Zur Homepage der Dissertation

Optoelectronic properties of size-selected
silicon nanocrystals

Bei der Fakultat fir Mathematik und Naturwissenschaften der Carl von Ossietzky Universitat
Oldenburg zur Erlangung des Grades und Titels eines

Doktors der Naturwissenschaften (Dr. rer. nat.)
angenommene Dissertation
von Dipl.-Phys. Felix Voigt

geboren am 02.06.1973 in Minchen.


http://docserver.bis.uni-oldenburg.de/publikationen/dissertation/2006/voiopt06/voiopt06.html
http://docserver.bis.uni-oldenburg.de/publikationen/dissertation/2006/voiopt06/voiopt06.html

Gutachter:

Prof. Dr. G. H. Bauer
Zweitgutachter:

Prof. Dr. F. Huisken
PD. Dr. habil. A. Kittel

Tag der Disputation: 21.10.05

Hiermit bestatige ich, dass ich die vorliegende Arbeit selbstandig verfasst habe und nur die
angegebenen Hilfsmittel verwendet habe.



CONTENTS 3

Contents
Abstract 6
Abbreviation and symbols 7
Introduction 9
1 Deposition and samples 10
1.1 Deposition. . . . . . . . e e 10
1.2 Samples . . . . . . e e e 11
2 Theory of quantum confinement 14
2.1 Spherical potentialwell . . . . . ... ... ... .. ... 15
2.2 Cubicpotentialwell . . . . . . . ... .. 17
2.3 Eigenenergies of electrons and holes in 3d Si quantumwells . . . . . . .. 20
2.4 SeparationenergiesofSi-nc . . . .. ... L o oo 21
25 EXCItONS . . . . . . e 22
2.6 Bloch-functionsinnanocrystals . . . .. ... ... ... .......... 24
3 Atomic Force Microscopy 28
3.1 Determinationofdiameters . . . . . . .. .. ... .. oL 28
3.2 Structure ofagglomerates . . . . . .. . ... ... L 28
4 Optical Transmission and Reflection 31
4.1 Introduction . . . . . . . . .. 31
4.2 Theory . . . . . . 32
421 BasiCS . . . . . . . e 32
4.2.2 Transfermatrixmethod . . . . . .. ... ... ... ......... 33
4.2.3 Substitution of a subsystem in a multilayer system . . . ... ... 36
4.2.4 Coherent transmission through a 4-media system, recalculation. . 37 .
4.2.5 Partially coherent transmission through a 4-media system . . . . . . 37.
4.3 Experiments . . . . . ... e 38
4.4 Experimentalresults . . . . ... ... . ... 39
45 Evaluation . . . . . . . . e 41
4.5.1 Speculartransmittance . . . . . .. ... .. oo 0o 41
4.5.2 Estimationofbandgaps .. ... .. ... ... .. .. ... ... . 47
45.3 Diffusereflection . . . . .. ... ... o 49
4.6 DISCUSSION . . . . . . e e e e e 50
4.6.1 Sourcesoferror. . . .. . ... .. 50
4.6.2 Denselayer . . . .. ... ... 50
5 Layer growth 54
5.1 Introduction . . . . . . . .. 54
52 Model . . . .. e 54
5.3 POrosity . . . . . . e e 54
5.4 DISCUSSION . . . . . . o o e e e 58

5.5 Conclusions . . . . . . . e 58



4 CONTENTS
6 Charge transport 59
6.1 Introduction . . . . . . . . . ... 59
6.2 Insitucharge transport during layer growth . . . . . .. ... ... ... .. 59
6.2.1 Experimental . .. ... .. ... ... 60

6.2.2 Results . ... ... . .. e 61

6.2.3 Qualitativemodel . . . . ... .. ... . 64

6.24 Simulations . . . . . . .. .. 64

6.3 Tunnelling through Si-ncoxideshells . . . . ... ... ... ........ 72
6.3.1 Theory ... .. ... ... .. .. ... ... e T3

6.3.2 Experiments . . . . . . ... 81

6.3.3 Results . ... .. . ... 82

6.3.4 Model . . . . ... 84

6.3.5 Results of numericalmodel . . .. ... ... .. .......... 84

6.3.6 Discussion . . . . . ... e 89

6.3.7 Conclusions . . . . . . . .. e 90

7 Electroluminescence 91
7.1 Introduction . . . . . . .. e 91
7.2 Theory . . . . . . 92
7.2.1 Band diagrams of p-n, p-iand p-i-n structures . . . . ... ... .. 92

7.2.2 Band diagrams of the investigated EL structures. . . . . . .. ... 98

7.3 Experimentalset-up . . . . . . . . ... 104
7.4 Samples . . . . . e 105
7.5 Proceduresofevaluation . ... .. ... ... ... ... .. .. ... 106
7.5.1 Spectral distributionof EL . . . . .. .. ... ... ... L. 106

7.5.2 Efficiencyof EL . .. .. ... ... .. .. 107

7.6 Results. . . . . . . e 109
7.6.1 Currentvoltage characteristics . . . . . .. .. ... ... ..... 109

7.6.2 IntegralELyield . . ... .. .. ... ... ... 109

7.6.3 SpectrallyresolvedEL . . . . .. ... ... ... L. 119

7.7 Outlook . . . . .. 128
7.8 Summaryand Conclusions . . . . . . ... .. ... .. ... .. ... 130

A The p-n junction 132
B Maths 133
C Appendices in German 134
Lebenslauf 134
Zusammenfassung 135
Danksagung 136

D Videos supplement 138
References 139



Wissenschaftliche Forschung kann durch Foérderung des kausalen Denkens und
Uberschauens den Aberglauben vermindern. Es ist gewi, dal eine mit re-
ligiosem Geflihl verwandte Uberzeugung 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 schopferischen Neugier.

(in Anlehnung an Einstein und andere)

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

(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 &itd 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 vadhje) = 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 expahgeat
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 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 | 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 = Eo/2 were estimated as approximately half the resonance efgrgyhich 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 | propose
radiative recombinatiomia quantum confined states as origin. For some measurements, how-
ever, EL is significantly blue-shifted compared to PL, which | explain by recombina&ten
silicon oxide related states for the EL in contrast to the PL originating from transitions between
guantum 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 Schrédinger-equation
SCR space charge region

Si-nc  silicon nanocrystal(s)

Symbols

diameter of a Si-nc or number of dimensions

areal density of Si-nc or electronic density of states
number of confined space directions

degeneracy

Fermi-level

energy gap of semiconductor

separation energy of nanocrystals (analoguggo

Fermi-distributionf (E) = —%—

exp =t )+1
layer thickness

macroscopic extension in non-confined spatial direction
mesoscopic extension in confined spatial direction

PL peak wavelength

effective mass

longitudinal effective mass ir-direction

transversal effective massxndirection, i=2, 3

density of states effective massafnduction banar;, = (ms, msms, )3
porosity

temperature
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Fundamental constants

Bohr-radiusag 0.53-10 1%m
Boltzmann-constark 8.6-1075¢Y =1.38-10"2%7
electrical field constarg 8.85-10 1222
elementary charge 1.6-10 1°As

free electron masse 9.1-10 3kg
magnetic field constamip = % 1.26- 10—6$1
Planck-constant 1.05-103%s
velocity of light in vacuurcg ~ 3.00- 1087
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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 arfew his field of
research can be describedramosciencén contrast tonanotechnologythe 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 ofsSéfle 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
Amax 2= 700 nm) in contrast to the PL emitted from c-Si, which lies in the infrared range
(Amax= 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 implanteds$&ds P5|.
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 times ~ (100...500) ps of Si-nc with diameterd ~ 3.4 nm [18] are
more than a factor 5000 larger than average PL decay times 20 ns of CdSe quantum dots
with core diameters of.8 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 resd# of |
are still very controversially discussedlq, 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 £@ser induced decomposition of Sjlaser py-
rolysis, Fig. 1). As a detailed description of the set-up has been published ed@r jwill

SiHs He

i l

flow substrate
reactor ~ Time of Flight (TOF)
(330 mbar) / \< . mass
A spectrometer
10°mbar  / 5x10° mbar 107 mbar

CO,-laser / l
A=10.7 um
pump

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

summarize only the main features. By pulsed.d&ser 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 diameters 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 CQ laser with the Silj 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 C&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 £l@ser beam. Helium gas is used to confine the
SiHz 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 Fid. 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 thgl&@r 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 [v.( 1000 nm/h)
deposition rates .

1.2 Samples
Characteristic parameters of samples, which | report on in this thesis, are listed in Tab.
Sample layers \ hsinc (NmM)  ApL (M) dp (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/SigPt ” ” ”
GO_14 glass/ZnO:Al/Si-nc 320+8 884 7.4
GO_36B p-Si/Si-nc/SigIPt 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 51
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 thickndss . determined by AFM, PL peak wavelengths.
and derived Si-nc diameteds, .

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 listedlimaréateter-
mined to specify a range, which includes all measurement data. For all samples these errors
are smaller thar: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 differentdevels, e.
one on the substrate and one on the layer (Bjg.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 diameterdp| were estimated from photoluminescence (PL) measurements3)Hiy.
translating the measured wavelenghfisx of PL maximavia relation @) into Si-nc diameters
dpL. Samples were excited by a frequency doubled continuous wave Nd:YAG laser at wave-
lengthAexc= 532 nm with power of @ uW focused on an area of abo(it um)2 in a confocal
microscopy set-up. The PL yield was intensity calibrated with help of a tungsten calibration
lamp and a pyrometer. PL yieldfs| 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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Figure 3: PL yield vs. wavelength. Solid lines: Gaussian fits.
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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 fiem, quantum mechanical effects modify the electronic
states. According to the number of confined spatial dimenglggsantum confined structures

are classified into three types:

1. quantum wellsd. = 1),
2. quantum wiresd. = 2),

3. quantum dotsd; = 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 Schrédinger-equation (S-
Eq) in 1-electron approximation for electrons in the potential of the Siion 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 (Secti@rt),
2. infinite and a special finite cubic potential well (Sectig).

In all calculations an isotropic effective mass 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
eigenvalues.
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Spherical potential well

2.1 Spherical potential well

15

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

Remark

Infinite 3d spherical potential
well

Finite 3d spherical potential well

(o] (0] V
| o .
Sketch of potential AE
o El T - - - El
| | r 1 1 r
R quant R quant ~R quant R quant
. hZ
Stationary S-Eq (_ﬁAJFV(r))qJ = Ey

with Laplace-operatoh = Argp = 25 +
dinates, wheré& is angular momentum operator (see Apperilix

20

2 - -
c 3 %@ in spherical coor-

Transformation of en-

ChooseE; as zero energy.

ChooseE; as zero energy and no

=
1

ergy malizeAE to 1.
Transformed potential W(r):=V(r)—E; W(r):= (V(r)—E1)/AE
T_ransformed energy F—E_E F i (E—E)/AE
eigenvalues

Energy transformed S- K2 AW .

Eq (o AtWI))Y = Fy

Normalization in radial : . : .

direction normalized radial variablp: = r/Rquant
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Radially = normalized
potential

Radially  normalized
wave function

Radially = normalized

Laplace-operator

Normalized S-Eq

Solutions of normal-
ized S-Egq (boung
states)
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X(p) =W (pRguant)
¢(p,8,9) = Y(PRguant; 8, 9)

Dppg = RéuamArecp

(—CrDpsp+ X(P))$ = Fo with Cg:=

¢n|m(pa e? (p)
= Chi - Yim(6,9) ji (XnIP)

with spherical Bessel-functionjg, spherical Hankel-functio

hZ
N 2m*R(21uant
forp < 1:

Onim(P,6,0)
= Chi - Yim(0, ®Aj (Xn1P)
forp > 1:

¢‘n|m<p797(p)
= Chi-Yimn(8,®)BR " (iknip)
rl#l) of 1.

kind, spherical harmonic¥, (see AppendiB), Xn denotesr-th zero

Eigenenergies

point of j;.
Continuity of dpim, ¢y, atp =1
demands:
in%ln(jl(qmp))‘p:1
Fi = Cax = kni g In(h” (iknip)) [p-1

= 3.781-10 *%Vny

N\ —1
m _
<E) unzantXﬁI

With g = \/ER, Knl = \/%

Energy eigenvalues F, follow
from solutions of the above equ;
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 Schrodinger-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 cas#8]] For simplicity this will be demonstrated for the
2d case here. The normalized poteniiflx, y) is composed of two 1d contributions

W(x,y) = Wi (x) +Wa(y),
as is shown in Figd. Lety; (i = 1,2) be solutions of the 1d S-Eqs

W(x,y)
y
2 1 2
_Lquant/ 27
1 0 1
Lquant/ 2t
2 1 2
Lquzmt/‘2 _L‘quant/2
W, (%) W,(y)
1 0 1 1 1 1
= 1 0 1 + 0 0 0

Figure 4: PotentiaW(x,y) of the specially designed finite cubic 2d well is composed of two 1d potentials
Wi (X), Wa(y).

hZ
(—ﬁA, +WH Wi = Fy.

Theny(x,y) := Y1(X)Y2(y) is a solution of the 2d S-Eq, because

2
I AW y>) Bxy)

hZ
(2 arw >+w2<y>) e (X)Pa(y)

(Lo
(Lo

= [F+ Fz] W (X)Wa(y).

——AxllJl +Wi(x } Wa(y)

+Wo(x ] W1(y)
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Remark Infinite 3d cubic potential well Special finite cubic potential well
V(X,y,2)
© © El X, y, Z E I
. Ei+AE 2ofxyzel
Sketch of potential E,+20E  1ofxy,zel
E1+30E  xyz¢l
o with | := [ Fasant Lauan
hZ
(_ﬁA—'_V(X,yJ Z))l.'J = El.|J
Stationary S-Eq
with Laplace-operatoh = Ay, = g + g—yg + 6%22 in rectangular coordi-

nates.

Transformation of en-

Choosek; as zero point of energy,

ChooseE; as zero energy and

ergy normalizeAE to 1.
Transformed potential | W(x,y,z) :=V(X,Y,2) — W(x,y,2) := (V(x,y,2) — E1) /AE
N.ormallzed energy . E, F = (E—E1)/AE
eigenvalues
Energy transformed S- K2 ALw -
Eq (—ﬁ +Wxy,2)p = Fy
Normalized variables (xy.2) (xy.2)
of space (81,€2,83) '= [ (61,82,83) '= o2
Spatiall normalized
pgtentiaﬁ X(EL &2, ES) = W(El'—quanta EZLquanta ESLquant)
Spatiall normalized
Wzve fu)r/mtions ¢(El7§2;£3) = qJ(Equuant,EZLquant, E3|—quant)
Spatially  normalized . o

Dt = LéuamAxyz Deyges =2 2LC21uantAxyz

Laplace-operator
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Normalized S-Eq
(—ClLquane &6, + X(81,€2,83)9 = Fo¢
W|th CLquam = W;fg?m W|th CLquant = w_fcziTm
¢n1n2n3(E 52723) ¢n1n2n3(21722,53)
— A0 (E)00 ()9 (55) | = 92(80)92(82)93(83)
with = sin(nTé with ¢i(&)
Solutions of normal- ¢(n.) g 0 or i
ized S-Eq for ‘E(¢)( 1,1), = Ai_COS(qzi)
ne{12, 3 1 B expk¢) & <-—-1
! B exp(—k&) & > +1
(Follows withansatzof q=FY 2C3quL1/§nt
separation.) K=(1— F)l/ZCquu/:m

EigenEnergies

Frinons = CLquantT[Z(n% + n% + T%)
— 3.732x 10~ 1%V (%)

I—quant( n% + n% + n%)

Continuity of¢;, ¢; demands
for odd solutions:

tar(q - T[/ 2) = ((-\'I__qluantcr2 -
for even solutions:

tar(q) = (CI__qluantq_2 -

EnergyeigenvaluesF follow from
solutions of the above equations.

1)1/2

1)1/2
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2.3 Eigen-energies of electrons and holes in 3d Si quantum wells

In order to determine theigenenergies 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 mags= ny;, := (mi,msms)%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 massn%t =0.916 (Iongitudinal),% — ™ _ 0199 (transver-
sal) at RT according toljg]. (Note that the approach o1§] to inrgfudent?'ue degeneracy factor
v = 6 of conduction band minima in the first Brillouin-zone in the density of states effective
mass asn, " := v2/3(m, mms, ) /2 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 massgg, mj;,, mg,, corresponding to three different
kinds of valence band$§):

1. heavy holesrfy;,, = 0.49m),

2. light holes (n}, = 0.16me),
3. split-off holes (g, = 0.25me).

(electrons) m, = £1/2

=0 \/1/2

I=1
(holes) =32
r SO\ m, = 312
j=u2 N, (heaw)
m=12 7/
(split-off) ;

Loj=32
m = +1/2
(iight)

Figure 5: Sketch of c-Si band structure (Energyvs. wave vectok). Quantum numbers of orbital
angular momenturh, total angular momentury, magnetic quantum number;. 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
| =1, whereas the conduction band owns 0 (Fig. 5). In the valence band there are two
possible values for the total angular momentum quantum numbehnich originates from an
addition of orbital momentum and spin:= % (heavy holes and light holes),= % (split-off

holes). Forj = 2 there are four possibilities for the magnetic quantum numier i%’ (heavy

holes) andn; = i% (light holes), whereas fof = 1 there are only two degenerate possibilities

mj = i%. The selection rules for dipole allowed photon induced, phonon assisted transitions
between the valence band and the conduction band are:
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Al = +1
Aj = 0, +1
Am; = 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 holas;, ~ 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 energyeigenvaluesFy, Fnyn,n, for electrons and holes in infinite
spherical and cubic Si potential wells are summarized. We consider Si-nc with diaimeter

n | xu g FO@EV) FPEV)[n n ns g R (€V) Fimns (€V)
1 1 314 1 0.18 01211 1 1 1 0.21 0.11
1 2 449 3 0.37 02412 1 1 3 0.42 0.22
1 3 576 5 0.61 0392 2 1 3 0.63 0.34
2 1 628 1 0.72 048 |1 3 1 1 3 0.76 0.41
1 4 699 7 0.90 059 | 2 2 2 1 0.84 0.45
2 2 7.73 3 1.10 07213 2 1 6 0.97 0.52

Table 4: Lowest 6 energgigenvalues of electronsgf and holeslg) in infinite spherical ) and cubic
(Fnynong) Siquantum wells (according to Secti@rd, 2.2). Xn: n-th zeros of spherical Bessel-functign
g: degeneracy. ParameteRyant = 2.5 nm, Lguant = 4.03 nm,mg = 0.330- me, M, = 0.5- me.

5 nm. Thus as radius of the spherical wejl.ant= 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:

4
I-guant = émﬁuant—

By cyclic permutation ofny, ny, n3 identical energy values are obtained for the cubic well,
which are listed only once in Tal.

2.4 Separation energies of Si-nc

In Si-nc the energy splittingy between the highest occupied state and the lowest unoccupied

state (at temperaturé = 0) differs from the energy gaRgc_si of crystalline silicon. The

separation energly 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 stat@s (Fig.
In effective mass approximatidgy; is calculated as

ES = Ego + AEc + ABy + AEcoulomb
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bulk c-Si Si-nc

Ec/ __________________

RN

D(E)

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.

whereEy is the bulk energy gap of the semiconducthEc, AE, are confinement induced
energy shifts of the conduction and valence bands corresponding to the éogerstnergies of

the electrons / holes in the quantum wells &&@ ,10mbiS 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 tregestnergies of

the infinite spherical potential well (Secti@nl):

Eq ~ Eg+AEc+ABy
~ Eg+3.781-10 XVt PR, G
~ 1.12eV+7.51-10 Bevid—2, (1)

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

= (mg ) = (033110501 " me = 0.20m,

denotes the reduced electron-hole massthat?Ryuant the Si-nc diameter (Figr). By appli-
cation of linear combination of atomic orbitals (LCAO) techniq@é][another formula for the
dependence of the separation energy on the Si-nc diameter was d@6jed [

E&:Delerue% Eqp+3.73 eV (d/nm)—1-39. ®

According to Fig. 7 both formulae agree for diametdr= 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 measurement®)wjll oe used.

2.5 Excitons

Forquastfree 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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AEcouiomb= —Egn 2 (n=1,2,3...)
with a “Rydberg-energy”
+ 4 *
Ei= -0 —136eV-e 2" —0019eV
8ege?h? Me
corresponding to the ground state and a “Bohr radius”

2 o\ -1
ag = ATEER” _ 5 053 nm ¢ (ﬂ> =3.2nm
mye? Me

Separation energy E; (eV)

ol ]
2 3 4 5 6 7 8 9
Diameter d nm)

Si-nc (

Figure 7: Separation energl; in dependence on Si-nc diameter. Dotted line: approximatip@g-
cording to infinite spherical potential well. Solid line: equati@phderived by LCAO techniquel[d)].

The ratio of the quantum confinement radRigant to the Bohr radius determines, how
large the Coulomb-interactiofEcqyompiS iIN comparison to the confinement induced energy
shift AEc + AEy, . Expressing the shift as

2T . [ Tag \?

ARc+AR Zm}KR%uant " (unant)
suggests that for small quantum dots the energy shift is large in comparison to the ground
state exciton binding energW\Ecouomd = E5. However this argumentation neglects, that
for Ryuant < ag the electron-hole pair is forced to stay together closer than in a distghce
This should alter the Coulomb-interaction from the value for quasi-free excitons such that
|AEcoulomd > ER&. According to L1] and [5], confinement can be classified into three regimes,
depending on the relation between the quantization rdgljug: and the Bohr-radii of electrons
(ap.e), holes @g ;) and electron-hole pairgi):

1. Ryuant < a3 (strong confinement),
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2. agh < Ryuant < age ( intermediate confinement),
3. Rquant> ag (weak confinement),
where the single particle Bohr-radii of the electrons / holes are defined as
ATEER?

m; /he2 ’

ae/h =
For c-Si

age =193 nm,agh = 1.27 nm,ag = 3.2 nm

such that Si-nc with diametelr= 5 nm (radiuRgyant= 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

AEc+AEy =0.30 eV> Ef =0.019 eV.

As the corresponding raditByuant = 2.5 nm is not so small compared & = 3.2 nm to ex-
pect an enormous deviation AFcqyompfrom the bulk valueEs, we neglect the Coulomb-
interaction in the calculations with Si-nc. More precisely we B&ewhere 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
guantum 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 (BigThe

60) 60)

(0]

0 ¢>\//1

Figure 8: Infinite, 1-dimensional square well with first two solutiops ¢>.

solutions of the Schrodinger-equation are sine-functions
On(X) = sin(knx)
with ky =n{f,n=1,2,3... and theeigenenergies

T

— n2.
™ 2meL2

()
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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 (Fi§). The Bloch-functions can be written as

dnk(X) = ek fak(X),

where f (x) has the periodicity of the lattice is the band index anll 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

W(—5) = W(5) =0 @

for the solutiongp of the problem. As the problem has symmetry of inversion, the energies
of the solutionshnk, ¢n —k are the same, and they even exhibit the same functigns f, _.
Hence we can build new solutions to the saengenenergy by adding these pairs of Bloch-
functions,

UJIk '= Pnk+ Pn —k = 2C05KX) frk(X)
or subtracting them,

Wk :=Onk—On—k=2i sin(kx) fak(X).
The boundary conditiongl) are fulfilled for the functionspﬁk, if

k= (2l —1){[, 1=123...,
and for the functiong, ,, if
k= 2m-g, m=123....
Summa summaruthere exist only solutions for wave vectors

kn:n-g,n:1,2,3.... 5)
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In other words, in thé& (k)-diagram, which is a parabola in effective mass approximation, only
specialk-values represent states (Fi0). The functionsunﬁ(/ ~ and lIJ:/_ « belong to the same

states, becau HJ( = quIk/*. For this reason thE (k) relation has only been drawn for pos-
itive k. For 6 atoms in a chain (Fi@) we obtain exactly 6 solutions in one band of the confined
crystal (Fig.10), neglecting spin degeneracy. The corresponding energies are calculated as

E

A

— I:k

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

212 2
E(kn) — % — ﬁn%

2me 2mrL2
which is exactly the same result as the 08gf@r 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 asjére
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 (Fid.1). If we assume Si-nc with diameter~ 5 nm, we yield
according to Eq.5) 10 allowed wave vectorig, ~ n- §, n=1,2,3...10 up to the end of the
first Brillouin-zone atk = g ~ kio, because the lattice constant of c-Siaisz 0.54 nmRJ9],
which meangsl ~ 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.11 provides an imaginative understanding of the increase of the “band gap” of Si-nc
(rigorously separation enerdgj) with regard to c-Si. One has to be careful when using Fig.
for quantitative calculations, because the allowed wave vectors have been calculated assuming
a 1-dimensional model of confinement, whereas the Si-nc diardedad 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 (ener@yvs. wave vectok) 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 hanocrystals.
Arrow shows the lowest interband transition for the Si-nc.
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3 Atomic Force Microscopy

Atomic Force MicroscopYAFM) is a broadly used method to record the topology of a surface

in the ym-range down to the atomic scale. In our case it was used to estimate layer thicknesses
as described in Sectioh.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 Fig2) 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 Il 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
dé’?_Fn'\g) = (5.7£0.9) nm has been estimated, wher® @m is the standard deviation of the
single values. The larger structures in Fig.are agglomerates of Si-nc, which show extensions

not related to the diameters of a single Si-nc.

25

-2000

0 1000 2000

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
(PL)

viarelation @) to dg; .. = 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 scaig)Htg.

14 (a) shows a zoom on the largest agglomerate in E2gLateral structures down ts 30 nm

are resolved. This is not the range of a Si-nc diameteb fim), 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 positior\max = 804 nm.
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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 gqireome
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On the Si-nc layers agglomerates with lateral extensions of a few Si-nc diameter to extensions
of about 10um are found. In the centre of Figl4 (b) an agglomerate of aboutn 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 similad4f]. Furthermore it should be noted, that the contours of single Si-nc are
also not resolved in Figl4 (b). The smallest structures seen in the figure amoust 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 coefficienta, of the layers. As a second result we obtain also the layer thickhessich
can be compared with results from AFM. Furthermore we estimate optical ban&Egaps

Outline

As will be derived later in Eq. 44), 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

[t123]% |tz 2 @3t
1 — |r301|%|ras®e203ds

(6)

Ttheo:

where the undefined symbols i6) (denote transmission, reflection and absorption coefficients

of the system andl; the substrate thickness. (The coefficients will be defined in Subsec-
tion 4.2.5) Relevant at this point is that for every photon eneflgy, only depends on 2
unknown quantities: the real par§ = re(ny) and the imaginary partj = im(ny) of the com-

plex refractive index; of the layer. These parts influence the coefficiénts ri123in (6). (Here

it is assumed that the layer thickneabgs known. It can either by estimated from an analysis of
transmittance in the transparent region (see Subsetttof) 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 energyg,

TtheD(n/Z(E>7 nIZ/(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 functighogel(P1, P2, Ps... Py, E) with parameters,

P, Ps... Py for the complex refractive index, derived e. g. from an oscillator model. Then
we can try to fit the modelled daflneo to the experimental datyp by variation of the pa-
rametersP; ... Py and minimization ofx? := Y (Tr2zxcoh inc(Ei) — Texp(Ei))?. This attempt is

extremely difficult and "does not fit pretty Wéll” 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 of6). 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 CURM@Smin, Texp max an average
transmittancdexp geo = (Texp minTexp. max) > is calculated. As there follow rigorous analytical
expressions for the theoretical envelope cuigs min aNdTiheo max from (6), a rigorous ex-
pression for the theoretical geometrical mda, geo Can also be deduced (see EG8)( the

same as the expression derived 43]). By evaluation of the position of the extrema Tp
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in the transparent region, one obtains the real padf the refractive index at these energies.
While extrapolatingy, in the region, where absorption occurs, the only open quarifitan be
determined by use of EqR®) and equating

Tiheo gedM2(E), M2 (E)) = Texp ged E)- (7)
Fromn, the absorption coefficient is calculated according 6= —n2

(1—R12)(1—Re3)(1—Rag)
1— R3(R12+ Rs4) — R12Rs4(1— 2Rz3)
Remark: Tiheg geo @pproximately equals the incoherent transmittafgg, inc, Eq. @19),
through the layer substrate system. So the absorption coefficient can alternatively be obtained
by equating

T1234inc 0=

Tiheo inc(M2(E), M3 (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
ko = 2" to k = £0'n, wheren is the refractive index of the medium ang is the vacuum wave
Iength Absorpt?on in the medium can be included, if we let the refractive indake complex
values:

n=n+in".
The electric field at locatior in direction of propagation in the medium becomes

2Myyy 2Ty

E(x) = Egd* = Ege %" X ho (9)
with the electric field amplitud&g. As the energy flux densitgis proportional th(x)]z, we
yield

_
S(x) |Eg[e %"
This is Lambert-Beer’s law of absorption with absorption coefficient

4amn
a=—n". (10)
Ao
The plane wave9) is a special solution to the Maxwell equations in a medium, if the relation

n=¢

is fulfilled, wheree is the medium dielectric function.

If an electromagnetic wave meets an interface between two media, it is partly reflected and
partly transmitted (Figl5).

Fresnel coefficients; (tjj) 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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mediumi  medium j
n; n;

Eo — | — E

Er —
interface
Figure 15: Reflection and transmission of an electromagnetic wave at an interface.

indicesn;, nj of the media, the angle of incidence and the polarization of the wave. For normal
incidence one yields :

E, _ Ni—Nj . __ B _ 2n

ri i = Ey — n|+n;7 1= E_(t) Toni+nj e (11)
Reflection (Transmission) coefficients can also be defined for the energy flux dgnsitych
can be calculated as the norm of the Poynting vect®is proportional ton|E0|2, with the
refractive indexn of the medium and the electric field amplituBeof the wave. We yield the
“intensity” coefficients

ni—nj 2
ni+n,-

= —nlet‘z = ’ I]} 4n|nJ . 12)

n;|E
Rij = g r‘2_|r'1‘ U TN |n+n

ni|Eo

4.2.2 Transfer matrix method

We investigate a system consisting of N layers of dielectric media (f&g.
1 i i+1 N

E1 Ei = En

—> — > —>

Fi Fi i+1 Fn
- -

“—] = -

Figure 16: N-media system.
Let dj denote their thicknesses, 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

amplitudeE; moving to the right side and one with amplituBemoving to the left side. Now
2(N — 1) equations can be deduced:

Eir1=Gitiir1E +GiparirviFisa,

F=Gitativ1iF1+GirijaBiva,
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(i=1,2,3...N—1), wheretjj, rijj are Fresnel transmission and reflection coefficiehty #nd
G; := &' contains a change in phase and an attenuation of the electromagnetic wave when
protruding medium; In detalil

. a
\ﬁ=|¢i——di

with phase shift; := 0n.d. and absorption coefficiemnt = n” (see 0)). The above equa-
tions are equivalent to the following transfer formula:

Ei Eii1
—M 1
( Fi ) |+17| ( Fi+1 >7

(i=1,2,3...N—1), with transfer matrix

1
Mii1j = ( GI G |+1 G G'+1r|+1'tl i1 > .

1
Miit1 Gir1(tipri — r|+1,|r|,|+1t,7,+1)

In order to calculate the total transmission and reflection coefficients of the system, we have
to solve for the Rl unknown field amplitudeg;, F(i = 1,2,3---N), but our system of linear
equations consists of only(® — 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
N = 0.

Recursively one yields

E E
( F; ) :MZI‘MSZ‘M43---MN,N1( C')\I )

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

tioa N = E’: {[le Mazo-Mgz...MnN_1- (é)} ((1))} 13
- {M21-M32-M43...MN7N_1.<é)} (2)

ro3a. N = — = (14)

E1 1
M21-M32-Myz...MNN—1- 0 . O

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. Lét (J;) denote the energy flux densities of the electromagnetic
wave moving in medium 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:

(3 ); f;l,a(\laiii)’
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(i=1,2,3...N—1), with transfer matrix

. [ AR ~A AR (1= R
HET L R =R A (1= Ris1) - R (1-Risa) Y

whereA, = e %4 js the absorbance of layeandR;j are the reflection coefficient2) for the
energy flux density. The transmission (reflection) coeffici@ats. N inc (R123..N inc) for the
energy flux density through the total system are calculated analogously tolBn<g14).

In the following, results of the transmission and reflection coefficients from matrix transfer
formalism (3), (14) are summarized. In every case the absorption and the phase shift in the first
and the last medium are assumed to be zgre-(yy = 0). This corresponds to the case, where
Eswould have been defined as close as possible to interface 1Rjandse 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 secti@n In coherent cases the
transmittance (reflectance) can be calculated from the amplitude coefficients analogously to
(12):

NN
T123.N_coh= r~ 123 N|* = [ti2a. n|%, Ri2a.N_coh= |F123.n|°.

Coherent transmission through a 3-media system
Es  Gotiolos

tiogi= — = 21228 15
TR - G3raaras (13)
2
. kR G5rostioton
o3 =— =1 —c = 16
128°= g =2t 7 Glroars (16)
Incoherent transmission through a 3-media system
I3 A2(1—Ri2)(1—Ro3
Ti23inc =~ = ( = ) ) (17)
l1 1—AR12R03
Coherent transmission through a 4-media system
G2Gatiotzatss
t1o34:= — = : (18)
E1  1—G3rairaz— Giraoraa— G5G3raraa(tostss — raarsn)
Incoherent transmission through a 4-media system
la A2A3(1—R12)(1-R23)(1—Ras
T1234 inc = ( ) ) ) (19)

I 1— AZRp3Ras— ASRi2Ro3 — AZAZR12Ra4(1— 2Rz3)’

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

(1—Ri2)(1—Ro3)(1—Rsg)
1— Ro3(Ri2+ Raa) — Ri2R34(1— 2Rp3)

T1234inc 0=
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4.2.3 Substitution of a subsystem in a multilayer system

The field amplitude£:, F> of the incoming waves and the amplitudes F; of the outgoing
waves on an interface between two media (Aig(a)) are related to each other via the Fresnel
coefficients1p, to1, r12, ro21:

Ex = tioE1+rafy,
Fi. = rioE1+tak.

This can be summarized in the matrix equation

Eo\ [t ra1) (B
()=( ) (B) @

1 2 1 2 3 1 2 3 1 2 3
E1 E2 E110 E310 0 E301 E1 E3
—_— | —> —_— — —> —> — >
Fi| Fa F410 0 Fqo1 30 Fi Fs
- | «— < «— - - - -

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 amplitudés, F; andEs, F3 in a 3-media system (special case of Fig.
16) are connected via the transfer formula

( Ei)ZMersz-( E:) (21)

Let’s focus on 2 special solutions t81), one, where light only enters from the left side
(Fs = 0) and one, where light only enters from the right siég £ 0). We will call these
solutions “fundamental solutions” and name thEf, E2°, 0, F}%(= 0) andE?(= 0), EZY,
Flol, F391 respectively (Fig.17 (b)). According to 13), (14) these “fundamental solutions”
define the reflection and transmission coefficiénis tazq, r123, ra21, which can be summarized
in the two equations

Eélo) [ tizs g0 E§01) _( Ts21 ) g(0n
I:1(10) “\ rios 1 I:1(01) “\ tay 3

The 2 “fundamental solutions” t®() added together yield again a solution &1), because

(21) is linear:
Eélo) - Eém) _( ti2z ra21 Eilo)
I:1(10)_'_F1(01) T\ rio3 t3on F3(01) .
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In fact any solution of21) can be obtained by this kind of superposition: First, one can achieve
any desired couplE;, F3, because in one “fundamental solutid®’is zero in the otheE; = 0.
Second, if two of the quantitids,, F1, E3, F3in (21) are known, the other two can be calculated,
becausedl) resembles a homogeneous system of two linear equations with 4 unknowns. (We
assume that the matrM»1 - M32 has maximal rank.) Hence the matrix equation

Es t123 321 Ea
_ : 22
(Fl) (r123 t321>(|:3) (22)
is equivalent to21).
Eq. 22) has the same structure &0). If we substitute

E> — E3, F, — Fs,
t10 — t123, o1 — 1321, 12 — 123, 21 — 321,

(20) transforms to 22). This means that an interface can be replaced by an interface|layer|-
interface system just by substitution according28)( Here we have to set the absorption /
phase-factor§&s; = Gz = 1 in the calculation of the coefficientgs, t321, r123, rs21, because
the amplitudeE; (F3) is defined at the left (right) side of medium 1 (3) in Fig6, but the
corresponding amplitudds; () 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 coefligietits rio,
ro1 by the appropriate multi-transmission/reflection coefficients, while using one of the transfer
matrix formulae of subsectioh.2.2

(23)

4.2.4 Coherent transmission through a 4-media system, recalculation

From matrix transfer formalism we have the coherent transmission coeffit®rth(ough a 3
media system. If we numerate the media 1, 3, 4 the formula reads

t1ag = B4 Galialaq

Er  1-Girairas

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 substitiytintgs, r13, ra1 by ti23, tso1,

r123, r321. Thereby we yield

G Gotyotos t

tipas = Gat123t34 i 1-G3ra1ra3
1— G2raoqr 2 G3ro1tsatos
ra2arsa  1_G2(r 5
3 32 + 1—GZI’23I’21
GoGatyotostas

1— Graaro3— G3raaraa — G3G3ro1raa (tagtas — raarso)

This result is identical withX8), 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 bandA&idémother
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 expressibr) for the incoherent transmittance through
a 3-media system. If we numerate the media 1, 3, 4, the formula reads

2 2
A1A3(1—R13)(1— Rsa) N A1A32_i |t13] 2_3 |t34] _ A1A3 ‘t13|2 |'[34|2

1— AR13R34 C 1-A%lrarf?lraa® M 1—A2|raf?(rag?

As was shown in the previous subsection and is illustrated in E&).we can substitute the
interface between layers 1 and 3 by an interface|layer 2|interface system by subsiiuting
r13, ra1 by tizs, tazg, rizs, raza

(a) (b)

T134inc =

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).

T1284.coh inc = ArPsltiog” ltaa]®  [tiogl” Jtag)Pe %%
cohinc = —- —
coh i Ny 1—A§|r321|2\l’43|2 1- |r321|2|r34|ze—2a3d3’

(24)

assumingd; = 1, and usingdz = € 939 r34 = —ry3.
The last formula can be found id42], where a similar but less detailed derivation is given
as shown here. Analogously a reflection coefficient is found in this reference

5 [t123)?|ra1|?|taze|? e 20s%
"+ 2 2o 2aads
1—|r321||rza|” 20303

R1234 coh inc = [r123

4.3 Experiments

Specular transmittance and reflectanc® of Si-nc/quartz samples were measured for wave-
lengthsA = (200...3000 nm by a double beam spectrophotometer (Varian Cary 5E). Trans-
mittance (Reflectance) is defined as ratio of the transmitted (reflected) energy flux &Ssjty

to the incident energy flux densify:
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T-2 poX

S S

The absolute accuracy of the spectrometer is approximaigl. 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 sampledfFig.

(a) TRANSMISSION

reference
AN

7

)<

wheel detector

mono- diaphragm sample

chromatic
radiation

(b) REFLECTION

) ‘Vd’ )

diaphragm \_
= sample

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 transmittaficéreflectancdr) 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 (Fi@0). For large energies the transmittance decreases
asymptotically towards zero.

For one of the Si-nc/quartz samples specular reflectance has been measur2d) (Hige
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 reflectaiRcgecreases drastically for energies> 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,

107

Reflectance R

107F %
N
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.
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.

-3 1 1 1 1 ! !
001723 45 6 7
Energy E (eV)

Figure 21: Specular reflectance measurement on sample JO_60.
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4.5 Evaluation
4.5.1 Specular transmittance

| used a method, described in the thedif fo determine the real park, of the refractive index

and the absorption coefficienb. (At variance with the method described 1] | will use

Eg. (7) to determineas in step 5 below, whereas i]] 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 transmitfBagecon inc through the
layer-substrate system is needed as input for this evaluation. The procedure consists of the
following steps:

1. Determination of envelop€kxp min, Texp max t0 the measured dafxp and calculation
of geometrical meafliexp geo

2. Determination of layer thicknesb.

3. Calculation of real pant),(Ex) of refractive index at energids; of extrema of transmit-
tance in the transparent region.

4. Quadratic extrapolation;, ., ,,(E) of real part of refractive index in entire measured
energy region. -

5. Determination of imaginary part’(Ex) of refractive index and therefore the absorption
coefficientas as a function offexp geo@Ndny 41 4 (E)-

In the following is shown, how the above steps are carried out in detail for a measurement
on sample GO_10 (Fig22). (As an additional check the software “Diplot 4.2 was used,
which is designed for evaluation of optical thin film spectra. For sample GO _10 results obtained
by a fit to Texp With this program are included for comparison in the following graphs showing
n, anday.)

Step I The measured transmittantgp in dependence on the energywas plotted on a
paper. With a flexible ruler the lower and the upper enveloResmin, Texp max Were drawn
(Fig. 22). The envelope curves were scanned, digitized to numerical data and interpolated with
a computer. The geometrical mean was calculatélaseo:= (Texp minTexp max) ™ -

Step 2 First the ordersk of the extrema have to be determined. The condition for the
wavelengtha\k at extrema is

anzdz = kAg (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, & constant. In the transparent
regime, wherev, varies only little, the ordek can be calculated from the energies or from the
wavelengths of two adjacent extrema:

K Meros Ex ' (26)
2(Ak—Akro05)  2(Exros—Ex)

These calculated values bfare listed in the second column of tableAs 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 valuek afe not exact integers or intege¥s0.5. The

assumed values d&fare listed in column 3. Now,d, can be calculated from conditio2%). In

order to calculate the layer thickness the values ofY, have to be known. We obtam in the

transparent region from the measured absolute VElggeo



42 4 OPTICAL TRANSMISSION AND REFLECTION

1.0
0.9 F
08
0.7 F

$0.6

505 ¢

0.4 F

£03 ¢
0.2
0.1
0.0

substr

T

ransmitt

0 1 2 3 4 5 6
Energy E (eV)

Figure 22: Transmittance of sample GO_10. Thick line: measurerfiggt Geometrical meaffiexp geo
is found in middle of the envelopdsxp min, Texp max Also included is the substrate transmittafiggst.

Theoretically one has

16n§n3A2
T1234_coh_inc_min/max = T )
(o + 1) (np-+18) * 2(n8— 1) (13— 12) Ao+ (np— 1)° (np— 12) A2
. .o : . : 1/2
T1234_coh_|nc_geo- = (T1234_coh_|nc_m|n : T1234_coh_|nc_max)
B C1A2
{[Ca+CaAg+CaAZ] [Co — Cahg+CaA2] } /2
CiA

T (C2Z4 (2C,Ca— C2) A2 C2AM Y2 27)
{C5+ (2CoCa — C5) A5+ CFAG}

with Cy := 16m3ng, Cz := (M +1)° (N +13), C3:= 2(n3 — 1) (M3 — nj),

Ca:=(np— 1)3 (ng — n%) If we neglect the absorption in layer 2 by settilyg= 1, we obtain
c? B 8r,2n3

C2+Ca)*—C3  [M*+2(N+1)+nf[(n5+1)

T12234 _cohinc_ geo 0 — ( (28)

This quadratic equation in,? can be solved for:

1/2
P (P2 N\
—Ei(z—n> (29)

n, =
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2
with P:= — [ — ke — — (n§+1) (after [43]). We assumeanz = 1.53. By substi-
T1234_coh_inc_geo_0(n3+1)

tuting T1234 coh inc_geo 0 = Texp geo 0 With the experimental value, we determinig (values in
the 6th column of Talb for the + sign in 9), the - sign would result im}, < n3z). The layer
thicknessd, is now calculated fronm,d, (4th column) andY, (6th column). If absorption was
absent, all values obtained fdp should be identical, but the calculated values decrease for
increasingk; Since absorption is smallest fke= 0.5, the valued, = 218 nm is the most exact

and this value is taken for further calculations. (The layer thickdgssabout a factor 2 larger

than the valudnsi_nc = 104 nm determined by AFM (Tal); This difference results from the

fact, thaths;_,c was determined near the border of the Si-nc spot, whereas optical transmission

was measured in the centre of the spot.)

Ex (eV) k assumptiork  ,d2 | Texp geo(Ex) n, do
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 thicknedis more accurate values of can be found
by using Eqg. 25). These values are more exact than the ones calculated in step Zfiogao,
because the positiong of the extrema are less influenced by absorption apgeo (See
Tab.6.)

Ex (eV) n,
d> = 218 nm and Eg45)
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 pattof the refractive index by using the condition for
position of the extrema (sample GO_10).

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

N, = ag+ a1 E + axE2. (30)

By using only three of the valueas, in Tab.6 (k = 0.5,1,1.5) we obtain the coefficients by
solving a system of linear equations:
ap=1.5741,a0 = 0.1622,ap = 0.0019. The result of the extrapolation is shown in 8.
Step 5 The absorption coefficient is calculated by equafiigss coh inc geo = Texp geo
Equation 27) shows that this leads to a quadratic equatiomgn After solving for Ay the
absorption coefficient and the imaginary part of the refractive index are determined:
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Figure 23: Real part, of refractive index of sample GO_10. Crosses: values from Babolid line:
extrapolation from step 4, dots: results from software “Diplot”.

|n(A2)
Op=—
2 d2 )
Ao
n__ N0
=2

with Ag = 1240%\’. The absorption coefficient of sample GO_10 is shown in &4g.

In the following | 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 transmittandgyp and the envelopekxp min, Texp max (Fig. 25).

Ex (eV) k assumptiork  Md> | Texp geo(Ex) n, d,
Eq. 26) Eq. 25 Eqg. 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 15 684 0.792 2.27 301
~ 1.77 (max.) - 2 ~ 701 0.731 ~ 260 270

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

A quadratic extrapolation of the 3 first valuesrgffound in Tab.8 according ta30 supplies
an unreasonable result, becan$és largest for the middle energy. | have chosen the first three
values off, in the 6th column of Tab? for the extrapolation and yield:

ap = 2.0845,a = —0.2489,a, = 0.2833.
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Figure 24: Absorption coefficient of sample GO_10. Solid line: evaluation accordingip flots:
results from software “Diplot”.
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Figure 25: Transmittance of sample JO_60. Bold line: measuremggt Geometrical meaffiexy geo IS
found in middle of the envelop&&yp min, Texp max Also included is substrate transmittarniGgyst.
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Ex (eV) n,
d> = 331 nm and Eq4b)
~ 0.46 (min.) ~2.04
0.90 (max.) 2.08
1.36 (min.) 2.07
~ 1.77 (max.) ~ 212

Table 8: More accurate values for the real pattof the refractive index by using the condition for
position of the extrema (sample JO_60).
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Figure 26: Real partr, of refractive index of samples JO_60. Crosses: values from Tadplid line:
extrapolation from step 4.
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Figure 27: Absorption coefficient of sample JO_60. Solid line: evaluation accordingtio [

4.5.2 Estimation of band gaps
According to j9] the real partY of the refractive index follows the relation

EoEq
n?=1+—— 31
E2—E2 D)
for many materials. The above given result resembles an effective 1-oscillator modeEgwith
being the resonance energy aigla “dispersion-energy” parameter. With substitutdon=
(n'? — 1)~ follows the linear relation

Y =Ey'E t (E5 - E?)

betweenY andE?. A plot of Y vs. E? yields a straight line witlE3 as intercept on thE2?-axis.

Now in [45] was found, that for amorphous AsS films the optical band Egg,: and the
resonance enerdyy follow the relationEg ~ 1.9- Egopt. | Will follow the procedure of the
authors of reference3[l], who calculated approximate optical band g&gs: by

E
Egopt ~ 70
for amorphous GeSe films and found good agreement with the Tauc gaps, determined from the
absorption coefficients.

The n-values obtained by the procedure of the proceeding subsection in step 3 are not
suitable to determine the resonance ené&igyThey 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,-values for a fit according tB() we calculate, from the geometrical me&R 234 coh inc_geo
of the envelopes by Eq29) assuming again that absorption is negligible. Hence the calculated
n,-values are accurate only for small energies and we expect them to fulfil rel8tpaléo
only for small energies. Astonishingly the data for sample GO_10 describe a straight line over
a large rangeH < 2.4 eV) in theY vs. E2-plot (Fig. 28 (a)). A fit according to 81) has been
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Figure 28: (a) sample GO_10, (b) sample JO_80;= (n? —1)~! in dependence oBE?. Crosses (X):
n, determined byZ9). Crosses (+)n, determined from position of extrema (Tal®.8). Solid lines:
Fits to crosses (x) for small energies according3®) (
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performed in the rangeé = (0.46...2.1) eV and is included in the figure. For sample JO_60
a behaviour of the correspondingdata according to3(Q) is observed only for small energies.
A fit has been performed in the range= (0.46...1.0) eV (Fig. 28 (b)). The results of the fit
parameteEg are shown in Tal®. The relative deviation betwedfy ot and the PL band gap
Ep_ is less than 0.025.

Sample Eg(eV) Egopt (eV) | ApL (nm) Ep(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 energids and approximated optical band gaBgopt. For comparison the
PL band gapEp. = 1240 eV nmAp_ calculated from the wavelengtkp of maximal PL. Relative
deviatiorngﬁopt — EPL‘ /Ep|_.

Each of the fits in Figs28 (a) and (b) quite reasonably hits the first two of tijedata (+),
justifying the use of thev,-data (x), evaluated by2@). In each figure the third of the’-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 energie& < 0.4-Ep. This can be estimated by studying the plots
for substances NaF and CdS #9]. 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 sandde Diffuse scattering

Is negligible for wavelengths large compared to the dimendioisthe structures on the layer.
When the wavelengths approach the dimensions of the structures on the sample susf&e (
scattering strongly increases with decreasing wavelength (Rayleigh scaggring

S~ A4

ForA < Rscattering is almost wavelength independent (Mie scatt&j)gThis is also the case

for A < 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 4o0R, nevertheless

this is the regime where diffuse scattering is strongest. The increase of scattering should affect
the diffuse reflectancRyis ¢ to increase and therefore the specular reflect&gggto decrease,
because light is scattered in all directions. This can also be deduced from the net formula

Rspect Raif f + Tspect Taitf + A= 1.

For high absorptiono2d, > 1) almost all photons are absorbed in medium 2 (Si-nc layer).
This means that the specular reflectaRggs4 con inc cOnverges to the reflection coefficieRi,
of the airjmedium 2 interfacef):

1—nyf? 4,
R inc & [r123% ~ [r12]? = Rz = |— =1- 2 ) 32
1234 coh inc ~ [r123]° ~ [r12] 12 17 ol A5)2 5 (32)

wheren,, ;) 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 roughRgss 100 nm of Si-nc layers
(sample GO_54B showeg, = 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_60ZEig.There is no convergence
to a finite value to be seen. Reflectance seems rather to drop to zdfo-fow. According
to [42] this is a hint for the presence of diffuse reflection. Semiquantitatively | will discuss the
measured specular reflecti®6 eV) ~ 3-10~3 at the high energy end.

From the evaluation of specular transmission on this sample (E§£7) we estimate the
values of the optical constants aRgb, listed in the first row of Tabl0. The valuen, has been

sample reference n, n, azlcmi] Ry
JO _60 Figs26,27 11 >0.16 > 10° > 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 coefficiétip at wavelength 200 nm (enerd@y~ 6 eV) for
three samples.

obtained by extrapolation from values f for energie€E < 1.5 eV to an energf = 6.2 eV.
As this far extrapolation is doubtful, we supply other examples of calculatioRs0200 nm)
for similar materials. InJ] the values given in the second row of Tab0 are found, which
correspond to a wavelength of 200 nm and a 3040 nm thick Si-nc layer consisting of Si-nc
with diametergd ~ 3 nm. Crystalline silicon has a quite high reflectance at 200 nnm29the
values shown in the third row of TatO are recorded for c-Si at 6 eV.

Each of the 3 above mentioned valuedRe$(E ~ 6 eV) is more than a factor of 50 higher
than the experimentally found reflectarR@00 nm) = 2-10~3. This is a strong hint, that dif-
fuse reflectance indeed plays a significant role for sample JO_60 for energidV...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 f& > 4 eV implies that the evaluation of the
absorption coefficients (Fig4, 27) is erroneous in this range. Nevertheless the evaluations
should not or only little be influenced by diffuse reflection Ebox: 4 eV. As we have only used
the transmittance values for energies: 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 constatsy, obtained in subsectiof.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 part;; . and the imaginary part; .. of a dense layer of Si-nc would be a
transformation via Bruggeman'’s effective medium approximati@j).([This would consist of
the following steps:

; I Liel (! L in!\2
1. calculatione; +ig5 = (N, +in3)*,
H / 1!l / A
2. transformatiore; +ie; — £g; ., +1€5;_ner
i / i _ (! iell 1/2
3. recalculatiomy, . +in% o= (g5 ik )Y

According to (L0) the absorption coefficiemts;_nc can be calculated fromg; .. In the trans-
formational step 2 one has to consider that the “measured pseudoelectric functiogphere
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

€2 = (1—P)E&sinc,

whereP denotes the layer porosity (see E§3)). The above given procedure involves a cou-
pling betweem, andry in the calculation ofg; . and therefores;_nc. Asny, is extrapolated
in a large interval of energy and therefore rather un-precise in this range, this procedure is here
not suitable to determin@s;_nc.

We choose a pragmatic way to calculatg .. directly froma,, based on the following
considerations, and abandon to calculd{e .. If light pervades a porous medium like a layer

of Si-nc, it passes both, dense material and voids @ga)). At the end of the layer the energy

(a)

porous layer

R
da XS
5 x’éﬁ{‘é

A

(b)
hypothetical
dense layer
I dsine
A

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

flux density has been attenuated by a factor
g 020z,

If one would “compress” the layer to a dense layer with thickriggs,c and absorption coeffi-
cientas; ne, one would yield an attenuation

e—usi—ncdsifnc'
By equating these two exponential factors one yields

d>
—a>.
dSifnc 2
From the point that the volume filled by Si-nc is the same in the porous and the dense layer,
follows the thicknessls; n¢ of the dense layer:

asi—nc =
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Adzp = AdSi—nc7
whereA is the area an® the layer porosity. We yields;_c = d>P and hence
a2
ASj—nc = B
We take the mean value
P~ 0.78

of the experimentally determined porosity and the one found by simulations B)q. Di-
rectly observable in the plot of the calculated absorption coefficiegts,c(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 Tab9. Furthermore the calculated absorption coefficierds nc of hypothetical

Absorption coefficient a (cm™)

Energy E (eV)

Figure 30: Absorption coefficientss;_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 c4Sf, upper curve: n-
type c-Si, donor concentratiddp = 2.3 x 10" cm 3 [3]) .

dense layers are strikingly similar to the absorption coefficient of c-Si for endfgies.7 eV,
whereasisi_nc < Oc_sjfor E < 1.5 eV. This is understood in the framework of band structure
supposed for Si-nc in Fid.1. 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~ Egc-si- .- Egsi-nc in the range between the indirect band @& _s; of ¢-Si and the
separation energlig si_nc of Si-nc. This significantly reduces the absorption coefficient of Si-

nc in comparison to the one of c-Siin this range. If the photon energy is sufficiently higher than
the Si-nc separation energ¥pnoton>> Eg si-nc ,» a variety of possible transitions also exist for
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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. | 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 ofl]]. 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 betvedgo0. .. 1.
Quadratic base areaswith side lengthsa = (5...100)d have been chosen, whedecorre-
sponds to a Si-nc diameter (examples shown in 8ig.

5.3 Porosity

Former experiments showed a high porosty, = 0.706 of Si-nc layersf]. PorosityP is
defined by the deficit in filling volume

b_1_ 4TR®-N |
3 Ah
whereR is the Si-nc radiusA the base area of the regarded volurNethe number of Si-nc
in this volume anch height of the volume. As the upper surfaces of the layers show large
roughness, the definition of the layer thicknégs not trivial. One can choose the position of
the top of the highest located Si-nc, which will be denotedhiy (Fig. 32 (a)).

An average valudn,, 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 eveht, is the average of the “south pole positions” of the Si-
nc at these probing events (Fi§2 (b)). The corresponding filling volumes are calculated as
Vimax= Nmax- @2, Vay = hay- (a— d)z-

In the calculation o¥,y half a Si-nc diameter (8d) 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. CorrespondinMgi@Qand
Vay porositiesPmay Pay have been calculated according 83)as upper and lower estimates for
the bulk porosityP(e). For small numbers of Si-nc in the simulation and small filling volumes
V the boundary surfacg= 2a®+ 4ahhas large influence on the calculated porosity. To quantify
the influence of boundary effects we calculate the volume to surfacenrati¥ /S The larger

(33)
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Figure 31: Simulated Si-nc arrangements according to model with 1000 Si-nc (diameter = 1) on a
10 x 10 square base area and 10000 Si-nc on & 222 area respectively.
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hmax

Figure 32: lllustration of definitions of layer thickneds (a) Definition of maximal heighbmay (D)
Definition of average Volum¥,, by Monte Carlo probing of the surface.
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n, the better the calculated value of porosity represents the bulk valuginkseases the upper
and the lower boundByay, Pav Of the porosity values "numerically converge” (Fig3). For

100 [T LA L L B B LI S e B e ]
o P ]
. Q0 L max 85.6%
o °6 8 8 g g
~ I ° o (]
ol i e 0
> '_o. X i
= 80: P
(j) i av
@) :'
Y [
@) o
o 70r \\ ]
. P, [amans2003]
60 L L e ]
0 10 2 30

VOLUME TO SURFACE RATIO n (d)

Figure 33: PorositiePnax Pay from simulation in comparison with experimental vakRg,in variation
with volume to surface ratig. (Unit d is the Si-nc diameter).

N = 10° anda = 100d (n = 21.7d) a porosity
P(c0) = 0.856+0.008 (34)
is obtained. Due to the small layer thicknégg,= (9+ 1) nm in the experimentl] the experi-

mental volume to surface ratiexp=\V /S= hex@?/ (282 + 4ahexp) ~ hex @2/ (28%) = hexp/2 =
9 nm/2 = 1.5d (with d = 3 nm) is small (Fig33).
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5.4 Discussion

The simulated porosit?(c) departs from the experimental valBg, by a differenceP (o) —
Pexp= 0.856—0.706= 0.15, which we attribute to two reasons:

1. By the computer model the porosiB() 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 porosRypis underestimated since in the current experi-
ment the volume to surface ratipyp= 1.5d is too small to yield reliable results for film
thicknesses of only fewx 3) Si-nc diameters as chosen in the experiment.

As the layer thicknesbexp 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 expectsiexp~ hay. S0P,y should be a good approximation for experimentally determined
porosities, even for smat. Actually the scatter of the simulated valugg(n ~ 0.8d) extends
almost toPexp (Fig. 33).

We note that compared to the porosities of simple cub#80and a close package like face
centred cubic (26) the value®(w), Pexpare 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 dfS0Obetween the simulated
(P(0) = 0.856+0.008) and the experimentaPd;, = 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 ratiolf = 1.5d) of the experiment. The actual bulk porosRyof the layers can be
expected to lie somewhere between the two values:

P~ 1/2(P(e0) + 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

000000 @ Ssinc
metal | @OO@@® metal W s (@ =5nm)
000000® L SiOy (@ =1nm)

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 measure85jFigs the de-
position takes place in vacuum, at a presquse5- 10~° mbar, it is assumed that no significant
oxide shell is formed around the Si-nc.

It must be admitted that also at~ 5-10~° 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 SiO, 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 @olecules and also of O radicals, is a factor of
2 x 10’ smaller than in the atmosphere. So | assume that we can neglect the oxidation occurring
in the vacuum chamber in the time-frame of hours.



60 6 CHARGE TRANSPORT

i 2

|
SiH, — ——
sample
flow _ \. Time of Flight (TOF)
) Lo mass
reactor < \\ spectrometer
pump . —~]
7 7/
COx-laser / interdigital
A=10.7 um contacts

Figure 35: Set-up for charge transport measurements through Si-nc during layer growth.

6.2.1 Experimental

The current1g v at a voltagd)J = 10 V was monitored during deposition of three samples as
measured by a pico-ampere-meter (Pracitronic MV 40 DC-Milli-Pico-Meter). Deposition took
place at RT and a pressups~ 5-10~° 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 werd. = 60 um, total contact length was 500 mm.

mean diameters and the layer thicknesses are listed inlTab.

To compare the experimental results with computer simulations the description is based on
the areal densitp of Si-nc rather than the layer thickndssEspecially for small areal densities
the layer thicknesh is a rather undefined magnitude, due to the granular structure of the Si-nc
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Sample name dp (M) | Amax (M) | 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 diameterslp. determined from PL peak wavelengthgax and layer thicknesh.

layers. The transformation of the two quantities is illustrated in Big.We assume that Si-

nc with diameted occupy an are& and fill it up to a heighh. 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:

4 d g
3(2)

For the layer porosity we assume the arithmetic mean value

N- =A-h(1-P).

P~0.78 (36)

of the experimentally determined porosRyp = 0.706 [1] and the bulk valud®(e) = 0.856,

Eq. 34), obtained by computer simulations. As described in Secttofs5.5 this value ap-
proximates the real bulk porosity. And here we are interested in the bulk porosity, because the
layer thicknesses of the samples (Talb) are large enough, that the porosities are very close to
bulk at the end of a deposition. We calculate the Si-nc areal density

N 1-P _ 61-P) , h _ _h
D=7 = e h=="——d % () =0423)d > (37)

The layer thicknesh 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 &3 the Si-nc areal densiti) was
determined.

6.2.2 Results

The conductancé = L',— in dependence on the Si-nc areal denBityhowed three regions (Fig.
39):

I: G(D) =~ 0,

IIl: Gy (D) increases non-linearly,

lll: Gy (D) = const- AD (linear increase).

Within regime Il a range is found with super-linear increase

Gjja(D) = Gp- DBerr (38)

with exponenBexy(JO_69 = 1.62+0.03. This range is marked by a rectangle in F3§(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 exponenBejig~ 1.5.
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Figure 37: lllustration for the calculation of Si-nc areal denddyws. layer thicknesh.
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Figure 38: (a) Conductance monitored during deposition (sample JO_62, monitoring time 2h). Rectan-
gle within regime Il 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 |&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 irB8iguch that
G consists of three contributions:

K G = 0: No paths of Si-nc between contacts built,

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

M": Gy = const-AD: linear increase, because percolation near interface and surface is
negligible compared to contribution of bulk.

regimes legend. ;v yer no
I paths of Si-nc

border layers,
percolation

[ 1 homogeneous layer
— SUbstrate

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 Il and .

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 S&c Additionally we assume here:

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

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 achievedia a path of Si-nc. The base area in the simulations is composed of a square
with side lengtitgap = (9...300)d, enclosed by two rectangles with argégap/3) x 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 toleranced are painted in red and blue colour respectively (F4f). Si-nc touching
red/blue Si-nc withind;y; 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 contdgj. = %d, dgap = 30d. Lengths are
given in units of the Si-nc diameteds
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Figure 41: Results of first contact simulations. (a) Si-nc areal deri3ityin dependence on contact gap
dgap for 3 values of tolerance parametiky. For each value ofiyap and each tolerance parametiyi
three simulations have been performed. (b) Limit valueB gffor dyap = 300d in dependence ot .
The dotted line is a fit according to a power law.
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Results of first contact simulation The densityD; at the first contact strongly depends
on the parametetk, (Fig. 41(a), (b)). For small contact gap lengttg,, the scatter in the 3
simulations which have been performed for each value of the tolerance pardmeatesignifi-
cant. For increasing contact gap lengtlys, the areal densitieS;¢ “numerically converge” for
each value otk separately. Fotlgap = 300d we yield the values displayed in Tab2. These

Chol (d) ‘ ch(dgap: 3003') (d_z)

1/6 3.08+0.80
1/3 1.4140.02
2/3 0.61+0.04

Table 12: Densities at moment of first contadt. in dependence on tolerance paramelgt

limit values are plotted in Fig41(b) versus the tolerance parametigyj. With increasingd,
the areal densitD1.(300d) decreases hyperbolically. A least square fit yields the power law

ch(dgap = 30m>(d[o|) — 03931*2 . (dtol/d)il'ls.

Discussion The simulated areal densitiBgc(dgap= 300d) are smaller than the valliz~
5d~2 at which the onset of the conductance occurs in the experiment38jigThis difference
can be partly attributed to the measurement accuracy. The precision of the current measurement
is Al ~ 10~12A, such that the precision of the conductance should®e- & ~ 10-13S But
the deposition of Si-nc influences the current measurement such that the accuracy becomes
AG ~ 10~11S, which can be observed by an increase of Gaby0 11Sright at the start of the
deposition. Probably ions generated by decomposition of 8ittharged 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 paramelgt

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 | pursued an approximatesatz[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 numbkgrof established connections at a given moment
during deposition is a measure for the conductance of the layer. IdEmne 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 id&ig.
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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 tintgy = %d. Lengths are given in units of the Si-nc diametgrs



6.2 In situ charge transport during layer growth 69

can be applied. The “green” Si-nc occupy bottleneck positions and provide for conductances
G1, G2, Gs... Gn,.. The mean conductance between the left (right) metal contact and the “green”
Si-nc is denoted b, (Ggr). With the assumption

GL,GrR>G1=6G,=G3=...=(G9
one obtains a total conductance

GCxG1+Go+G3z+...=N;- Gp.

G

|U
|
| [
B metal contacts

[]  Si-nc layer

—m=m— Si-nc occupying
bottleneck positions

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

Results of simulations of connections 18 runs have been performed, each with a total
number ofN; = 50 connections (Figd4). As the scatter between the experiments is still quite
high at the scale the experiments have been perforagd € 30d, tio = 1d), 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 valuBsfor each value of calculated number of connectibis
The resulting average curve can be fitted by an expression

Ne = Neo - (D — Do),
with the fit parametersly, Do, Bsim given in Fig.44.

Discussion The fit parameteBsim = 1.35+ 0.03 agrees fairly well to the experimental
mean valud?xp: 1.54+0.07. In the fit to the simulated data, however, a shift parani2ger
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-&& = 8 x 1012 S from the measurement on sample
JO_62, also a shift paramet@g is needed to perform a power law fit (Fig5).

In the following theachievement®f simulations according to the bottleneck model (Fig.
44) are listed and thémits 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. Parametersiq = %d, dgap = 135d. Fit results of average curve according to
NC — NCO(D - DO) Bsim.
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Figure 45: Solid squares: original conductance measurement (sample JO_62). Open squares: noise
valueAG = 8 x 10~1? S subtracted. Solid line: fit according to shifted power @w Gg - (D — Dg)Bexe.
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Achievements
¢ Non-linear increase according to power law in regime Il of simulations.

¢ Shiftedpower law adequately describ&¢D) relation in regime Il as well for simulations
as for experiment.

Limits of model
e Tunnelling is not directly included in simulations.
e RelationN:(D) ~ G(D) is inappropriate for larg®.

e 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 Big&rs 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 Se6ti®rnhat the tunnelling
current through a structure composed of a series ob $i@riers 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 vdﬂﬁp: 1.544+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 experimenBeip = (0...200)d—2,
whereas in the simulation only valuBsim, = (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 SiQoxide layers. Thus charge carriers have to surmount barriers, consisting of these
oxide layers (Fig46). 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 willtbetween adjacent Si-nc cores.
Uy, is the part of the applied voltags dropping at each oxide barrier.

6.3.1 Theory

Tunnelling probability ~ According to R3] the probabilityT (E) of an electron to tunnel through

a rectangular barrier, as drawn in F&y, is

2

T(E) = | S| = 1 2 @)
— ®ce 14+ L T E(V 5 (KW — g=KW)
k= (2m ,'f)l/z wave vector outside barrier,
K := 7(2W(Vh ENY2 winside *,
¢ = Kk subsidiary variable,
m"* effective mass.
POTENTIAL, E tunneling
‘ e probability
© - | s T(E)
| E v
Ecz0 ! !
— W ——
> X1 EF """""""""""""""

Figure 47: 1-dimensional square barrier, heightwidthW. Conduction band edde: is chosen as zero

point of energy.

For small energie€ <V or more exacthkKW > 1, the tunnelling probability can be approx-

imated as

T(E)~ 16-V~

2(V —E)Eexp(—2KW).

(40)
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Figure 48: Tunnelling probabilityT (E) through a square barrier for the given parameters. Dots show
approximation according talQ).
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Fig. 48 exemplarily showsT (E) in the regionE = 0...20 eV for electrons, which tunnel
through a SiQ barrier in c-Si. In this example approximatiodQj is valid up to energies
E<3v~25eV.

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 (Figl9),

0 X1 <0
V3q(X1,%X2,X3) :=Vig(X1) i=¢ V O0<xg <W |,
0 W < x1
the stationary Schrédinger-equation (S-Eq) reads
2 2 4 Vg =
o 3dY = )

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 insidg,(SiO

V3d, E1

EC=0 -

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

which we will neglect in the following treatment. Aansatzof separation

O (X1,%2,X3) = P1(X1) - d2(X2) - §3(X3)

yields solutions

¢(X17 X2, X3) =C- (I)]_(Xl) . ei(k2X2+k3X3) )
Here¢, is the solution of the 1-dimensional problem with S-Eq

hZ
—ﬁ‘b/{ +Vid¢1 = E101, (41)
Cis a constant and (kX2 tks%s) represents a solution of the S-Eq

hZ

_ﬁ = Ei¢i (I = 273)

for plane waves. Thereby
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(2m*Ei)1/2

K="—"7

(i=23).

The total energ¥ is composed of three parts

E=E1+E>+ E3, (42)

representing the kinetic energies3tt, xo-, Xs-direction. As only¢; varies in direction per-
pendicular to the barrier (% -direction), only the energy compondgt is relevant for the tun-
nelling probability. The tunnelling probability read39) analogously as in the 1-dimensional
case, if onlyE is replaced bye;.

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

e The tunnelling probability only depends &a.

¢ In the energy schemes one only considers the energyBpart comparison with the
electronic potential. (Such the correct limits of the velocity comporemt x;-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 undbiasvoltageU. 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 density, from the left side of the barrier to the
right side by integration in velocity space. Here we assume an isotropic dispersion relation
E= %m"v2 with density of state effective masgs*. From the well-known expressian =

8—3[3 for the density of states in wave vector space and by the relatierp%k the density of

statesg, = % in velocity space is obtained. Occupation of the states follows Fermi-statistics,

i. e. the occupation probability of a state at eneggqualsf(E) = exE*—lEF The current

o) +L
densityJ_, is composed of infinitesimal contributionkl , =v-e-dn-v; -T(l— f(E)), where

the factorv = 6 accounts for the 6 minima found in the band structure of silicondme:
z\,f(E)T(%m(’;Cvf)dvldvzdvs, denotes the part of the electrons approaching the bawier Q)
and succeeding in tunnelling through it. The fadtbr- f(E)) represents the the probability of
a state at energy at the other side of the barrier being unoccupied . In total one yields
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1 = /oodV3/oodvz/dv1v ez f(E )(l—f(E))T(%mécv%)vl
~ /de3/wdvz/dv1v ez f(E)T (Zmd VA1

= v-e zv/dvlvlT L /2Tl\/23dV23f( ).

In the first step - f(E) ~ 1 has been approximated, because we focus on non-degenerate
semiconductors witkc > Er and we deal with energids > Ec. In the second step andvs
have been substituted by the radial varial§le:= v3 + V3. Further substitutiory := V2,

Eoz = ZmO| 23 , yields

too +oo
Jﬂzv-4nerﬁ*h3/dE1 |:T(E1>/dE23f(E1—|—E23)
0

In Boltzmann-approximationf(E) ~ exp(—

EE£)) this simplifies to

3. ~v.4renth 3kTexp( /olEl xp(— 1T (E). (43)

The integrand
E
9(E1) = exp(— =) T(Ep) (44)

shows a maximum d; ~ 0.025eV= kT for barrier heighv = 4.5 eV, widthW = 1 nm and
effective massn* = 0.50- 9.1 x 1031 kg at room temperature (Fig50). This means, the
contributions to the tunnelling current mainly stem from electrons with enefgies0.025 eV
near the conduction band edBe := 0, which are much smaller than the barrier heighiThe
above mentioned issue, thatE;) is maximal atE; ~ kT can be theoretically derived. The
integrand is approximately

9(E1) ~ 16exp(A(E1)) (V —E1) E3V 2, (45)

with A(Ep) := — B — 23/2m/25- 2w (V — E1)Y/2. We yield the derivative

g(E1) ~ 16V 2exp(A(E1)) {A(E1)(V —E1)E1+(V —2E1)}
— 16V 2exp(A(Er)) { (—kflel 4 2Y 22y F*1/2> F Er+F— E1}46)

with the abbreviatiorF :=V — E;. The integrandy(E;) is maximal at energyEmax with
d (Emax) = 0, which is equivalent to

En_'];x: k—lT—l + 21/2m*1/2h—1w . F—1/2 . F_l.

For the above parameters
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g(El) = exp(—EllkT)T(El)

0 | | | 1 |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Electron energy E1 (ev)

Figure 50: Integrandg(E;) from (44) for the parameters listed in text at RT.

F~4475eV > KT,

hZ 1/2

and therefore we yield

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

exp<—23/2m*1/2h‘1w vV — E)1/2>

of the tunnelling probabilityl (E) is responsible for this feature, but the expresgn- E) E,
which leads to the dominating terms 6] for small energies. If the exponential factor would
be neglected in4b), the same maximal positidinax~ kT of g(E) would be derived.

Barrier with biasvoltage As we assume that no scattering of charge carriers occurs in the
crystalline core of the Si-nc, a voltageapplied to a barrier structure as shown in F@.will
solely drop at the barriers. Hence the band diagram of a single barrier4ABigs modified to

the diagram shown in Figol. The conduction band edﬁa on the right side of the barrier
differs from the band edgEél) on the left side by an amouet),. The same holds for the
Fermi-leveIsEél), Eéz). Therefore the definitioic := 0 of zero point of energy can no longer
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Figure 51: 1-dimensional rectangular barrier witiasvoltageUp.

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

EOD—eV+EV +EY +E) (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 (Fig51) is approximated by a flat rectangular barrier (F58). This
approximation is justified foeU, <V andkT <V, which applies in our case. Most of
the electrons tunnel through the barrier near its base at en&rgiesc. (The flat barrier
approximation corresponds to the Wentzel, Kramers, Brillouin method (WKB).)

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

POTENTIAL, E;
’ T
V-1/2*eU,
} O g B V+1/2*eUs
E mI
Ec(” ! E1(2)
EF(1) ---------------- (2)
eUbI . Ec™ ot
X1 oI E-®

Figure 52: Approximation of tunnelling barrier (Figb1) by a flat rectangular barrier.

In this ansatzthe effective barrier height () (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 — V-1/2-elfori=1
| V+1/2-eY,fori=2 -
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Hence also the tunnelling probabiliy") from sidei to the other side depends on the side

—
—
=

S

m
==
=

SN—
I

tunneling probability of an electron with

kinetic energ;Ef) in xq-direction, which tunnels from
sidei (i = 1,2) through a barrier of height") and widthw.

With assumption 4 and Eg40Q) follows

N N2 . . .
TOE) ~16- (V) (VO —E) B exp( 2K W) (47)
with K .= @r OB
In conclu5|on the assumptlons imply, that the net current can be regarded as being composed
of two contributions, due to the origins:

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

e 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:

(1)

R /dEl expl~ LT (EL).

J_ ~v-4menth3kT exp(

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 enerE;)(/z) > e, in x;-direction can tunnel into empty
states in the conduction band on the left side. Therefore the current density reads

(2)

3. ~v-drenth-3KT exp =S / dE® exp(— )T 2(EP). (48)

By superposition we yield a total current denS|ty

J = J.-J_
= v-4T[em*h‘3kT-exp(—

Ec — Er
KT

(1) (2)
(/dE1 exp( IT(T > TG /dE1 exp( iT > T(Z)(Ef))) (49)

As already shown the integrandid) is maximal atE; = KT, and similarly

(1), . Eil) (1) /=)
g-(E;7) =exp )T TY(E™7)

will be maximal forEil) = KT. Therefore we approximate
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J_, ~Dexp(—1)T® (kT),

with D := const- KT exp(— ECk_TEF ) We approximate the integral id8) by the integrand
(2

1 2
g (Ef") == exp(— 1) TP ()
at the same enerdy = Eél) + Eil) = Eéz) + Eiz) as forJ_,, which amounts t(b‘:iz) = elp +KT,
J_~D-g (el +KT)=exp(—1) exp(—%)T(z) (el +KT),

and meetl(Up = 0) = 0. Applying (40) we yield
JUp) ~ Dexp(—1) {T(l) (KT) — exp(—%)T(z) (el + kT)]

1 1/2 1
~ Crexp| —xW {V — Eer — kT} (V — ieU‘) — kT)

1 -2 el, 1 -2
KT (V - EeL}[,) - exp(—ﬁ> (elUp +KT) <V + Eeuo) ] (50)
with
X 1= 23/2m*1/2h—l (51)
and

Ci:=16exgd—1)D.
With the effective masey; = 0.33-9.1 x 103! kg for electrons we yield

Xe=1.48x10° 3 %°m1 =59 (eV) V2nm?!
and with the effective mass;, = 0.50-9.1 x 103! kg for holes

Xh=1.82x 103 %m1 = 7.3 (eV) ¥2nm .

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 fardite charge trans-

port have been used (Talil). 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 Tdh. 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 Ul-
dependence was unstable and irreproducible for the sample with sandwich contacts.) For the
coplanar contacted samples the voltage rangédyasq = (0...500) V, whereas the sandwich
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contacted sample was exposed to smaller voltelggsw= (—1---+ 1) V. The corresponding
extreme values of electric fields are

Einterd - 8.3 X 104 ch_l

and

Esangw™ 3x 10* vem ™.

A severe deficit in reproducibility of Ul-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 diamedlexs5 nm is. To enhance stability, | have
recorded Ul-curves only with the samples placed in vacuum.

6.3.3 Results

Fig. 53 shows the temporal development of the sample curdrentwith an applied voltage

U = 10V for sample GO_52 after breaking the vacuuhyg, drops after an exposure time

of almost 16 min almost an order of magnitude. Ul-curves have been measured for sample
GO_52 after successive grades of oxidation (b(a)). The first measurement on this sample

10° a B
g .
> in
= vacuum .
S 10} L T
O ".
—_ w1
. exposure
. toair
10—11 AT B BTN | e
10° 10" 10° 10° 10’

Time t (min)

Figure 53: Currentligv in dependence on oxidation tinhén ambient air (sample GO_52).

was performed in vacuum at presspre 5x 10~° mbar immediately after the deposition. After
oxidizing for 1Ch at pre-vacuum pressume= 2 x 102 mbar the second Ul-curve has been
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Figure 54: Ul-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, temperatiire 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_545%#i(p)). The Ul-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 Ul-
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 Ul-curve is
clearly non-linear (Fig54 (c)).

6.3.4 Model

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

1. Charges tunnel in parallel paths through a defined nubef barriers between one
contact and the other (Fi@4, no percolation in the Si-nc layer).

2. The voltage (Jp) at each barrier is the applied voltagée)(divided by the number of
barriers:U, =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 Fag.have been performed using E§QJ. (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 algorit@® BQ]. In the weighting method
“Arbitrary Dataset” was activated and as weighting data the cutrenhich should be fitted,
was specified, which results in weights= | ~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 valuesy = 7.3 (eV) ¥?nm,V = 4.5 eV correspond to exclusive hole transport. Almost
perfect agreement was achieved, if the three paran@ieve, N were varied, but the calculated
error of N was of the order of its own value and tkeerors of C;, W were much larger than
their values. This hints to a mutual dependence an@nyV, N. | have therefore fixetlV to
different values and observed the behaviou€ptndN. WhenW is increased from 01 nm
to 5 nm equally good fits are achieved (Fidg5 (a)), the numbeN of barriers is constant,
but the factorC; varies much (Tabl13). Therefore the interdependence occurs only between
C; andW and we obtain a reliable value of paramdter 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 v&ilie, 1.0 nm, andC; andN have been determined
from the fitting procedure. The same interdependence bet@eamdW and stability ofN
is found for the fixed parameteys= 5.9 (€V) /2nm,V = 2.9 eV (values expected for pure
electron transport in the conduction bands). For electron transport only the reswWt #or
1.0 nm is given in the table and included in Figb (a). Also for measurements on the same but
less oxidized sample fits have been performed. For these fits the para@etrsvere kept
constant to the the values obtained for the maximal oxidized stage, and/amhs obtained as a
fitting parameter, in other words | have assumed that during oxidation the para@eterstay
constant. For the numbarof barriers this is evidently true, if the arrangement of the Si-nc does
not change. Fit paramet€j 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 of50), 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 widtNis The errors received by the fitting procedure

of Origin 5.0 are smaller than@2 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 (F&p (b)). Note that the determined oxide
barriers thickness of the as deposited samples are the same for both sanglesn Qfor hole
transport), B8 nm (for electron transport).

Analogously b0) can be fitted to the measurements on the sample with sandwich contacts
(Fig. 55(c)). As before the paramete@, W show interdependence, when one of them is
varied, but the number of barriers stays const&ht521). Results foWW = 1 nm and the
parameterg, V fixed to the values either for electron or hole transport are listed in the table.

Sample ‘ C1 (A) ‘ X (eV)y ¥2nm1 ‘ V (eV) ‘ W (nm) ‘ N
GO_52
190 days ox.| (2.0+0.3) x 107> 7.3 (fix) 4.5 (fix) | 0.01(fix) | (6.7+£0.5) x 1¢°
(7.14+0.8) x 1078 ” ” 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) | (43+05)x10°
10 h ox. 105 (fix) 7.3 (fix) 4.5 (fix) 0.80 6.7 x 1P (fix)
" 0.12 (fix) 5.9 (fix) 2.9 (fix) 0.69 4.3 x 10°(fix)
as deposited 105 (fix) 7.3 (fix) 4.5 (fix) 0.60 6.7 x 1 (fix)
0.12 (fix) 5.9 (fix) 2.9 (fix) 0.38 4.3 x 10P(fix)
GO_54
184 days ox. 102+ 20 7.3 (fix) 4.5 (fix) | 1.0 (fix) (3.4+0.6) x 1P
0.12+0.03 5.9 (fix) 2.9 (fix) " (2.2+0.4) x 10°
as deposited 102 (fix) 7.3 (fix) 4.5 (fix) 0.60 3.4 x 10 (fix)
0.12 (fix) 5.9 (fix) 2.9 (fix) 0.38 2.2 x 1P (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 showifh Fig.
Temperaturd = 290 K was considered for samples GO_52, GO_54Tard240 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, | will compare the results
of these fits with the results obtained with E49) instead of Eq. §0), but with the same fit
parameters. (Eq40) 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, wedfyises (
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Figure 55: Fits of (50) to the measurements shown in Fig4. (a) Sample GO_52, (b) GO_54, (c)
GO_14. Allfits listed in Tabl3 are included, where multiple fits are only visible as one solid line.
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°° (1
J = G- (kT) L. /dEf) exp(—%) TOED)
0

Vi 2) E - 2)
- [ e exp i | TRED) | (52)
el

where the factoftkT) ! has been included to yield consta®ytin units of Ampere. With the
above given abbreviatio®{) introducing variableg, the exponential factor in the approximated
tunnelling probability 47) can be simplified as

exp(—x (V(i) — Ef)>2w> .

The integrals in%2) have been numerically approximated (functoprad8of the software MAT-
LAB 6.5) with a relative error of 10° and upper bounds.® eV andelU, + 0.3 eV respectively
have been used (see Fig4). In the following the parameteng, V, W have been taken as
estimated by the fits according t80), but constan€; and the numbeN of barriers have been
readjusted. IN is taken as estimated by the fits according36)( insufficient agreement is
achieved between simulation and measurement @dgdotted lines). Therfore a fitting pro-
cedure was implemented in MATLAB, which variédl During the fit the measured current
datalgat; (i = 1,2,3...) were normalized such thtlgai = 1. The same normalization was
applied to the calculated valubg ; (i =1,2,3...) at each step of the fit. By this trick constant
C, cancels out in the fitting algorithm. It was recalculated afterwards. Hence only parameter
N was left free, which was determined by minimizigig[ (Igati — !tit,i) /Idat,i}z (i=1,23...)

by the MATLAB function “Isgnonlin”. (One also has to supply lower and upper bounds of
to “Isgnonlin” in order to succeed in fitting.) The resulting values are listed in Tal2nd,
4th, 6th row) and the fits are included in Fisg, solid lines). For the samples with interdig-

sample] . | xEenmt| vy | N [ Nsine  N/Nsinc
GO 52| 15/25.-10°° 7.3/5.9(fix) | 4.5/2.9(fix) | 6.7x10°/4.3x 10 (fix) | 1x10* 67/43
, 0.26/63x 104 , , 1.20x 10°/ 1.12x 10° » 12/11
GO 54| 15/25.10°3 » » 3.4x10°/ 2.2 x 1P (fix) » 34 /22
. 0.17/42x 104 " . 455% 10/ 4.24x 10° , 46/4.3
GO_14 | 043/66-1073 " , 521 / 323 (fix) 43 12/75
0.033/86x 1075 . . 66 / 64 " 15/15

Table 14: Parameters used for fits to measurements after long oxidization accordifg) toBarrier
thicknes3V = 1 nm was assumed for all fits. Listed are also the nuriger,c 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 Ul-curve according td9). Dotted lines: Parametexs V, W, N chosen exactly

as in Tabl3, C, adjusted. Solid lines: MATLAB fits witltN as the only fit parameter (see Tdl). (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 relatiob() and with the exact integral relatiob2) nicely
reproduce the measured data (with exclusion of fit in 5&c)). The interdependence between
parameter§€; (Cp) 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 numbeN of barriers, which turned out to be stable with regards to chang@s am

W. ComparingN determined from fits with relation§() and 62) one detects agreement within

a factor of 10. This and the possibility to perform good fits with the approximation, supports
the principal validity of approximatiorbQ), but also states that evaluation might reasonably be
approved by the more exact formuls2f. N can be compared to the numbds;_c of Si-nc,
which fit between the contacts in a straight line.ddfntact denotes the distance between the
metal contacts and the Si-nc diameter, it is found

deontact
N —
d

For the samples with interdigital contacts we haigniact = 60 um andd = (5.9+ 0.1) nm
(Tab. 1), henceNsj_nc = (1.02+0.2) x 10*. For the sample with coplanar contackgntact
corresponds to the Si-nc layer thickndsg nc = (320+ 8) nm and withd = 7.4 we yield
Nsi_nc =43+ 2. In Tab.14the ratiodN/Ns;_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 Nitids; c < 10 as real-
istic for layers built from Si-nc. Fits obtained by exact integral relatfi?) (2nd, 4th, 6th row

in Tab.14) yield lower valuesl/Nsi_nc = 1.5...12) for the quotient than the ones performed
with relation 60) (1st, 3rd, 5th rowN/Nsi_nc = 7.5...67). These lower values are more real-
istic, hence the more sophisticated fitting procedure according tbBEyis(recommended for
evaluation and not the crude approximatié)(

The procedure, which finally led to Eq5@) was considerably influenced by the model
suggested in Ref.3[p] for the tunnelling current through crystallites in PSi. In this paper a
formula from Ref. B9] “Generalized Formula for the Electric Tunnel Effect between Similar
Electrodes Separated by a Thin Insulating Film” was used:

JU)=C; (V exp(—xWVl/z) —(V +U)exp<—xW \% +U]1/2>> , (53)

where the symbols designate the same quantities as in for®Q)lagqg. 63) was derived in
Ref. [39] under the assumption of metal electrodes on both sides of an insulator. An electron
distribution corresponding to temperature= 0 K was assumed in order to calculate the tun-
nelling transitions at givebiasvoltage. 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 Ref3§]. Si-nc (and similarly the crystallites in PSi) are not metal-like.
One cannot supposeTa= 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 in9]. 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

Ul-curves measured on Si-nc layers with contacts can be fairly well reproduced, both by a nu-
merical model according to approximatidsOf and the more exact relatiobZ). 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 parameteand the band offsa&t equally good fits can be performed. Due

to a mutual dependence between the paramete€afd,) and the oxide barrier thickne¥s,

both parameters cannot be determined uniquely from a fit. On the other hand the pahmeter
of the numbers of barriers is stable with regard to chang€s(@,) andW and is extracted as

the only reliable fit parameter. The numi¢iof oxide barriers determined from fits according

to the more exact relatiorb®) is closer to the numbeXs; _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 industryvill build every device of silicon, whichan be built of silicon. Over the
years technological know-how about silicon and its easily controllable oxidg I&®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 gapkglug=1.12 eV (at
RT) corresponding to a wavelengthc sj= 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 diameteds~ 3.4 nm are reported to bg_ ~ (100...500) ps at
RT [18], which is more than a factor 5000 larger than for CdSe nanocrystals of similar size (see
introductory Chapte). This remaining dominant indirect character of the Si-nc band gap can
also be deduced from the band diagram sketch shown in El). By quantum confinement
the distance irk-space between the highest occupied state in the valence band and the lowest
unoccupied state in conduction band of Si-nc with diameters5 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 Sl&yers in order to enter. According td][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 tgp $#00). 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 (PR, Si/ SiO, layer structuresZ0], annealed
Si-ion implanted Si@ layers R5] and nano-crystalline Sé]. EL has not yet been reported in
literature from Si-nc deposited by laser-induced decomposition of. Sitthis 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 g-n homojunction and then regard the limit of donor concentrakipn— 0 in
the n-type semiconductor, while the acceptor concentralgnn the p-type semiconductor is
held constant. We also show an exact solution farigunction in thermal equilibrium and
an approximate band diagram fopa-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 U, is composed of a voltage dray, in the p region
and a dropJ, in then region. How the voltage is divided between the two regions is governed
by the doping concentratiomMg, of donors andNa of acceptors (AppendiR):

Up o ND
Un N NA.
I.e., the higher the doping in one region compared to the other, the lower the voltage drop in this

region.

A p-ijunction can be understood as an extreme cas@afjanction withNp = 0. Although
in this limit the formalism of g-njunction in depletion approximation is no longer valid, the
above described trend idJp; drops almost entirely on thieside. Thep-i junction will be
described now in more detail. In an intrinsic semiconductor the Poisson-equation reads for a
1-dimensionally varying system

Ugi(x) =& &5 "e(p—n), (54)
whereUg is the electrostatic potential for an electrgnn are the hole and electron concentra-
tions, € is the dielectric constantg the permittivity of free space arelthe 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. Followirif]j Chapter 9, one obtains

the solution
Uel(X) = 4kTe tanh {tanh( ar ) P 5 (55)

: o 1/2
with the intrinsic Debye-length; = (gﬁﬁ‘)) , Boltzmann-constark, temperaturd and the
|

intrinsic carrier concentration;. The +sign is valid for the boundary condititf(—) = 0,
whereas the-sign corresponds tdg(+) = 0. Note that for the +sign the solution diverges
for x — o and for the—sign forx — —oo. As we want to describefi junction with the intrinsic
layer on the right side, we choose thsign. The voltage drop in thelayer hence is

Ui = U (0) —U(e0) = U(0).

Note also that%5) is no general solution obd); it does not contain the cases of non-vanishing
electric field atx = —c and x= +. These cases occur practically, if there are charges at the
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borders of the layer under investigation. FsJ.showsUg| in dependence on the dimensionless
variableg := AL. for a total voltage drofJ; = 0.3 V in thei-region. We extract that the voltage

drops fromUg(0) = 0.3 V to the half valudJe =~ 0.15 V at a distance ~ 1—10)\i. The nominal
room temperature intrinsic Debye-length for c-Siis

Aicsi=32um (56)
and for Si-nc
)\LSi-nc =72 mm
where the parametees.sj = 12, €sinc = 3, Nicsi= 8-10° cm=3, nj sinc = 4-10* cm~3 have
been used. Hence after a layer thickness pimilthe voltage will drop the|(3i2) =0.20Vin
c-Si and only tdJe(1.4-10~%4) = 0.2986 V in Si-nc.

0.3

0.2 |

Uel (V)

0.1 |

0.0 ! ' ' ' ' A
0.0 0.2 0.4 0.6 0.8 1.0

3

Figure 57: Solution for the potentidle for an electron in an intrinsic semiconductor at room tempera-
ture satisfying the boundary conditiods|(-+) = 0,Ug(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 inpa junction the voltage will almost solely drop in the
intrinsic layer. We will assume here, that the voltage drop occurs exclusively ifdier, that
means the built-in voltage equals the voltage ddpm thei-layer:

Upi = U;.

Adding the potentialg from Fig. 57 to the bands in thelayer and presuming th&:, Ey are
continuous at the junction leads to the band diagram in$8g.

The validity of the assumption that the voltage drops only irttager will be checked now.
How the voltage drop in the SCR is divided betweenghand 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 cha(@gs thep-layer and the chargé&g; in the
i-layer is zero:

Qp+Qi=0. (57)
The charges in thelayer are obtained by integration and application of the Poisson-equation
(54)

00 (29

Qi 2egokT . el
KI :eo/(p—n)dx:aeoo/uéﬁ(x)dx: —gggUg(0) = o sinh T ) (58)
In the p-layer the charges per aréacan be calculated from the acceptor concentratgmand
the extensiorx, 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

eNa
UX)=—— C
(X) = — g (X+Xp) +C,
with a constanC, the voltage dropJ,, in the p-layer can be calculated as
e

Up=U(—xp) ~U(0) = 22

Xp- (60)

Combining §7), (58), (59), (60) we yield

| 2egk®T? ] ey \ 12
= ()|
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We use the parameters for a c{&i junction at room temperature with an acceptor con-
centrationNa = 10'® cm3 in the p-layer, i.e.gc.si= 12, n; = 8- 10° cm 3, hence an intrinsic
Debye-length §6) Aj = 32um, Uy = 0.3V and a band gafggc.si= 1.1 V. By assuming
Ui = Up; = 0.3 V we finally yieldUp = 0.033 V. By combination of%8) and ©9) we calculate
the extension of the SCR in thelayer asxp = 0.21pum. The ratloUp = 0.11 is low enough,
that the approximatiotlp; = U; is justified for a rough calculatlon On the other hand it is
high enough to indicate, that an inclusion of the voltage drop imptlager would significantly
improve the above calculations.

In ap-i-n structure the solution of the Poisson-equatis4) {n the intrinsic layer in thermal
equilibrium is difficult, if its thicknesgl; is not large enough to comprehend the SCRs which
originate from thep-i and thei-n junction. The thicknessek sinc ~ 1 pm of the intrinsic Si-nc
layers in the EL structure investigated here are much smaller than the corresponding intrinsic
Debye-lengths\; sinc = 7.2 mm. Therefore we focus on this case also while describing the
p-i-n structures. Solutiorb6) applies only for boundary conditiofug(—o) = 0 orUg|(+) =
0; It cannot be applied in the case of an additional constant electric field, which is supplied
by charges outside thelayer. For this kind of boundary conditions there does not exist an
analytical solution, to my knowledge. The Poisson-equatidih ¢an be solved numerically by
means of a computer, but this lies beyond the scope and intention of this thesis. Instead of this
| apply an approximation; | assume that there are only SCRs ip #red then layers. In the
n layer there is a positive SCR and in thdayer the space charges are negative. The space
charges in theé layer are neglected, because of low carrier concentration there, because of low
layer thicknessl, < A; and because of the above mentioned lack of an analytical solution. This
implies, that due to the charges in the SCRs offtlaad then layer, there is a constant electric
field in thei layer. By depletion approximation in thggandn layer the voltage drops in the i,

n layers are calculated as

2 L i e 2
Up = 2£%X7 Ui = Emadi, Un= 28'\8'3Xn,

wherexp, Xn are the extensions of the SCRs in thandn layer andEnaxis the electric field in
thei layer. It is convenient to introduce the variable

because of charge neutraligsNa = X Np, it is related taxp, xn by

Na+ Np Na + Np
pn — ND Xp — NA Xn.

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

e NAND
880 NA + ND

Em ax—

and hence a built-in voltage

e NAND 1
Upi :=Up+U;+U d X .
bi - ptUi+Un= 880 NA+ND ( |+2 pn)

Solving forxpn gives

2 Na+Np )1/2
Ub| .

Xon = —ai + ( d?+
pn i+ ( 880 NaND



96 7 ELECTROLUMINESCENCE

Inserting the values for c-Si with doping concentratidis= Np = 10> cm 3, a band gap
Egcsi= 1.1 eV andUy,; = 0.6 V we obtain

Xpn =508 Nm Xp =X, =254 nm,

Ui =0478 V.

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

U 0478

—=—7=0.78.
Upi 0.6

This means, approximately 10% @§; drop in the SCR of the layer and another 10% in thre
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 fqu-iestructure with
the same parameters as above (Big). The software proclaims a voltage dridp= 0.44 V in
thei layer and a built-in voltage,; = 0.62 V, which leads to a fraction

U 044
Upi 062

|

|
©
\l
=

This result is approximately 10% lower than the one obtained by the above calculations. Hence
the approximation of a constant electric field in tHayer - 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 Limthick.
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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 (F&d. (a)). (Theelectron affinityis defined as the energy,

(a) (b)

____________T _____ Evac
T X2
X1
v —l
c1 Ec,
Ev; —Ew

Figure 61: (a) Electron affinitiex1, x2 determine the absolute energy positions of the conduction bands
Ec1, Ecz of two separated semiconductors. (b) Electron affinity rule: The step in the conduction band in
a semiconductor heterojunction is determined by the differgneex, 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 fielflis connected to an electric potenti@k, for electrons
(electron potentiglvia

Pe(X) = Bei(Xo) + /XO E(x)dx

in the 1-dimensional case, which gives the spatially varying enekgiggx) of the bands:

Ecv(X) = Ec)v (X0) + Pel(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 (Figl (b)). This behaviour is called electron affinity rule.

A similar rule exists for metal semiconductor junctions. For a metal the work funéion
determines the absolute energy position of the Fermi-level @ga)). (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 difféiérgeof
the work functionW of the metal and the electron affinigyof the semiconductor (Fig2 (b),
Schottky-Mott model). This complies with the electron affinity rule in heterostructures.
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Figure 62: (a) Work functionW and electron affinityx determine the absolute energy positions of the
bands of a separated metal and semiconductor. (b) Schottky-Mott model: The barrier between the metal
Fermi-levelEr and the conduction bartet: of the semiconductor is determined by the differevite .

According to B8] 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 g#j sinc = 1.6 eV of a single Si-nc. (This corresponds
to Si-nc with diameteDsinc = 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/ Sifdterface is taken into account.

3. The electron potentiabg, 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 ti#dra/oltage corresponding to the
Fermi-level differencéer p.si— Er pt = 0.65 eV of the extreme layers Pt and p-Si in the
separate state (Fi$3, top) is assumed to drop in the Si-nc layer.

In the upper graph in Fig63 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-levelEr is chosen as reference enerfy,:= 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 lev&,.:= Eyac+ Pel, Which is included in the figure.

The electron affinity of c-Sxsj= 4.01 eV~ 4.0 eV according to literaturedp]. The elec-
tron affinity of the Si-nc follows from the assumption of a band d&ginc = 1.6 eV and
symmetrical shift of the edges of the valence and the conduction band with respect to c-Si:
Xsinc = Xc-si— 0.5(Eg sinc— Egc-si) = 3.75 eV withEg ¢ sj= 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 didg = 0.65 V. Numbers are energies in eV.

Material | W, X (eV) Eg(eV)

Pt 5.5 -
c-Si 4.0 11
Si-nc 3.75 1.6
SiOy 0.85 9

Table 15: Work functionW, electron affinityx and band gafgg values used in this thesis.
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metal platinum i3Ap; = 5.5 eV according to37]. 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 Bapd— Ev p.si=0.25 eV of the
p-type c-Si wafer follows from its specific resistanre- (10+ 2.5) Qcm which corresponds to
a room temperature hole concentratjpa: 1.25x 10'° cm3. At the borders of the Si-nc layer
the energies of the bands have been included in@G3dmiddle). 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 Figg3 (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 b 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 stegJp. in a DL at a Pt/ c-Si interface. The Pt/ c-Si junction is known to have a
barrier heigh®p ¢.si = 0.83 eV ([37], p. 55, for etched c-Si), which is. @7 eV lower than the
valueWp; — Xc-si = (5.5—4.0) eV = 1.5 eV, predicted by the Schottky-Mott model. | assume
that the difference drops in a DL at the Pt/ c-Si interface:

UpL =0.67 V=~ 0.65 eV.

The electron potential modified vacuum lei#. illustrates the voltage drop in the DL (Fig3,
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 Silayer on the p-Si substrates and the Si@yer between
the Si-nc layer and the Pt contact, the band diagram is modified @4g. For SiG a band
gapEgsioe = 9 eV has been assumed and for the off-set between the conductiofepapg
of Si0, and the conduction bané: psj a valueEc siox — Ec p-si = 3.15 eV has was chosen
[19]. With a band gafEg p-sj= 1.1 eV we yield an off-seEc psj— Ec sicc = 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 siop — Ec sinc = 2.9 eV andEy sinc — BEvsice = 4.5 eV between the Si-nc and the SiO
Note that because of the valués sicp — Ec p-si= 3.15 eV,Eg sice = 9 and the electron affinity
Xc-si=4.0 eV the electron affinity of Si@is determined tqsice = Xc-si— (Ec sice — Ec p-si) =
0.85 eV (Tab.15). A DL is assumed to be established at the Pt /. Si@derface, which we
assume to generate the same voltagedtgp= 0.65 eV as mentioned before.

Since SiQ 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 Bgcan only be considered for these
samples.

With bias If a bias-voltageUsampleis applied, the band diagram in Fi§3 (middle) is
modified qualitatively to the diagram shown in F&p.
Additionally to the 3 assumptions listed in the previous paragraph we assume that

e 4. a) All bias voltage drops linearly in thdayer.

For bias voltageBlsampie= 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 Sifayers at the ends of the Si-nc layer and a DL
at the Pt/ SiQ@ 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 figur&sampie= +5 V) and negative (lower figure,
Usample= —5 V) bias voltage.

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

If we take into account the Siglayers 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 (F&§ (a), (b)). A large part of the applied voltage
UsamplelS assumed to drop in these Si@yers, such that the the carriers only have to tunnel
the short distance through the Si@yers 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:

o 4. b)Usampledrops in the Si@ layers to such an extend, that the charge carriers are just
able to tunnel through the oxide into the corresponding bands. The régigfiedrops
linearly in the Si-nc layer and its magnitude determines the culsghbie

In other words, the applied bias voltage,mpiedrops at the Si@barriers, just until the emitting

and the receiving levels align. For positive bias, the corresponding tunnel levels-atea(id

the conduction banBc sinc of the Si-nc) andKr p-sjand the valence bartf| sinc of the Si-nc).

In case of negative bias they af&-(t andEy sinc) and Er p-si andEc sinc). The voltage drop

in the Si-nc layer i$Jsinc = 3.65 V, Usinc = —3.15 V respectively. Thussampleis 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 ggc| = 3.65 V would be
expected fomegativethan |Us;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 Si@layers and a DL at the Pt / SiOnterface. (a) Positive bias
Usample= 15 V, (b) negative biablsample= —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 (RN&Ta system of two

lenses (Fig67), 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 yieldgersuscut-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.
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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 (seed8yg.
p-Si/Si-nc/(SiQ)/Pt  (GO_36B, GO_11B),
p-Si/Si-nc/Pt (GO_11A).

cross-section  top view legend
——/

Si-nc

[ | <p>-type c-Si

H Pt dot
contact wires fixed
by silver paint to

c-Si wafer and
Pt dot resp.

Figure 68: Architecture of EL samples.

SiO, 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
SiO, 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@1h GO_11A, GO_11B)
and thermally grown tunnel oxide (3.5 nm, GO_36B) was present. (Sed @&dr. 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_1hA SiO, was deposited on top of the Si-nc
spot in contrast to sample GO_11B SiT'he 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 Si{dayers Pt dots were evaporated with 10 nm thickness.
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Sample  Na(cm ™) | hpsi(Um) hsio p-si (M)  hsinc ("M)  hsice (nM) | Bp¢ (Mm)

GO 36B 125x 10 | 525+20 35 324+ 12 4 2
GO _11A 125x 10 | 200+20 2 372+ 15 0 1
GO_11B “ “ 2 “ 4 1

Table 16: Parameters of the EL structures. Acceptor concentrafipnand thickness,_s; of p-Si
wafer, oxide thickneshsicp p-si On the p-Si wafers, layer thicknesdggnc, hsice of the Si-nc and Si@
layers and Pt dot diameteds:.

These metal contacts are semitransparent with transmittagce$.30+ 0.03 for wavelengths

A =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 @ 1900
(GO_36B), 500 (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 wavelengtis defined as the wavelength,
at which the transmittancB(A¢) = 0.5 (Tab.17, Fig 69).

Name Ac(nm)| Name Ac(nm) | Name Ac (hm)| Name A¢ (nm)
0G495 501 | OG590 585 RG695 695 RG800 797
0OG515 522 | RG610 608 RG715 713 RG830 838
0G530 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 wavelengtha . of the used low-pass filters.

For the EL signal a Gaussian spectral distribution

f(A) = foexp<_0\2;c)\o)2>

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

YeeL(A¢) := lpmT(Ac) — IPMT 0,

wherelpyT is the PMT anode current anghyt o its dark current. Apart from the distribution
f the cut-off yieldsY; g (A¢) are influenced by two contributions, the PMT quantum efficiency
QE(A) (Fig. 70) and the transmittancdg_(A) of the filters (Fig.69).

We calculate

YeeL(Ac) =€-9-s-h(A¢),
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Figure 69: Transmittance of the low-pass filters as measured by a Cary 5E spectrometer.

whereeis the elementary charggthe PMT gainsthe fraction of emitted EL photons reaching
the PMT sensitive area atgA) the integral

Ahe) = [ ) QEAT (VA (61)

We fit the functionh(A¢) to the experimental cut-off yield& gL (Ac) by adjusting the param-
etersfp, Ao, 0 of the Gauss functiori. As a sufficiently good approximation an upper wave-
length limit of A = 1200 nm has been used insteadeofFit procedure was performed with
a Levenberg-Marquardt algorithr@7, 30] in programming language MATLAB.) From the fit
parameters the original spectral distribution functfowas 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 efficiencyg.. It is defined as the ratio of the number of photdisbeing
emitted and the number of injected chardjes

N
ﬂEL:—P-

No
We measured the emitted photon flux with a PMT, configured to show up aygaih0’.
The Pt dot has an optical transmittanfie = 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 fraction
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Figure 70: Quantum Efficiency of Photomultiplier Tube (Philips 56 TUVP) according to supplier’s spec-
ifications. (Values foA > 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 clifggpt of the PMT

(dark current is subtracted) and the curriggt,piethrough the EL structure we yield the internal
guantum efficiency

Blewr 1 44,106 Alewr

Isample Tpt-S-g Isample

NEL = (62)

7.6 Results
7.6.1 Current voltage characteristics

All current voltage characteristics show a diode-like behaviour (Fipwith 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/gi¢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:

JEO A5 vy 1073 98038 (5 V).

sample sample

After splitting the sample GO_11A into two (GO_11A, GO_11B) and the deposition of SiO
and the evaporation of a new Pt contact on one (GO_11B) of them, the current density dropped
a factor 5 to 50 down tdS9-18(5 ) ~ 2.1078...2-10"7 Acm~2(Fig. 71(c)).

sample

Discussion

The diode character of the JU-curves can be understood by the model presented in subsec-
tion7.2.2 In forward bias a larger paldsinc of the bias voltag&sampiedrops in the Si-nc layer
than for reverse bias. The larger voltaddgmpieinvokes a larger curremgampe By the forward
behaviour for positive voltaggsampie the presumption of a DL between the Pt and the;SiO
layer in the model is affirmed. In conclusion we state, that while the band diagitwout DL
at the Pt / SiQ 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

AlpmT = lpmT — lPMT,0,

wherelpyt denotes the PMT total current ahglyt o the PMT dark current.
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Figure 71: Sample current densit}ampleVs. 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 efficiencyng, has been calculated according &2) in dependence on the bias
voltagesUsampie The results shown in Figi2 refer to the same measurements as the ones
shown in Fig.71. Sample GO_11A is the same as GO_11B with the differencenh&O,

has been deposited on top of the Si-nc spot. Astounding is the comparably high efficiency
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z 107} 3
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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
subsectiory.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 curregfsyez 1.3 x 104 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_36Bl{ample~ 2.5 X 104 A) are much larger than those of samples GO_11A,
GO_11B (sample~ 2 x 107 A, lsample~ 3 x 10°% 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 currentigample< 10-° A, but this cannot be distinguished from Fig&3 (a) and

(d). In the measurement of sample GO_11A an additional cufggnity = 3.5 x 10711 A

has been subtracted from the sigddbnt = IpmT — IPMT,0 (SOlId Circles) to obtain a twice
corrected signalMlpmt,corr = AlpmT — IPMT,1 (OpEN circles). (The dark current amounted to
lpmT.0 = 7.41x 10711 A)) In double logarithmic representation (FigB (d)) the experimental
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Figure 73: Integral EL yieldAlpyt vs. sample currentample (@), (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 slop&3dashed lines fits with slope 1.
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results of sample GO_36B can be described by a line with slg@e Bhe measurements of
samples GO_11A, GO_11B can be fitted separately by lines with slope 1, which corresponds
to the linear increases visible in Fig&3 (b), (c). But also one line of slope/3 describes the

data of both samples fairly well.

Model

The dependences Mlpyt 0N Isampiecan be interpreted in the framework of Shockley-Read-

Hall recombination. A competition between radiative band-band recombind®gy) (vith
recombinatiorvia defects Rcp) takes place. The radiative recombination i@ between the
conduction band and the valence band of Si-nc has been simulated in dependence of a generation
rate G (here injection rate) by a computer prograr@?| in MATLAB). Hereby the EL yield

AlpvT is identified with the radiative recombination rd®ey and the sample currefdampie

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

Ec
l Reo TGDC
G| ————— Ep | Rov |Gve
| Rov 1Guo
Ev

Figure 74: Band diagram of Si-nc with all rates between conduction b&agl, {/alence bandHy) and
defects Ep).

defects: vacant (positively charged), occupied by 1 electron (neutral). Seven rates are included
in the simulation program (see Fig4). The arrows indicate the transitions of electrons, which
correspond to the respective rate. Besides the external gendggatizere are the recombination

rates

Rev = Bev-np,
F\)CD - BCD' NpPp,
Rov = PBov-npp,

and the thermal generation rates

G = Poverp( L) -(Ny—p) (Ne 1),

Ec—-Ep
k

Ep — Bv
kT

Gpc = BCDeXp(— )-nD(Nc—n),

Gvp = BDvexp(— )-(Nv—p) Pp.

Heren (p) denotes the electron (hole) concentration in the conduction (valence)rgatb)

the electron (hole) concentration in the defect level Bog, Bcp, Bov 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 gajEgf= 1.6 eV, which corresponds to Si-
nc with 5 nm diameter, densities of conduction and valence bing Ny = 3-10°cm 3, a
defect densityNp = 10°° cm~2 and recombination coefficienfey = 3- 10 1° s 1em? ([14],
for ¢-Si), Bcp = Pov = 102 s~1cm? have been chosen.

The dependence d®zy 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:

e Which rates prevail for recombination?
e Which are the relations betweenp, np andpp (Fig. 75 (b))?

e 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 Bye,, Ec.
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Figure 75: (a) Recombination ratdRcy (solid) andRcp (dotted),Rpy (dash dotted) in dependence on
generation rat&. GeneratiorG is also included (dashed). SlopesRef,(G) are indicated in this double
logarithmic plot by~. (b) Concentrationas (circles),p (+), np (dashed)pp(solid line).

Slope 0 For small generation rateg = 10°...10° cm~2 the band-band recombination
Rcv is determined by the thermal generation 1&{g: = Bcv - (Nv — p) (Nc — n), which means

Rcp = Gye = const
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slopes in double logarithmic plgtG (s 'cm )

0 0...10°
1 10t.. .10t
3/2 10'7...10%
2 10%0...10%°
1 > 10°%7

Table 18: Regions of constant slope in Fig5 (a).

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

n= const, (63)

because the generati@h< Gpc. For the holes the situation is entirely different, because the
defects are almost fully occupied by electrons:

Np > Pp.

This effects a much lower thermal generation rate

Gvp = Bov-(N\v—p) poexp<—ED_EV)

kT
EC—ED)'

< Gpc = BCD'nD(Nc—n)eXD(— T

(For small generation rate8 = 10°...10'% cm™3, the recombination fronEc to Ep corre-
sponds to the generation froEpto Ec: Rcp =~ Gpc. The same is true at generation rates
G =10°...10° cm 3 for the rates betweelp andEy: Rpy ~ Gyp. Although generation rates
Gpc, Gvp are not included in Fig75 (a), they reveal themselves in the regions, where the re-
combination rateRcp, Rov do not depend of.) At generatiorG = 108 s~1cm~3 the external
generatiorG and the thermal generatidy p ~ Rpy become equal and throughout the region
with slope 1 G = 10'1...10'" s~1em~23) the approximation

G~ Ropv

Is valid. Hences ~ Bpy - np p, which means

p~G, (64)
becausep = const (Fig. 75(b)). The conditions@3) and ©64) lead to

Rcv = Bev-np~ G,

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

G~ Rcp =~ Ropv
is valid. On the other hand

n>np (65)

holds. The the occupation of the defect levels can be calculated by equating the electron capture
rate Rcp = Bep - hpp with the rateRpy = Bpy - pnp, which is true in stationary state, if the
thermal emission rates are negligible:

Po_ Bvo p

o Beo N
Together with 65) this leads tap > pp. Therefore we approximat® ~ Np and yieldG ~
Rov =~ Bpv - Npp, such that

(66)

p~G.

Charge neutrality meams= p+ pp. Because of@5) this implies

Pp ~ N.
HenceG ~ Rep = Bep - NPp ~ Beph?, such that
n~ G2,

Finally the rate of radiative recombination is
Rev = Bev -np~ G¥/2.

Slope 2 For generation§ = 10°°. .. 10%® cm™3 recombination still takes place mainlha
defects:

G~ Rcp = Bep-Npp-
Hence, if the hole concentratigop in the defects is constant, the electron concentration
the conduction band is proportional to the genera@on
1

n= ~
Bcopp

In fact (66) implies, that for high generatior® > 10°s~1 cm~3, where
p=n (67)

holds, the occupation of the defect levels stays constant Bih)). The constant value qip
and ©7) effect a radiative recombinatid® proportional to the square of the generation rate:

BCV 2
B(%Dp%

Rev =Bcv-n-p=
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Slope 1 (high generation) For high generation rateé3 > 10°’s1 cm~3, radiative recom-
bination Rcy prevails in comparison to recombinatidtyp via defects. This is due to the
quadratic dependence Bfy = Bcyv - n- p~ Bev - N2 on the electron concentration whereas
the recombinatiofcp = Bcp - n- pp depends om only linearly. Therefore

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

Discussion

By computer simulationZ2] the dependence dlpyt on lsampiecould be reproduced for the
measurements shown in Fig3. In order to relate the measured quantitigg,pie Alpmt and
the simulated quantitieS, Rcy, | have assumed that:

e Allinjected carriers recombine in the Si-nc layer.

e Recombination takes place in a voluMeg. = ﬂ(0pt/2)2drec, which is determined by the

Pt dot arean((l)pt/Z)2 and the lengthi,ec, across which recombination in the Si-nc layer
occurs (Fig.76).

_’ drec ‘_
N & N

N NN N

<+——— Si-nc layer ———

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

Hence the sample current and PMT current can be expressed as

2
Isample = GViece= 13- 1026 Ascnt® (]_or:]tm) -G, (68)

0 2
Alpmt = TpiSgRVViece = 2.9-10 2% Ascn?? (1 r:m) ‘Rev,

wheree denotes the elementary chardg, = 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 Subsed@®ng = 10’ the PMT gain and layer thicknesses
drec = 100 nm have been assumed. Bg)the measured quantitiésmpie Alpmt have been
translated into the simulated quantit@@sRcy for sample GO_36B and they have been included

in a computer simulation (Figi.7 (a)). The measured values are located in the regime, where the
simulation shows a slope/3 in the double logarithmic plot. For the simulation the following
parameters have been uség:= 1.6 eV, ey = 3-10 1 s~1ecm?, Bep = Bvp = 1079 s~1en??,

Ne = Nv = 3-10% cm™3. Only the concentratiolp of defects was varied, to perform the

fit, andNp = (6+2) x 10'® cm3 was obtained. Also for samples GO_11A, GO_11B a fit
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could be achieved (Figi7(b)). Here the region is also one of slop&3 A defect concentration

Np = (3+2) x 10'” 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, Rcy have been translated according @8)(into currentdsamplesim and EL yields

AlpmT sim and have been included in Fig8.

AIPMT (A)

10® 107 10° 10° 10 10°
Isam ple (A)

Figure 78: Computer simulation has been used to reproduce the measurements shown8 (€y.
Solid lines represent the recombination iBg translated into an EL yiel@lpyT 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 signalAlpyT Vvs. time stays almost constant for measurements on GO_36B,
GO_11A Usample= —5V), 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 at8000 s
(Fig. 79 (a)). In contrast the EL efficienayg., determined by&2), stays almost constant for

all samples for times > 2000 s (Fig.79 (b)). (The EL efficiencyng, is proportional to the
quotientAlpmt/lsampie) Thus the decrease lpyt and the decrease dfampiein the above
mentioned measurements partially compensate in the efficrgncy

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 currelmpiewas changing during the spectral EL measurements (Fig.
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Figure 79: EL signalAlpyt and efficiencyn vs. operation time. Samples GO_36B (squares), GO_11A
(circles), GO_11B (triangles).
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80). As reported earlier, the EL efficiency:|, determined by&2), stayed almost constant for

10
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Figure 80: Sample currentkampieduring spectral EL measurements. One data point consurbedif,
such that all 19 measurement points took&2®&in. Squares GO_36B, solid circles GO_13A5V,
open circles GO_11A-5V, triangles GO_11B.

all samples for times > 2000 s (Fig.79), even whersampiestill varied. Therefore the quotient
Yc,eL(Ac)/lsample Which forAc = 0 nm is proportional taeL, is better suited to determine the
spectrally resolved EL distribution thafge (A¢) in this case. Hence for sample GO_11B the
functionh(A¢) was not fitted to the EL yieldl; g1 (A¢), but to the quotienYe g (Ac)/lsample

In order to determine the spectral distribution of EL, the funchitx), Eq. €1), was fitted
to the measured cut-off yieldg g (A¢) (quotientYe g (Ac)/Isamplefor GO_11B) of the sam-
ples for different bias-voltagddsample (Fig. 81). Spectral EL has been measured for sample
GO_11A twice, once with positivd = 415 V and once with negative bias voltade= —5 V.
For none of the other samples EL was detected with negative bias voltage. The ELfyields
are reconstructed from the fits in Fi@1 and compared to the PL yields (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 yieldsare shown for both measurements (3 (d)).
The peak wavelengthsnaxeL for the EL andA\maxpL 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 differenc&Amax~ 185 nm. The differenceAAmax = AmaxeL — AmaxpL are
listed in Tab.19.

On sample GO_11B Sifhas been deposited on top of the Si-nc spot by PECVD, 5&3
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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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-voltagesJsampieare 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 quantity; gL (Ac) has been fitted with the functidn, whereas in

collection of data

1
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1E_12400 600 800 1000 1200

Wavelength A (nm)

EL yield f (nm

Figure 83: Spectral EL yieldsf for samples GO_36B (squares), GO_11AL6 V solid circles,—5V
open circles), GO_11B (triangles).

Fig. 81(d) the quotient L (Ac)/lsamplewas fitted. To compare the absolute values of EL yield,
the estimated EL yield$§ have been divided blampiefor the measurements shown in Figd.

(@), (b) (c). Thus the unit of the estimated EL yididbecomes nm! for all measurements.
The sample currents wetgample= (1.00+0.03) x 104 A (GO_36B),(1.84+0.1) x 10" A
(GO_11A,4+15V), (1.7+0.1) x 108 A (GO_11A~5 V). Remarkably in Fig83 the maxi-

mal EL yield values coincide within approximately 1 order of magnitude, except for the mea-
surement on sample GO_11A at biggnple= —5 V, which shows a maximum about a fac-
tor 10* larger. Furthermore the EL yields are similar for all samples in forward bias in the
high wavelength regiom\(> 800 nm), whereas there are large differences for low wavelengths
(A <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 $&@riers into the conduction band

Ec si-nc and the valence bar, 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-radiativéyinter-band
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Figure 84: Electrons and holes recombine in the Si-nc layialiinter-band stateg; or radiatively.

stated;, only a small fraction undergoes band-band recombination and generates EL.

For sample GO_36B the band diagrams in B§can explain the mechanism. These band
diagrams cannot be applied to sample GO_11A, becan&O, has been deposited between
the Si-nc and the Pt contact for this sample. Bigshows similar band diagramgthout SiO,
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 Big(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-shifi®g,x~ 60 nm with respect to PL.
Hence itis 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 endfgiyexpectedWill correspond to the difference of
the energies of the conduction balaglsinc in the Si-nc and the Pt Fermi-levek p:

EELexpected= Ec sinc— EFpt = —3.90 eV—(-5eV) =1.1eV.

The measured EL, however, showed a peak wavelekgihe, = 883 nm, which corresponds

to an energy

1240 nm eV
EELmeas:= W 1.40 eV.
maxEL

As the voltage drop in the DL is not known exactly and might be changed by the bias volt-
age, the the differencBe meas— EeL expected= 0.30 €V can be attributed to this uncertainty.
Furthermore we can calculate the voltage digp in the DL from the measured EL energy
EeL measin the framework of this model: From

EeL = (Wbt — Xsinc) —€UbL
follows

eUpL = (Wht — Xsinc) — EELmeas= (5.5—3.75) eV—-1.40 eV=0.35eV.
Fig. 85 (d) shows the band diagram obtained by assumptidsppf= 0.35 V.
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Figure 85: Band diagram for the sample without Si@t Pt / Si-nc junction (GO_11A). (&)sample=
+5V, (b) Usampie= =5V (€) Usample= +5 V, hypothetical space charges in the Si-nc layer enable
tunnelling of electrons into Si-nc layer, (Byampie= —5 V, assumption of smaller voltage drbjp. =
0.35 Vin 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° 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 thgI8y@rs or to the oxide shells
of the Si-nc. According to35] there are defects in SgQwhich luminesce at wavelengths

AagpL ~ 600...670 nm
and the observed EL peak

Mookl = (6385:4) nm

for sample GO_11B matches well in this range. The defects are called non-bridging-oxygen-
hole-centres (NBOHCSs). The two most investigated NBOHCs consist of localized centres with
a trapped hole on a Si‘Gcomplex or Si-O--- H-O complex and show transition energies
AENBoHc = 1.9 eV, AEngoHc = 2.0 eV respectively33].

| propose an EL model for sample GO_11B, where NBOHCs in g &i@er between two
adjacent Si-nc in the Si-nc layer are luminescent centresAfitisonc~ 2.0 eV. | assume that
the upper leveEngonc2 of the NBOHC is higher than the conduction band of the Si-nc and
the NBOHC lower leveEngonc1 is lower in energy than the valence band of the Si-nc (Fig.
86). Because the exact position of the NBOHC levels in the;®i@hd gap is not knowr8f], |
assume that they are symmetrically shifte® €V up and down with respect to the bands of the
Si-nc with band gaftg sinc = 1.6 eV.

For zero bias voltagdsio» = 0 at the SiQ layer electrons and holes cannot be injected in
the NBOHC levels. They just tunnel through the oxide. Only if the voltage Oeggp > 0.4 eV,
injection can occuvia 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 SiQlayers” present at the ends of the Si-nc layer. It is even more likely that this
Is the dominant mechanism, because for reversertm&d. was detected for sample GO_11B
even for a voltag&Jsample= —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 biag] dn [
similar mechanism for the generation of EL in Si/ Si@yer structures has been proposed: EL
is only generated in structures containing a c-Si /. Si@erface, a hint, that in our EL structure
GO_11B the EL might rather be generated in the S&yer adjacent to the p-Si substrate than
in the SIGQ between the Si-nc cores.

The good coincidence of the scaled spectral EL yield (BB).for A > 800 nm of all sam-
ples except GO_11A witblsampie= —5 V can be understood the way, thatilhthese samples
EL emission takes place in the Si-nc, but for some samples additional EL is generated by re-
combinatiorvia states in the Si@ 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



128 7 ELECTROLUMINESCENCE

(@)
Si-nc SiO, Si-nc

(b)
Si-nc SiO, Si-nc

Usioz = Usiog =
oV 0.4V
ENBOHC 2
SR g )
4 ................. @
ENBOHC,1
\

Figure 86: NBOHCs in SiQ generate EL with energlyy = 2 eV. (a) No EL without bias at the SO
(b) EL, if the biadUsj > 0.4 eV.

other samples: In sample GO_11A the &i@yer 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 FWHMSs. 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 effectivelyoas 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 (Fig7). ). As the Fermi-distribution for electrons is

1
fE)=—
(E) exp( Bt ) + 1

whereE is the electron energ¥r the Fermi-levelk the Boltzmann-constant arid the tem-
perature, the probability of a stak& ~ 0.025 eV (at RT) above the Fermi-level to be occupied
by an electron igexp(1) + 1)~ ~ 0.27, which is rather high. A stateDeV above the Fermi-
level will by occupied with the probabilityexp(8) + 1) ! ~ exp(—8) ~ 3.4 x 10~4. (Thus it
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Figure 87: Thermally excited electrons in Pt tunnel through a barrier into the conductionBag1che
of the Si-nc. Inset shows Fermi-distributidE).

Is clear, that the Fermi-distribution shown in FR) is not scaled properly.) Hence if the Si-nc
conduction bandc sincis situated an energhyE above the Fermi-leveltr p of Pt, an amount

of electrons corresponding to the fractifﬁipﬁAE f(E)dE of the electron densit®p:(E) of Pt

in this energy range can tunnel ink@ sinc. 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 Subsectioh 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 energ¥Emax~ 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 RIT= 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 rangeldf 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 SiQ 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 voltageampiewill drop in the Si-nc layer only at the oxide shells.

The wayUsamplels distributed on the two outer Syayers and on the Sigshell 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 probabRityei(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:

I:)tunnel(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 68ew(ll be constant.

The effects of the two items are illustrated in FB8. Just as an example the Fermi-level
Er pt has been assumed to have.2 6V 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. Asigaild 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 thickdgss = 100 nma patltvia

> 20 Si-nc with diametebDs;nc = 5 nm would be present and fdginc = 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 wafevidnane path.

To evaluate this complex model quantitatively is left out in this thesis. It lies out of the scope of
an experimental PhD lifetime.
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Figure 88: Sketch of detailed band diagram for EL structures with SiDthe 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 tempera®lireehce
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-recombinatioa defects. Higher efficiency of EL for sam-

ple GO_11Ais 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. Whichis the nature of the defects, proposed in subseéti®2as centres of non-radiative
recombination?

2. Why is no EL detectable at reverse bias for the EL structures withy Sitboth 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 Si@as 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-njunction

We will investigate, how the voltage in the space charge region (SCR)psh gunction is
distributed on thg- andn-side. According to44], ch. 2, Eq. (14) the total voltage drop in the
junctionUy, is related to the widthp + x, of the SCR by

Upi = %E(O) . (Xp+Xn), (70)

whereE(0) is the maximum electric field exactly at the point of junction apgx, designate
the extension of the SCR in thpe andn-side. Result70) has been obtained in the frequently
applied depletion approximation. Theilt in voltage L is composed of two voltage drop,

Un one in thep- and one in ther-side (Fig.89):

1
Up/n = EE(O) 'Xp/n.

E
p-type ‘ n-type
Ec
---------------------------------- Ern
Erp ----------
Ev
E
A
eU, ¢
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""""""""""""""""""""""" EF
¥ Ev
-Xp 0 Xn

Figure 89: Discrete p-n junction with asymmetric dopings = 10- Np. Top: p andn semiconductors
separated from each other. Bottopanjunction in thermal equilibrium.

The conduction banB¢ and the valence bartd, are bended because of charges present in
the SCR. In steady state without bias voltage the Fermi-lgvéd constant. Théuilt in voltage
corresponds to the difference of the Fermi-levéts,, Er, in the unjoined semiconductors:
Upi = EFn — EFp. From total charge neutrality in the deviogNa = x,Np, follows that the
ratio of the voltage drops equals the reciprocal of the ratio of the doping concentrations

Un Xn NA
As Na = 10-Np is assumed in Fig89, this effectsx, = 10-xp andU, = 10-Up. In the case
Np < Na the voltage drops almost entirely in theype side. Simultaneously the SCR in the
n-type semiconductor grows larger and larger.
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B Maths
Symbol | Name | definition / mathematical relation
ji spherical Bessel-function j1(€) = (=)' (%a(a_z)minT(E)
n spherical Neumann-function n(E) =—(-&) (f3) %’(E)
hl(l) spherical Hankel-function of 1. kind hl(l) = jj+in
L angular momentum operator L=rxp

The expressions fojj, n are the Rayleigh formulas amgp denote the operators of place
and momentum.

Laplace-operator in spherical coordinates
0> 29 (L/h)?

boo= gz o T

where >
10 0 1 0

2_ 2 — Y <imn o -

L = (5696° ™3 T sive o)
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Zusammenfassung

Silizium-Nanokristalle (Si-nc) wurden durch laserinduzierte Pyrolyse von Béfigestellt und

auf verschiedenen Substraten in Form von diinnen Schichten abgeschieden. An diesen pordsen
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 Bertihrung 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 RAes} = 0.86 fur die
Porositat der Schichten im Grenzfall fir unendlich grof3es Volumen.

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

Ein Modell, das von Tunnelprozessen der Ladungstrager 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-Abhéangigkeit an die experimentellen Messdaten wurden Werte fur die An-
zahl der Barrieren zwischen den Kontakten auf der Probe ermittelt, die einen Faktorl2
grolRer waren als die Zahl der Si-nc, die auf eine Linie in kiirzester Verbindung zwischen den
Kontakten passen. Dieses Ergebnis kann durch die Existenz von gewundenen Perkolationsp-
faden erklart werden. Bei Messungen des Ladungstransports wurden erhebliche Instabilitaten
festgestellt, die ich hauptséchlich auf das riesigen Verhéltnis der Oberflachen zum Volumen der
Si-nc zurtckfuhre. Dieses bedingt eine extrem starke Empfindlichkeit des Ladungstransports
in den Schichten gegentiber Verdnderungen 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 fir den Realteil der ausgewerteten Brechungs-
index-Kurven wurden optische BandliickBgopt =~ Eg/2 als die Halfte der Resonanzenergie
Ep angenahert. Diese Werte stimmen gut mit den Bandllcken tberein, 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 Abhéangigkeit der EL-Intensitat
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 Uberein. Die EL
wird bei diesen Messungen vermutlich durch Rekombination zwischen quanteneingeschrankten
Zustanden erzeugt. Bei manchen Messungen ist die EL jedoch in Relation zur PL signifikant
blauverschoben. Dies erklare ich dadurch, das die Rekombination bei der EL Uber Zustande
stattfindet, die mit Siliziumdioxid in Beziehung stehen, wohingegen die PL durch Ubergange
zwischen quanteneingeschrankten Zustéanden 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 Chaftensd 6 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 Chap®gr
cont.avi | First contact simulation (see Secti6r2.4).
connect.avi Simulation of connections (see Secti®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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