.63,
bottom). No band energies are drawn in the region of the DL, because it is located in an
interfacial region.

By taking into account the SiO2 layer on the p-Si substrates and the SiO2 layer between
the Si-nc layer and the Pt contact, the band diagram is modified (Fig.64). For SiO2 a band
gapEg,SiO2 = 9 eV has been assumed and for the off-set between the conduction bandEC,SiO2

of SiO2 and the conduction bandEC,p-Si a valueEC,SiO2−EC,p-Si = 3.15 eV has was chosen
[19]. With a band gapEg,p-Si = 1.1 eV we yield an off-setEC,p-Si−EC,SiO2 = 4.75 eV of the
valence bands. Further we still assume that the bands in the Si-nc layer due to dimensional
reduction are symmetrically shifted up / down with respect to c-Si. This leads to band off-
setsEC,SiO2−EC,Si-nc = 2.9 eV andEV,Si-nc−EV,SiO2 = 4.5 eV between the Si-nc and the SiO2.
Note that because of the valuesEC,SiO2−EC,p-Si = 3.15 eV,Eg,SiO2 = 9 and the electron affinity
χc-Si = 4.0 eV the electron affinity of SiO2 is determined toχSiO2 = χc-Si−

(
EC,SiO2−EC,p-Si

)
=

0.85 eV (Tab.15). A DL is assumed to be established at the Pt / SiO2 interface, which we
assume to generate the same voltage stepUDL = 0.65 eV as mentioned before.

Since SiO2 has been deposited between the Si-nc and the Pt only on two of the three in-
vestigated EL samples, the band diagram shown in Fig.64 can only be considered for these
samples.

With bias If a bias-voltageUsample is applied, the band diagram in Fig.63 (middle) is
modified qualitatively to the diagram shown in Fig.65.

Additionally to the 3 assumptions listed in the previous paragraph we assume that

• 4. a) All bias voltage drops linearly in thei-layer.

For bias voltagesUsample=±5 V one can hardly imagine that the electrons (holes) tunnel from
the Pt (p-Si) into the conduction (valence) band of the Si-nc. The distance they would have to
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Figure 64: Band diagram of EL structures including SiO2 layers at the ends of the Si-nc layer and a DL
at the Pt / SiO2 interface. Top: State before joining the layers. Bottom: Thermal equilibrium. Numbers
are energies in eV.
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Figure 65: EL structures with positive (upper figure,Usample= +5 V) and negative (lower figure,
Usample=−5 V) bias voltage.

tunnel would be approximately a quarter of the Si-nc layer thicknessdSi-nc. It would be 25 nm
for a Si-nc layer withdSi-nc = 100 nm. That is too much to yield a sufficient tunnel rate.

If we take into account the SiO2 layers between the p-Si and the Si-nc and between the
Si-nc and the Pt, the injection of the charge carriers into the conduction and valence band of
the Si-nc can be explained consistently (Fig.66 (a), (b)). A large part of the applied voltage
Usampleis assumed to drop in these SiO2 layers, such that the the carriers only have to tunnel
the short distance through the SiO2 layers in order to reach the bands in the Si-nc. How the
bias voltage is distributed on the different layers of these EL structure, will be answered by a
modified assumption:

• 4. b)Usampledrops in the SiO2 layers to such an extend, that the charge carriers are just
able to tunnel through the oxide into the corresponding bands. The rest ofUsampledrops
linearly in the Si-nc layer and its magnitude determines the currentIsample.

In other words, the applied bias voltageUsampledrops at the SiO2 barriers, just until the emitting
and the receiving levels align. For positive bias, the corresponding tunnel levels are (EF,Pt and
the conduction bandEC,Si-nc of the Si-nc) and (EF,p-Si and the valence bandEV,Si-nc of the Si-nc).
In case of negative bias they are (EF,Pt andEV,Si-nc) and (EF,p-Si andEC,Si-nc). The voltage drop
in the Si-nc layer isUSi-nc = 3.65 V, USi-nc = −3.15 V respectively. ThusIsample is expected
to be larger for positive bias voltage than for the same negative voltage, which means a diode-
like current voltage characteristic (IU-curve) emerges. If no DL was assumed, the situation for
positive and negative bias would be inverted. A larger voltage drop|USi-nc|= 3.65 V would be
expected fornegativethan |USi-nc| = 3.0 V for positive bias. Hence the validity of the model
with or without DL can be verified by measurements of IU-curves.
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Figure 66: EL structure including SiO2 layers and a DL at the Pt / SiO2 interface. (a) Positive bias
Usample= +5 V, (b) negative biasUsample=−5 V.

One general remark about EL is worthwhile to be mentioned: It is impossible to increase
the concentration of only one type of carriers in the Si-nc layer bands by injection. Otherwise
the total device would be quickly charged and the energy needed to inject more carriers of this
type would prohibit a further increase of their concentration. Hence a two band transport model
is needed to explain the generation of EL in the Si-nc layer.

7.3 Experimental set-up

The EL yield of the Pt/Si-nc/p-Si samples is so low, that a PL set-up with a monochromator
between the sample and the detector was not sensitive enough to record the spectral distribution
of the EL. A simple but especially sensitive set-up has been built, where the EL of the sample
is focused directly on the sensitive area of a Photomultiplier Tube (PMT)via a system of two
lenses (Fig.67), for which the positions were optimized to yield maximal response. The sample
can be moved in 3 independent directions in space by means of micrometer screws, so that the
optimal position of a new sample can be found by maximizing the EL signal while moving the
sample.

Integral EL yields can be measured with this set-up in dependence of the measurement time
or while varying the bias voltage on the sample. By introduction of various low-pass trans-
mission filters in a filter holder cut-off yieldsversuscut-off wavelengths have been measured.
Subsequent evaluation provides the spectral distribution of the EL.

A computer is used to record the measured values. To reduce the noise of the measured
PMT current, each time 100 values of the current are stored in the buffer of the Keithley 617
electrometer, by which the current is measured. Only the mean value is stored by the computer
program. The current through the sample is measured by a Keithley 195A digital multimeter
(Picoammeter Keithley 480 for small currents) at the same time only once.



7.4 Samples 105

Figure 67: Set-up for EL measurements. All measures are in mm.

7.4 Samples

The EL structures consist of layers of the following materials (see Fig.68):
p-Si/Si-nc/(SiO2)/Pt (GO_36B, GO_11B),
p-Si/Si-nc/Pt (GO_11A).

Figure 68: Architecture of EL samples.

SiO2 has been deposited on top of the Si-nc layers by Plasma Enhanced Chemical Vapour
Deposition (PECVD) for samples GO_36B, GO_11B. Depositions took place after sufficient
time for the Si-nc layer to oxidize and such passivate the surface. The idea behind depositing
SiO2 was to protect the large surface of the porous Si-nc layer from changes of adsorbates due
to ambient air. On the p-Si wafers natural oxide (2 nm according to [21], GO_11A, GO_11B)
and thermally grown tunnel oxide (3.5 nm, GO_36B) was present. (See Tab.16 for parameters
of all EL structures).

Samples GO_11A and GO_11B stem from the same sample, which was split into two
pieces. The only difference is that on GO_11Ano SiO2 was deposited on top of the Si-nc
spot in contrast to sample GO_11B SiO2. The electrical contacts to the p-Si wafers were man-
aged by attaching thin wires with silver paint while scratching with a scalpel at the edge of the
wafers in the area covered by silver paint in order to destroy the oxide and contact directly to the
p-Si wafer. On top of the Si-nc (and SiO2) layers Pt dots were evaporated with 10 nm thickness.
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Sample NA(cm−3) hp-Si (µm) hSiO2,p-Si (nm) hSi-nc (nm) hSiO2 (nm) /0Pt (mm)

GO_36B 1.25×1015 525±20 3.5 324±12 4 2
GO_11A 1.25×1016 200±20 2 372±15 0 1
GO_11B “ “ 2 “ 4 1

Table 16: Parameters of the EL structures. Acceptor concentrationsNA and thicknesshp−Si of p-Si
wafer, oxide thicknesshSiO2,p-Si on the p-Si wafers, layer thicknesseshSi-nc, hSiO2 of the Si-nc and SiO2
layers and Pt dot diameters/0Pt.

These metal contacts are semitransparent with transmittancesTPt ≈ 0.30±0.03 for wavelengths
λ = 400. . .1000 nm. On top of the Pt dots thin metal wires were fixed by silver paint with the
help of a binocular microscope. The resistances of the p-Si wafer can be estimated to 1900Ω
(GO_36B), 500Ω (GO_11A, GO_11B), if a channel of 10 mm length and 1 mm width and the
height of the wafer thickness is taken into account. These resistances are low compared to the
measured total resistances of the EL structures at any applied voltages and thus are negligible.

7.5 Procedures of evaluation

7.5.1 Spectral distribution of EL

Low-pass filters with particular cut-off energies have been used to estimate the spectral distribu-
tion of the EL emitted from the samples. The cut-off wavelengthλc is defined as the wavelength,
at which the transmittanceT(λc) = 0.5 (Tab.17, Fig 69).

Name λc(nm) Name λc(nm) Name λc (nm) Name λc (nm)

OG495 501 OG590 585 RG695 695 RG800 797
OG515 522 RG610 608 RG715 713 RG830 838
OG530 529 RG630 632 RG9 729 RG850 845
OG550 548 RG645 646 RG780 (1 mm) 758 RG1000 987
OG570 574 RG665 671 RG780 (3 mm) 774

Table 17: Cut-off wavelengthsλc of the used low-pass filters.

For the EL signal a Gaussian spectral distribution

f (λ) = f0exp

(
−(λ−λ0)2

2σ

)
is assumed. The functionf describes, how many photons arrive at the PMT sensitive area per
second and per wavelength interval. We measure cut-off EL yields

Yc,EL(λc) := IPMT(λc)− IPMT,0,

whereIPMT is the PMT anode current andIPMT,0 its dark current. Apart from the distribution
f the cut-off yieldsYc,EL(λc) are influenced by two contributions, the PMT quantum efficiency
QE(λ) (Fig. 70) and the transmittancesTλc(λ) of the filters (Fig.69).

We calculate

Yc,EL(λc) = e·g·s·h(λc),
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Figure 69: Transmittance of the low-pass filters as measured by a Cary 5E spectrometer.

wheree is the elementary charge,g the PMT gain,s the fraction of emitted EL photons reaching
the PMT sensitive area andh(λc) the integral

h(λc) =
Z ∞

0
f (λ) ·QE(λ)Tλc(λ)dλ. (61)

We fit the functionh(λc) to the experimental cut-off yieldsYc,EL(λc) by adjusting the param-
eters f0, λ0, σ of the Gauss functionf . As a sufficiently good approximation an upper wave-
length limit of λ = 1200 nm has been used instead of∞.(Fit procedure was performed with
a Levenberg-Marquardt algorithm [27, 30] in programming language MATLAB.) From the fit
parameters the original spectral distribution functionf was reconstructed.

7.5.2 Efficiency of EL

In the ideal case every charge, being injected to a EL structure, will evoke the emission of a
photon. Because of non-radiative recombination this limit can hardly be reached. The magni-
tude, which describes how far injected electron-hole pairs are transformed to emitted photons,
is the (internal) EL efficiencyηEL. It is defined as the ratio of the number of photonsNP being
emitted and the number of injected chargesNQ

ηEL =
NP

NQ
.

We measured the emitted photon flux with a PMT, configured to show up a gaing≈ 107.
The Pt dot has an optical transmittanceTPt = 0.30± 0.03. If we assume, that the photons
are isotropically emitted from the active layer under the Pt dot in the structure, a fractions=
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Figure 70: Quantum Efficiency of Photomultiplier Tube (Philips 56TUVP) according to supplier’s spec-
ifications. (Values forλ > 870 nm were obtained by extrapolation.)
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0.076 of the photons will be collected by the first lens and will therefore reach the PMT. The
assumption of isotropical emission in all space directions is justified here, because the Pt dot
can be approximated as a point compared to the distance of 40 mm to the lens. Absorption of
photons by the two lenses is neglected. With the detected anode current∆IPMT of the PMT
(dark current is subtracted) and the currentIsamplethrough the EL structure we yield the internal
quantum efficiency

ηEL =
∆IPMT

Isample
· 1
TPt ·s·g

= 4.4×10−6 · ∆IPMT

Isample
. (62)

7.6 Results

7.6.1 Current voltage characteristics

All current voltage characteristics show a diode-like behaviour (Fig.71) with the current density
Jsamplelarger for positive bias voltages than for negative ones. (For the EL structures the voltage
was defined as positive, if the + pole of the source was attached to the p-Si wafer.) Current
density vs. voltage characteristics (JU-curves) were reproducible only to some extent; The JU-
curves show up fluctuations versus operation time (see Fig.71 (c)), which are not referred to
here in more detail.

The current densities of the samples GO_11A and GO_36B show up a large difference:

JGO_11A
sample (5 V)≈ 10−3 ·JGO_36B

sample (5 V).

After splitting the sample GO_11A into two (GO_11A, GO_11B) and the deposition of SiO2

and the evaporation of a new Pt contact on one (GO_11B) of them, the current density dropped
a factor 5 to 50 down toJGO_11B

sample (5 V)≈ 2·10−8 . . .2·10−7 Acm−2(Fig. 71 (c)).

Discussion

The diode character of the JU-curves can be understood by the model presented in subsec-
tion 7.2.2. In forward bias a larger partUSi-nc of the bias voltageUsampledrops in the Si-nc layer
than for reverse bias. The larger voltageUsampleinvokes a larger currentIsample. By the forward
behaviour for positive voltageUsample, the presumption of a DL between the Pt and the SiO2

layer in the model is affirmed. In conclusion we state, that while the band diagramwithoutDL
at the Pt / SiO2 interface cannot explain the diode behaviour of the measured JU-curves, the
model with the DL (Fig.66) qualitatively complies with the experimental results.

The lower current densities for sample GO_11A, GO_11B than for GO_36B can result from
their thicker Si-nc layers.

7.6.2 Integral EL yield

The integral EL yield was recorded in terms of the net PMT anode current

∆IPMT = IPMT− IPMT,0,

whereIPMT denotes the PMT total current andIPMT,0 the PMT dark current.
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Figure 71: Sample current densityJsamplevs. voltageU . (a), (b), (c) Diagrams for individual samples.
(d) All measurements combined, symbols as in the individual graphs.
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Efficiency of EL

Integral EL efficiencyηEL has been calculated according to (62) in dependence on the bias
voltagesUsample. The results shown in Fig.72 refer to the same measurements as the ones
shown in Fig.71. Sample GO_11A is the same as GO_11B with the difference thatno SiO2

has been deposited on top of the Si-nc spot. Astounding is the comparably high efficiency
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Figure 72: EL efficiency of 3 samples: GO_36B (squares), GO_11A (circles), GO_11B (triangles).

for sample GO_11A at negative voltages. This will be treated in detail in the discussion in
subsection7.6.3.

Dependence of EL on sample current

Fig. 73 shows room temperature EL yields vs. sample current for the 3 EL structures. For
sample GO_36B the EL yield increases almost linearly for currentsIsample& 1.3× 10−4 A,
whereas for smaller currents the increase is super-linear. Samples GO_11A, GO_11B show
a linear increase in the whole measurement range. Note that the highest measured currents
for sample GO_36B (Isample≈ 2.5×10−4 A) are much larger than those of samples GO_11A,
GO_11B (Isample≈ 2× 10−7 A, Isample≈ 3× 10−6 A), Fig. 73 (d). Hence the current re-
gion, where the EL signal increases linearly for sample GO_36B is not existent in the mea-
surements on samples GO_11A, GO_11B. Sample GO_36B could also have a second linear
increase for currentsIsample< 10−5 A, but this cannot be distinguished from Figs.73 (a) and
(d). In the measurement of sample GO_11A an additional currentIPMT,1 = 3.5× 10−11 A
has been subtracted from the signal∆IPMT = IPMT − IPMT,0 (solid circles) to obtain a twice
corrected signal∆IPMT,corr = ∆IPMT− IPMT,1 (open circles). (The dark current amounted to
IPMT,0 = 7.41×10−11 A.) In double logarithmic representation (Fig.73 (d)) the experimental
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Figure 73: Integral EL yield∆IPMT vs. sample currentIsample. (a), (b), (c) Diagrams for individual sam-
ples. (d) All measurements combined in double logarithmic representation (symbols as in the individual
graphs). Solid lines represent fits with slope 3/2, dashed lines fits with slope 1.
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results of sample GO_36B can be described by a line with slope 3/2. The measurements of
samples GO_11A, GO_11B can be fitted separately by lines with slope 1, which corresponds
to the linear increases visible in Figs.73 (b), (c). But also one line of slope 3/2 describes the
data of both samples fairly well.

Model

The dependences of∆IPMT on Isamplecan be interpreted in the framework of Shockley-Read-
Hall recombination. A competition between radiative band-band recombination (RCV) with
recombinationvia defects (RCD) takes place. The radiative recombination rateRCV between the
conduction band and the valence band of Si-nc has been simulated in dependence of a generation
rateG (here injection rate) by a computer program ([22], in MATLAB). Hereby the EL yield
∆IPMT is identified with the radiative recombination rateRCV and the sample currentIsample

with the generationG. The defects are assumed to be located at mid-gap position and have a
densityND (Fig. 74). Similar to donor levels two possibilities of occupation are assumed for the

Figure 74: Band diagram of Si-nc with all rates between conduction band (EC), valence band (EV) and
defects (ED).

defects: vacant (positively charged), occupied by 1 electron (neutral). Seven rates are included
in the simulation program (see Fig.74). The arrows indicate the transitions of electrons, which
correspond to the respective rate. Besides the external generationG, there are the recombination
rates

RCV = βCV ·np,

RCD = βCD ·npD,

RDV = βDV ·nDp,

and the thermal generation rates

GVC = βCV exp

(
−

Eg

kT

)
· (NV − p)(NC−n) ,

GDC = βCDexp

(
−EC−ED

kT

)
·nD (NC−n) ,

GVD = βDV exp

(
−ED−EV

kT

)
· (NV − p) pD.

Heren (p) denotes the electron (hole) concentration in the conduction (valence) band,nD (pD)
the electron (hole) concentration in the defect level andβCV, βCD, βDV are the recombination
coefficients for electrons from conduction band to valence band, conduction band to defect level
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and from defect level to valence band. A band gap ofEg = 1.6 eV, which corresponds to Si-
nc with 5 nm diameter, densities of conduction and valence bandNC = NV = 3 ·1019 cm−3, a
defect densityND = 1020 cm−3 and recombination coefficientsβCV = 3 ·10−15 s−1cm3 ([14],
for c-Si),βCD = βDV = 10−9 s−1cm3 have been chosen.

The dependence ofRCV on G shows 5 regions with different slopes in the log-log plot
(Fig. 75 (a), Tab.18). These slopes can be understood by approximations, obtained by investi-
gation of the following items:

• Which rates prevail for recombination?

• Which are the relations betweenn, p, nD andpD (Fig. 75 (b))?

• Demand of charge neutrality.

In the following we will assume stationarity and zero divergence of the current density, requiring
the incoming and outgoing rates to compensate for each of the levelsEV , ED, EC.
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Figure 75: (a) Recombination ratesRCV (solid) andRCD (dotted),RDV (dash dotted) in dependence on
generation rateG. GenerationG is also included (dashed). Slopes ofRCV(G) are indicated in this double
logarithmic plot by∼. (b) Concentrationsn (circles),p (+), nD (dashed),pD(solid line).

Slope 0 For small generation ratesG = 100 . . .108 cm−3 the band-band recombination
RCV is determined by the thermal generation rateGVC = βCV · (NV − p)(NC−n), which means

RCD = GVC = const.
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slopes in double logarithmic plotG (s−1cm−3)

0 0. . .108

1 1011. . .1017

3/2 1017. . .1030

2 1030. . .1035

1 > 1037

Table 18: Regions of constant slope in Fig.75 (a).

Slope 1 (low generation) The slope of 1 in double logarithmic representation can be un-
derstood by investigating, which approximations for the rates (Fig.75 (a)) and concentrations
(Fig. 75 (b)) are valid in this regime. The electron concentration stays constant,

n = const., (63)

because the generationG < GDC. For the holes the situation is entirely different, because the
defects are almost fully occupied by electrons:

nD� pD.

This effects a much lower thermal generation rate

GVD = βDV · (NV − p) pD exp

(
−ED−EV

kT

)
�GDC = βCD ·nD (NC−n)exp

(
−EC−ED

kT

)
.

(For small generation ratesG = 100 . . .1016 cm−3, the recombination fromEC to ED corre-
sponds to the generation fromEDto EC: RCD ≈ GDC. The same is true at generation rates
G = 100 . . .108 cm−3 for the rates betweenED andEV : RDV ≈GVD. Although generation rates
GDC, GVD are not included in Fig.75 (a), they reveal themselves in the regions, where the re-
combination ratesRCD, RDV do not depend onG.) At generationG = 108 s−1cm−3 the external
generationG and the thermal generationGVD ≈ RDV become equal and throughout the region
with slope 1 (G = 1011. . .1017 s−1cm−3) the approximation

G≈ RDV

is valid. HenceG≈ βDV ·nDp, which means

p∼G, (64)

becausenD = const. (Fig. 75 (b)). The conditions (63) and (64) lead to

RCV = βCV ·np∼G,

which means a slope 1 in double logarithmic representation ofRCV vs. G.
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Slope 3/2 In the region with slope 3/2 in double logarithmic representation the approxi-
mation

G≈ RCD≈ RDV

is valid. On the other hand

n� p (65)

holds. The the occupation of the defect levels can be calculated by equating the electron capture
rateRCD = βCD · npD with the rateRDV = βDV · pnD, which is true in stationary state, if the
thermal emission rates are negligible:

pD

nD
=

βVD

βCD
· p
n
. (66)

Together with (65) this leads tonD� pD. Therefore we approximatenD ≈ ND and yieldG≈
RDV ≈ βDV ·NDp, such that

p∼G.

Charge neutrality meansn = p+ pD. Because of (65) this implies

pD ≈ n.

HenceG≈ RCD = βCD ·npD ≈ βCDn2, such that

n∼G1/2.

Finally the rate of radiative recombination is

RCV = βCV ·np∼G3/2.

Slope 2 For generationsG= 1030. . .1035 cm−3 recombination still takes place mainlyvia
defects:

G≈ RCD = βCD ·npD.

Hence, if the hole concentrationpD in the defects is constant, the electron concentrationn in
the conduction band is proportional to the generationG:

n =
1

βCDpD
·G.

In fact (66) implies, that for high generationsG > 1030s−1 cm−3, where

p = n (67)

holds, the occupation of the defect levels stays constant (Fig.75 (b)). The constant value ofpD

and (67) effect a radiative recombinationRCV proportional to the square of the generation rate:

RCV = βCV ·n· p =
βCV

β2
CDp2

D

·G2.
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Slope 1 (high generation) For high generation ratesG > 1037s−1 cm−3, radiative recom-
bination RCV prevails in comparison to recombinationRCD via defects. This is due to the
quadratic dependence ofRCV = βCV ·n · p≈ βCV ·n2 on the electron concentrationn, whereas
the recombinationRCD = βCD ·n· pD depends onn only linearly. Therefore

RCV ≈G

holds, which means a slope of 1 in double logarithmic representation.

Discussion

By computer simulation [22] the dependence of∆IPMT on Isamplecould be reproduced for the
measurements shown in Fig.73. In order to relate the measured quantitiesIsample, ∆IPMT and
the simulated quantitiesG, RCV, I have assumed that:

• All injected carriers recombine in the Si-nc layer.

• Recombination takes place in a volumeVrec = π( /0Pt/2)2drec, which is determined by the
Pt dot areaπ( /0Pt/2)2 and the lengthdrec, across which recombination in the Si-nc layer
occurs (Fig.76).

Figure 76: VolumeVrec (gray) in Si-nc layer, where recombination takes place.

Hence the sample current and PMT current can be expressed as

Isample = GVrece= 1.3·10−26 Ascm3
(

/0Pt

1 mm

)2

·G, (68)

∆IPMT = TPtsgRCVVrece= 2.9·10−21 Ascm3
(

/0Pt

1 mm

)2

·RCV,

whereedenotes the elementary charge,TPt = 0.3±0.03 the optical transmittance of the Pt dot,
s= 0.076 the fraction of the photons emitted from the Si-nc under the Pt dot being collected by
the lens system of the set-up (see Subsection72), g = 107 the PMT gain and layer thicknesses
drec = 100 nm have been assumed. By (68) the measured quantitiesIsample, ∆IPMT have been
translated into the simulated quantitiesG, RCV for sample GO_36B and they have been included
in a computer simulation (Fig.77(a)). The measured values are located in the regime, where the
simulation shows a slope 3/2 in the double logarithmic plot. For the simulation the following
parameters have been used:Eg = 1.6 eV,βCV = 3·10−15 s−1cm3, βCD = βVD = 10−9 s−1cm3,
NC = NV = 3 · 1019 cm−3. Only the concentrationND of defects was varied, to perform the
fit, and ND = (6±2)× 1018 cm−3 was obtained. Also for samples GO_11A, GO_11B a fit
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Figure 77: (a) Fit of simulated rateRCV (solid line) to the measured quantityRCV_GO_36B (squares),
sample GO_36B. (b) Fit of rateRCV (solid line) to RCV_GO_11A, RCV_GO_11B (open circles, triangles),
samples GO_11AB, GO_11B. Simulated ratesRCD (dots) and generationG (dashed) are also included.
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could be achieved (Fig.77(b)). Here the region is also one of slope 3/2. A defect concentration
ND = (3±2)×1017 cm−3 was determined. The rest of the parameters has been chosen identical
as above. In order to provide better comparison of the fits and the measured data, the simulated
quantitiesG, RCV have been translated according to (68) into currentsIsample,sim and EL yields
∆IPMT,sim and have been included in Fig.78.
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Figure 78: Computer simulation has been used to reproduce the measurements shown in Fig.73 (d).
Solid lines represent the recombination rateRCV translated into an EL yield∆IPMT via (68).

The question about the nature of the defect states remains open. They could be situated at
the interfaces between two adjacent Si-nc.

Time-dependent fluctuation of EL

While the EL signal∆IPMT vs. time stays almost constant for measurements on GO_36B,
GO_11A (Usample= −5 V), GO_11B (Usample= 100 V), it considerably varies for GO_11A
(Usample= 15 V), GO_11B (Usample= 15 V) up to the end of the measurements att ≈ 8000 s
(Fig. 79 (a)). In contrast the EL efficiencyηEL, determined by (62), stays almost constant for
all samples for timest > 2000 s (Fig.79 (b)). (The EL efficiencyηEL is proportional to the
quotient∆IPMT/Isample.) Thus the decrease in∆IPMT and the decrease ofIsamplein the above
mentioned measurements partially compensate in the efficiencyηEL.

7.6.3 Spectrally resolved EL

Before every spectral EL measurement, time-dependent integral EL measurements have been
performed, in order to check, if the integral EL was constant versus time. For sample GO_11B,
however, the sample currentIsamplewas changing during the spectral EL measurements (Fig.
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Figure 79: EL signal∆IPMT and efficiencyη vs. operation time. Samples GO_36B (squares), GO_11A
(circles), GO_11B (triangles).
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80). As reported earlier, the EL efficiencyηEL, determined by (62), stayed almost constant for
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Figure 80: Sample currentsIsampleduring spectral EL measurements. One data point consumed 1.5 min,
such that all 19 measurement points took 28.5 min. Squares GO_36B, solid circles GO_11A+15 V,
open circles GO_11A−5 V, triangles GO_11B.

all samples for timest > 2000 s (Fig.79), even whenIsamplestill varied. Therefore the quotient
Yc,EL(λc)/Isample, which for λc = 0 nm is proportional toηEL, is better suited to determine the
spectrally resolved EL distribution thanYc,EL(λc) in this case. Hence for sample GO_11B the
functionh(λc) was not fitted to the EL yieldYc,EL(λc), but to the quotientYc,EL(λc)/Isample.

In order to determine the spectral distribution of EL, the functionh(λc), Eq. (61), was fitted
to the measured cut-off yieldsYc,EL(λc) (quotientYc,EL(λc)/Isamplefor GO_11B) of the sam-
ples for different bias-voltagesUsample(Fig. 81). Spectral EL has been measured for sample
GO_11A twice, once with positiveU = +15 V and once with negative bias voltageU =−5 V.
For none of the other samples EL was detected with negative bias voltage. The EL yieldsf
are reconstructed from the fits in Fig.81 and compared to the PL yieldsYPL (Fig. 82). On
sample GO_11B two spectral measurements have been performed, of which only one is shown
in Fig. 81(d), but the reconstructed EL yieldsf are shown for both measurements (Fig.82(d)).
The peak wavelengthsλmax,EL for the EL andλmax,PL for the PL coincide fairly well within an
accuracy±60 nm for samples GO_36B, GO_11A. Only the measurements on sample GO_11B
show up a large difference∆λmax≈ 185 nm. The differences∆λmax := λmax,EL− λmax,PL are
listed in Tab.19.

On sample GO_11B SiO2 has been deposited on top of the Si-nc spot by PECVD. SiO2 has
also been deposited on top of the Si-nc spot of sample GO_36B, but one has to keep in mind
that the current density through sample GO_11B was much lower than for sample GO_36B (Fig
. 71).
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Figure 81: Measured cut-off yieldsYc,PL (bias-voltagesUsample noted on top of the graphs). Fitted
functionsh1 are indicated by open circles.

Sample ∆λmax (nm)

GO_36B -23.3
GO_11A (Usample= +15 V) -19.8

“ (Usample=−5 V) 60.2
GO_11B -184.6

Table 19: Differences between EL and PL peak positions.
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Figure 82: Spectral EL yields (solid lines) extracted from cut-off yield analysis and PL yields (symbols).
Bias-voltagesUsampleare noted on top of the graphs.
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In order to compare the spectral EL measurements, all results are shown in one graph (Fig.
83). In Figs.81(a), (b) (c) the quantityYc,EL(λc) has been fitted with the functionh1, whereas in
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Figure 83: Spectral EL yieldsf for samples GO_36B (squares), GO_11A (+15 V solid circles,−5 V
open circles), GO_11B (triangles).

Fig. 81(d) the quotientYc,EL(λc)/Isamplewas fitted. To compare the absolute values of EL yield,
the estimated EL yieldsf have been divided byIsamplefor the measurements shown in Figs.81
(a), (b) (c). Thus the unit of the estimated EL yieldf becomes nm−1 for all measurements.
The sample currents wereIsample= (1.00±0.03)× 10−4 A (GO_36B),(1.8±0.1)× 10−7 A
(GO_11A,+15 V), (1.7±0.1)×10−8 A (GO_11A,−5 V). Remarkably in Fig.83 the maxi-
mal EL yield values coincide within approximately 1 order of magnitude, except for the mea-
surement on sample GO_11A at biasIsample= −5 V, which shows a maximum about a fac-
tor 104 larger. Furthermore the EL yields are similar for all samples in forward bias in the
high wavelength region (λ > 800 nm), whereas there are large differences for low wavelengths
(λ < 800 nm).

Discussion

The correspondence between the EL and PL peak positions for samples GO_36B, GO_11A
(Usample= +15 V) (Tab. 19) is a hint, that the transitions, which generate the EL and PL are
the similar. The similarity of PL and EL might be due to transitions in the quantum confined
states of the Si-nc for both kinds of luminescence: During the process of EL electrons and holes
tunnel from opposite sides of the structures through the SiO2 barriers into the conduction band
EC,Si−nc and the valence bandEV,Si−nc of the Si-nc layer and recombine in the region, where
they meet (Fig.84). The main part of the carriers recombines non-radiativelyvia inter-band



7.6 Results 125

Figure 84: Electrons and holes recombine in the Si-nc layervia inter-band statesEi or radiatively.

statesEi , only a small fraction undergoes band-band recombination and generates EL.
For sample GO_36B the band diagrams in Fig.66 can explain the mechanism. These band

diagrams cannot be applied to sample GO_11A, becauseno SiO2 has been deposited between
the Si-nc and the Pt contact for this sample. Fig.85 shows similar band diagramswithoutSiO2

layers. The DLs are now assumed to be at the Pt / Si-nc interface. Electrons can tunnel only
with very low probability from the Pt into the conduction band of the Si-nc for forward bias
and similarly holes can tunnel with very low probability from the Pt into the valence band of
the Si-nc for reverse bias, due to the large tunnel distance in the Si-nc layer. If the bias voltage
is sufficiently large, space charges could accumulate in the Si-nc layer, such that the voltage
does not drop linearly in the Si-nc layer, but the way shown in Fig.85 (c). This would enable
electrons to tunnel from the Pt into the Si-nc layer and can explain the EL detected in forward
bias for sample GO_11A.

For reverse bias EL was detected, which is red-shifted∆λmax≈ 60 nm with respect to PL.
Hence it is likely that the EL does not originate from band-band recombination in the Si-nc, but
rather from a tunnelling transition through the DL between conduction band of the Si-nc and
the Pt electrode. The expected photon energyEEL,expectedwill correspond to the difference of
the energies of the conduction bandEC,Si-nc in the Si-nc and the Pt Fermi-levelEF,Pt:

EEL,expected= EC,Si-nc−EF,Pt =−3.90 eV− (−5 eV) = 1.1 eV.

The measured EL, however, showed a peak wavelengthλmax,EL = 883 nm, which corresponds
to an energy

EEL,meas:=
1240 nm eV

λmax,EL
= 1.40 eV.

As the voltage drop in the DL is not known exactly and might be changed by the bias volt-
age, the the differenceEEL,meas−EEL,expected= 0.30 eV can be attributed to this uncertainty.
Furthermore we can calculate the voltage dropUDL in the DL from the measured EL energy
EEL,measin the framework of this model: From

EEL = (WPt−χSi-nc)−eUDL

follows

eUDL = (WPt−χSi-nc)−EEL,meas= (5.5−3.75) eV−1.40 eV= 0.35 eV.

Fig. 85 (d) shows the band diagram obtained by assumption ofUDL = 0.35 V.
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Figure 85: Band diagram for the sample without SiO2 at Pt / Si-nc junction (GO_11A). (a)Usample=
+5 V, (b) Usample= −5 V (c) Usample= +5 V, hypothetical space charges in the Si-nc layer enable
tunnelling of electrons into Si-nc layer, (d)Usample= −5 V, assumption of smaller voltage dropUDL =
0.35 V in DL according to experimental results.
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The higher efficiency of this device in reverse bias can be explained, when electrons are the
dominant current carriers. We assume, that holes do hardly tunnel from the Pt into the valence
band of the Si-nc, and therefore almost solely electrons are the carriers of the current. Hence
electrons in the Si-nc layer do rarely recombine with holes, because the hole concentration in
the Si-nc layer valence band is similar to the one in thermal equilibrium. The efficiency being
of the order 10−5 can be explained by predominant non-radiative recombination at the Si-nc /
Pt interface.

The EL of sample GO_11B is blue-shifted 185 nm with respect to its PL. Therefore we
conclude that the energy levels involved in the recombination process are not the same for the
other samples. My hypothesis is, that the EL generated in sample GO_11B at 100 V forward
bias originates from recombination in states connected to the SiO2 layers or to the oxide shells
of the Si-nc. According to [35] there are defects in SiO2, which luminesce at wavelengths

λSiO2
max,PL≈ 600. . .670 nm,

and the observed EL peak

λGO_11B
max,EL = (638.5±4) nm

for sample GO_11B matches well in this range. The defects are called non-bridging-oxygen-
hole-centres (NBOHCs). The two most investigated NBOHCs consist of localized centres with
a trapped hole on a Si-O

•
complex or Si-O

• · · · H-O complex and show transition energies
∆ENBOHC= 1.9 eV,∆ENBOHC= 2.0 eV respectively [33].

I propose an EL model for sample GO_11B, where NBOHCs in a SiO2 layer between two
adjacent Si-nc in the Si-nc layer are luminescent centres with∆ENBOHC≈ 2.0 eV. I assume that
the upper levelENBOHC,2 of the NBOHC is higher than the conduction band of the Si-nc and
the NBOHC lower levelENBOHC,1 is lower in energy than the valence band of the Si-nc (Fig.
86). Because the exact position of the NBOHC levels in the SiO2 band gap is not known [33], I
assume that they are symmetrically shifted 0.2 eV up and down with respect to the bands of the
Si-nc with band gapEg,Si−nc = 1.6 eV.

For zero bias voltageUSiO2 = 0 at the SiO2 layer electrons and holes cannot be injected in
the NBOHC levels. They just tunnel through the oxide. Only if the voltage dropUSiO2 > 0.4 eV,
injection can occurvia tunnelling (Fig.86(b)). If an electron and a hole is injected in the upper
and lower level of a NBOHC, they can recombine and generate a photon, which is generation
of EL. In principle this mechanism cannot only occur in the Si-nc oxide shell layers, but also in
the “boundary SiO2 layers” present at the ends of the Si-nc layer. It is even more likely that this
is the dominant mechanism, because for reverse biasno EL was detected for sample GO_11B
even for a voltageUsample=−100 V. Because the above explained EL generation in the oxide
shell layers of the Si-nc is symmetric with regard to the bias voltage, there has to be some other
asymmetry which makes EL appear in forward bias and dissappear in reverse bias. In [20] a
similar mechanism for the generation of EL in Si / SiO2 layer structures has been proposed: EL
is only generated in structures containing a c-Si / SiO2 interface, a hint, that in our EL structure
GO_11B the EL might rather be generated in the SiO2 layer adjacent to the p-Si substrate than
in the SiO2 between the Si-nc cores.

The good coincidence of the scaled spectral EL yield (Fig.83) for λ > 800 nm of all sam-
ples except GO_11A withUsample=−5 V can be understood the way, that inall these samples
EL emission takes place in the Si-nc, but for some samples additional EL is generated by re-
combinationvia states in the SiO2. This interpretation also explains, why the full width of half
maximum (FWHM) of the EL in the measurements of sample GO_11A is smaller than for the
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Figure 86: NBOHCs in SiO2 generate EL with energyhν = 2 eV. (a) No EL without bias at the SiO2.
(b) EL, if the biasUSiO2 > 0.4 eV.

other samples: In sample GO_11A the SiO2 layer between the Pt and the Si-nc is missing. (For
samples GO_36B, GO_11B EL in this layer would contributes to the total EL , which effects
apparently increased FWHMs. In detail the EL should consist here of two peaks.).

7.7 Outlook

A detailed band diagram model to explain the EL should include two more items, so far ne-
glected.

1. The electrons in Pt and the holes in the valence band of p-Si are distributed according to
some statistics (approximately Fermi-statistics).

2. The Si-nc layer, which has been treated effectively asone semiconductor, consists of
many c-Si cores of Si-nc separated by their oxide shells.

These two items imply modifications to the so far assumed models and the importance of the
induced effects shall be examined here

As a consequence of 1. electrons can also tunnel from the Pt into the conduction band of
the Si-nc layer, when the energy of the Fermi-level in Pt is lower than the energy of the Si-nc
conduction band edge (Fig.87). ). As the Fermi-distribution for electrons is

f (E) =
1

exp(E−EF
kT )+1

,

whereE is the electron energy,EF the Fermi-level,k the Boltzmann-constant andT the tem-
perature, the probability of a statekT ≈ 0.025 eV (at RT) above the Fermi-level to be occupied
by an electron is(exp(1)+1)−1≈ 0.27, which is rather high. A state 0.2 eV above the Fermi-
level will by occupied with the probability(exp(8)+1)−1 ≈ exp(−8) ≈ 3.4×10−4. (Thus it
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Figure 87: Thermally excited electrons in Pt tunnel through a barrier into the conduction bandEC,Si−nc

of the Si-nc. Inset shows Fermi-distributionf (E).

is clear, that the Fermi-distribution shown in Fig.87 is not scaled properly.) Hence if the Si-nc
conduction bandEC,Si-ncis situated an energy∆E above the Fermi-levelEF,Pt of Pt, an amount
of electrons corresponding to the fraction

R ∞
EF,Pt+∆E f (E)dE of the electron densityDPt(E) of Pt

in this energy range can tunnel intoEC,Si-nc. The same argumentation is true for holes, which
tunnel from the valence band of the p-Si wafer into the valence band of the Si-nc. Theoretical
calculations in Subsection6.3.1have shown, that the maximal tunnelling current from a semi-
conductor in thermal equilibrium in Boltzmann-approximation through a square barrier occurs
at an energyEmax≈ kT, where zero energy is defined as the conduction band edge of the semi-
conductor. Thus the modifications to the above assumed model, implied by item 1, are expected
to be not severe, because at RTkT = 0.025 eV, which is much smaller than the barrier heights
of some eV. (The maximal tunnelling current from a metal through a square barrier should sim-
ilarly occur at energies of the range ofkT above the Fermi-level. The Fermi-distribution of the
electrons in the metal can be approximated by a Boltzmann-distribution for energies sufficiently
high above the Fermi-level.)

The second item implies a band structure, where the charge carriers have to tunnel through
many SiO2 oxide shells in the Si-nc layer. If we assume the transport of the carriers in the Si-nc
cores to be ballistic, the bias voltageUsamplewill drop in the Si-nc layer only at the oxide shells.
The way,Usampleis distributed on the two outer SiO2 layers and on the SiO2 shell layers should
be governed mainly by one demand: continuity of the sum of electron and hole current densities.
This means, that the product of the tunnelling probabilityPtunnel(E) and the occupation density
f (E)DPt(E) is constant at every tunnelling barrier in regions, where transport is dominated by
carriers of on kind:

Ptunnel(E) · f (E)DPt(E) = const. (69)

By E we denote the energy of the electrons in the initial state before tunnelling through the
barrier. As the electrons do not all have the same energy in a state before the tunnelling, but
there is a distribution in dependence on energy, only the integral over (69) will be constant.

The effects of the two items are illustrated in Fig.88. Just as an example the Fermi-level
EF,Pt has been assumed to have a 0.2 eV lower energy than the conduction band of the Si-nc,
where the electrons tunnel. The same difference has been assumed for the valence band of the
p-Si wafer and the valence band of the Si-nc, where the holes tunnel. A pathvia 10 Si-nc is
assumed to connect the Pt contact with the p-Si wafer. The number 10 has only been chosen
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for convenience of drawing the band diagram. For a layer thicknessdSi-nc = 100 nma pathvia
≥ 20 Si-nc with diameterDSi-nc = 5 nm would be present and fordSi-nc = 1000 nm more than
200 Si-nc would be necessary. One also has to keep in mind that the real situation is much more
complicated, because there is a network of interconnected Si-nc between the Pt and the p-Si.
There are much more possibilities to go from the Pt contact to the p-Si wafer thanvia one path.
To evaluate this complex model quantitatively is left out in this thesis. It lies out of the scope of
an experimental PhD lifetime.

Figure 88: Sketch of detailed band diagram for EL structures with SiO2 at the Pt / Si-nc junction in
forward bias.

Another point is the low overall estimated EL efficiency. It is partly due to unoptimized EL
structures, which could be improved e.g. by variation of the contact metal. Furthermore good
transport and high PL yield seem to mutually exclude each other for standard layers including
Si-nc [4]. But more inherently the low efficiency is caused by the indirect nature of the silicon
band gap. The implicated large PL and EL lifetime effect cause that easily more than one
electron-hole pair per Si-nc is excited, which results in non-radiative recombination of the more
than 1 surplus pairs. It has been argued that as an effect of carrier confinement in the nm-range
the indirect band gap of silicon can become partially direct. Actually the band gap of nano
crystals still stays predominantly indirect, which has been affirmed by the long PL lifetimes
determined for porous silicon and the increase of the lifetime for lower temperatures [2]. Hence
to my opinion it will not be possible to built efficient or even fast responding light emitting
electronically driven devices by Si-nc, unless an up to now unknown trick is invented.

7.8 Summary and Conclusions

Diode-like JU-curves of the EL structures can be qualitatively understood with help of a band
diagram, including a dipole layer at the Pt / Si-nc interface. Low EL yield can be explained by
non-radiative Shockley-Read-Hall-recombinationvia defects. Higher efficiency of EL for sam-
ple GO_11A is due to a dominating electron current in the Si-nc layer, which recombines at the
Pt / Si-nc interface. El and PL agree fairly well for samples GO_36B, GO_11A in forward bias,
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which we interprete in the sense, that quantum confined states are the origin of luminescence in
both cases.

The following open questions remain:

1. Which is the nature of the defects, proposed in subsection7.6.2as centres of non-radiative
recombination?

2. Why is no EL detectable at reverse bias for the EL structures with SiO2 at both sides of
the Si-nc layer?

3. Is it true, that electrons tunnel in forward bias into the Si-nc, but holes do not in reverse
bias for the sample, where no SiO2 has been deposited between the Si-nc and the Pt
contact (GO_11A)? In case it is true, which are the reasons in detail?
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A The p-n junction

We will investigate, how the voltage in the space charge region (SCR) of ap-n junction is
distributed on thep- andn-side. According to [44], ch. 2, Eq. (14) the total voltage drop in the
junctionUbi is related to the widthxp +xn of the SCR by

Ubi =
1
2

E(0) · (xp +xn), (70)

whereE(0) is the maximum electric field exactly at the point of junction andxp, xn designate
the extension of the SCR in thep- andn-side. Result (70) has been obtained in the frequently
applied depletion approximation. Thebuilt in voltage Ubi is composed of two voltage dropsUp,
Un one in thep- and one in then-side (Fig.89):

Up/n =
1
2

E(0) ·xp/n.

Figure 89: Discrete p-n junction with asymmetric doping,NA = 10·ND. Top: p andn semiconductors
separated from each other. Bottom:p-n junction in thermal equilibrium.

The conduction bandEC and the valence bandEV are bended because of charges present in
the SCR. In steady state without bias voltage the Fermi-levelEF is constant. Thebuilt in voltage
corresponds to the difference of the Fermi-levelsEF,p, EF,n in the unjoined semiconductors:
Ubi = EF,n−EF,p. From total charge neutrality in the device,xpNA = xnND, follows that the
ratio of the voltage drops equals the reciprocal of the ratio of the doping concentrations

Up

Un
=

xp

xn
=

ND

NA
.

As NA = 10·ND is assumed in Fig.89, this effectsxn = 10·xp andUn = 10·Up. In the case
ND� NA the voltage drops almost entirely in then-type side. Simultaneously the SCR in the
n-type semiconductor grows larger and larger.
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B Maths
Symbol Name definition / mathematical relation

j l spherical Bessel-function j l (ξ) = (−ξ)l (1
ξ

∂
∂ξ)l sin(ξ)

ξ

nl spherical Neumann-function nl (ξ) =−(−ξ)l (1
ξ

∂
∂ξ)l cos(ξ)

ξ

h(1)
l spherical Hankel-function of 1. kind h(1)

l = j l + inl

L angular momentum operator L = r ×p

The expressions forj l , nl are the Rayleigh formulas andr , p denote the operators of place
and momentum.

Laplace-operator in spherical coordinates

∆rθφ =
∂2

∂r2 +
2
r

∂
∂r
− (L/~)2

r2 ,

where

L2 =−~2(
1

sinθ
∂

∂θ
sinθ

∂
∂θ

+
1

sin2θ
∂2

∂φ2).



134 C APPENDICES IN GERMAN

C Appendices in German

Lebenslauf

Geboren am 2. 6. 1973 in München.

Eltern: Jürgen Voigt, Prof. für Mathematik
Marianne Voigt, Diplom-Sozialpädagogin und Hausfrau

1980–1984 Grundschule in Ottobrunn (Landkreis München)
1984–1986 Gymnasium in Neubiberg (Landkreis München)
1986 Umzug nach Bad Zwischenahn
1986–1992 Liebfrauenschule in Oldenburg
Mai 1992 Abitur an der Liebfrauenschule
August 1992–Juni 1993 Zivildienst in der Stiftung Pfennigparade in München,

einem Rehabilitationsheim für Behinderte
Oktober 1993–Februar 1997 Studium der Physik in Göttingen
19. 10. 1995 Vordiplom in Physik
März 1997–Juli 1997 Erasmus-Auslandsaufenthalt an der Rijksuniversiteit Groningen
Oktober 1997 Wechsel an die Carl von Ossietzky Universität Oldenburg
1. 11. 1997–31. 3. 1998 studentische Hilfskraft bei Prof. K. Floret zur Betreuung der Übungen

zur Vorlesung “Analysis I”
1. 4. 1998–15. 8. 1998 studentische Hilfskraft bei Prof. G.H. Bauer zur Betreuung der Übun-

gen zur Vorlesung “Physikalische und elektrotechnische Grundlagen für
Studierende der Informatik”

September 98–Januar 99 Studienarbeit “Überlegungen und Demonstrationen zu Möglichkeiten
des Schwebens von Körpern in elektromagnetischen Feldern” bei Prof.
K. Hinsch

1. 4. 2000–15. 8. 2000 erneut studentische Hilfskraft wie im Jahr 1998
Juni 99–Juli 2000 Diplomarbeit “Hall-Effekt und Rekombination in mikrokristallinen

Silizium-Germanium-Dünnschichten” bei Dr. T. Unold in Zusamme-
narbeit mit dem Forschungszentrum Jülich, Institut für Schicht- und Io-
nentechnik, Abteilung Photovoltaik

22. 8. 2000 Erlangung des Diploms im Studiengang Physik
1. 12. 2000–31. 3. 2005 Stelle eines wissenschaftlichen Mitarbeiters bei Prof. G. H. Bauer an

der Universität Oldenburg mit der Möglichkeit zur Promotion
1. 4. 2005–31. 7. 2005 Lehrauftrag, Betreuung der Übungen zur Vorlesung “Thermodynamik”

von Dr. R. Reuter
21. 10. 2005 Disputation



135

Zusammenfassung

Silizium-Nanokristalle (Si-nc) wurden durch laserinduzierte Pyrolyse von SiH4 hergestellt und
auf verschiedenen Substraten in Form von dünnen Schichten abgeschieden. An diesen porösen
Schichten wurden das Schichtwachstum, die optischen Eigenschaften, Ladungstransport, Pho-
tolumineszenz (PL) und Elektrolumineszenz (EL) untersucht.

Ein Modell, das die Si-nc als Kugeln behandelt, die bei Berührung mit anderen Si-nc oder
dem Substrat sofort haften bleiben, wurde entwickelt und in Form von Monte-Carlo-Computer-
simulationen implementiert. Aus den Simulationen ergab sich ein WertP(∞) = 0.86 für die
Porosität der Schichten im Grenzfall für unendlich großes Volumen.

Der Ladungstransport während des Schichtwachstums konnte qualitativ durch perkolativen
Transport erklärt werden, der einerseits nahe den Grenzschichten und andererseits im Volumen
stattfindet. Der gemessene elektrische Leitwert der Si-nc-Schichten folgt in Abhängigkeit von
der Si-nc Flächendichte einem Potenzgesetz mit dem ExponentenBexp≈ 1.5. Dieser Exponent
wurde durch weitere Monte-Carlo-Simulationen, die auf dem oben erwähnten Modell basierten,
hinreichend gut reproduziert.

Ein Modell, das von Tunnelprozessen der Ladungsträger durch die Oxidbarrieren von be-
nachbarten Si-nc ausgeht, wurde benutzt, um gemessene Strom-Spannungs-Kennlinien von ox-
idierten Si-nc-Schichten zu beschreiben. Aus den Anpassungen der theoretisch hergeleiteten
Strom-Spannungs-Abhängigkeit an die experimentellen Messdaten wurden Werte für die An-
zahl der Barrieren zwischen den Kontakten auf der Probe ermittelt, die einen Faktor 1.5. . .12
größer waren als die Zahl der Si-nc, die auf eine Linie in kürzester Verbindung zwischen den
Kontakten passen. Dieses Ergebnis kann durch die Existenz von gewundenen Perkolationsp-
faden erklärt werden. Bei Messungen des Ladungstransports wurden erhebliche Instabilitäten
festgestellt, die ich hauptsächlich auf das riesigen Verhältnis der Oberflächen zum Volumen der
Si-nc zurückführe. Dieses bedingt eine extrem starke Empfindlichkeit des Ladungstransports
in den Schichten gegenüber Veränderungen der Zusammensetzung und Dichte der umgebenden
Gase und Wasserdampf.

Aus der optischen Transmission der Schichten wurde deren Absorptionskoeffizient ausgew-
ertet. Durch Annahme eines 1-Oszillator-Modells für den Realteil der ausgewerteten Brechungs-
index-Kurven wurden optische BandlückenEg,opt ≈ E0/2 als die Hälfte der Resonanzenergie
E0 angenähert. Diese Werte stimmen gut mit den Bandlücken überein, die sich aus Messungen
der PL ergaben.

Durch den Bau von Systemen mit spezieller Schichtenfolge, kristallines Silizium (p-Typ) /
Si-nc / Metall, konnte Elektrolumineszenz erzeugt werden. Die Abhängigkeit der EL-Intensität
vom elektrischen Strom konnte durch ein Modell reproduziert werden, das auf nichtstrahlender
Shockley-Read-Hall-Rekombination in Konkurrenz zu strahlender Rekombination beruht. Bei
den meisten Messungen stimmen die spektralen Verteilungen von EL und PL überein. Die EL
wird bei diesen Messungen vermutlich durch Rekombination zwischen quanteneingeschränkten
Zuständen erzeugt. Bei manchen Messungen ist die EL jedoch in Relation zur PL signifikant
blauverschoben. Dies erkläre ich dadurch, das die Rekombination bei der EL über Zustände
stattfindet, die mit Siliziumdioxid in Beziehung stehen, wohingegen die PL durch Übergänge
zwischen quanteneingeschränkten Zuständen entsteht.
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D Videos supplement

Attached to the back cover of the paper version of this PhD thesis is a CD inlay. The supplied
CD on one hand contains a file named ”voiopt06.pdf”, which is an electronic version of this
thesis. Furthermore there are located 3 videos in an extra folder. These videos exemplarily
show runs of the computer simulations described in Chapters5 and6 of the thesis. (Videos
are more suitable to illustrate the ideas of the simulations than the final screenshots, which are
presented as figures in the above mentioned Chapters of this thesis.) The files and the purposes
of the simulations, which the videos have been generated from, are described in the following
table:

Filename Purpose
por.avi Simulation for calculation of porosity (see Chapter5).
cont.avi First contact simulation (see Section6.2.4).

connect.avi Simulation of connections (see Section6.2.4).

The electronic version of this PhD thesis and the videos can also be downloaded from
”http://docserver.bis.uni-oldenburg.de/publikationen/dissertation/fak05.html”.
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