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Chapter 2

Experimentals

This chapter discusses the various instrumental and experimental details of the
investigations described in this thesis. Firstly, the various instruments for opti-
cal spectroscopy are presented and specific features of these are elaborated on.
Secondly, details about the sputtering technique used for sample preparation are
given and, thirdly, the characterization of the samples by different techniques,
as well as simulations of material properties, are discussed. For higher optical
densities there will be a large difference in excitation conditions dependent on the
position of the nanocrystals relative to the surface where light is incident. The
influence this effect has on the spatial distribution of excited states and conse-
quences of that for experimental findings are discussed as well.

2.1 Photoluminescence measurements

The most important characterization technique used throughout this study, is
that of photoluminescence spectroscopy. Samples are illuminated by a light source
and photons that are absorbed by the sample bring the material from equilib-
rium conditions to an excited state. Subsequently, the material will return to
equilibrium, which can be accompanied by the emission of photons. These emit-
ted photons can be detected and their properties, like energy and dynamics, can
give information about specific features of the material. Since we are interested
in dependence of luminescence on excitation photon energies, different tunable
light sources have been employed. The details of these are discussed in the next
two paragraphs.
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Figure 2.1: Layout of the OPO laser system. The 3rd harmonic of a Nd:YAG laser
can be converted via different OPO’s and SHG-units in order to generate wave-
lengths in the range from 210-2480 nm. Different wavelength ranges are indicated
for each pathway and the arrows present horizontal or vertical polarization.

2.1.1 OPO setup

For generation of coherent light with tunable wavelength a setup comprising a
Nd3+:YAG laser and nonlinear optical crystals was employed. A simplified optical
scheme can be found in Fig. 2.1. For nonlinear conversion of light it is essential
to have large photon fluxes, which is obtained by a Q-switching technique. The
Nd3+:YAG laser in the left of the figure comprises a ring resonator containing
the active medium and a Q-switch unit (Pockells cell), which can change the
Q-factor of the optical resonator. Initially the Nd3+:YAG is pumped by a xenon
flash-lamp, which induces population inversion, but there is no laser operation
as the feedback of the resonator is poor (low Q-factor). When the medium is
gain-saturated, the Q-switch rapidly changes to high Q, allowing feedback and
starting optical amplification. The build up energy in the gain medium will now
quickly be released and generate a short (∼10 ns) intense light pulse at the lasing
wavelength of 1064 nm. Part of this light pulse is guided through an optical
amplifier to generate even higher intensities (typically 200 mJ in a pulse). This
light pulse is frequency doubled in a “second harmonic generation unit” (SHG)
inside the laser housing. Further, by subsequent nonlinear frequency mixing of
the residue of the fundamental and the generated second-harmonic, the third
harmonic, with wavelength 354 nm, is rendered. The pulse energy after the
nonlinear conversion steps is approximately 55 mJ, enough to drive nonlinear
conversion in the optical parametric oscillators (OPO’s). In Fig. 2.1 we see that
the horizontally polarized pulse from the Nd:YAG laser can go to two different
OPO’s in which down conversion can take place. This process is based on a
second-order nonlinear effect in beta-barium borate (BBO) crystal, similar to
the second harmonic generation in the pump laser. In down conversion, however,
the pump frequency ωp is converted in radiation of two smaller frequencies: ωs

(signal) and ωi (idler). Conservation of energy ωs + ωi = ωp, and momentum
~ks + ~ki = ~kp, in the process determine the signal and idler frequencies. Collinear
beams in crystals satisfy ωp · np = ωs · ns + ωi · ni, where np, ns and ni are the
refractive indexes at the wavelength of pump, signal and idler. The BBO crystals
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feature an angular dependence of birefringence and thus allow for selection of the
three wavelengths. Since the pump wavelength is constant, changing the angle
of the crystal relative to pump radiation will alter phase matching condition and
thus the signal and idler wavelengths. The crystals in OPO I and OPO II are
both cut differently as to be optimized for different wavelength ranges. Signal
and idler wavelengths are perpendicularly polarized, indicated in the figure with
horizontal and vertical arrows, which makes selection relatively easy. A Glan-
Thompson prism can pass either horizontally of vertically polarized light, and
these wavelengths can than be used. If shorter wavelengths than 415 nm are
imminent, the radiation from the OPO’s can be frequency doubled in SHG units.
For this process each wavelength has a certain angle of synchronism of the non-
linear crystal with the incoming radiation, where SHG efficiency is optimal. This
requires that the SHG units be synchronized with the OPO units in order to
double the frequency most efficiently. Another requirement is that the incoming
light is horizontally polarized; for this reason a λ/2 retarder plate is implemented
in the setup to rotate the polarization of the idler by 90°. Note that the frequency-
doubled light from the SHG units is vertically polarized.

2.1.2 Xenon lamp

For some experiments there are more stringent conditions on the stability of
the excitation light source. The combination of a high stability xenon lamp
coupled to a low-straylight double beam monochromator accomplished this. A
150 Watt xenon (Hamamatsu L2273) lamp inside a forced air-cooled lamp housing
(Hamamatsu E7536), shows very high stability, better than 0.3 % peak-to-peak
and drift of <0.5 % per hour. The lamp emits a broad “white light” spectrum,
with a color temperature of 6000 K, covering the 185-2000 nm wavelength range.
Light from the lamp is collimated and coupled into a double pass monochromator
(Solar MSA-130). The monochromator combines effectively two monochromators
with focal length of 130 mm, and in this way acts as a low-stray-light-filter
with tunable bandwidth (0.2-40 nm). For broad band sources stray light can be
a nuisance, as typically 10−4 of light directed inside a monochromator will be
scattered randomly which is quite considerable. The MSA-130 is characterized
by a value for stray light of 10−9, diminishing this contribution.

2.1.3 Detection

After optical excitation the samples start to emit light, which needs to be collected
and detected. Different emission wavelength ranges require different detectors.
First, the luminescence is guided into a spectrograph for dispersion into its com-
ponents (either Triax 320, or Solar M266), which contain different gratings, each
optimized for specific wavelength ranges and different dispersions. Diffraction on
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the gratings takes always place in multiple orders. To remove higher order con-
tributions of residual light in the detected emission, it is important to use high
pass filter - before entrance (Triax 320), or inside the spectrograph (Solar M266).
For detection of light, either a liquid-nitrogen-cooled Ge photodiode (Edinburgh
Instruments, 0.9−1.7µm), or similarly cooled photo muliplier tube (PMT) (Hama-
matsu R5509-73, 0.3 − 1.7µm) was used for the infrared region. In the visible
region a different type of PMT (Hamamatsu R9110 185−900 nm) or a one-stage
thermoelectric-cooled charge-coupled device (CCD) (Hamamatsu S10141-1108S,
200 − 1100 nm) was utilized. These latter two detectors are preferred as they
benefit from a higher sensitivity and a better signal-to-noise ratio.
Both PMT’s allow for fast time-resolved spectroscopy, with typical time resolu-
tions of ∼1 ns. In photon counting mode, an excitation laser pulse is detected by
a diode, which triggers a clock in a fast time-of-flight multiscaler (Fast Comtec
P7887). Subsequently, light detected by a PMT is converted to an electric signal
and fed to the multiscaler, which registers the temporal difference of these signals.
In this way it is possible to get dynamics of emission after a pulsed excitation.
We note here again the preference for the R9110 over R5509-73, as gain values
are 20 times better, whereas dark current is 8 times less.

2.1.4 Integrating sphere optics

As an important part of this thesis concerns experiments employing an integrat-
ing sphere, we dedicate a paragraph to the theory and considerations concerning
that.
Light inside an integrating sphere is reflected many times by the diffusely reflect-
ing inner surface before it is collected and detected. This eliminates much of the
emission anisotropy and will give a good measure of the total emitted radiant
power [27]. For a mathematical treatment we consider a sphere with total area
As, input port area Ain and output port area Aout, in which light with flux Φi (in
Watts) will be perfectly diffused by an initial reflection on the surface (Fig. 2.2
(a)) [28, 29]. In this case the sphere’s interior is illuminated by a uniform irradi-
ance

Φiρ(1− f)
As

(
W
m2

), (2.1)

where f is the port fraction (Ain+Aout)/As and ρ the reflectance. The sphere
surface reflects ρ of this with a Lambertian distribution, so the contribution of
this reflection to the radiance Ls is

Φiρ
2(1− f)
πAs

(
W

m2sr
). (2.2)

For each subsequent reflection there will be a fraction (1-f) that does not leave
the sphere, multiplied by the fraction ρ that is left after the next reflection con-
tributing to the surface radiance. This process is repeated for each reflection, so
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Figure 2.2: Cross section of an integrating sphere. (a) Light enters from the top
entrance port (area Ain) with flux, Φi. The surface scatters the light randomly
with efficiency ρ. (b) An optical fiber with core area Af coupled to an integrating
sphere. Red lines indicate cone of acceptance.

the total radiance of the sphere’s wall is

Ls =
Φiρ

2

πAs
[1 + ρ(1− f) + ρ2(1− f)2 + · · · ]. (2.3)

This geometric sequence can be expressed as

Ls =
Φi

πA

ρ2

1− ρ(1− f)
. (2.4)

This equation relates the radiance of the integrating sphere to a given input flux,
port surface and sphere size. When we compare this equation with Eq. (2.1), we
see that the total radiance of the sphere surface is actually larger than that only
due to the input (ρ and f are between 0 and 1). In Eq. (2.4) the second part can
be seen as the sphere multiplier

M =
ρ2

1− ρ(1− f)
, (2.5)

which is an important parameter of an integrating sphere. Typical parameters of
integrating spheres (0.95 < ρ < 0.99 and 0.02 < f < 0.05) result in values for M

in the range of 10-30. It is also important to note that the spectral dependence of
ρ, leads to a spectral dependence of M . For example for a Spectralon® coating,
ρ changes from 0.99 to 0.95 for wavelengths from 400 till 250 nm from, altering
M by approximately 60 %.
When an optical fiber is used to collect the light (Fig. 2.2 (b)) the output port
diameter is given by the fiber core diameter, Af . An important parameter of the
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Figure 2.3: Cross section of an integrating sphere with a square sample placed in
the center. Baffles prevent scattered excitation light and emitted light from the
sample to go directly to the field of view of the optical fiber, indicated by the red
lines.

optical fiber is the numerical aperture (NA), which determines effectiveness of
light coupling. The projected solid angle is:

Ω = π(NA)2. (2.6)

Since the optical fiber will have losses at the air/fiber interface, the reflectance R

should also be considered when determining the total flux that enters the fiber,
Φf , which is then given by

Φf = LsAf (NA)2(1−R). (2.7)

For typical experiments done throughout this thesis, a sample was placed inside
the integrating sphere and excited by light. For a good determination of the
radiance it is important that the viewed area of the sphere, determined by the
position and numerical aperture of the fiber, is not directly irradiated. The light
should have undergone at least two reflections before detection. Fig. 2.3 shows
how this is accomplished when the sample (square) is placed in the center of the
sphere. The output fiber is placed off center, so that its acceptance cone does
not include emission, or scattered excitation light, from the sample directly. A
highly diffusive reflective baffle on the left and underside of the sample prevents
emission and scattered light from the sample to go directly to viewed area. A
second baffle on the inside of the sphere prevents the first reflections from the
excitation light from the bottom to enter the field-of-view.
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2.2 Samples

2.2.1 Sputtered layers

The larger part of the work in this thesis has been performed on samples fabri-
cated a by radio-frequency (rf) co-sputtering method. Different structures and
compositions of the deposited films are possible in this way. Preparation proce-
dures of the different batches are discussed in this section.

Si NCs in SiO2

Two batches were fabricated here, which are indicated by SiATB and SiAtCTB.
These samples have been fabricated in a single target sputtering apparatus. A
pure SiO2 target with a diameter of 4 inch was topped with p-type Si chips (10
Ω-cm, [B]=1015-1016 cm−3) with a size of 5×15×0.5 mm. The number of Si chips
is denoted by A in the sample labeling. These materials were then co-sputtered
in Ar gas with a pressure of 40 mPa, at a background pressure of 10−3 mPa, and
with rf power of 200 W. The deposited silicon-rich silicon oxide (SRSO) films
were subsequently annealed in a tube furnace purged with N2 gas (2 liter/min)
at temperatures in the range 1100-1250 ℃ (B in sample labeling) for 30 minutes.
The thermally induced aggregation of Si atoms results in formation of Si NCs
whose sizes are determined by the composition of the deposited layer and the
annealing temperature (see section 2.3). The thickness of deposited layers is ∼2
µm for the first batch. The thickness of the 2nd batch is determined by the
parameter C, ranging from 2-14, which indicates the deposition time in minutes.
The deposition rate of ∼50 nm/min thus resulted in layers with 100-700 nm
thickness. NB: all samples with C = 2 showed only negligible absorption after
the annealing procedure.

Er3+ + Si NCs in SiO2

In Chaps. 5 and 7 samples have been used that are co-doped with Er3+ ions.
These have been prepared by the same method as described above, with the only
difference being the inclusion of Er2O3 tablets during sputtering. In this way
concentrations of [Er3+]=7 × 1018 − 6 × 1019 cm−3 have been obtained in the
deposited layers.

Multi-layers

In a multiple target sputtering apparatus it is relatively easy to deposit different
types of layered structures. Each gun contains a different target material and
by changing the relative power to each of the guns, different compositions of
materials can be easily made. Alternating the active guns in a deposition sequence
generates a superlattice of the deposited layers. For alternating SRSO and SiO2
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Figure 2.4: Schematics of po-Si sample fabrication procedure [31]

layers this results in self-limited NC growth in the SRSO layer during annealing,
dependent on the layer thickness, as the surrounding SiO2 layers act as buffers
preventing the excess Si to diffuse outside [30].

B-P-doping

In Chapt. 8 the influence of n- and p-type doping of Si NCs has been studied. For
this purpose a batch of samples with different deposition parameters has been
prepared, which were either single layer SiOx (SL, 500 nm thickness) or multi-
layer (ML, 4 nm SiOx + 10 nm SiO2; total 50 layers). Different concentration
of excess silicon in the Si-rich layer indicated by 3, 5, 7 or 9 (5.8, 27.8, 40.7
and 45.1 volume % excess Si, respectively) and doping levels (P2O5 and B2O3,
concentrations of both either 0, 1.1 or 2.2 volume %). All samples have been
annealed in a N2 atmosphere for 30 minutes at a temperature of 1200 ℃.

2.2.2 Porous silicon

Porous silicon grains suspended in ultraviolet-grade ethanol, made by electro-
chemical etching of crystalline silicon, have been investigated as Si NC contain-
ing system as well. The preparation consists of several steps. First a p-type
wafer (B-doped, 0.075-0.100 Ωcm, <100>-oriented, etched area ∼10 cm2), was
electrochemically etched under constant current density of 1.6 mA cm−2 for 2
hours. Platinum was used as the top electrode and the bath was stirred. The
etching bath consisted of hydrofluoric acid (HF) and UV-grade ethanol (EtOH)
in ratio HF (50%) : EtOH (99.9%)=1:2.85. After intense rinsing in pure (99.9%)
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Figure 2.5: HR-TEM image of po-Si (left) where NCs can be observed as dark
spots. The inset shows a detail of a single NC, where lattice fringes can be
observed. The right figure shows the distribution of NC sizes [32].s

EtOH and slow drying in air, the resulting nanocrystalline layer was mechani-
cally scraped-off the substrate and underwent 30-60 min ultrasonic treatment in
UV-grade EtOH. The final product was contained in Suprasil quartz cuvettes of
3.5 ml volume. The different steps in sample preparation are shown schematically
in Fig. 2.4. After sedimentation and filtering the colloidal suspension contains
grains of po-Si with a typical size of 1 micrometer. Each grain consists of a large
number of closely spaced oxidized silicon NCs with a typical size of 1-3 nm. They
embody a dense sponge-like network in which some NCs may be interconnected.
Fig. 2.5 shows HR-TEM image of this structure, where the individual NCs can
clearly be seen. The distribution of sizes of individual Si NCs as determined from
HR-TEM image is shown in the right panel.

2.2.3 Freestanding colloidal Si quantum dots

Freestanding silicon quantum dots (Si-QDs) were prepared via a wet-chemical
method [33]. Magnesium-silicide (Mg2Si) was oxidized with bromine (Br2) in
refluxing n-octane for 3 days. The bromine-terminated Si-QDs formed in this
way were passivated using n-buthyl-lithium, resulting in n-buthyl terminated Si
QDs. These samples have been obtained through collaboration with the group
of Prof. Zuilhof from the University of Wageningen.

2.3 Sample characterization

There are a number of important parameters that will determine the final prop-
erties of the material which have been studied. In this section we will treat some
different characterization techniques that have been employed to study material
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properties like NC size, crystalline quality, composition, etc; also simulations are
made to determine important material properties for further investigations.

2.3.1 Scanning transmission electron microscopy

To get detailed information about the structures on nanometer sizes, some sam-
ples were studied by scanning transmission electron microscopy (STEM). These
measurements were performed in collaboration with Oak Ridge National Labora-
tory and the University of Cadiz. The images are taken in a NION UltraSTEM
using a voltage of 100 kV. In Fig. 2.6 the images of bright field STEM are shown
for two different samples. Random distributions of nanocrystals, with varying
crystalliographic orientation can be seen with a fairly similar size, which is around
3.5 nm for Si8Er4T1150 and 5 nm for Si8Er4T1200. In order to get information
of the composition and distribution of elements a combination of electron energy
loss spectroscopy (EELS) and high angle annular dark field (HAADF) STEM was
employed. The HAADF technique is very sensitive to variations in the atomic
number of atoms in the sample and can be used to produce Z-contrast images.
Typical HAADF images of a NC are shown in Fig. 2.7a and 2.8a. Along the
green line electron energy loss spectra are obtained, which contain information
about the composition. By comparing the obtained EELS spectra with reference
of standards for Si, SiO2 and Er, the distributions of these elements along the
line can be found. From Figs. 2.7b and 2.8b we can clearly see that the contents
of oxygen, which is directly related to the O-K (the electron K shell of oxygen)
peak, decreases inside the NCs. At the same time the first peak of Si-L2.3 (crys-
talline Si) disappears outside the NCs. The remaining intensity of the O-K edge
can originate from the Si-Ox above and below the NCs.

Figure 2.6: Bright field STEM images of (a) Si8Er4T1150 and (b) Si8Er4T1200
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The distribution of Er ions is more difficult to obtain. In a study on similar ma-
terials it was found that Er tends to cluster and distribute similarly as the Si NCs
[34], but concentrations were about an order of magnitude larger. In Fig. 2.8b
the signal related to Er-N4,5 edge is also shown. It shows that Er is preferentially
located in the amorphous matrix. In the typical STEM HAADF images there
are bright spots present, which could indicate large Er concentrations or clusters,
as intensity is approximately proportional to the square of atomic number Z. By
simultaneous recording of HAADF and bright field STEM images (Fig. 2.9) dis-
tributions of NCs and Er can be seen; there is no correlation between the two.
From the presence of the Er-N4,5 peak in EELS spectrum we know that Er is
present, and this opens the possibility that the bright spots could be correspond-
ing to Er clusters. Fig. 2.10 depicts a spectral image from Er-N4,5 edge, which
shows distribution of Er atoms. The same area as HAADF image shows that the
bright spots are not related to Er ions, which indicates that Er is homogeneously
distributed and does not form clusters. A similar elemental analysis of a very
bright spot in HAADF image of Si4Er4T1200 gives the grayscale chemical map
of Fig. 2.11. The distributions of the elements around and inside the brightest
particle is the same as that shown in Figs. 2.7b and 2.8b. This is again a confir-
mation that the bright spot is not related to a cluster of Er atoms, but probably
is a Si NC with an orientation which produces a channeling effect.
The main results of this STEM study are:

• Crystalline Si particles are found in all samples.

• The size of NCs varies for different samples, but the distribution of sizes

(a) HAADF (b) O and Si distributions

Figure 2.7: (a) HAADF image of a NC in Si8Er4T1150, the green line indicates
the path followed by the beam (line scan). (b) Normalized EELS intensities of
peaks related to Si-L2,3 and O-K signal along the line.
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(a) HAADF (b) O, Si and Er distributions

Figure 2.8: HAADF image of a NC in Si4Er4T1200, the green line indicates the
path followed by the beam. (line scan) (b) Normalized EELS intensities of peaks
related to Si-L2,3, Er-N4,5 and O-K signal along the line.

within one sample is not too large.

• Erbium is randomly distributed in the amorphous matrix surrounding the
Si NCs.

• There is no indication that the location of Er ions are correlated with Si
NCs.

Figure 2.9: left : HAADF image of the silica matrix with bright spots. right :
Bright Field STEM image simultaneously taken. The red circle indicates the
location of a Si NC in both figures.
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Figure 2.10: left : Spectrum image of erbium concentration extracted from Er
N4,5 edge. right : HAADF image simultaneously recorded, showing bright spots.

Figure 2.11: Grayscale map of (a) Si-L2,3 first peak, (b) Er-N4,5 and (c) O-K.

• There are no Er clusters found.

• (Nearly) every visualized Si NC has a neighbor in close proximity, at a
distance comparable to its radius.

2.3.2 PL properties and deposition parameters

In section 2.2.1 the employed sputtering technique was discussed, and how the
different parameters determined composition of the deposited material. In this
section we will look how the PL properties of the Si NC layers formed by an-
nealing of the sub-stoichiometric silicon dioxide depend on the composition and
annealing temperature. All PL data are obtained under continuous-wave excita-



22 CHAPTER 2. EXPERIMENTALS

600 700 800 900 1000 1100
0

20

40

60

80

100

 

 

P
L 

in
te

ns
ity

 (a
rb

. u
n.

)

Wavelength (nm)

 Si2t14T1150
 Si6t14T1150
 Si8t14T1150
 Si10t14T1150

Figure 2.12: PL spectra for a series of Si NCs in SiO2 with different composition
of the deposited precursory layer and identical annealing parameters.

tion with an Ar+ ion laser with 457.9 nm wavelength and power of 1 mW.
Typical PL spectra are shown in Fig. 2.12 for a series of Si NC films with dif-
ferent composition, but identical annealing procedure. All spectra show a broad
band with a typical full width at half maximum of ∼150 nm. Furthermore, it is
observed that the intensity and the emission wavelength vary for all samples in
this series. Generally there is a blueshift of the emission wavelength as the NC
size decreases [35, 36]. The broadening of the spectra is thus an indication of the
size distribution within the samples, a deeper analysis in this matter is given in
section 2.3.3.
The spectral position of the entire spectrum is an indication for the average size
of the NCs. To gain some better understanding about how the NC size is deter-
mined by fabrication parameters we have determined PL spectra for a range of
different compositions and annealing temperatures, which were varied between
1100 - 1250 ℃. An illustration of the influence of the excess Si concentration and
annealing temperature on the emission can be found in Fig. 2.13. This data is
taken for the SiA TB series, where A = 4, 6, 8 or 10 (4.8%, 8%, 12.6% and 17.2%
excess Si, respectively) and B the annealing temperature (1100, 1150, 1200 or
1250 ℃). Since photon energies are inversely proportional to the size of NCs, two
main trends can be deduced from the figure:

• In the compositional direction it is apparent that smaller NCs occur on the
silicon-poor side of the map.
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Figure 2.13: Photon energies associated with the peak of PL spectra and depen-
dence on the excess Si concentration and annealing temperature.

• The size of NCs increases for higher annealing temperatures.

Another observation is that both parameters are not mutually independent and
that their combination determines the final NC characteristics. This complicates
for example the fabrication of layers with same NC size and size distribution, but
different concentration, which are desirable for some later parts in this research.
A separate series of Si NCs in SiO2 was produced to fabricate samples with exactly
these features, but also to extend the composition more to the Si deficient side.
A mapping of the peak energy, as well as the integrated PL intensity, as function
of composition and annealing temperature can be found in Fig. 2.14. In the left
part of the figure we see that at even smaller Si excess, the PL peak shifts still
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Figure 2.14: left: Photon energies associated with the peak of PL spectra and
dependence on the excess Si concentration and annealing temperature for SiA
t14 TB series. right: Relative PL intensity map.
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Figure 2.15: Size distribution as determined from PL spectra (black lines) and
fits with Eq. (2.8) (gray dashed lines). Fitting parameters, which indicate the
mean µ and σ are also indicated.

more to the higher energies, indicating the occurrence of even smaller NCs. From
the intensity map it is concluded that there exists a “sweet” spot, which reaches
maximum intensity. The drop in intensity for the low excess Si side is due to
the lower density of Si NCs, while at the Si-rich side it is caused by opening of
non-radiative pathways in large and possibly interconnected clusters.

2.3.3 Size distribution

A relation between emission energy and size of NCs determined by high-resolution
transmission electron microscopy (HR-TEM) has been obtained in the past [16].
It is found that there is a good fit for these data for the optical gap Eg(D) =
ESi + 1.86/D1.39, where ESi is the bandgap of bulk Si and D the NC diameter,
similar as the theoretical dependence determined in [37]. When an intrinsic yield
of PL of 100% is assumed [38, 39], we can convert the PL spectrum directly to
a size distribution. This type of NCs commonly have sizes whose logarithm is
normally distributed [12, 40, 41] as described by

I(D) =
1

Dσ
√

2π
e−

(ln(D)−µ)2

2σ2 , (2.8)

where µ and σ, are the mean and standard deviation, respectively, of the diameter
D’s natural logarithm. By fitting the measured PL spectra with this equation we
can determine these important parameters for the different samples. In Fig. 2.15
we show experimental data and accompanying fitting parameters of Eq. (2.8).
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Figure 2.16: One face of a FCC unit cell, with a size of spheres which is smaller
than the possible maximum, D < a√

2

2.3.4 Separation between Si NCs

Since a large part of the research on the thin films considers energy transfer
between individual NCs, knowledge about distribution of distances between the
NCs is highly desirable. There is only little information about the microscopic
distribution of Si atoms in such layers [42]. This work shows that the phase sep-
aration in SRSO layers is ∼100%, all Si atoms are part of NCs, but there is no
conclusive information about the average distance between these NCs. In this
section we develop a model, which describes the distance between Si NCs. Some
assumptions have to made as to simplify the model, so that the obtained values
are not absolutely correct, but give the upper limit and allow us to determine the
trend in NC-NC distance as function of NC size and excess Si fraction.
For the model we assume a full phase separation of the excess Si, which is rea-
sonable according to [42], and Si NCs to be spheres with a single size. At the
optimum packing of spheres, in the face centered cubic (FCC) structure, a unit
cell contains 4 spheres of volume V and the filling fraction fSi, which indicates
the silicon excess fraction, is given by:

fSi =
4× V

a3
=

2
3πD3

a3
, (2.9)

where D is the sphere diameter and a the length of a unit cell edge (see Fig. 2.16).
The distance between the surfaces of spheres, dss, can be expressed as

dss =
a
√

2− 2D

2
=

a√
2
−D. (2.10)

Combining Eqs. (2.9) and (2.10) gives than the relation between dss, D and fSi,

dss = D[(
π

3fSi
)

1
3 2−

1
6 − 1]. (2.11)
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A visual representation of this equation is depicted in Fig. 2.17. Typical ranges
of both parameters in our samples are 3 < D < 5 nm and 0.05 < fSi < 0.2.
We can see that in this case the distance between the NCs is between 1 and 7
nm. Of course in a real system the self-assembled NCs will not be oriented in
such a structure, but more randomly, so there will be a distribution of nearest
neighbor distances. For a given fSi and D randomizing the distribution of Si
NCs will lower the average distance between them, the FCC assumption yields a
maximum.

Now we will take a look at the other side of the spectrum and analyze ran-
domly distributed NCs. Again we assume all the NCs to be spherical and have a
identical size. Torquato et al. [43] developed a general expression for a nearest-
neighbor distribution function H(r) in a system of interacting spheres and com-
pared these with Monte Carlo simulations. From their results we can find another
important measure for such systems, the so-called “mean nearest-neighbor dis-
tance” l, which is defined as

l =

∞∫

0

rH(r)dr. (2.12)

We can convert this value to the “mean nearest-neighbor surface-to-surface dis-
tance” dss,av by subtracting the diameter of the particles from l. From their
simulations we now get the empirical relation

dss,av = (
1

fSi
− 1)0.0277D, (2.13)

which is valid for 0 < fSi > 0.5. It is obvious that the distances are much smaller
in the case of random distribution of the NCs. In the region of interest dss,av

varies between ≈ 0.2 and ≈ 2 nm, but we also have to keep in mind that this is
a mean value, with particles having smaller and large distances. The purpose of
this section is to show the behavior of different distributions and what are the
typical values of the distances between individual NCs. It is very difficult to get
“real” values, as an experimental determination of the real space distribution is
extremely difficult and scarce. Furthermore, it is even more complicated by other
aspects, like size and shape distributions, which are typical for self-assembled
systems.
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Figure 2.17: (a) Contourplot of the dependence of the NC surface-to-surface
distance in a FCC lattice on the NC diameter and excess silicon fraction. Lines
indicate regions of identical dss, where boxed values are in nm. (b) Contourplot
of the mean nearest-neighbor surface-to-surface distance in a system of randomly
distributed NCs.




