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Chapter 1

Introduction
1.1

Information (Silicon) Age

Throughout human history, innovation of tools and techniques has changed
the way we live, brought us great advancements and helped us to be more
self-reliable, self-sufficient, and efficient [1, 2]. Let us focus on the last 200 years
of developments that are related to this work.
By the end of the Industrial Revolution, Charles Babbage built a first
“difference engine” and improved it soon after into a more general “analytic
engine” [3], the first general purpose computing device. For his achievements,
Charles Babbage is often called “the father of the computer”. This pioneering
work started the field of computational science and served as the foundations
for what is known today as the “Information Age”, an era characteristic for its
information technology (IT) based economy and communication [4]. The temporal
onset of the “Information Age” coincides with great advances in the development
of the field effect transistor (FET) made of bulk silicon (Si), which became the
founding technology for digital electronics, and revolutionized innovations in
modern technology [5, 6]. Therefore, the “Information Age” is also often called
“the Silicon Age”, to acknowledge the essential role that Si plays in the modern
technologies. The principle of a FET was first proposed by an Austro-Hungarian
scientist Julius Edgar Lilienfeld in 1925. About 20 years later, during Christmas
vacation in 1947, a first point-contact transistor was made from germanium (Ge)
by Bell Labs scientists John Bardeen, Walter Brattain and William Shockley. This
was one of the major breakthrough developments of the IT age and with that
the linked semiconductor industry. History continued with the development of
the bipolar junction transistor in 1948 and fabrication of the first grown-junction

6

Figure 1.1: Evolution and milestones of life on Earth and human civilisation for the last 4 billion
years with selected major breakthroughs on a log-log time scale, including invention of a computer.
Data are plotted after Ref. [8].

transistor in 1950. Shortly after Jack Kilby at Texas Instrument invented the first
Ge-based integrated circuits (ICs) later in the 1958, followed by the invention of
metal-oxide-semiconductor FET (MOSFET) in 1959 [7].
Inventor and futurist Ray Kurzweil in his book “The Singularity is Near” [8]
has tried to capture the timeline of some of the “canonical” breakthroughs of the
life on Earth, human life and our civilisation (Fig. 1.1). In his book, a similar graph
is shown also for several other selections of events and for data from different
sources, all showing the same exponential trend in time. Ray Kurzweil defines the
term “Singularity”, as “a future period during which the pace of technological
change will be so rapid, its impact so deep, that human life will be irreversibly
transformed”. IT plays a central role in all his books as a critical tool for the
transformation of humankind in a near future.

7

Figure 1.2: Chart of the last 48 years of microprocessor development. Data were collected by M.
Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond, C. Batten, and K. Rupp [9]. Plotted
with permission from K. Rupp.

1.2

State-of-the-Art Silicon Technologies

Si has several advantages that make it stand out. First and most importantly, it
is the semiconductor with the most abundant resources on Earth, since Si is the
second most common element in the Earth crust with elemental content 28% of
Si. Secondly, it has a naturally grown oxide, silica SiO2 , which is an extremely
convenient feature for the mass production of Si-based micro-devices, in which an
insulator is an often required part of the design. A bulk Si crystal can be produced
by simply varying only one thermodynamic parameter (the temperature), while for
the multi-component alloy semiconductors, such as GaAs, two components must
be controlled (temperature and pressure) to keep the right stoichiometry. This
practical advantage allows to produce larger bulk crystals than is possible for any
other semiconductor, with a very high quality and at relatively low costs. Also,
Si is non-toxic, which besides costs for handling and recycling also means less
harm to health and environment. Si has a slightly wider bandgap than Ge, which
allows it, unlike Ge, to be used in devices that can operate at ambient, but elevated
temperatures without issues. For devices, Si is doped to an n- and p-type using
8

elements like P, B and others. This can be done conveniently by using inexpensive
doped silica sol-gels. A simple p-n junction is a basis for many modern day
devices, such as MOSFET, solar cell, light emitting diode (LED) or solid state
lasers.
Transistors are the basis for the modern ICs and are possibly one of the
most influential Si devices. The typical state-of-art Si-based FETs are based
on the so-called planar structure, e.g. MOSFET and silicon-on-insulator (SOI)
technology. The operation mode of a FET is to generate an electron-conducting
channel with two Ohmic contacts, the source and the drain, where the number
of charge carriers in the channel is controlled by a third contact, the gate. In the
vertical direction, the embedded gate channel in the substrate can be regarded
as an orthogonal two-terminal device, which is either a MOS structure or a
reverse-biased rectifying device that controls the mobile charge in the channel by
a capacitive coupling. In a Si MOSFET, the gate contact is separated from the
channel by an insulating SiO2 layer. MOSFETs are used both as discrete devices,
and as active elements in the digital and analog ICs [10].

Figure 1.3: Evolution of the semiconductor FET technology from planar to the FETs based on 3D
stacking of nanostructures. Figure is based on a slide from H.-S. Philip Wong, vice president of the
corporate research in Taiwan Semiconductor Manufacturing Company (TSMC), as presented at “Hot
Chips” conference in 2019.

The development of ICs can be described by a similar graph as we saw in the
9

previous section, used in IT to show the scaling of the performance parameters
of a microprocessor unit over the past years, known as Moore’s and Dennard’s
scaling laws. These graphs typically focus on the important performance and
manufacturing parameters for ICs, such as the number of transistors per chip,
processing speed, power consumption, operation frequency, and other [11]
(Fig.1.2). Gordon Moore, well-known as the co-founder and former CEO of
Intel, claimed in 1965 [12] that the “number of transistors on a microchip will
double every two years, though the cost of computers will be halved”. In the same
period, around 1974, IBM researcher Robert Dennard stated that (i) the transistor
dimensions scales by 0.7 times for each technology node, halving the chip’s area;
(ii) the circuit delays reduce by 0.7 time, increasing the operating frequency by
about 1.4 times; (iii) to keep constant electric field in the electronic channel, the
voltage is reduced by 0.3 time, dissipation energy by 0.65 time, and power by 0.5
times; (iv) in each technology node, if the transistor density doubles, the circuit
becomes 0.4 times faster and power consumption stays the same [13]. Moore
expected that these scaling trends would last only for a brief period of time, which
he repeatedly stated even as late as 2007 in an interview [14]. However, his scaling
rule, named after him as “Moore’s law”, became a Golden standard for the strategy
roadmaps issued by microprocessor developers like Intel, and fuelled innovation
and breakthroughs in the microprocessor industry for the past decades. Given the
original 70s’-90s’ technology, Moore’s law should have indeed ended long time
ago, but this has been overcame by a number of novel design and architecture
concepts, such as parallel ICs and 3D stacking of the features, just to keep the
Moore’s scaling law intact. In recent years, predictions show that the Moore’s law
will possibly approach a physical limit around 2023, when the issues of poly-gate
shrinkage, cross-talks, heat accumulation, etc., become critical. Nevertheless,
researchers are still looking for ways to overcome these limitations once again
to keep the scaling law “alive” for even longer. For example, in recent years,
the device features have been scaled down to the few nm range, such as FinFET,
gate-all-around FET and multi-bridge channel FET, which are not planar devices
anymore, and use 3D stacking of nanowires and nanosheets, to further prolong
the scaling law and overcome physics limits (Fig. 1.3). The recent head of Intel’s
Si engineering, Jim Keller, pointed out[15] that there are more than a hundred
variables that are involved in keeping Moore’s Law going, providing many ways
to keep this treasured law going.
One of such architectural and performance advancements could be achieved
by an implementation of an all-Si on-chip integrated SOI/complementary
metal-oxide-semiconductor (CMOS) photonics technology [16, 17, 18]. This
could be implemented in steps, starting with a hybrid photonics-microelectronics
10

chip with the photonics providing clock signal distribution [19, 16, 17, 18]. The
fully photonic all-Si CMOS IC, where the information is not only transferred,
but also processed and stored using optical components, can be considered in
the next stages. Despite the fact that optical components are much larger than
microelectronics ones, the information can be processed and transferred at higher
speeds and densities, since photons do not interact with each other (in linear
regime). This drastic change of architecture could provide the so much currently
needed boost to the computing performance (too keep up with Moore’s scaling
law) on an affordable level for a general purpose device, like personal computer or
laptop.

Figure 1.4: Sketch of the valence and conduction bands of a direct and indirect bandgap
semiconductor, represented by a parabolic function in the effective mass approximation. Absorption
and emission of a photon is indicated by the vertical arrows, owing to photon’s large energy and
small momentum. In the indirect bandgap semiconductors, absorption and emission of a photon of
an energy comparable to that of the bandgap can be done only via assistance of phonons, vibrational
quanta of the lattice that carry little energy, but large momenta. Therefore, phonon emission and
absorption is indicated by the almost horizontal arrows.

To use all-Si on-chip photonics, Si light sources and laser needs to be
developed [19, 16, 17, 18]. Despite many partially successful attempts in the past
[20, 21, 22, 23], there is still no Si laser. In fact this can be well summarized by
a quote from a very recent article from July 2020 in a symposium of Society of
Photographic Instrumentation Engineers (SPIE)[24], stating that “a high-yield Si
light source remains elusive on Earth. A LED or laser made wholly from Si has
the potential to radically transform microchips of the future, enabling light-speed
11

processing as well as massive energy savings. In fact, a Si laser has become so
sought after that it has been described as the “final frontier” and the “holy grail of
optoelectronics.” However, despite concerted efforts by the photonics community,
a satisfactory Si laser has not yet been developed.”. The main issue is Si’s indirect
bandgap (Fig. 1.4), rendering radiative transitions extremely inefficient. Solving
the issue of efficient light emission from Si, is one of the motivators for this thesis.
Besides the Si laser, Si-based LEDs could be yet another revolutionary device that
could bring many changes to our lives. LEDs are energy saving devices that make
it possible to bring light into households with very little power to spare. Also,
LEDs are the basis of modern displays, used for data visualisation, education
and communication. Affordable Si LED could allow for on chip light sources
that would drastically lower the cost of a production of lighting and display
technologies. Some progress has been done in this direction with the use of Si
quantum dots (Si-QDs) [25, 26, 27, 28, 29]. Nevertheless, such devices have
not yet been commercialized and remain in a research and development stage,
suggestive of the fact that a much needed improvement of their optical properties
is still required.
However, it is not just an inefficient light emission that is challenging
researchers all over the world, but also inefficient light absorption by Si. An
important Si device that is changing the ways we live and is based on a simple p-n
junction, is a solar cell. Conventional solar-cells, found on rooftops, calculators,
digital watches, etc., are based in absolute majority on bulk, polycrystalline or
amorphous Si. The record conversion efficiency of a Si solar cell is 24.79% in
2020 [30]. This record value has been overcome by the means of using multiple
junction cells of stacks of direct bandgap semiconductors, each optimized for
a different part of the solar spectrum, such as the one developed by the U.S.
Department of Energy’s National Renewable Energy Laboratory (NREL) with
efficiency 47.1% reported this year [31]. Nevertheless, these are expensive and not
affordable technologies for most. The issue for Si is again its indirect bandgap,
rendering the absorption of visible light very inefficient. For this reason, Si
based solar cells are either efficient, but very thick and heavy, or thin, light and
inefficient. An intense research is carried out in order to prolong the light path of
the incident light within a thin Si based solar cell, i.e., “light trapping” [32], in
order to be able to use Si based solar cells also in applications where lightweight
is essential, such as transportation. Another possible path towards efficient light
absorption in Si is by band structure engineering towards direct bandgap properties
in e.g. Si nanostructures [33, 34, 35, 36]. Despite considerable efforts, there has
not yet been reached a consensus on whether there is a practical solution to a direct
bandgap Si.
12

Besides electronics, optoelectronics and photonics, Si is also attractive for
energy storage. Si is an attractive anode material for the next generation of
lithium-ion batteries (LIBs) due to the Si’s high lithium up-take [37], where the Si
based battery is expected to have 10 times higher capacity than the usual graphite
based battery. Scientists recently demonstrated a lithium-doped Si-P battery by
electrochemical pre-doping method on a Si electrode [38] to create a new class of
rechargeable battery with a higher energy density. Si is shown to undergo, during
the charging and discharging, a phase transition from the crystalline to amorphous
state via a formation of a lithiated amorphous silicide.
Si-QDs, in particular the oxidized sort, can be also very interesting for
application in the medical field. They emit light, are relatively photo-stable and
were shown to be non-toxic [39, 40, 41, 42, 43]. In aqueous environments, oxide
capped Si-QDs slowly dissolve into the omnipresent, benign silicic acid [39], i.e.
they are bio-degradable. The size of the luminescent oxide-capped Si-QDs is
always below ∼5 nm, which is a limit for a safe excretion from a living organism
via urine [44], but can be an issue for its possible entry through the blood-brain
barrier [45]. Also, upon excitation, oxide-capped Si-QDs are a source of oxygen
radicals that are toxic to the neighboring tissue, an effect suggested for possible use
in photo-induced local cancer treatment [46, 47, 48], or as a carrier of radioactive
isotopes [49]. The red and slow decaying luminescence offers also a great contrast
to the often fast decaying blue-green emission from organic tissue [50, 51]. For
optical applications as fluorescent labels, however, the oxidation of the Si-QD
surface might not be desired, when a full spectral tunability through the whole
visible range is required, as well as high radiative rates.

1.3

Silicon quantum dots - towards light emission
applications

The Si laser and Si (micro)LED are probably the most challenging and elusive Si
based devices so far. As mentioned above, Si has an indirect bandgap (Fig. 1.4),
resulting in poor light emission and absorption due to a poor overlap of the
electron and hole wavefunctions in ~k-space, resulting in a weak oscillator strength
of such transitions. Nevertheless, properties of bulk Si can be strongly modified by
quantum confinement effects (QCE). QCEs occur when one or more dimensions
h̄2
of a crystal is comparable or below the bulk excitonic Bohr radius aB = 4πε
,
m∗µ e2
which is in Si close to 4.9 nm. In such a case, quantum confinement affects
13

strongly the density of states (DOS), which in the extreme case of a QD, when all
three dimensions are reduced below aB , become almost atomic-like (Fig. 1.5). The
idea of discretisation of the band structure, especially close to the bandgap, where
the DOS is the lowest and is less pronounced higher in the bands, stands behind
the usual schematic depiction of the QD energy structure, such as the one shown
in Fig. 1.6.

Figure 1.5: DOS in bulk (3D), nanosheet (2D), nanowire (1D) and a QD (0D). Figure is replotted
from Ref. [52].

QCE also leads to bandgap energy “opening”. To evaluate the effect of
quantum confinement on the bandgap energy, we can use a simple effective mass
approximation (EMA), where we treat electron and hole in a QD as a quasi-particle
with effective mass in a potential well, where the effective mass tensor contains the
effects of the periodic crystal potential. The Hamiltonian for such a system can be
written as:
Ĥ = −

e2
1
e2 ∞
e2 (re 2 + rh 2 )
h̄2 2
h̄2 2
α
∇
−
∇
−
+
∑ n 2 R2n+1 ,
2m∗e e 2m∗h h 4πεε0 |re + rh | R n=1

(1.1)

leading to a formula for the bandgap energy, dependent on the size of the potential
well[53]:




h̄2 π 2 1
1
1.8e2
e2 ∞
re + rh 2n
Eg (R) = Eg,bulk +
+
−
+ ∑ αn
, (1.2)
2R2 m∗e m∗h
4πεε0 R R n=1
R
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where Eg,bulk is the bulk Si band-gap energy, h̄ is the reduced Planck constant, me
and mh are the effective masses of the electron and hole quasi-particles, R is the
QD radius, and ε is the permittivity. The first term is the localisation term, which
is usually larger than the Coulombic 1/R term. This is why it is usually considered
that Eg0 (R) ∝ 1/R2 . In reality, however, the experimentally investigated Si QD
(Si-QD) samples show slightly different values of the exponent, reported in the
literature between 1.3 and 2.0 [54, 55]. Examples of such bandgap dependencies
for real Si-QD samples measured experimentally and simulated theoretically are
shown in Fig. 1.7(a). These data show a large spread of values, which is caused,
as we will discuss later, by extreme sensitivity of Si-QDs properties to surface
chemistry, strain and disorder. Nevertheless, one point is clear and that is that with
Si only, the bandgap tunability covers the whole visible spectral range and beyond
[56, 26] (Fig. 1.7(a)). This broad spectral tunability has been experimentally
and theoretically proven in the hydrogen (H) capped Si-QDs [26], but is usually
modified, as mentioned above, by the use of other than H ligands or disorder and
strain [56, 26].

Figure 1.6: Schematic sketch of the effect of the quantum confinement on the electronic structure of
bulk Si and Si-QDs.

The effect of quantum confinement on band gap energy is known and common
to all types of semiconductor QDs. In an indirect bandgap semiconductor, such
as Si, additional effects occur due to the relaxation of the ~k-selection rule as
a consequence of the larger spatial confinement of carriers. In Si-QDs, this
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results in an enhanced radiative rate krad , which scales as inverse cubic function
of the QD size krad (d) ∝ d −3 [57]. The radiative rate in the smallest Si-QDs
is enhanced about 3-4 orders of magnitude (for the phonon-less radiative rate),
reaching ∼107 s−1 for the simulated ∼1 nm H-capped Si-QDs [58, 34, 36, 59]
(see also Fig. 1.7(b)). It is a considerable improvement from the bulk Si values
of 102 -103 s−1 , but the radiative rate is still much lower than that of the direct
bandgap semiconductor QDs exceeding 108 -109 s−1 for any size of a QD.
Nevertheless, improved light emission in Si-QDs stands behind the emergence and
growth of the Si-QD field in the past 3 decades, starting with the first report on a
bright and size-tunable emission from the Si-QDs in 1990 in a pioneering work
of Canham et al. [60], followed by many more reports over the past 3 decades
[57, 56, 61, 50, 26, 62, 63, 64, 65, 66, 67, 68, 69].

1.4

Band structure of silicon quantum dots

The size dependent radiative rate in Si-QDs and its persistently low values
even for QDs as small as hundred atoms and less, is a noticeable feature that is
asking for closer inspection of the band structure development in QDs. Band
structures, or a ~k-space projected DOS, are an important tool for understanding a
semiconductor’s electronic and optical properties. An important assumption, on
which this concept builds, is a long-range translational symmetry, which is missing
in QD systems. Nevertheless, the low radiative rates in Si-QDs, persistent also in
the smallest Si-QDs, suggests that there is a remaining ~k-dependence that bears
critical physical information. Since a framework for plotting a band structure in
quantum confined systems was almost entirely missing, our group has dedicated
a lot of effort to this challenge in the last years in collaboration with theoretical
physicists Poddubny and Hapala. Our first efforts consisted of examining simple
Fourier Transforms of the real-space wavefunctions of the HOMO and LUMO
states to asses “directness” (or overlap in ~k-space) of the band gap. [33]. These
wavefunctions can be calculated with density functional theory (DFT). More
recently we developed a more elaborate scheme using Hapala’s band folding
procedure [79], yielding a very elaborate band structures of Si-QDs caped with
electronegative ligand and environments [34] and also including strain induced by
ligands [36]. Independently, collaborators from Prague have developed a model of
strained Si-QDs [35].
In Figs. 1.8(b) and 1.9(a) we show examples of the band structures of Si-QDs
calculated using DFT for several sizes of H-capped Si-QDs and 2.3 nm Si-QD with
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Figure 1.7: (a) Bandgap energy dependence on size of the Si-QD core: theoretical simulations of
crystalline Si-QDs by Wang et al. [70](green) and by Delerue et al. [71] (purple); experimental
results on crystalline Si-QDs in SiO2 matrix by Takeoka et al. [72](black), crystalline Si-QDs by
Ledoux et al. [54] (orange), crystalline Si-QDs in Si3 N4 matrix by Kim et al. [73](blue) and
amorphous Si-QDs in Si3 N4 matrix by Park et al. [74](red). Green, red, and blue thick lines are
our fits using EMA model by Eq. 1.2 for the data by Wang et al. [70], Park et al. [74], and Kim
et al. [73], respectively. (b) Radiative rate as a functions of the emission energy for: the theoretical
prediction by Calcott et al. [75] (black), experimental measurements from the Heitmann et al. [76]
(blue), Takeoka et al. [72] for the lower- (pink) and upper-state (green) transitions, Kobitski et al.[77]
(red) and Weissker et al. [78] (orange).
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Figure 1.8: (a) Bulk Si band structure in the Γ − X direction. Diamond crystal structure of Si is
depicted in the panel below. (b) DOS for 200 energy levels around the Fermi energy, projected in
the Γ − X direction for H-capped Si-QDs of sizes between 3.2 and 1.3 nm, simulated using DFT.
The relative size comparison of the Si-QDs is in the panel below. In each panel are indicated the
HOMO-LUMO energies (bandgap energy approximation) and phonon-less radiative rates. Zero
energy is positioned at the last populated state in the valence band. Simulations were performed
by K. Newell Dohnalová.

various ligands. For the H-capped Si-QDs in Figs. 1.8(b), we see discretisation
of levels, bandgap opening and also, persistent ~k dependence of energy that for
the largest QD resembles the shapes of the bulk Si valence and conduction bands
with a bit of ~k-space delocalisation. In Fig. 1.9(a), we see similar effects, plus
a very profound effect of ligands on the bandgap, radiative rate and generally,
the whole band structure, as well as the spatial (de-)localisation of the electronic
wavefucntions of the HOMO (hole) and LUMO (electron) states. Hence, we
conclude that the band structure approach for the indirect bandgap (Si-)QDs is not
only applicable, but also highly relevant, since it provides essential physical clues
to the origin of the spread of Si-QD properties reported from this elusive material.
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Figure 1.9: (a) Band structure of 2.3 nm Si-QD capped by -H, -C4 H9 (butyl), -OH and -O(oxide layer) and -Br. In each panel are indicated the HOMO-LUMO energies (bandgap energy
approximation) and phonon-less radiative rates. Zero energy is positioned at the last populated state
at the valence band. (b) Spatial cross-section of the electronic wavefunction for the HOMO and
LUMO states. Simulations were performed by K. Newell Dohnalová.

Also, such calculations point to a very complex role that ligands play in (Si-)QD’s
properties.
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1.5

Role of ligands on the optical properties of silicon
quantum dots

Si engages in very complicated covalent chemistry with many elements on its
surface [80]. Out of the whole periodic table, the most commonly discussed
ligands are -H, silica oxide (in form of -OH, -O- and =O), organic (C-, O- or
N-linked organic molecules), halides (–Cl, –Br, –I or –F), and P- and B- surface
co-doped Si-QDs [26, 56]. Surface capping is a topic of profound interest in the
domain of Si-QDs for several reasons. Firstly,each facet capping has a different
stability due to different bonding sites. In general, we have –SiX3 , –SiX2 and
–SiX surface sites, –SiX3 being the least stable and –SiX the most stable. Also,
the covalent surface undergoes a reconstruction, which results in an amorphous,
distorted, strained structures that also affects stability, electronic properties and
can also stand behind the puzzling growth limitations of the Si-QD core in
bottom-up growth methods. In fact, so called “magic number” Si-QDs [81]
were discovered, where with the right number of the Si atoms in the core, the
Si-QD becomes stabilized against further growth and its properties become very
different, such as occurrence of ultra-bright emission due to lack of dangling
bonds on the reconstructed surface [82]. Also, one of the important differences
with respect to e.g Cd- and Pb-based QDs is that once capped, it is extremely
difficult to exchange the ligand - in fact this concept is almost non-existent in the
Si-QD synthesis literature. In case of oxide capping, hydrofluoric acid has to be
used, which can also reduce the size of the core, if oxygen is not entirely removed
from the reaction. In the case of organic ligands, there is actually no known
chemistry available that can remove the ligand. And very importantly, Si is a light
element with electronic levels close to those of the elements used for capping,
such as oxygen, nitrogen or carbon, which means that even a single atom on the
Si-QD surface can drastically alter its electronic properties close to the bandgap.
This interplay manifests via charge transfer, orbital displacement and the direct
contribution of the surface elements to the DOS near the bandgap.

H-capped silicon quantum dots
The only Si-QD system with purely core-driven optical and electronic properties,
is formed by H-capped Si-QDs. In fact, the first report on bright and size-tunable
emission from Si-QDs from Canham et al. in 1990 was on H-capped (and
subsequently also oxidized) porous Si [60]. Unfortunately, H-capping is unstable
under UV irradiation [83].
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Oxide capping on silicon quantum dots
The next best understood Si-QD system are oxide capped Si-QDs. Capping with
oxygen atoms can be done in several ways, as a double bond Si=O, as a bridging
bond Si-O-Si, or via –OH groups [84]. The first two types have been reported to
lead to limited bandgap tunability [85, 86, 87, 88, 89, 90] and slower radiative
rates [61, 91]. The limiting effect of oxidation on spectral tunability has been first
experimentally reported by Wolkin et al. [85] on porous Si. Nevertheless, for the
larger oxide capped Si-QDs, the PL peak is size tunable [85, 54, 92, 93, 94, 95, 96],
up till 620-650 mm, at which point it becomes size-independent. This has been
interpreted as indicating a possible involvement of the surface oxide states
[97, 98, 85, 86]. This PL is always characterised by a very slow ∼ µs decay, for
which it has been named in literature as an “S-band”[99]. In smaller oxide capped
Si-QDs, also a fast decaying blue band (named fittingly “F-band”) has been
observed by many [99], but with still unclear origin. Emission tunability from
oxide capped Si-QDs also strongly differs with strain exerted by silica matrix,
often used for such Si-QDs [100].

Organic ligands
Another type of surface capping, well represented in the literature, but less
understood theoretically, is via organic molecules. These are most often simple
carbon-linked alkyls. The organic coating is expected not to alter the broad
spectral tunability, observed for the H-capped Si-QDs, in agreement with ab-initio
studies [101, 36]. Nevertheless, in practice, this is not observed [102]. This
could be caused by uncertainties in the size determination [103, 104], possible
influence of the alkyl chains on the electronic properties, overlooked by the
mainstream theorists [36], or possibly presence of other than Si-QD emitters, such
as e.g. carbon dots, which could skew the reported PL properties if not carefully
eliminated [105, 106, 99]. The PL decay is for the larger, red-NIR emitting alkyl
capped Si-QDs, similarly slow as for the oxide-capped Si-QDs, albeit with much
better quantum yields [107, 108, 102]. Nevertheless, all the smaller, organically
capped Si-QDs exhibit unusually fast, ns-decaying PL in the blue-green spectral
range [102, 109, 110, 111, 112, 113, 114, 115] whose origin is still a subject
of intense debate and is also topic of this thesis. For the most comprehensive
review on this topic, see Ref. [99]. It has been in past assigned to oxygen-defects
[116, 117, 118, 119, 120, 121, 122, 123, 124, 125], or nitrogen- related surface
sites [126], intrinsic origin [127, 128, 129, 130, 113, 131] connected with the core
or a combination of intrinsic and surface-related emissive sites [132, 133, 36], or
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Si-unrelated impurities [106, 105, 134, 135, 136, 137, 138, 139, 140, 141, 142,
143]. Since blue PL can be emitted by nearly any (mostly organic or oxide-related)
compound, most of them present during the synthesis of the Si-QDs, or in the lab
(silica based gels and grease, organic solvents used in cleaning, etc.), an extreme
care needs to be taken in purification and handling Si-QDs.

1.6

Mission statement

In this work we tackle some of the interesting and unresolved questions of the
microscopic origin of emission from Si-QDs. In particular, our interest is mainly
in Si-QDs that exhibit a fast radiative rate, which is interesting for the applications
in lighting and photovoltaics, suggesting a high oscillator strength. This is in
literature mostly reported from the organically capped Si-QDs, which are the
central material of this thesis. In chapter 2 we critically assess a main synthesis
route for organically capped Si-QDs, arguing that there is an important need
to separate the contribution of Si-QD emission from that of carbon quantum
dots that may also be formed. In chapter 3 and 4 we address the dependence of
quantum dot emission on ligand choice, examining the dependence of emission
on pH, and examining physics of the transition dipole moment through a study
of photoluminescence polarization anisotropy. Finally, to better understand the
size-effect in such QDs, we assembled a correlative system that allows us to
perform a single dot optical microscopy and atomic force microscopy (AFM) for a
single QD at the same time (or in a fast sequence). We demonstrate its importance
for analysis of emission origin in Si-QDs in Chapter 5, while leveraging it to study
a new type of mesoscopic quantum dot assemblies in Chapter 6. These assemblies
may have applications as countermeasure against counterfeiting.
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Chapter 2

Critical assessment of
wet-chemical oxidation synthesis
of Si quantum dots
In the past three decades, many top-down and bottom-up methods for the synthesis
of silicon quantum dots (Si-QDs) were developed. Most of them, however, are
rather tedious, relying on expensive and/or inaccessible facilities, offering too
small material yields with low up-scalability options, or do not offer a proper size
and surface control. The most promising techniques in this respect are bottom-up
wet-chemical synthetic methods. Many different types of such routes have been
developed and explored, amongst them the well established oxidation-reduction
of Si-precursors. In this chapter we scrutinize one of such approaches, where a
bromine (Br2 ) is used to oxidize a magnesium silicide (Mg2 Si) Si precursor. For
this we prepare several batches with and without the Si precursor and analyze their
material and optical properties. Material analysis of both types of batches shows
Si content, but in very small quantities, despite the large amounts of the used Si
precursor. Most importantly, all the materials show bright emission and similar
optical properties independently of the Si content. Our analysis suggests that the
emission is likely related to a presence of carbon impurities, e.g. carbon dots,
occurring as a result of heated organic solvents.

2.1

Introduction

Silicon quantum dots (Si-QDs) are a very interesting material with enormous
application potential. As any other QD materials, also Si-QDs offer size-tunable
bandgap energy, but additionally also a size-tunable radiative rate [99, 33, 112].
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Also, unlike in other QD systems, Si-QD properties can be very strongly altered by
their surface chemistry [26] to the point that the same Si-QD core decorated with
different ligands, such as alkyl, alkyl-amine, acetal, aryl-amine, phosphine oxide
and partial oxide groups, can emit in entirely different spectral ranges - red, blue,
blue-green, green, yellow and orange [144]. In general, Si-QDs are considered
one of the most photo-chemically robust QD systems, especially when compared
to the perovskite QDs or cadmium- (Cd) or lead- (Pb) based QDs, owing to the
strong covalent surface bonds with the ligands. Further advantages of Si-QDs are
the virtually unlimited material resources and non-toxicity demonstrated even on
the QD levels [145, 146, 147, 148]. It is clear that mass production techniques that
would allow us to make large quantities of emissive Si-QDs, are therefore highly
desired.
In the three past decades, a large number of research groups dedicated their
time to develop convenient synthesis methods for Si-QD that would be up-scalable
and low cost, while offering a great control over the size and surface capping of
the Si-QDs, as reviewed in [26, 56]. Inspired by the great success of the bottom-up
wet-chemical synthesis routes for the Cd- and Pb-based QDs, demonstrating
excellent control over the size, shape and surface of the QDs [149, 150, 151],
it has been attempted to adopt such methods also for silicon. For Si-QDs, such
approaches include e.g. reduction of silicon tetrachloride (SiCl4 ) (or SiBr4 , and
sometimes co-reacted with alkyltrichlorosilanes) by reducing agents, such as
alkali metals [152], alkaline earth metals [153], sodium naphthalide (C10 H7 Na)
[154], lithium aluminium hydride (LiAlH4 ) [155, 114, 156], and so on. Synthetic
routes have been used to oxidize Si compounds, e.g. Zintl salts, by Br2 [157],
ammonium bromide (NH4 Br) [158], and NH4 Cl [159]. Zintl salts have been also
reacted with SiCl4 to yield Si-QDs [160, 161]. Other strategies that have been
reported to yield Si-QDs include decomposition of precursors in super-critical
fluids and by microwave irradiation [162, 163]. One of the most reliable bottom-up
wet-chemical synthesis method nowadays is the production of Si-QDs from the
hydrogen silsesquioxane (HSQ), SiOx -based compound that upon heating forms
Si-QDs within SiO2 matrix, which has to be etched away by a hydrofluoric acid
(HF)[164, 165, 166]. This method has been extensively researched by group of
Prof. Veinot in University of Alberta in Canada, whose samples we investigate in
chapter 5.
All the wet-chemical approaches, however, include in some way heating
of organic solvents. In the last years, several groups have raised doubts over
number of the above mentioned wet-chemical methods of Si-QD synthesis. One
such work has been published recently by Oliinyk et al. [105], who criticized
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the preparation of the Si-QDs by a one-pot microwave synthesis employing
3-aminopropyltrimethoxysilane (APTMS) as the Si source, as reported earlier
by Zhong et al. [163]. The criticism focused on inconsistencies in the material
analysis. Insufficient purification process has also been reported by Verma et al.
[136]. A voice of critique has also been raised this year by the founder of the
field, L. Canham [99], who pointed out many possible extrinsic sources of the fast
decaying blue-green emission reported uncountable times from Si-QD materials
throughout the whole history of the Si-QD field.
In our work, we focus on the preparation of the Si-QDs via the oxidation of
Mg2 Si with Br2 , developed by Prof. Kauzlarich [167], following the reaction
mMg2 Si + 2.5mBr2 → Sim Br + 2mMgBr2 ,

(2.1)

with subsequent surface capping using alkyl lithium reagent
Sim Br + n − BuLi → n − BuSim + LiBr.

(2.2)

This method is well established, relatively facile and presents a reaction that
can be scaled up. The reaction generally results in high product yields of blue
luminescent material. Our investigations, however, revealed that it is almost
impossible to alter the optical properties of the product by changing the reaction
parameters, such as the temperature, reaction time, concentration or even the
reagents. This prompted us to investigate this reaction in more detail. We found
that the PL properties are not related to Si-QDs [106].

2.2
2.2.1

Methods
Samples and materials

The synthesis of Br-capped Si-QDs and their capping with butyl ligand is
schematically depicted in Fig. 2.1. The synthesis was carried out at the University
of Twente by J. Wilbrink and J.M.J. Paulusse. Synthesis was done under a
protective N2 atmosphere. Glassware was fully cleaned and dried before use.
Solvents were dried over 4Å molecular sieves, for at least 24 hrs before use.
Chemicals were purchased from Acros (n-butyllithium (n-BuLi); concentration
of 2.5 M in hexane), chloroform-d (99.8 atomic % D) and n-octane (≥ 97 %))
and Sigma Aldrich (the bromine (Br2 ; ≥ 99.99 % with trace metals basis),
9,10-diphenylanthracene, hydrochloric acid (HCl, 37 %), magnesium silicide
(Mg2 Si, (≥ 99% with trace metals basis, -20 mesh), molecular sieves (0.3 nm,
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Figure 2.1: Schematic of the chemical synthesis of (a) the Si-QDs sample, synthesized with
Si-precursor, and (b) the Control sample, synthesized without the Si precursor. Synthesis with
modified reflux time for (c) the Si-QDs ref and (d) the Control ref sample.

rods), sodium sulfate (Na2 SO4 , anhydrous), and sodium thiosulfate (Na2 S2 O3 ,
≥ 98 %, anhydrous)). Additionally, the chloroform, ethanol, ethyl acetate and
methanol were purchased from VWR. Transmission electron microscopy (TEM)
grids were bought from EM Resolutions (Sheffield, United Kingdom), and
X-ray photoelectron spectroscopy (XPS) substrates from SSENS (Hengelo, the
Netherlands).
In the original method as reported by Pettigrew et al. [167], the freshly
prepared Si-precursor Mg2 Si is suspended in dry degassed n-octane in a flask at
room temperature. Br2 is added via a syringe and the mixture is mixed for 2 hours
at room temperature. Then the mixture is stirred and heated to reflux for 60 hours.
Solvent and remaining Br2 is then removed under lower pressure. It is expected
that the result of this procedure yields Br-capped Si-QDs (Eq. 2.1). To re-passivate
the surface with alkyl ligands, the product is dispersed in fresh n-octane and
n-butyllithium (n-BuLi) is added by syringe into the mixture (Eq. 2.2), which is
then stirred at room temperature for 2 days. After removing all the remaining
solvent, and other possible by-products, the final dominant product is expected to
be butyl-capped ∼4.9 (2.3) nm Si-QDs.
Our synthesis contains only minor changes with respect to the original method
(Fig. 2.1(a)). Firstly we use commercial Mg2 Si instead of a synthesized one from
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Mg and Si. Also, the n-octane was removed at the reflux temperature, rather than
at room temperature. Finally, the surface passivation with n-BuLi was carried
out for 1 day, instead of 2 days. The same parameters were used for the sample
without Si-precursor (Fig. 2.1(b)). Sample synthesized with the Si precursor is
named for convenience the Si-QD sample, and the sample synthesized without the
Si precursor is named the Control sample. Samples with a modified reflux time,
which we found has a strong impact on the content of the Br in the final product,
are named Si-QD ref and Control ref.
In our case, the synthesis starts with degassing the n-octane (100 mL, 0.615
mol) which is then added to the commercial Mg2 Si (100 mg, 1.30 mmol), followed
by the addition of Br2 by a syringe (0.54 mL, 10.5 mmol). Subsequently, the
dispersion is stirred for 2 hrs at room temperature, when the color of the solution
changes from a deep orange to a pale orange. After that, assuming the formation
of Si-QDs is finished, the dispersion is heated to reflux at ∼125◦ C for 18 hrs
(or 60 hrs or 72 hrs). Then, the solvent is removed under reduced pressure in
inert atmosphere at the reflux temperature. This is expected to lead to Si-QDs
capped with Br. To re-passivate the surface, a freshly degassed n-octane (100 mL,
0.615 mol) is added and the mixture is then cooled on ice. The n-BuLi in hexane
(2.5 M, 2.09 mL, 5.22 mmol) is slowly added by a syringe and the mixture is
left overnight to complete the reaction, while the dispersion is allowed to warm
up to the room temperature. Unreacted n-BuLi is then quenched with an excess
methanol (10 mL), and left to react for 1 hr. Thereafter, the dispersion is filtered
and extracted against aqueous HCl (1 M, 100 mL, 1×) and distilled water (100 mL,
3×). During the extraction, the organic phase appears deep orange, with some
insoluble material, especially at the solvent-solvent interface, which is discarded.
The organic phase was dried over Na2 SO4 , filtered, and solvent was removed
under a reduced pressure. The obtained product was a dark brown material of
about 24.4 mg in weight.
Synthesis of the Control samples was performed similarly to the procedure
described above, with the only difference that the Si source, Mg2 Si, is omitted
during the synthesis. Initially, more coloration was observed during the reaction,
due to the absence of the dark purple Mg2 Si. The obtained product was a dark
brown material. Br2 (0.54 mL, 10.5 mmol) was added to the degassed n-octane
(100 mL, 0.615 mol) and reacted for 2 hrs at room temperature. Upon reaction,
the orange color of Br2 slowly fades.
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2.2.2

Characterisation techniques

Materials were analyzed by number of techniques. We performed Nuclear
magnetic resonance (NMR) 1 H-NMR spectroscopy (Bruker 400 MHz or
Bruker 600 MHz spectrometer) on the samples in chloroform-d. Attenuated
total reflectance (ATR) Fourier-transform infrared (FTIR) spectra were
obtained by drop-casting samples from chloroform solution (Bruker Alpha-p).
Elemental analysis was performed for C (Vario Micro Cube CHNS-Analyser;
Elementar), for Br (883 Plus IC; Metrohm), and for Si (Specord 50 Plus UV/VIS
spectrophotometer; Analytik Jena). Transmission electron microscopy (TEM) was
performed (Philips CM300ST-FEG TEM) at 300 kV with samples drop-casted
from a dilute chloroform solution on a carbon coated mesh copper substrate.
X-ray photoelectron spectroscopy (XPS) was measured (PHI Quantera SXM)
with a monochromatic Al Kα source (1486.6 eV) on samples drop-casted from
a chloroform solution on gold coated glass substrates (20 nm gold). The C 1s
signal at 284.8 eV was taken as the reference binding energy. Size exclusion
chromatography (SEC) measurements were performed on Waters Alliance
e2696 system equipped with a 2475 PL detector, and a 2998 photodiode array
detector to determine the absorbance. Samples were run on an Agilent PLgel
5 µm MIXED-D column, using HPLC-grade chloroform as eluent. Before the
measurements, samples were filtered using a 0.2 µm Whatman Spartan syringe
filters.
For the optical spectroscopy, samples are kept in solution, dispersed in toluene
and placed inside quartz cuvettes (110-QS from Hellma-Analytics). Cuvettes are
beforehand cleaned by a mixture of Hellmanex III (Sigma-Aldrich) with 0.5 to 2 %
weight concentration in pure water from Merck Milli-Q water purification system
at 40 ◦ C for 25 min, and finally washed in pure water (Merck Milli-Q) for 10 min.
Samples were also analyzed using standard UV-Vis absorption spectroscopy.
Extinction spectra were measured using a standard spectrophotometer (Perkin
Elmer; Lambda 950) equipped with a deuterium and tungsten halogen excitation
lamps and a photomultiplier tube (PMT) detector, sensitive in spectral range
of 250-860 nm (1.4-5.0 eV). The system is equipped with a dual-stage, which
allowed us to simultaneously measure the sample and reference. PL excitation
(PLE) spectra were measured using a spectrofluorometer (Fluorolog-3; Horiba
Scientific) equipped with a 450 W excitation Xenon lamp (Ushio) and Si-based
charge-coupled device (CCD) detector (Synapse; Horiba Scientific) in the visible
(VIS) spectral range. Samples were excited between 300 nm (4.133 eV) and
500 nm (2.480 eV) with resolution of 5 nm. All spectra were corrected for spectral
response of the detection system.
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Figure 2.2: 1 H-NMR spectrum of the Si-QDs sample (black) and Control sample (red).

2.3
2.3.1

Results and Discussion
NMR analysis

The composition of the Si-QD and Control samples was first characterized by
1 H-NMR spectroscopy, shown in Fig. 2.2. Signals at 0.88 ppm and 1.25 ppm
are observed and have been assigned earlier to -CH3 and -CH2 - protons of the
butyl surface passivation [157], respectively. A peak labelled -CH2 -CH2 Cl and
a broad peak between 2.0 and 2.8 ppm were also observed previously [157].
Si-related signal is recognized around 0.1 ppm in both samples (with and without
Si precursor), previously assigned to Si-CH2 - protons [168, 169]. There seems
to be no obvious difference between both materials, except the weak -CH2 Cl
signals at 3.5 ppm in the Si-QD sample, which is not related to Si. Also, the signal
around 0.1 ppm, assigned in past to Si-CH2 - protons is a bit weaker in the Control
sample [168, 169]. However, it is comparable and very weak in amplitude in both
materials, independently of the presence of the Si-precursor, which suggests no
detectable, or very little Si-QD content. Signal intensity was low for both samples,
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Figure 2.3: FTIR spectrum of the Si-QD (black) and Control sample.

even at high concentrations (> 20 mg/mL), while no precipitation was observed.

2.3.2

FTIR analysis

FTIR spectroscopy of the Si-QD and Control samples is shown in Fig.2.3 and also
depicts almost identical characteristics for both materials. The peaks around 2863,
2927, and 2961 cm−1 correspond to the symmetric CH2 , the anti-symmetric CH2 ,
and the asymmetric CH3 stretching vibration modes, respectively. The peak at
1377 cm−1 is assigned to the CH3 bending mode and the 728 and 1702 cm−1 peaks
are present as in-plane bending and stretching carbonyl C=O group, respectively,
which possibly formed by oxidizing the methanol. From the possibly Si-related
peaks, we recognize broad weak peaks of the Si-O-H vibration mode around
1610 and 3425 cm−1 , the Si-O-Si bonds vibration modes at 808, 1021, and
1073 cm−1 , and the Si-C vibration modes at 1261 and 1456 cm−1 . However, the

30

Figure 2.4: TEM of (a) the Si-QD and (b) the Control samples.

latter has been in literature assigned also to the CH2 and CH3 bending modes
(around 1450 cm−1 ) [114, 161, 115, 167, 157, 170]. It is somewhat surprising
and confusing that we see Si-related vibrations in the Control sample, pointing
towards a possibility that these peaks have been misinterpreted and could result
from another C-related compounds. Another possibility is that we are seeing some
omnipresent silica-related instrumental background that could originate from e.g.
pollution from technical grease or other silicate gels and lubricants present in
the chemical laboratory and measuring equipment. Despite all the corresponding
vibration modes of the alkyl and Si functionalities, that could have been used as
evidence for the presence of Si-QDs in the material, the nature of these compounds
remains unresolved, as there is no Si precursor used in the Control sample.

2.3.3

TEM analysis

The two samples were further characterized by TEM (Fig. 2.4) to search for the
Si-QDs and their crystallinity. In Fig. 2.4(a), the visible aggregates might be
related either to Si-QDs or clustered organic molecules. In Fig. 2.4(b), individual
QDs of diameter around 4 to 5 nm can be seen, very similar to those reported
in past as Si-QDs [167]. Crystallinity could unfortunately not be confirmed
by these TEM images, where the light weight of Si (and C) element limits
image contrast. It is apparent that the TEM images in Fig. 2.4, despite showing
some QDs, might not on its own be conclusive evidence for the presence of Si-QDs.
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2.3.4

XPS analysis

In Figs. 2.5 we show a broad range XPS spectrum for both the Si-QD and the
Control sample. Visible are characteristic peaks from the the C (1s), O (1s), Si (2s
and 2p) and Br (3s and 3d). The most relevant information concerning the Si bonds
of the Si-QDs is around the 100 eV, where the Si 2p peak is placed. The detail of
this range is in Fig. 2.6. From the comparison of the Si-QD and Control samples,
we see only a very small difference in the binding energy of 102.5 and 102.2 eV,
respectively, related to the Si-C bond in the Si-QD [102]. The weak signal at
99.2 eV in the Si-QD sample could correspond to the Si-Si bond [103, 171],
which is not present in the Control sample. From the difference between the
two XPS spectra, we conclude that there is not much difference between the two
samples, apart for the extremely weak signal of the Si-Si bond. Hence, presence
of appreciable amounts of Si-QDs could not be confirmed. Additionally, there is
no obvious peak found from O-Si-C bond at 103.5 eV in both samples, so we can
exclude the product to be siloxanes [172], as we would have to see co-existence
of signal from both, O-Si-C and Si-C. In the case of the Control sample, it is
possible that signal arises due to Si formed by minor impurities via contamination,
e.g. from silicate grease and lubricants used in UHV systems. Otherwise it
would be difficult to explain such an XPS signal in a sample without Si precursor.
Nevertheless, this also means that the content of the Si in the Si-QD sample is
similarly low.

2.3.5

Elemental analysis

To quantify the Si content, we performed also an elemental analysis on both
samples, the Si-QD sample (for 18 h and 60 h reflux) and the Control sample
(Table 2.1). In both Si-QD samples, we see equal amount of Si (2.2 and 2.1 wt%).
Such a content of Si means that from the initial 100 mg of Mg2 Si we obtain
only about 0.805 mg of Si material, which is a very low material yield. Also,
there appears to be a non-negligible 0.4 wt% of Si in the Control sample, which
equals to approximately 0.146 mg of Si material. It is obvious that the conversion
efficiency of the Mg2 Si to the Si-QD product (if at all) is very limited. Also, it
is not understood, how the Si reactant appeared in the synthesis of the Control
sample. Last, but not least, we see that longer reflux appears to lead to lower
quantities of the undesirable Br2 and should be therefore preferred from shorter
reflux times.
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Figure 2.5: Broad range XPS spectrum of (a) the Si-QD and (b) the Control samples.
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Figure 2.6: Detail of the XPS spectrum of the Si-QD (black) and the Control (red) samples around
the 100 eV, close to the Si 2p peak signal.

Sample
Si-QD (60 hrs reflux)
Si-QD (18 hrs reflux)
Control

Br (wt%)
3.9
6.5
11.2

C (wt%)
64.3
61.2
69.7

Si (wt%)
2.2
2.1
0.4

Table 2.1: Elemental composition (in weight %) of the Si-QD sample (both 60 hrs and 18rs h reflux)
and the Control sample.

2.3.6

Optical properties

Normalized absorbance and PL spectra for the Si-QD sample (with the 18 hrs
and 60 hrs reflux times) and the Control sample are shown in Fig. 2.7. It
is expected from a Si-QD material to see a featureless absorption with slow
band-edge onset [167, 157], because of the native indirect bandgap of crystalline
bulk silicon. A very convincing absorption spectrum is indeed found for the
Si-QD sample for both reflux times, but it appears to be identical to the Control
sample, where no Si-precursor was added. For the PL from the Si-QDs, one
would expect a spectrally broad, featureless emission, reflecting a (relatively)
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Figure 2.7: Normalized absorbance and PL spectrum under 400 nm excitation for the Si-QD sample
with 60 hrs reflux (black), 18 hrs reflux (red) and the Control sample (green).

35

Figure 2.8: PL spectra at various excitation wavelengths (indicated in the legend) for (a) the Si-QD
sample with 60 hrs reflux, (b) 18 hrs reflux and (c) the Control sample.
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Sample

Si-QD (60 h reflux)
Si-QD (18 h reflux)
Control
Si-QD ref (72 h reflux)
Control ref

PL
peak
(eV)
exc
400 nm
2.57
2.65
2.57
2.60
2.58

Tauc
indirect
allowed (eV)

Tauc
direct
allowed (eV)

2.54±0.04
2.38±0.03
2.53±0.05
2.52±0.06
2.67±0.04

4.05±0.04
3.94±0.03
4.01±0.03
3.92±0.02
4.02±0.03

Table 2.2: Optical bandgap energies evaluated from the PL peak and absorption Tauc plot analysis
for the indirect and direct allowed transitions for the Si-QD sample (both 18 hrs and 60 hrs reflux),
the Control sample, the Si-QD ref sample (72 hrs reflux) and the Control ref sample.

broad size-distribution that is typically obtained in such synthesis methods. This
is also observed, in line with the expectations, but again also from the Control
sample, where no such PL should have been observed. Nevertheless, we still fit
the PL peak. The peak positions are obtained through a fitting of the PL spectra
with the Gaussian peak function on the energy scale. The Gaussian fit is chosen
to represent an inhomogeneous broadening of the spectral line. The extracted
PL peak positions under the 400 nm (= 3.1 eV) excitation are separately shown
in the Table 2.2. If we were to assume that the PL comes from Si-QDs, the PL
peak would coincide with the energy difference between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO),
i.e. the optical band-gap of the Si-QD. This bandgap energy can be compared
with the bandgap obtained from the Tauc plot analysis of the absorption curve for
the allowed indirect and direct transitions, shown in Table 2.2. The absorption of
indirect allowed bandgap seems to nicely coincide with the PL bandgap, while the
direct allowed bandgap is higher in energy, as expected for Si.
Under VIS illumination, samples appear colorless to pale yellow. Under
UV illumination, samples exhibit bright blue-to-green PL that can be observed
visually. It is important to analyse how samples behave under various excitation
wavelengths, for which results are reported in Figs. 2.7(b-d). For excitation
wavelengths below 320 nm (=3.87 eV), emission peaks around 383 nm. For the
longer excitation wavelengths, the emission peak is gradually red-shifting and
decreasing in intensity. If we were to assume that emission from this material
originates from Si-QDs, we could speculate that for the high energy excitations
(below 320 nm), the excitation-independent emission occurs from the direct Γ − Γ
transition, which might be stabilized by a mini-gap formation or a generally
sparser density of states (DOS), that would dramatically slow down any possible
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carrier relaxations towards the conduction band minimum. Then, for the longer
wavelength excitations, the excitation-dependent emission would occur from the
regular HOMO-LUMO indirect transition. Nevertheless, the origin of the PL is
at this point very unclear, since we see almost identical result for the Si-QD and
Control samples, i.e. the PL is independent of the Si content.
Additionally, using the available data and a material of a known quantum yield
(QY), one could also evaluate a PL QY (relative method)), using the following
equation:
I ODr
n
Q = Qr × ×
× ,
(2.3)
Ir
OD nr
where Q is the PL QY, I is the integrated PL intensity, OD is the optical density
(i.e. absorbance), and n is the refractive index [173]. The subscript r refers to
the reference QY material, for which we have chosen 9,10-diphenylanthracene
(9,10-DPA) in ethanol with emission in the same spectra range and high QY of
95 %. Using the above equation and the reference bright emitter, we find the
PL QY of the Si-QD sample at an excitation wavelength of 350 nm to be about
2.1 %, which is comparable to previously published data for such Si-QDs [157].
For the Control sample we find about 1.0 %. Since the PL properties, as well as
absorption and PLE spectra, in samples Si-QD and Control are almost identical,
we conclude that the bright blue-green emission reported here is likely to originate
from something else than Si-QDs, despite the confirmed non-negligible content of
Si (table 2.1), presence of QDs in TEM and Si-characteristic absorption and PL
spectra.

2.3.7

Bromine content

To evaluate a possible (and still unclear) role of the Br-related impurities on the
emission, we adapted the synthesis towards even longer reflux times (Fig. 2.1(c,d)),
when a reduced Br content is observed in the elemental analysis (see Tab. 2.1).
The normalized absorbance and PL spectra of the Si-QD ref and Control ref
samples prepared with long 72 h reflux (Fig. 2.1(c,d)), are shown in Fig. 2.9. As
before, we see an identical signal for both, Si-QD ref and Control ref, which means
that the signal is again independent of the Si content. The PL peak position and
optical bandgap obtained from the Tauc analysis for indirect and direct allowed
transitions is again summarized in table 2.2. Detailed PLE maps for both samples
in a broad range of excitation wavelengths (from 300 nm up to 500 nm) is shown
in Figs. 2.10. Again, we can see clear similarities between both materials, with
two PLE peaks forming - one for the shorter excitation wavelengths below 320 nm
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Figure 2.9: Normalized absorbance and PL spectrum under 405 nm excitation for the Si-QD ref
sample (black) and the Control ref sample (red).
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Figure 2.10: PLE contour map of (a) the Si-QD ref sample and (b) the Control ref sample.

40

Figure 2.11:
chloroform-d.

1 H-NMR

spectroscopy of a product obtained upon bromination of n-octane in

and one for longer excitation wavelengths above 350 nm excitation that peaks at
around 460 nm by 360 nm excitation. This is similar to the Si-QD and Control
samples PLE data in Fig. 2.8. The striking similarities between the results for
all the samples Si-QD, Si-QD ref, Control and Control ref indicate that the PL is
almost independent of the reflux time (and hence also the Br content), but also of
the Si-content. Hence, the remaining organic material must have reacted into a
brightly emissive material with absorption, PL and excitation-dependent emission
resembling that expected of Si-QDs.
Another possible role of bromine is expected to be in its interaction with
the solvent. In the Fig. 2.11 we show a 1 H-NMR spectroscopic analysis, which
confirms formation of octyl-bromides, evidenced by signals at 3.985, 4.045 and
4.130 ppm, which were assigned primarily to three isomers of the secondary
octyl-bromides. Also, formation of considerable amounts of the HBr gas was
visually confirmed by a pH indicator. Despite considerable evolution of the HBr
gas, it should be noted that the solubility of the HBr in n-octane is significant [174].
Formation of octyl-bromides was observed before, but was then not considered
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to be the origin of strongly fluorescent material [157]. Experimentally, products
of the reaction between the n-octane and Br2 were collected, possible residual
Br2 and HBr were removed by extraction against water, and the organic phase,
containing n-octane and octyl-bromides, was dried over Na2 SO4 . Subsequently,
this mixture of n-octane and octyl-bromides was heated to reflux, and luminescent
product was again obtained. This demonstrates that HBr and Br2 are not essential
to the formation of the luminescent by-products, but rather the earlier formed
octyl-bromides are.

2.3.8

Purification by size-exclusion chromatography

To separate the products in the solution based on their sizes, we performed size
exclusion chromatography (SEC) measurements. The SEC traces in Fig. 2.12
show absorbance (a-c) and PL spectra (d-f) as a function of the elution time, which
is the time the particles took to get through the filtration column. The longer
elution times are attributed to the smaller materials, because the larger particles fall
faster through the porous vertical column. We see a consistently strong absorbance
contribution for the material at elution time of about 8.7 min. In the sample Si-QD
(18 hrs reflux), we see an additional peak at the elution time of 8 min and at around
5.5 min, corresponding to larger particles. With respect to the PL emission, we see
a strong PL correlating with the 8.7 min absorption peak. However, at the shorter
elution times, i.e. for the larger particles, there is no PL emission observed.
Absorbance for the Si-QD (18 hrs reflux) sample is stronger than the Si-QD
(60 hrs reflux) sample and the Control sample at short elution times (∼3.5-7 min).
A similar result was also found in a report on size-separation by dialysis in carbon
dot synthesis [135]. In their paper, the smaller materials (<1 kDa) showed strong
PL, while the larger materials (≥ 50 kDa) showed much weaker PL. This, further
supports our hypothesis that the emission originates from some carbon related
impurities that have a size-dependent emission spectra, and hence are possibly
carbon dots.
The SEC elution time profiles, extracted for several PL wavelengths are shown
in Fig. 2.13. The signal at the longest emission wavelength at 534 nm seems to
be the most asymmetric towards the shorter elution times, which correlates with
larger sizes. The signal at 405 nm is, on the other hand, shifted towards the longer
elution times, indicating its origin to be from smaller particles. This correlates
with the assumptions of the quantum confinement in QDs, where the smaller QDs
emit in shorter wavelengths then the larger ones. This points to an important
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Figure 2.12: SEC trace of absorbance of (a) the Si-QD (60 hrs reflux), (b) Si-QD (18 hrs reflux) and
(c) the Control sample. The same, but for the SEC trace of PL in (d) the Si-QD (60 hrs reflux), (e)
Si-QD (18 hrs reflux) and (f) the Control sample.
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Figure 2.13: SEC trace of the PL for (a) the Si-QD (60 hrs reflux), (b) the Si-QD (18 hrs reflux) and
(c) the Control sample.
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Figure 2.14: Reconstructed PL spectrum from the SEC contours in Fig. 2.12 at the elution time
giving the maximum PL intensity.

pitfall: if no control sample is made a misinterpretation of the results can occur.
In fact, we are rather dealing with unintentionally synthesized carbon dots. The
full PL spectrum extracted from the SEC profiles at the maximum PL intensity
for all the samples is shown separately in Fig. 2.14 and clearly shows identical PL
emission, apart for a negligible blue-shift in the Control sample.

2.4

Conclusions

The wet-chemical synthesis of Si-QDs under closer inspection appears to be
a subject that requires much greater scrutiny than it has been subjected to so
far. Wet-chemical synthetic methods are believed to be a beneficial strategy
to produce luminescent Si-QDs in a versatile and scalable manner. However,
synthesis of Si-QDs by such means appears to be harder than many groups have
initially thought. Lack of control over the size and emission properties of the
supposedly formed Si-QDs throughout the available literature is striking, as well
as a lack of direct evidence for the formation of emissive Si-QDs in almost all
the available literature. We argue that the main pitfall is unintentional production
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of brightly emissive carbon impurities that appear upon heating of organic solvents.
We have struggled over the last 4 years to synthesize Si-QDs using the
well-known and established method where Si-precursor Mg2 Si is oxidized with
Br2 , as introduced by Pettigrew et al. [167]. Throughout this process we have
been seeing inconsistencies in our results and had trouble improving the quality
and properties of the material. In search of an explanation, in this work we
have synthesized several batches with and without the Si precursor. We have
characterised all the samples by a number of different techniques, including
1 H-NMR spectroscopy, FTIR, TEM, elemental analysis, XPS, SEC, PL and PLE
spectroscopy and UV-Vis absorption spectroscopy. The presence of silicon is
confirmed, as well as the presence of QDs in TEM, and apparent size-effects in
PLE. We see featureless Si-like absorption and broad PL spectra, as expected
for Si-QDs. SEC traces show formation of QDs with bright emission. Despite
the fact that all this evidence might seem to point towards successful formation
of brightly emissive Si-QDs, which is how such results are often presented in
literature, we achieve the same result for the synthesis without the Si precursor.
Hence our view is that the interpretation that emissive Si-QDs are formed is
untenable and that instead we are dealing with emissive carbon dots that can be
formed due to the heating of the organic solvent. The ease with which carbon
dots can be made is apparent from the vast body of literature on facile, almost
“kitchen desk” experiments with all sorts of organic materials, including cigarette
ashes and blueberry juice [175]. Hence it is not so unbelievable that carbon dots
are formed and are the source of the bright blue-green emission. Discriminating
this hypothesis from that of Si-QD formation is complicated by the omnipresent
carbon signal in all material characterisation methods, and a possible pollution by
silicon from silicate grease and lubricants for UHV analyses (such as XPS and
TEM).
The concerns reported in this chapter were published in Ref. [106], alongside
similarly critical studies by others [105, 136, 163, 99]. We would like to put
forward a need for rescrutinizing all the published work on the wet-chemical
synthesis of Si-QDs and observe that there is an apparent need for a more direct
evidence for the emissive Si-QDs in the product. Until now, researchers were
satisfied with separate evidence for (i) presence of Si, (ii) presence of Si-Si bonds,
(iii) presence of crystalline Si-QDs, or just presence of any QD (crystalline or
not), and (iv) bright emission that is excitation tunable or size-tunable, as evidence
by some sort of size-separation experiment. However, a direct evidence that the
emission is coming from the Si-QD themselves is never shown. We suggest that
the use of correlative microscopy methods on single QDs, such as e.g. Raman and
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PL microscopy, will be instrumental to resolve whether/which published works
on the wet-chemical synthesis of Si-QDs actually realized Si-QDs. Furthermore,
the synthesized products need to be subjected to an appropriate and extensive
purification by e.g. SEC, high performance liquid chromatograhy (HPLC), or
dialysis. Regarding dialysis, especially a molecular weight cut-off below 20 kDa
is not recommended, due to the limited ability to remove organic residues [135].
At the same time, a great number of characterization techniques must be combined
in correlative manner, to determine the Si-QD crystallinity, size, chemical bonds,
composition and product yields.
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Chapter 3

Size- and surface- dependent
polarization memory in silicon
quantum dots
Silicon (Si) based light emitters are interesting for applications in optoelectronic
and photonic applications. Owing to the combination of quantum confinement
effects (QCEs) and ligand-specific surface states, it has been theoretically predicted
that Si quantum dots (QDs) can be a competitive light emitter. Experimentally it
has been also shown that Si-QDs, unlike most other fluorescent semiconductor
QDs, can have a good polarization memory. This is an advantageous feature
for various optoelectronic applications that require polarization memory for their
functionality, such as displays. In this study, we analyze size- and liganddependence of the polarization memory of several Si-QD samples with different
optical properties, prepared by different methods from different research groups.
Using the time-resolved photoluminescence (TRPL) anisotropy technique, we
analyze the initial PL anisotropy value and depolarization decay time. For all the
organically capped Si-QDs, independently of their origin, we observe a highly and
linearly size-dependent initial anisotropy value, with depolarization decay times of
the order of a few nanoseconds. Our work shows that the smaller Si-QDs have a
better polarization memory than the larger ones. Also, we confirm the common
origin of emission from all the studied samples.

3.1

Introduction

Fluorescent quantum dots (QDs) are considered as the basis for the future light
emitting diode (LED) and display technologies. Unfortunately, this field is
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currently dominated by materials composed of hazardous and/or scarce elements,
such as cadmium- (Cd), lead- (Pb), indium- (In) based QD materials that have a
direct bandgap. An environmentally friendlier alternative is provided for example
by silicon QDs (Si-QDs). Owing to the combination of quantum confinement
effects (QCEs) and contribution from the surface states brought in by the ligands,
theoretical simulations predict that the Si-QDs can be a competitive light emitter
with direct bandgap-like radiative rates [33, 36, 34, 35].
This study deals with polarization properties of Si-QDs, which are especially
relevant for display technologies. Fluorescent QD can be implemented in displays
in several ways. The most established variant uses a "QD film" that generates a
red and a green light upon excitation by a blue excitation backlight source. This
light is further processed by a thick stack of polarizing and color filters. However,
this structure inconvenient and complex. A newer architecture uses QD in so
called "QD color filters". Here, the color filters are removed, using the fact that
the QDs themselves can have a narrow photoluminescence (PL) and therefore
give an inherently good colour definition. In this case, only the polarization
filters remain. Here, possible fast depolarization of the light emitted by QDs is
a big issue, requiring a non-trivial swapping the positions of the QD color filters
and a 2nd polarizer [176]. Most of the currently employed semiconductor QD
materials, such as cadmium selenide (CdSe) QDs, do not have a polarization
memory, i.e. their PL does not retain the polarization of the excitation source,
which complicates the display architecture [177]. Si-QDs, on the other hand,
have been reported to have a good polarization memory. For oxide capped
Si-QDs in porous Si, observed polarization memory was ascribed to a structural
anisotropy and a surface localization of excited carriers, forming a static dipole
[178, 179, 180]. Oxide capped Si-QDs, however, are also known for their limited
emission tunability and slow radiative rates [26]. More promising, but much
less understood, are organically capped Si-QDs with carbon(C)-linked ligands
[33, 36, 34, 35]. For wet-chemically synthesized butyl-capped Si-QDs, we have
confirmed the fast radiative rates and a high PL internal quantum efficiency by
Drexhage experiments [177]. We also have shown that this type of material has
a static transition dipole moment (TDM) [177], which is a requirement for a
good polarization memory. Conveniently, production of such material is highly
up-scalable and the surface capping has an unparalleled photo-chemical stability
[181], which is desirable for the micro-LED display architecture, where the QDs
will be placed very close to the excitation source and hence will be exposed to
elevated temperatures over 200◦ C.
There are,

however,

some remaining controversies surrounding the
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organically-capped Si-QDs [99, 105, 106], such as: (i) the observed fast emission
(and radiative) rate, interpreted so far only by our somewhat controversial model
involving a charge transfer between the QD and the mildly electronegative carbon
[33, 34], ligand induced tensile strain [35], or a combination of both [36]; (ii) a
general observed limited emission spectral range in blue-green range, while the
theoretical simulations predict broad emission tunability from the near-infrared
up till the ultraviolet region [86, 34, 35, 36]; and (iii) a possible side-production
of emissive carbon dots during the wet-chemical syntheses, originating from the
heated organic solvents [105, 106].
In this study we have assembled a considerable number of different
organically-capped Si-QDs, prepared by different methods in different research
groups. These Si-QDs have different mean sizes and different carbon-linked
organic ligands. Since the preparation routes differ, the expected fluorescent
impurities, if any, will be also different. Our intention is to analyse the polarization
memory of these materials, and to get insights into their PL origin. For this
purpose, we analyze a time-resolved photoluminescence (TRPL) anisotropy. This
method can give us information concerning the size- and ligand-dependence of the
polarization memory, as well as shed some more light onto the character of the
TDM.

3.2

Methods

To find the correlation of the optical bandgap and the dependence of the TDM
on size and surface capping in various Si-QDs, we measure the PL spectrum and
TRPL polarization using a micro-spectroscopy setup with a spectrophotometer
and a time-correlated single-photon counting (TCSPC) card and two avalanche
photo-diodes (APDs) in 90◦ geometry Fig. 3.1(a).
The micro-spectroscopy setup consists of an inverted wide-field microscope
(Axio Observer Z1; Zeiss) with 100× air objective (LD EC Epiplan-Neofluar;
Zeiss) with numerical aperture (NA) of 0.75. For the excitation, we use 405,
445, and 488 nm solid-state diode lasers (BDL-405-SMN, BDL-445-SMN, and
BDL-488-SMN; Becker&Hickl) operating in either continuous-wave (CW), or
∼160 ps pulsed mode. For the TRPL measurements, the lasers are triggered by
an external pulse-generator (PM5705; Philips) which gives access to a repetition
frequency range between 1250 Hz and 1 MHz. To determine the direction of
the linear polarization of the excitation laser source, we use a Glan-Thompson
polarizing prism (Bernhard Halle Nachfl. GmbH) with a 350-2700 nm spectral
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Figure 3.1: (a) Schematic of the TRPL anisotropy measurement. The sample is excited by linearly
polarized laser through the microscope objective. The horizontal excitation polarization is indicated
by a red arrow. The emitted signal can lose the polarization information and hence we split the
emitted signal into two orthogonal polarization directions (green arrows), each passing separately
to a different APD detector. (b) Schematics indicating the excitation (absorption) and emission
polarization for an Si-QDs with a static TDM, preserving the excitation polarization.

range and < 10−6 extinction ratio, placed in front of the laser. To be able to
use both possible orthogonal linear polarization directions of the laser beam,
i.e. the horizontal and the vertical polarization with respect to the plane of the
experimental setup, we insert a zero-order half-wave plate (Thorlabs) in the
excitation chain directly behind the Glan-Thompson polarizer.
The detection path is split in two. One path leads to a spectrometer (Acton
SP2300; Princeton Instruments) with a 300 g/mm grating, blazed at 750 nm,
and a liquid-nitrogen-cooled charge-coupled-device (CCD) array (Pylon 400B;
Princeton Instruments) with 1340x400 pixels and individual pixel size of
20x20 µm2 . The other detection path goes towards two avalanche photodiodes
(APDs; IDQuantique ID-100) positioned in 90◦ -geometry. The incoming signal
is split by a polarizing beam-splitter cube (either PBS-251 (Thorlab) for the
420-680 nm spectral range, or PBS-252 (Thorlab) for the 620-1000 nm range).
The split signal has linear polarizations orthogonal with respect to each other, and
is detected by the two separate APDs. In front of each APD is also placed an
additional "cleaning" polarization filter, one in 0◦ and the other in 90◦ orientation
with respect to the excitation polarization direction. Finally, the signal detected by
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the APDs is processed by a TCSPC card (DPC-230; Becker&Hickl).
DFT calculations were performed by K. Dohnalová using freely available
cp2k DFT code [182, 183]. We used PBE functional [184] (generalized gradient
approximation (GGA)) and GTH pseudopotential [185]. cp2k uses dual Gaussian
and plane wave basis. For the Gaussian basis set, we used short range double
zeta MOLOPT basis set with d polarization functions [182]. For the plane waves,
we used cutoff energy of 400 Ry. The geometry of the Si-QDs was optimized
using the conjugated gradient (CG) algorithm and self-consistency convergence of
10−6 Ry. The same convergence limit was used for the energy simulations of the
fully optimized structures. For more details concerning the method and settings see
Ref. [36]. The resulting “fuzzy” band-structures are plotted using the band folding
procedure developed by Hapala et al. in Ref. [79].

3.3

Samples

The Si-QD samples were prepared by different research groups (see Table 3.1) by
different synthesis techniques, and have vastly different properties. Samples can
be sorted into two groups: (i) samples with the C-linked organic ligands (samples
NH2 , COOH, ZH11, F8, F6, F3 and F2) and (ii) a sample with an oxide capping
(p-Si), which serves as a reference. Additionally, all the F-series samples (F8, F6,
F3 and F2) were prepared by the same method and have the same capping, but
differ in the Si-QD mean sizes. Additionally, we also measured as a control sample
well known green fluorescent dye EGFP and direct bandgap semiconductor QDs
CdSe-QDs. More details are listed below.

• Sample ZH11
This sample was provided by C.P. Umesh, J.M.J. Paulusse and H. Zuilhof
from the University of Wageningen. The sample was prepared by a
wet-chemical synthesis method known as the reduction-oxidation (redox)
reaction, described in Ref. [157]. Here, a magnesium silicide (Mg2 Si)
precursor was oxidized by a bromine (Br2 ), while suspended in an argon
(Ar) gas bubbled n-octane for 3-day reflux. The Si product was subsequently
passivated by butyl, using a n-butyllithium (n-BuLi), and then dispersed
in an UV-graded ethanol (EtOH). The size distribution of the Si-QDs was
characterized by a transmission electron microscopy (TEM), yielding a
mean diameter of 2.2±0.5 nm. [113].
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• Sample NH2
This sample was provided by N. Licciardello and L. De Cola from
Karlsruhe Institute of Technology. The wet-chemical synthesis uses the
inverse micelle method [114, 115, 186]. The hydrogen-terminated Si-QDs
are formed in the tetraoctylammonium bromide (TOAB) micelles by
dissolving Si(OCH3 )4 into a mixture of TOAB and anhydrous toluene. For
the surface passivation, allylamine is reacted with the H-terminated Si-QDs
in the TOAB micells in methanol, assisted by a catalyst H2 PtCl6 . The
resulting 1-3 nm C3 H6 NH2 -capped Si-QDs are purified by removing the
solvent via evaporation, filtration and dialysis.
• Sample COOH
This sample was provided by H. Nie and J.M.J. Paulusse from University of
Twente. The synthesis method follows that for the ZH11 sample described
above, but an additional reaction is implemented by using potassium
permanganate (KMnO4 ) that leads to a carboxyl group attached in the end
of the ligand [157].
• F-series samples
These samples were provided by A. Lesage, L. Gomez, and T.
Gregorkiewicz from University of Amsterdam. This synthesis follows
sol-gel-type of route described elsewhere [93]. The sol-gel (HSiO1.5 )n is
heated at 1150 ◦ C to form Si-QDs inside SiO2 matrix. The SiO2 is etched
away by hydrogen fluoride (HF) acid. Then the Si-QDs were refluxed with
allylbenzene in methanol, to yield allylbenzene-capped Si-QDs, selected
by precipitation (related to the number in the name of the F-series samples,
where the highest number sample F8 stands for the smallest Si-QDs with
the diameter of ∼2.9 nm and the lowest number sample F2 stands for the
largest ones with diameter ∼3.3 nm).
• Sample p-Si
This sample was provided by K. Dohnalová, prepared at the Academy of
Sciences of the Czech Republic using procedure described in Ref. [187].
The synthesis starts with an electrochemical etching of a p-type Si
wafer (boron-doped, 0.075–0.100 Ω·cm, (100) oriented, etched area ∼10
cm2 ), using platinum electrode. The etching solution is composed of
HF (50%) : EtOH (99.9%) = 1 : 2.85. Etching is performed at a constant
current density of 1.6 mA/cm−2 for 2 hr. After etching, the porous Si layer
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is washed by ethanol and the scraped off.
• Reference materials EGFP and CdSe-QDs
As additional reference materials, used to test the functionality of the PL
anisotropy setup, we used two materials: (i) CdSe-QDs sample that consists
of CdSe/ZnSe/ZnS core-shell-shell QDs capped with hexadecylamine
(CANdots Series A CSS, Strem catalog number 48-1070, Center for
Applied Nanotechnology GmbH) with peak emission at 575 nm and
expected isotropic TDM; and (ii) a EGFP sample that is a green fluorescent
protein (plasmid pEGFP-C1; Clontech Laboratories Inc.), emitting around
520 nm, with expected static TDM.

Sample
NH2

Termination
group
amine

COOH

carboxyl

ZH11

butyl

F8/F6/F3/F2

allylbenzene

p-Si

SiO2

Method
inverse
micelle
(Si-H, C3 H7 NH2 )
wet-chemical
(Si-C4 H7 , KMnO4 )
wet-chemical
(Si-Br, C4 H9 Li)
sol-gel
condensation
(HCl3 Si, C9 H10 )
wet etching (p-type
Si, HF, EtOH)

Size
[nm]
1-3

Reference

1.7-2.7

[115, 114,
186]
[157]

1.7-2.7

[157]

2.9-3.3

[93]

2.5

[187]

Table 3.1: Overview of the Si-QD samples and their fundamental properties, synthesis methods, size
distributions, and literature references.

For the measurements, all the samples are drop-casted onto a 2 mm thick quartz
cover slip (SPI Supplies), cleaned by a mixture of Hellmanex III (Sigma-Aldrich)
with 0.5 to 2% weight concentration and pure water from water purification system
(Merck Milli-Q) at 40◦ C for 25 min. Afterwards, the cover slips are washed in
a pure water (Merck Milli-Q) for 10 min. This procedure creates a hydrophilic
surface on the cover slips, which allows for a homogeneous deposition of the
Si-QDs. The substrate is of a high quality quartz with a refractive index of n=1.55
at 471 nm wavelength [188], high transmittance of T=0.93 in the visible range,
and almost no emission, which is essential for the microscopy measurements. The
EGFP sample was for reference also measured in water solution inside a quartz
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3.5 ml cuvette.

3.4

Results and Discussions

To analyze the time-dependent polarization memory effect, we excite the ensemble
of deposited Si-QDs on a quartz substrate by an in-plane polarized picosecond
(ps) pulse laser beam at room temperature. PL is collected by a microscope
objective, split into the two orthogonal polarization components by a polarizing
beam splitter, and detected separately by two APDs in 90◦ setup (Fig. 3.1(a)).
The polarization of the excitation laser can be rotated by a half-wave plate. APD
detectors are connected to a TCSPC card to allow for a time-resolved signal
detection (for more details see section 3.2).

3.4.1

Time resolved PL anisotropy

The time dependence of the PL polarization can be characterized by a PL
anisotropy r(t), determined from the difference between the intensity of the
detected PL with a polarization parallel Ik (t) and perpendicular I⊥ (t) to the
excitation polarization direction [189]:
r(t) =

Ik (t) − GI⊥ (t)
,
Ik (t) + 2GI⊥ (t)

(3.1)

where the time-independent correction factor G is an instrument calibration factor,
adjusting the signal intensity for the difference in detection sensitivity of each APD
detector, as well as the optical elements between the polarization beam-splitter and
APDs. This factor can be measured by performing the same measurement twice,
each time with a different excitation laser polarization directions. For a horizontal
excitation polarization, the two detected emission components with the mutually
orthogonal polarization are labeled Ihh and Ihv , and for the vertically polarized
excitation we get Ivh and Ivv . Then we can evaluate the G factor as
r
Ivv × Ihv
G=
.
(3.2)
Ivh × Ihh
The time-dependence of the PL anisotropy from Eq. 3.1 is in an ideal case
described by a mono-exponential decay curve as
t
r(t) = (r0 − r∞ )exp(− ) + r∞ ,
τ
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(3.3)

where r0 is the initial anisotropy, τ is the depolarization decay time and r∞ is the
so called "hindered rotator", describing the remaining polarization at long times
after excitation. An emitter’s dipole momentum is labeled as static, when the
depolarization decay τ is longer or comparable to the PL decay τPL , i.e. τ ≥ τPL .
The initial anisotropy is given by
1
r0 = (3 cos2 β − 1),
(3.4)
5
where β is the angle between the dipole moments of the absorption and emission
transitions. The highest possible initial anisotropy is then 0.4 and the lowest one is
-0.2.

3.4.2

Reference materials

We first test the PL anisotropy setup on the reference materials with known
properties, the EGFP sample, a green fluorescent protein with an expected static
TDM, and the CdSe-QD sample, a direct bandgap semiconductor QD, with
an expected isotropic TDM (Fig. 3.2). The EGFP sample is measured in a
solution and drop-casted, to account for the different depolarization mechanisms
encountered in literature [190, 191, 192, 193]. The PL under 488 nm excitation is
shown in Fig. 3.2(a). The PL of the CdSe-QD sample peaks at 586 nm (∼2.12 eV)
and for the EGFP sample at 511 nm (∼2.43 eV). The time resolved PL anisotropy
r(t) is shown in Fig. 3.2(b). The EGFP sample in water solution shows a very
high initial anisotropy of 0.378±0.02, and depolarization decay time (Eq. 3.3) of
16.40±0.39 ns, consistent with findings elsewhere [190, 191, 192, 193, 194, 195].
Immobilized EGFP sample on the quartz substrate shows a similarly high initial
polarization anisotropy of 0.354±0.03, with the depolarization decay being longer
than we could measure. For the CdSe-QD we observed an initial PL anisotropy
close to zero r0 =0.013, suggesting a depolarization process faster than the time
resolution of our system (∼160 ps). This is characteristic for the isotropic (fast
rotating) TDM, expected for the CdSe QDs, which are known to keep the high
degeneracy of the HOMO and LUMO states even in their nanocrystalline form
[196, 194, 195]. The observations for both reference materials are in good
agreement with the literature [190, 191, 192, 193, 194, 195], validating our setup.

3.4.3

Silicon quantum dots

The analyzed Si-QD samples are all purposefully of different properties. They
have different QD core sizes, all within strong quantum confinement regime, with
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Figure 3.2: (a) PL spectrum and (b) TRPL anisotropy of the CdSe-QD sample (blue), the drop-casted
EGFP (red) and the EGFP in water solution (black). Samples were excited by laser at 488 nm.

sizes smaller than the bulk Si excitonic Bohr radius (∼4.9 nm). All, except the
reference oxide capped p-Si sample, are capped by a different C-linked organic
ligand. For the reasons mentioned in the introduction, PL origin in such materials
is questionable and could be even linked to emissive impurities, such as carbon dots
[105, 106]. Hence, for the purpose of this study we choose to sort the samples by
the peak of their steady-state PL spectra, instead of using the reported physical size,
mentioned in the Table 3.1, to avoid any external assumptions or errors. The steady
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Figure 3.3: PL spectrum of various Si-QD samples excited at (a) 405 nm, (b) 445 nm and (c) 488 nm.
Excitation is indicated by an arrow. (d) PL peaks at excitations by 405 nm (blue), 445 nm (green)
and 488 nm (red).

state PL spectra are shown in Fig. 3.3(a-c) for all the Si-QD samples excited at three
different excitation wavelengths at 405, 445 and 488 nm. In Fig. 3.3(d) we show the
extracted PL peak, obtained by fitting the PL spectra on an energy scale by a single
Gaussian peak function; the vertical bar indicates the full-width-at-half-maxima
(FWHM) of the PL spectra. The samples are sorted in Fig. 3.3(d) according to their
PL peak, which we assume correlates with the mean QD size in these samples. The
oxide capped p-Si sample is placed at the end for comparison. The extracted PL
peaks and the corresponding average PL lifetimes hτi are shown in Fig. 3.4. PL
lifetimes were evaluated from fitting the time-dependent PL signal by a stretched
exponential function (for details see Chapter 4.3.2)
β

I(t) = I0 e(t/τK ) ,
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and assuming the average PL lifetime as
hτi =

τK 1
Γ( ).
β
β

Figure 3.4: Average PL lifetime (red) and PL emission peak (blue) of the Si-QD samples used in the
experiment.

It is reasonable to assume that the PL anisotropy would vary for the resonant
and non-resonant excitation, since the TDM for the absorption and emission
transitions might not be parallel (i.e. β 6= 0 in Eq. 3.4), which would lower the
initial anisotropy r0 on its own. For the Si-QD samples, due to a great variety
of their core sizes, and hence also respective bandgap energies, we excited the
samples with three different wavelengths: 405, 445, and 488 nm. In the smaller
Si-QDs in the COOH, NH2 , and ZH11 samples, we see a small Stokes shift,
indicating almost a resonant excitation. In the larger Si-QDs in the F-series
samples, we see a larger Stokes shift, suggesting excitation higher in the bands,
i.e. excitation of the so called “hot carriers”. The PL anisotropy for all the Si-QD
samples, evaluated from their TRPL signals detected on the two APD detectors
using Eq. 3.1, is shown in Fig. 3.5(a-c). Under the excitation at 488 nm, when
most of the Si-QDs were excited resonantly, the initial anisotropy r0 appears
to follow a linear trend with the PL peak position (i.e. the bandgap energy)
(Fig. 3.5(a)), reaching the maximal possible value of 0.4 for the smallest, most
resonantly excited Si-QDs (Fig. 3.5(a)). The reference oxide-capped Si-QD in
the p-Si sample, have a very different, low r0 . This trend is repeated also for the
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Figure 3.5: (a-c) The initial PL anisotropy r0 and (d-f) the depolarization time τ (circle) and the PL
lifetime (triangle) of all the Si-QD samples, excited at 488 nm (a,d), 445 nm (b,e) and 405 nm (c,f).

excitation at 445 nm and varies only slightly for excitation at 405 nm, where the r0
for the largest Si-QDs in sample F3 drops significantly. This drop might be related
to the fact that excitation is too much out of resonance and hence the absorption
and emission TDMs are no more parallel.
The depolarization time is shown together with the respective PL lifetimes
for all the Si-QD samples in Fig. 3.5(d-f). We observe that the smaller Si-QDs,
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Figure 3.6: Initial anisotropy r0 and the depolarization decay τ for the sample ZH11 (green area)
and F8 (orange area), measured without (first data point) and with a 20 nm band-pass filter in the
detection chain (the central wavelength of the band pass filter is indicated on the x-axis). In each
sample, the initial anisotropy decreases for the larger Si-QDs, possibly as a result of a non-resonant
excitation resulting in a lesser alignment between the absorption and emission dipole moments.

excited more resonantly, retain their polarizations longer than their respective PL
lifetimes, very much like some molecules and our reference material EGFP. In
contrast, the larger Si-QDs in the F-series samples have much longer PL lifetimes,
but a similarly fast depolarization time as the smaller Si-QDs. For the smallest,
most resonantly excited Si-QDs in ZH11, we also analyzed the initial anisotropy
with a 20 nm band-pass filter in the detection chain (Fig. 3.6), where we see a
decreasing r0 for the filter centered at longer PL wavelengths, where we expect
emission from the larger Si-QDs subset of the ensemble. The same is observed
also for the smallest F-series sample F8 (Fig. 3.6). A uniform linear dependence
of the r0 on the PL peak EPL is also clearly seen in Fig. 3.7. Here we first fitted the
experimental data from the F-series samples, measured using the 20 nm band-pass
filter in the detection chain under 488 nm pulsed laser excitation, leading to the gray
line (width is related to the fitting uncertainty). For comparison, we plotted all the
experimental data for all the samples, including the F-series measured without the
band-pass filter (colored points in Fig. 3.7). The match in the data suggests that the
initial anisotropy does depend linearly on the PL energy (bandgap energy) and that
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all the studied samples show intrinsic PL origin.

Figure 3.7: Predicted linear dependence of the initial anisotropy r0 on the PL peak (grey line), based
on the experimental data obtained from the F-series samples measured with the 20 nm band-pass
detection filters. The linear trend is compared to all the other sample’s experimental data (see legend
in the figure) measured with or without band-pass filters with 488 nm pulsed laser excitation.

The continuous linear trend of the r0 with the PL peak energy and a similar
depolarization times for all the organically capped Si-QD samples suggests
that there is a single underlying mechanism behind the PL origin. However,
the drastically different PL lifetime of the small ZH11, NH2 , COOH Si-QD
samples with respect to the larger F-series Si-QDs and the oxide-capped p-Si
Si-QD samples indicates otherwise. In order to obtain a better understanding of
the influence of the size and ligand on the absorption and emission transitions,
we performed ground state DFT simulations and ~k-space projections using the
band-folding procedure introduced by Hapala et al. [79]. This was done for
H-capped Si-QDs of three different sizes and compared that with an organically
capped Si-QD (Fig. 3.8) (for more details concerning the geometry and DFT
simulations, see Ref. [36]). In the bulk Si, the lowest state in the conduction
band is 6-fold degenerate, while in the smaller Si-QDs the degeneracy appears
to be gradually lowered. In the 3 and 2 nm sized H-capped Si-QDs, we found a
3-fold degenerate lowest unoccupied molecular orbital (LUMO) state, while in
the smallest 1 nm sized Si-QD this state is non-degenerate. A further lowering
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of the degeneracy in the 2 nm Si-QD can be seen when replacing 50% of the
hydrogens by a butyl molecule (Fig. 3.8(b,c), last panels), due to the further
symmetry breaking. In fact, all the states close to the bandgap in the butyl capped
Si-QD are fully non-degenerate. This suggests that the organically capped Si-QDs,
particularly at smaller sizes, but possibly for all the measured sizes here, have a
non-degenerate LUMO state. This is in a stark contrast with the CdSe-QD, where
the bulk-like degeneracy is retained [194, 195, 196].
Our DFT results suggest that the LUMO level in the ∼2 nm organically
capped Si-QDs is non-degenerate. Hence, we should obtain experimentally a
high initial anisotropy r0 and a relatively slow (∼ ns order) depolarization decay,
which is in agreement with our measurement. Also, the degeneracy appears to
be higher in the larger Si-QDs, which would lead to a size-dependent r0 , higher
in smaller Si-QDs, again in agreement with our measurements. Additionally, we
observe an effect of the non-resonant excitation. We see that for the excitation at
488 nm, the initial anisotropy for all the Si-QD samples is the highest, almost
reaching the maximum r0 = 0.4 for the ZH11 sample. For the less resonant
excitations at 445 nm and 405 nm, the initial anisotropies correspondingly fall,
which means that the angle β between the absorption and emission dipole moments
increases (Eq. 3.4). We see that all the organically-capped Si-QD follow the
same r0 (EPL ) dependence, suggesting a very similar emission origin. The fact
that the samples from the F-series have a similarly slow PL decay time as the
oxide-capped p-Si sample can be a coincidence, or a result of a partial oxidation
of the Si-QD surface in the F-series samples. The latter is likely to be the
case, considering that F-series samples are prepared from originally oxide-capped
Si-QDs, unlike all the organically-capped Si-QDs that are kept under strictly
oxygen-free atmospheres during their preparation and surface passivations. The
almost zero initial anisotropy in the oxide capped Si-QDs in p-Si sample can be
attributed to the fact that the PL absorption is via the Si-QD core and the emission
occurs purely from the surface localized oxide-related state [86, 87, 85, 98],
suggesting that the absorption and emission dipole momentum won’t likely be
parallel.

3.5

Conclusions

TRPL polarization anisotropy measurement can give us insights into a polarization
memory of a material, as well as the PL origin. In this work, we investigated
various types and sizes of organically-capped Si-QDs, together with the
oxide-capped Si-QDs and two references, organic EGFP dye and CdSe-QDs.
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Figure 3.8: (a) Schematic of the H-capped Si-QD of 3, 2 and 1 nm and the 2 nm Si-QD capped
50% by a hydrogen and 50% by a butyl. (b) ~k-space projected density of states (DOS) in the Γ − X
direction simulated by DFT (courtesy of K. Newell). We note that the position of the E=0 eV is
not adjusted to coincide with the top of the valence band here. The color bar depicts the DOS on
a log-scale in arb.unit. (c) Details of the energy levels degeneracy at the bottom of the conduction
band.

64

As expected, we find a static TDM in the EGFP and and isotropic TDM in the
CdSe-QDs. In analogy to the CdSe-QDs, we would expect an isotropic TDM to be
also observed for the Si-QDs, however, that is not the case. Quite surprisingly, for
all the Si-QDs we observe a static TDM. This shows as a high initial anisotropy r0
and a relatively slow (∼ ns) depolarization decay. The highest initial anisotropy
is found for the smallest organically capped Si-QDs, linearly decreasing with the
emission PL peak energy, which we can assume to be proportional to the bandgap
energy. The smallest initial anisotropy is found in the oxide capped Si-QDs.
Also, we see a considerable lowering of the initial anisotropy with non-resonant
excitation, suggesting that the absorption higher into the bands has a different
dipole moment orientation than the emission from the LUMO state. Also, the
different orientation of the absorption and emission dipole moments can be quite
clearly the reason for the low initial anisotropy in the oxide-capped Si-QDs, since
the emission and absorption occurs from different recombination channels. Our
experimental observations agree with the DFT simulations, suggesting that the
LUMO state becomes less degenerate for smaller Si-QD sizes and is lowered
further by the organic surface coating, which further breaks the symmetry.
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Chapter 4

pH stability of optical properties
of silicon quantum dots
Thanks to their non-toxicity, silicon quantum dots (Si-QDs) are of great interest for
e.g. sensing, medical or agricultural applications. In such applications, aqueous
solutions with varying potential of hydrogen (pH) are used, raising the question
how the optical properties of the Si-QDs depend on pH. In this study, we analyze
optical properties of organically capped Si-QDs in phosphate buffered saline (PBS)
buffer solutions with pH ranging from 2 to 12. In particular, we focus on the role
of ligands with amine (-NH2 ), carboxyl (-COOH) and zwitterionic (-CONHR3 )
termination groups on the QDs’s colloidal stability, photoluminescence (PL)
spectra, PL lifetimes and PL efficiencies. Experimental results are compared to
density functional theory (DFT) simulations. We find that the combination of the
polar ligands and the pH of the solution induces a charge transfer between the
core of the NP and its ligands, in most cases promoting trapping of the electronic
wavefunction on the ligand. This leads to reduced bandgaps and lowered PL
efficiencies. The most negligible effect of the pH on the optical properties is found
for the zwitterionic type of capping, where both, cations and anions are present in
the termination group of the ligand, improving also the colloidal stability over a
wide range of pH.

4.1

Introduction

Silicon (Si) is a cornerstone of modern microelectronics and photovoltaics.
Unfortunately, its indirect bandgap limits its applications in fields that require
efficient emission and absorption, such as optoelectronics, photonics or thin
film photovoltaics. In small Si quantum dots (Si-QDs), with radius below or
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comparable to the excitonic Bohr radius in bulk Si (∼4.9 nm), emission is
enhanced thanks to the relaxation of the ~k-selection rule by quantum confinement.
Since the first observation of efficient photoluminescene (PL) from porous Si
by Canham in 1990 [60], bright and tunable emission from various types of
Si-QDs has been frequently reported [33, 50, 65, 68]. Some of the most efficient
Si-QDs have been even applied in prototypes of light emitting diodes (LEDs)
[197, 198, 29], displays [117], solar cells [199, 200, 201], batteries [202, 203], in
medicine [41] and agriculture [204]. A major incentive for the use of Si-QDs in
e.g. medicine is their non-toxicity [205, 39] and bio-degradability [206, 207, 39].
Si-QDs have been applied in cancer treatment research [47], bio-imaging [40] and
drug delivery [208, 209, 210]. The major obstacle in such research for Si-QDs
is their possible charge-related toxicity [211, 212, 213, 214, 157], colloidal
stability and photo-chemical stability in water [215, 216], or membrane fouling
[217, 218]. Colloidal stability of the Si-QDs in water is typically ensured by polar
termination groups attached to the capping ligands, among others the carboxylic
acid –COOH and amine –NH2 groups. Polar ligands and environments, such as
encountered in potential of hydrogen-(pH) dependence studies, can also induce
considerable charge transfer between the Si-QD core and the ligand/environment.
In the past, we have analysed this effect using tight binding [33], [34] and density
functional theory (DFT) [36]. These theories predict that introducing a weakly
electronegative ligand/environment has a boosting effect on the originally weak
radiative rate, improving the optical properties of the Si-QDs.
In this study, we investigate colloidal stability and PL properties of the Si-QDs
capped with organic ligands terminated by polar groups over a wide range of
pH. Ligands are terminated by -COOH and/or -NH2 , rendering the materials
water-soluble. The pH range is controlled by using a phosphate buffered saline
(PBS). The combination of the pH environment and polar termination groups is
expected to lead to a charge transfer. The polar termination groups also dissociate
at various pH levels, causing the Si-QDs to aggregate. Combining experimental
optical spectroscopy and ground state DFT simulations, we find a correlation
between the charge transfer and reduced emission efficiency. The most flat
dependency of optical properties, such as the PL peak wavelength, PL lifetime
and PL efficiency, is found for the Si-QD capped with zwitterionic type of ligand,
containing both polar groups, -COOH and -NH2 . This sample is also the most
colloidally stable for the whole range of pH between 2 and 12.
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4.2

Methods

Figure 4.1: (a) Schematics of the Si-QDs synthesis and surface passivation by carboxyl -COOH
(red square), amine -NH2 (blue square), and zwitterionic combination -CONHR3 (green square). (b)
Scheme of the termination group dissociation at the corresponding pH values. Respective pKa values
are indicated by dotted lines. (c) Schematics of the experimental setup comprised of an inverted
wide-field optical microscope, coupled to a spectrophotometer for spectrally resolved PL detection,
the APD, and a photon counting card for time-resolved PL detection. Samples are excited by a
continuous-wave or pulse laser at 445 nm. (d) TEM image of the Si-QDs with two insets showing a
detail containing a crystalline Si-QD. Crystalline planes are indicated by yellow lines. Corresponding
FFT images are also shown in the insets.

Si-QDs are synthesized by a bottom-up wet-chemical method described in
detail elsewhere [157, 33, 113], using the scheme depicted in Fig. 4.1(a). In short,
magnesium silicide (Mg2 Si) is oxidized by bromine (Br2 ) in a protective argon (Ar)
atmosphere, refluxing in octane for 72 hours. Subsequently, 4-bromo-1-butene
in tetrahydrofuran (THF) is added to form alkene-capped Si-QDs. The Si-QDs
are then purified by extraction and size exclusion chromatography. Alkyl capped
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Si-QDs are not water soluble, for which a carboxyl (-COOH) or amine (-NH2 )
termination group needs to be added. To add -NH2 (sample Si-NH2 ), an excess
amount of the thiol and the radical initiator with respect to the thiol were added
to a solution of SiQD-ene in dimethylolpropionic acid (DMPA). The reaction
was stirred at room temperature while being exposed to 365 nm UV light at
ambient atmosphere. For the -COOH termination (sample Si-COOH), KMnO4
was used. For the zwitterionic terminations (sample Si-CONHR3 ), we used
n,n-dimethylethylenediamine (DMEDA). The mean size of the Si-QD core was
found from Transmission Electron Microscopy (TEM) to be 2.2 nm±0.5 nm for
the Si-COOH sample [33], and 3-7 nm for the Si-NH2 sample. The Si-CONHR3
samples has the same size as the Si-COOH sample. Si-QDs are assumed to
be crystalline, as suggested by the observation of the characteristic 0.541 nm
spacing in TEM, confirmed by the fast Fourier transform (FFT) analysis (insets in
Fig. 4.1(d)).
For the pH stability analysis, 3.75×10−11 M of the Si-QDs was dispersed in
a PBS with pH of 2.12, 4.08, 6.02, 7.98, 9.95 and 12.03, achieved by adjusting
the concentration of disodium phosphate (Na2 HPO4 ) by hydrochloric acid (HCl)
and sodium hydroxide (NaOH). The pH is defined by the molar concentration of
H+ ions in a solution as pH = -log[H+ ] [219]. Ligand termination groups are
not stable for certain pH values and dissociate, due to their interaction with the
H+ ions. As shown in Fig. 4.1(d), -COOH groups are expected to dissociate to
-COO− (and H+ ) at pH 4.8 and above, whereas the -NH2 groups should convert to
-NH+
3 at pH 8 and below. The dissociation is characterized by a pKa = -log10 (Ka )
value, where a larger pKa denotes a weaker acidity. Ka parameter is given by Ka =
[H+ ][A− ]/[HA], which describes the dissociation of an acid HA = H+ + A− . The
lower Ka values mean that the acid is weak. pH and pKa are linked via equation
pH = pKa + log10 ([A− ]/[HA]). This equation can be also written as Ka /[H+ ] =
[A− ]/[HA], which means that pKa and pH are equal when half of the acid has
dissociated. The pKa value for the -COOH and -NH2 are indicated by a dotted
line in Fig. 4.1(d). At a low pH, H+ binds to -COO− anions and neutral -NH2 and
+
forms neutral -COOH and -NH+
3 cation. At higher pH, H are removed from the
+
−
neutral -COOH and -NH3 cation, forming -COO anion and neutral -NH2 and
free H+ [220, 221, 222, 223]. The situation is schematically depicted in Fig. 4.1(b)
and Table 4.1.
In their neutral forms, -COOH and -NH2 termination do not lead to colloidal
stability of the Si-QDs in water, which requires polar group, and hence aggregation
occurs. Aggregation was observed at the respective pH ranges, when we observe
large Si-QD precipitates at the bottom of the cuvettes (Fig. 4.2). To avoid the
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sample
Si-COOH
Si-NH2
Si-CONHR3

0.0-4.8
-COOH
-NH+
3
-COOH & -NH+
3

pH
4.9-8.9
-COO−
-NH+
3
-COO− & -NH+
3

9.0-14.0
-COO−
-NH2
-COO− & -NH2

Table 4.1 Table schematics of the dissociation of the termination -COOH and -NH2 groups in
various pH ranges, designated by the respective pKa values.

precipitation process to interfere with the optical measurements, such as e.g.
by introducing scattering on the precipitating Si-QD clusters, each sample was
left to settle down for 2 days to obtain an optically transparent solution. Some
measurements were repeated after 92-127 days to check the stability of the Si-QDs
in the solution. Samples were stored and measured in high grade quartz cuvettes
(Hellma Analytics; UV quartz cuvette) that were cleaned by 0.5 to 2% Helmanex
III solution for 30 min at 45 ◦ C in ultrasonicating bath, flushed by Milli-Q water
(Merck; Milli-Q reference water purification system) for 5 minutes and purged by
nitrogen (N2 ) gas.
PL spectra and PL lifetimes were measured using a micro-spectroscopy
setup schematically depicted in Fig. 4.1(c). The system is comprised of an
inverted microscope (Zeiss Axio Observer Z1) with a stabilized nano-precision
tip-assisted-optical scanning stage (TAO stage from Nanowizard 3 scanning
probe microscopy system; JPK Instruments). The optical microscope is equipped
with an oil immersion objective (Zeiss; Plan-Apochromat, 100× magnification,
numerical aperture NA = 1.4) and a filter cube with dichroic mirror (Semrock;
442-nm laser BrightLine) and a long-pass filter (Semrock; 458-nm EdgeBasic).
The sample is excited through the microscope objective by a 445-nm solid-state
diode laser (Becker&Hickl GmbH; BDL-445-SMN) operating in pulsed mode
(164ps pulses with 1 MHz repetition rate). The PL signal is spectrally resolved
by a spectrometer (Acton SP2300; Princeton Instruments) with grating blazed at
750 nm and 300 grooves/mm, and detected by a Si-based liquid nitrogen (LN)
cooled charge-coupled device (CCD) array (Pylon 400B; Princeton Instruments)
with 1340×400 pixels and individual pixel size of 20×20 µm2 . Time-resolved
PL signals are detected by an avalanche photo-diode (APD) (ID100-50;
ID-Quantique) and processed by a time-correlated-single-photon-counting
(TCSPC) card (DPC-230; Becker& Hickl). PL spectra are corrected for spectral
sensitivity of the detection chain using a calibrated tungsten filament lamp
(Newport; 45W, quartz halogen) following the procedure in Ref. [224].
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Figure 4.2: Real color photos of the -COOH and -NH2 samples stored in various pH values of an
aqueous PBS solutions. The pH ranges are indicated in the figure. Aggregation is observable as a
more yellowish color of the solution, as opposed to a lighter yellow or transparent for non-aggregated
Si-QDs.
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Figure 4.3: Geometry of the simulated Si35 QD system with ligands terminated by -COOH and/or
-NH2 . As a reference we use fully (a) H-capped Si-QD and (b) H-capped Si-QD with one H
replaced by a butyl -C4 H9 . Si-COOH sample is approximated by (c) a Si-QD with -C2 H4 -COOH
and dissociated and (d) ionically stabillized by Na+ cation -C2 H4 -COO− . The Si-NH2 sample is
−
dissociated to -C3 H6 -SH2 -C2 H4 -NH+
3 at low pH, stabilized by Cl anion as in (e) and at higher pH
is neutral -C3 H6 -SH2 -C2 H4 -NH2 in (f). For the zwitterionic Si-CONHR3 sample, one -C2 H4 -COOH
and one -C2 H4 -CONH-CH2 -NH2 are attached on the Si-QD. Here, the -NH2 group is dissociated at
lowest pH -C2 H4 -CONH-CH2 -NH3 , stabilized by Cl− in (g). In the middle pH range, both groups
are dissociated as (h) shown and at highest pH only the -COOH group is dissociated as in (i). Atom
coloring is indicated in the legend. Simulations were done by K. Newell.
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PL excitation (PLE) spectra were measured using a standard spectrophotometer
(Fluorolog XY; Horiba) equipped with a Xenon lamp excitation light source and
a CCD detector (Triax CCD IHR 320). Samples were excited in the range
300-450 nm with a 5 nm step. PL is detected in the range 300-820 nm with a 5 nm
increment and 0.2 s acquisition time. Absorption spectra were measured using
a standard UV/VIS/NIR spectrometer (Lambda 950; Perkin Elmer) in a range
250-850 nm with a 1 nm step, 0.2 s integration time and 2 µm detection slit.
DFT simulations were performed using DFT code cp2k [182, 183]with
generalized gradient approximation (GGA) Perdew Burke Ernzerh (PBE)
functional [184],core approximated by the Goedecker-Teter-Hutter (GTH)
pseudopotential [185], GPW basis implemented in Quickstep cp2k with the
double zeta short-range Gaussian polarized basis set DVZP-MOLOPT [182] of
400 Ry. Self-consistency convergence is set to 10−6 Ry. The geometry of all
structures (Fig. 4.3) is optimized by DFT to attain the lowest total energy state
using a conjugated gradient (CG) algorithm. Settings were previously validated
on a system of H-capped Si nanocrystals (see Ref. [36] for more details).
Si-QDs simulated here consist of 35 atom Si core capped fully by hydrogen
with a single ligand attached to one of the (111) facets (the same site and geometry
is used for all the cases) (see Fig. 4.3). As a reference we use fully H-capped
Si-NP (Fig. 4.3(a)) and an H-capped Si-QD with one H replaced by a butyl
-C4 H9 (Fig. 4.3(b)). Si-COOH sample is approximated by a Si35 NP with a
single -C2 H4 -COOH ligand (Fig. 4.3(c)), or -C2 H4 -COO− with Na+ cation for
the dissociated and ionically stabilized case for higher pH (Fig. 4.3(d)). The
Si-NH2 sample is at low pH dissociated to -C3 H6 -SH2 -C2 H4 -NH+
3 , stabilized
−
by a Cl anion (Fig. 4.3(e)) and at higher pH is neutral -C3 H6 -SH2 -C2 H4 -NH2
(Fig. 4.3(f)). For the zwitterionic ligands we attached two ligands next to each
other, one -C2 H4 -COOH and one -C2 H4 -CONH-CH2 -NH2 . Here, the -NH2
group is dissociated at the lowest pH -C2 H4 -CONH-CH2 -NH3 , stabilized by Cl−
(Fig. 4.3(g)). In the middle pH range, both groups are dissociated (Fig. 4.3(h)) and
at highest pH only the -COOH group is dissociated (Fig. 4.3(i)).

4.3

Results and Discussion

Si-QDs were synthesized using the procedure described in Section 4.2. Br-capped
Si-QDs were re-capped by alkyls, terminated either by -COOH (sample
Si-COOH), -NH2 (sample Si-NH2 ) or the zwitterionic combination of both -COOH
and -NH2 (sample Si-CONHR3 ) (Fig. 4.1(a) and Section 4.2).
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4.3.1

PL and absorption spectra

Fig. 4.4 show steady-state normalized PL spectra and as-measured absorption
spectra for the (a) Si-COOH, (b) Si-NH2 and (c) the Si-CONHR3 samples, for the
pH range from 2 to 12. In the Si-COOH sample we observe a weaker absorption at
low pH that increases and stabilizes above a pH of 4. For the Si-NH2 sample, the
trend is opposite, as the absorption decreases for the pH above ∼4, and afterwards
stabilizes. Lower absorption roughly correlates with the onset of aggregation
observed in the Si-QDs solutions with non-dissociated polar termination groups
(Fig. 4.2). Absorption in the Si-CONHR3 sample appears to be the most stable,
indicating that the presence of both groups, -COOH and -NH2 simultaneously,
best prevents aggregation of the Si-QDs. Nevertheless, all the effects are relatively
weak for all the Si-QD samples.
The PL spectra in Fig. 4.4 are all excited at the PL excitation (PLE) peak
wavelength, different for each sample (3.70 eV (= 335 nm) for the Si-COOH
sample; 3.26 eV (=380 nm) for the Si-NH2 sample; and 3.59 eV (=345 nm) for the
Si-CONHR3 sample. The PLE peak is extracted from the PLE contour maps in
Fig. 4.11, 4.15 and 4.19. To extract the PL peak position, we fitted the PL spectra
by a single Gaussian peak function to reflect the fact that the quantum dots in the
Si-QD ensemble have size-dependent bandgap energies. The PL peak is assumed
to coincide with the optical bandgap of the Si-QDs with the mean diameter of
the QD ensemble. The PL peak positions are plotted separately as a function of
the pH in the insets of Fig. 4.4. For a neutral pH of 7, at which all the ligand
termination groups are dissociated, the PL peak is around 2.65 eV, 2.43 eV and
2.46 eV for the Si-COOH, Si-NH2 and the Si-CONHR3 samples, respectively. The
blue shift in the PL of the Si-COOH sample coincides with the findings of the
TEM analysis, showing that this sample contains smaller Si-QDs than the Si-NH2
sample. However, the zwitterionic Si-CONHR3 , produced from the same Si-QD
batch, should also show similarly blue shifted PL as the Si-COOH sample, which
it does not (Fig. 4.1(a)).
The extracted PL peaks as a function of pH follow a roughly parabolic
dependency with a weak spectral shift at the extrema. For the Si-COOH sample
we get a concave shape with a minimum at 2.67±0.03 eV at pH 6. For the
Si-NH2 sample we observe a convex shape with a maximum at 2.41±0.06 eV
at pH 10. Finally for the Si-CONHR3 sample we see again a concave shape
with a very flat minimum at 2.45±0.02 eV around pH 8. The maximum spectral
shift for the Si-COOH sample is 1.4%, for the Si-NH2 sample 4.6% and for the
zwitterionic Si-CONHR3 sample is 1.7%. Extrema for the Si-COOH and Si-NH2
74

Figure 4.4: Absorption and PL spectra for the samples (a) Si-COOH, (b) Si-NH2 and (c)
Si-CONHR3 , respectively. PL was excited resonantly with the PLE peak for each sample: at
3.70 eV (335 nm) for the Si-COOH, 3.26 eV (380 nm) for the Si-NH2 and 3.59 eV (345 nm) for
the Si-CONHR3 , indicated by the orange arrows in the graphs. Insets show PL peaks position as a
function of the pH.
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PL peak dependency on pH roughly agree with the respective pKa values for the
-COOH and -NH2 groups of 4.8 and 8.9, respectively [220, 221, 222]. Again,
the Si-CONHR3 sample appears to have a relatively stable PL peak position that
slightly shifts only for the lowest pH values, indicating improved pH stability of
the PL. It is unclear at this point, why does the PL peak dependence on pH have
an extrema around the pKa value, and does not keep increasing/decreasing beyond
the pKa point. We can speculate that the particular chemical instability at that
point influences strongly the electronic wavefunctions of the QD.
The optical bandgap energies obtained from the PL peak can be compared with
the optical bandgap energy evaluated from the absorption spectra via the standard
Tauc plot analysis, shown in Fig. 4.5. The Tauc plot analysis is done separately
for the direct allowed, direct forbidden and the indirect allowed transitions by
extrapolating the plot of absorption spectra [225, 226] according to
1

(αhν) n = A (hν − Eg ),

(4.1)

where α is the absorption coefficient, hν is the photon energy, Eg is the bandgap
energy, A is a proportionality constant and n denotes the type of the transition
(n=1/2 for the direct allowed transition, n=3/2 for the direct forbidden transition
and n=2 for the indirect allowed transition). The bandgap energy is in this analysis
retrieved as an intercept on the energy axis by fitting the linear part of the curve
(see Fig. 4.25, 4.27, 4.29 and overview in Fig. 4.24). By this analysis, we find
that the optical bandgap extracted from the PL spectra coincides mostly with the
indirect allowed transition bandgap, confirming a predominantly indirect bandgap
origin of the emission. Also, we find a weak dependency of the absorption
bandgap on the pH with a roughly convex shape for both terminations and the
most flat dependency for the zwitterionic ligands, again suggesting an improved
PL stability of such system.

4.3.2

Time-resolved PL signal

To further asses the PL stability, we analyse the PL lifetimes and efficiencies as a
function of the pH value. The time-resolved PL (TRPL) signal is measured with
a 445 nm ps-pulsed laser excitation and plotted in Fig. 4.6(a-c). To obtain the PL
lifetime, we fit the TRPL curves with a stretched exponential function [227, 228,
229, 230]
−( t )β
I(t) = I0 e τk ,
(4.2)
where I(t) is the time-dependent PL intensity, I0 is the initial PL intensity
amplitude, τk is the PL lifetime and β is the stretched exponent power (0 < β <
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Figure 4.5: Optical bandgaps derived from the Tauc plot analysis of the absorption spectra for
the direct allowed (red), direct forbidden (blue) and indirect allowed (green) transitions for (d) the
Si-COOH, (e) Si-NH2 and (f) Si-CONHR3 samples, respectively. For comparison, the PL peaks
(black) are also shown in the same graphs. The vertical bars for the PL peak data denote the
full-width-at-half-maximum (FWHM) of the PL spectrum, when fitted by a single Gaussian peak
function on an energy scale.
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Figure 4.6: Normalized TRPL spectra of the Si-QDs as a function of pH, excited by a pulsed 445 nm
laser for (a) the Si-COOH, (b) Si-NH2 and (c) the zwitterionic Si-CONHR3 sample. (d) Average PL
lifetimes derived from the stretched exponential function fit for all the Si-QD systems as a function
of pH.
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1). Stretched exponential fitting functions are commonly used for systems with
distributions of lifetimes, and in our case is chosen to reflect the fact that the
ensemble PL signal is given by the sum of single Si-QD contributions that have
size-dependent PL rates. An average PL lifetime (Fig. 4.6(d)) can be extracted
from the stretched exponential lifetime τk and the power coefficient β using
< τ >=

τk
1
Γ( ),
β
β

(4.3)

where Γ denotes the Gamma function. From this analysis we find that the average
PL lifetime hτi roughly decreases for the Si-COOH and Si-NH2 samples and is
more "flat" for the zwitterionic Si-CONHR3 sample, further supporting its superior
optical stability in various pH systems.

Figure 4.7: RQY as a function of pH for (a) the Si-COOH, (b) Si-NH2 and (c) the zwitterionic
Si-CONHR3 samples. Data are shown for a relatively fresh prepared samples (black) and the long
stored samples (red).
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4.3.3

Emission efficiency

Changes in the PL lifetime can be caused either by changes in the radiative rate
or introduction of new non-radiative channels. In order to uncover which case it
is here, we further investigate the PL quantum yield (RQY) by a relative method.
This is done by evaluating emission intensity of the sample Is in comparison with
a QY standard Iref that emits in the same spectral range [231, 232, 173, 233]. For
our system, the best fitting RQY standard is a quinine sulfate (QS) dye, which we
dissolved into 0.105 M of HClO4 . The RQY of the material is then evaluated at a
certain emission wavelength λem by [173, 233]
RQY : Φrel
s = Φref

Is Aref n2s (λem )
,
Iref As n2ref (λem )

(4.4)

where n is the refractive index, I is the integrated PL intensity and A is the
absorbance at the dedicated excitation wavelength. RQY values calculated using
Eq. 4.4 are shown in Fig. 4.7 for all the samples. Comparing the PL lifetime
dependency with pH (Fig. 4.6(d)) with the RQY (Fig. 4.7), we see that for the
Si-COOH sample, the PL lifetime value is almost constant, but RQY decreases
with pH. For the Si-NH2 sample we see a drop in the PL lifetime and somewhat
increasing RQY with a maximum at pH 6. The zwitterionic Si-CONHR3 sample
shows a flat PL lifetime dependency and a weak drop in the RQY with an
increasing pH. Also, we see an increase in RQY for all the samples with prolonged
storage, possibly as a result of reduced scattering. The shape of the RQY
dependency on pH, however, does not change.

4.3.4

Comparison with DFT simulations

To better understand the observed effects, and evaluate the role of possible charge
transfer on the optical properties, we performed a ground state DFT simulation
on a smaller Si-QD model (35 Si atoms core) capped by hydrogen and a single
ligand with a termination by -COOH, -NH2 or both for the zwitterionic sample
(Fig. 4.3). To simulate the effect of a dissociation of the termination group at
various pH, we also simulated the same Si-QD systems with the termination
+
−
groups dissociated into -COO− and -NH+
3 , stabilized by adding Na or Cl
counter-ions (Fig. 4.3(d,e,g-i)). As a reference sample, we chose an Si-QD fully
capped with hydrogen and an Si-QD capped with hydrogen and a single butyl
ligand (Fig. 4.3(a,b)). For the three different pH ranges, designated by the pKa
values for the -COOH and -NH2 dissociation, we expect for the low pH a mixture
+
−
of -COOH and -NH+
3 , for the mid pH ranges a mixture of -COO and -NH3 , and
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Figure 4.8: (a) Fractional electron charge in the Si-QD core, (b) HOMO-LUMO energy and (c)
phonon-less radiative rate at T= 0 K and thermalized at T = 300 K for all the different simulated
systems. The x-axis is shared among all the panels and related to the different simulated Si-QD
samples. Termination groups are sorted by types and increasing pH. H and butyl (gray field) are
the reference systems. Si-COOH sample (red field) with increasing pH is represented by -COOH
→ -COOH− Na+ . The Si-NH2 sample (blue field) with increasing pH is represented by -NH3+ Cl−
→ -NH2 . The Si-CONHR3 sample (green field) with increasing pH is represented by [-NH3+ Cl−
and -COOH] → [-NH3+ Cl− and -COOH− Na+ ] → [-NH2 and -COOH− Na+ ]. Simulations were
performed by K. Newell.
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for the high pH a mixture of -COO− and -NH2 (see Fig. 4.1(d) and Table 4.1).
Generally, the stability of a QD in polar solvents is discussed in terms of a
“zeta potential”. Si-NP with polar ligands can be viewed as an electrochemical
bi-layer system, where the QD’s true surface potential (at the position of the ligand
termination groups) decreases into the solution by a first layer of mobile ions from
the solution, that are transported towards the termination groups to neutralize their
charge (“Stern layer”). This further decreases into the “zeta potential”, which can
be measured. The “zeta potential” is a good measure of how stable the QD should
be in the solution, but does not say anything about the true surface potential of
the QD core, which influences its optical properties. Hence, even though the ions
in the solution transport towards the Si-QD surface, keeping the whole system
neutral, the local charge re-distribution inside the Si-QD core can have dramatic
effect on the emissive properties [33, 34, 36].
Using DFT, we can evaluate the charge transfer between the Si-QD core
and the ligand with the termination group. We find that with respect to a fully
H-capped Si-QD, taken as a reference to which all the other samples are compared,
the fractional electron charge in the Si-QD core increases first by introducing a
single organic ligand by ∼0.2 e and only very slightly more for adding the -COOH
termination group (Fig. 4.8(a)). With increased pH, the -COOH disassociates into
-COO− , with the mobile ions from the solution compensating for the negative
charge. In our simulation, such a mobile ion is simulated by adding an Na+ ion in
the vincity of the termination group. For the -COO− with Na+ , with respect to the
neutral -COOH, we find a slight decrease of the fractional charge in the core, as
the electrons move towards the ligand (Fig. 4.8(a)), accompanied by a red-shifted
bandgap energy (Fig. 4.8(b)) and enhanced radiative rate (Fig. 4.8(c)). Samples
with -NH2 and -CONHR3 groups show a similar fractional charge and bandgap
change (Fig. 4.8(a,b)), but a different behavior of the radiative rate. For the -NH2
group the radiative rate decreases with the increasing pH. For the -CONHR3
group the thermalized rate at T = 300 K decreases with pH and the radiative rate
at T = 0 K first increases and then decreases with pH (Fig. 4.8(c)). A possible
simple explanation for the bandgap energy red shift with the increasing pH is
that it correlates with the concentration of H+ ions in the solution and hence the
“availability” of mobile cations that would attract more electrons from the Si-QD
core and act as the electronegative environment we simulated in our previous work
[34][36]). However, the radiative rate does not follow such a simple trend.
To better understand the observed results in experiments and simulations, and
their respective relations, we also simulate the projected density of states (DOS)
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Figure 4.9: DOS and the HOMO and LUMO wavefunctions (on the right side) for all the studied
systems. Terminations are indicated in the header of each panel. Shared color schemes are for (a-b),
(c-d) and (e-g) shown in between the last two respective panels for each group. Blue arrow indicates
increase of pH. Simulations were performed by K. Newell.
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Figure 4.10: DOS projected in ~k-space (band structures) for all the simulated cases, including the
dissociated termination groups, stabilized by counter ions. These band structures are simulated using
band folding procedure described in Ref. [79]. Band structures are aligned to the top of the valence
band. The newly formed interband states that do not originate from Si are shown inside the bandgap.
Simulations were performed by K. Newell.
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for the different elements in the system (Fig. 4.9), the real-space projection of the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) electronic wavefunctions (Fig. 4.9; right side of the panel) and the
DOS projected in the ~k-space in Γ − X direction (Fig. 4.10). We find that there is a
negligible involvement of the ligands in the HOMO and LUMO transition for the
-COOH system, but a very strong involvement of the ligands for all the other cases.
Specifically, upon dissociation of the -COOH into -COO− , both the HOMO and
LUMO states are localized on the ligand (Fig. 4.9(b)). For the -NH2 group, this is
the case for the HOMO state before and after dissociation, i.e. for low and high pH
(Fig. 4.9(c,d)). In the case of the zwitterionic -CONHR3 , the HOMO is localized
in the ligand for the mid and higher pH values. From this analysis, we see that
increasing the pH leads to (in most cases) a stronger involvement of the ligand in
the HOMO-LUMO radiative transition. This could also explain the general trend
in the RQY, which shows decreasing emission efficiency with the higher pH. We
can speculate that the electronic orbital, being in those cases closer to the polar
termination groups, can sample more available recombination channels, most of
them being non-radiative. At the same time, from the Fig. 4.9(e-g) we see that for
the zwitterionic -CONHR3 system, the ligand role is weaker. For the low pH, the
transition is purely within the Si-QD core and for increasing pH, the role of ligand
on the the bandgap energy and the radiative rate (as well as the experimentally
observed bandgap, PL lifetime and RQY), is weak. This could be due to the
compensating effect of the two polar termination groups -COOH and -NH2 , which
also keeps the Si-QD colloidally stable at any pH. Formation of the interband,
surface related states is clearly visible also for the ~k-space projected DOS for
our systems in Fig. 4.10. Such defect states appear deep inside the bandgap for
the dissociated -COOH, -NH2 and dissociated -NH+
3 and the high pH dissociated
+
−
zwitterionic -NH3 with -COOH and -NH2 with -COOH− . In these cases, the role
of the environment on the PL properties is strongly enhanced, with respect to the
other cases, where such trapping does not occur.

4.4

Conclusions

We analysed experimentally and theoretically the pH stability of optical properties
of Si-QDs with polar termination groups -COOH, -NH2 and both (zwitterionic
ligand). For the Si-QD terminated by -COOH group, we find experimentally with
increasing pH first a red shift of the PL peak, which after reaching the pKa value
turns into a blue-shift. The absorption bandgap appears to be very stable, slightly
decreasing with the pH. The PL lifetime is slightly decreasing and the RQY is
more substantially decreasing with the increase in pH. The theoretical simulations
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for this system predict an electron charge transfer from the core to the ligand,
bandgap energy red shift and increased radiative rate. Elementally resolved DOS
reveals that in this case, with higher pH, both electron and hole become trapped on
the ligand, which could explain the drop in the measured PL RQY, as the system
becomes more prone to the non-radiative recombination via interaction with the
environment. However, we could not explain the blue-shifted PL peak for pH
higher than the pKa value.
For the Si-QD terminated by the -NH2 group, experimentally we find mostly
a blue-shift in the PL, stable absorption bandgap energy, decrease in PL lifetime
and a rise, followed by a fall, of the RQY with pH. Charge transfer simulation by
DFT again predicts a decrease in the core electronic charge with the pH increase,
accompanied by a red shifted bandgap, decrease in radiative rate and a HOMO
state localization on the ligand for the whole pH range. The blue-shifted PL
appears to be contradictory to the simulated red-shift of the bandgap with pH.
Lack of distinct electronic density changes (unlike found for the -COOH system)
perhaps results in a strong influence of the environment on the Si-NP emission
for the whole pH range, which makes the interpretation difficult, because the
environment is idealised in our simulations by a single counter ion. For the
zwitterion ligand -CONHR3 , the experiment and theory show hand in hand that
the pH effects, such as the dissociation of the polar terminations, do not play a
strong role in the optical properties. From the point of view of the optical and
colloidal stability, the zwitterion ligand offers the most environment independent
properties and should be used in applications where pH stability is required.

4.5

Supplementary Materials

In this section, we provide the PLE contour maps, which offer additional
information concerning size-effect and PL stability, as shown in Fig. 4.11,
4.13, 4.15, 4.17, 4.19, and 4.21.
The fit PL peak wavelengths and
full-width-at-half-maximum (FWHM) also depict how emission peak shifts with
respect to the excitation and the inhomogeneous broadening of FWHM results from
the complexity at higher energy bands in conduction band, as shown in Fig. 4.12,
4.14, 4.16, 4.18, 4.20, and 4.22. We reconstruct the optical bandgaps as a function
of excitation and pH that reveals how the terminated ligands affect the emission
mechanism through the pH in Fig. 4.23. After being stored for 92 to 127 days,
the bandgap energies blue-shifted and emission efficiency increased for all the
samples, as shown in Fig. 4.7. The Tauc plot plot analyzes the optical transitions
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from absorption spectra, shown in Fig. 4.24, and fitting details in each conditions
in Fig. 4.25, 4.26, 4.27, 4.28, 4.29, and 4.30.
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Figure 4.11: PLE contours for the Si-COOH sample on the 7th day for pH values of (a) 2.12, (b)
4.08, (c) 6.02, (d) 7.98, (e) 9.95, and (f) 12.03. The side color bar represents signal intensity in
(counts/s).
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Figure 4.12: Extracted PLE peaks and their FWHM for the Si-COOH sample for the pH values of
(a) 2.12, (b) 4.08, (c) 6.02, (d) 7.98, (e) 9.95, and (f) 12.03.
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Figure 4.13: PLE contours for the Si-COOH sample on the 127th day for various pH values of (a)
2.12, (b) 4.08, (c) 6.02, (d) 7.98, (e) 9.95, and (f) 12.03. The side color bar represents signal intensity
in (counts/s).
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Figure 4.14: PLE peaks and their FWHM for the Si-COOH sample on the 127th day for pH values
of(a) 2.12, (b) 4.08, (c) 6.02, (d) 7.98, (e) 9.95, and (f) 12.03.
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Figure 4.15: PLE contours for the Si-NH2 sample on the 3rd day for pH values of (a) 2.12, (b) 4.08,
(c) 6.02, (d) 7.98, (e) 9.95, and (f) 12.03. The side color bar represents signal intensity in (counts/s).
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Figure 4.16: PLE peaks and their FWHM for the Si-NH2 sample on the 3rd day for pH values of (a)
2.12, (b) 4.08, (c) 6.02, (d) 7.98, (e) 9.95, and (f) 12.03.
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Figure 4.17: PLE contours for the Si-NH2 sample on the 108th day for pH values of (a) 2.12, (b)
4.08, (c) 6.02, (d) 7.98, (e) 9.95, and (f) 12.03. The side color bar represents signal intensity in
(counts/s).
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Figure 4.18: PLE peaks and their FWHM for Si-NH2 sample on the 108th day for pH values of (a)
2.12, (b) 4.08, (c) 6.02, (d) 7.98, (e) 9.95, and (f) 12.03.
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Figure 4.19: PLE contours for the Si-CONHR3 sample on the 2nd day for pH values of (a) 2.12,
(b) 4.08, (c) 6.02, (d) 7.98, (e) 9.95, and (f) 12.03. The side color bar represents signal intensity in
(counts/s).
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Figure 4.20: PLE peaks and their FWHM for Si-CONHR3 sample on the 2nd day for pH values of
(a) 2.12, (b) 4.08, (c) 6.02, (d) 7.98, (e) 9.95, and (f) 12.03.
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Figure 4.21: PLE contours for Si-CONHR3 sample on the 92nd day for pH values of (a) 2.12, (b)
4.08, (c) 6.02, (d) 7.98, (e) 9.95, and (f) 12.03. The side color bar represents signal intensity in
(counts/s).
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Figure 4.22: PLE peaks and their FWHM for Si-CONHR3 sample on the 92nd day for pH values of
(a) 2.12, (b) 4.08, (c) 6.02, (d) 7.98, (e) 9.95, and (f) 12.03.
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Figure 4.23: Summary of emission bandgap (value indicated on the color bar in [eV], shared for
each row) as a function of the excitation wavelength and pH value. Si-COOH sample on the (a) 7th
day and (d) 127th day, Si-NH2 sample on the (b) 3rd day and (e) 108th day and the Si-CONHR3
sample on the (c) 2nd day and (f) 92th day.
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Figure 4.24: Summary of the optical bandgap energies achieved from absorption spectra using Tauc
plot analysis for the Si-COOH sample on the (a) 7th day and (d) 127th day, Si-NH2 sample on the
(b) 3rd day and (e) 108th day, and the Si-CONHR3 sample on the (c) 2nd day and (f) 92nd day.
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Figure 4.25: Tauc plots for the Si-COOH sample on the 7th day for the various pH (indicated in
the legend by color) for the (a) direct allowed transition, (b) direct forbidden transition, (c) indirect
allowed transition, and (d) indirect forbidden. The dash lines indicate the linear fit that yields optical
bandgap value at the intersection with the energy axis.
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Figure 4.26: Tauc plots for the Si-COOH sample on the 127th day for the various pH (indicated in
the legend by color) for the (a) direct allowed transition, (b) direct forbidden transition, (c) indirect
allowed transition, and (d) indirect forbidden. The dash lines indicate the linear fit that yields optical
bandgap value at the intersection with the energy axis.
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Figure 4.27: Tauc plots for the Si-NH2 sample on the 3rd day for the various pH (indicated in
the legend by color) for the (a) direct allowed transition, (b) direct forbidden transition, (c) indirect
allowed transition, and (d) indirect forbidden. The dash lines indicate the linear fit that yields optical
bandgap value at the intersection with the energy axis.
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Figure 4.28: Tauc plots for the Si-NH2 sample on the 108th day for the various pH (indicated in
the legend by color) for the (a) direct allowed transition, (b) direct forbidden transition, (c) indirect
allowed transition, and (d) indirect forbidden. The dash lines indicate the linear fit that yields optical
bandgap value at the intersection with the energy axis.
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Figure 4.29: Tauc plots for the Si-CONHR3 sample on the 2nd day for the various pH (indicated in
the legend by color) for the (a) direct allowed transition, (b) direct forbidden transition, (c) indirect
allowed transition, and (d) indirect forbidden. The dash lines indicate the linear fit that yields optical
bandgap value at the intersection with the energy axis.
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Figure 4.30: Tauc plots for the Si-CONHR3 sample on the 92nd day for the various pH (indicated in
the legend by color) for the (a) direct allowed transition, (b) direct forbidden transition, (c) indirect
allowed transition, and (d) indirect forbidden. The dash lines indicate the linear fit that yields optical
bandgap value at the intersection with the energy axis.

107

Chapter 5

Direct evaluation of bandgap
tunability by a correlative
single-dot optical and scanning
probe microscopy
Silicon quantum dots (Si-QDs) represent one of many types of nanomaterials,
for which the origin of emission is difficult to assess due to a complex interplay
between the core and surface chemistry. Bandgap tunability in Si-QDs is predicted
to span from infrared (IR) to ultraviolet (UV) spectral range, which is rarely
observed in practice. In this work, we directly assess the size-dependence of the
optical bandgap by a single-dot correlative microscopy setup, where the size of
the individual QDs is measured by an atomic force microscopy (AFM) and the
optical bandgap is evaluated from a single-dot photoluminescence (PL) measured
on the very same QDs. We analyze 2-8 nm alkyl capped Si-QDs prepared by a
sol-gel method followed by annealing at 1300◦ C. Surprisingly, we find that the
optical bandgap is given by the amorphous shell, as evidenced by the convergence
of the optical bandgap size-dependence towards the amorphous Si (α-Si) bandgap
of ∼1.56 eV. We propose that the structural disorder might stay behind the often
reported limited emission tunability from various Si-QDs in literature. Also,
we would like to put forward the acute need for such a direct size-bandgap
measurement for materials like Si-QDs, to prevent misinterpretations based on
guessing from ensemble measurements, as it is practiced nowadays.
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5.1

Introduction

Silicon (Si), an abundant and non-toxic material, is one of the most important
semiconductors used nowadays. However, its indirect bandgap renders its
emission poor, which hampers the use in optoelectronic and photonic devices,
such as light emitting diodes or lasers. Also, its band-edge absorption is very
inefficient, inhibiting use of Si in thin cell photovoltaics. This is partially
improved in small Si nanoparticles (Si-NPs) via quantum confinement effect
(QCE) and surface engineering [99][26][36]. Similar to other QDs, Si-QDs with
radius smaller than the excitonic Bohr radius have size-tunable bandgap energy
[234, 235, 85, 26, 236, 62]. According to the effective mass approximation
(EMA), the bandgap energy of a spherical crystalline QD deviates from its bulk
value in inverse proportion to the square of the NP’s radius (the localisation term)
plus term that scales inverse with radius (polarization term) [53], and a similar
trend is predicted also by the first principle methods [237, 238]. Theoretical
predictions show that the emission tunability range of the Si-QDs should be one
of the broadest among all the semiconductors, spanning from near-infrared (NIR)
spectral range at 1.1 eV, to the ultraviolet (UV) range at over 3.5 eV [85, 26, 62].
In practice, however, weaker and/or limited size-dependencies are observed [26].
Such deviations from the predicted trend are often discussed in terms of presence
of extrinsic radiative channels, such as localised surface states or as a result of
strain [100, 35, 112, 26].
In this work, we employ a direct method of assessing the size-dependence
of the bandgap energy by a custom built single-dot correlative microscopy
setup combining an optical single-dot micro-spectroscopy with an atomic force
microscopy (AFM). We use this setup to uncover the origin of emission from
sol-gel synthesized alkyl-capped Si-QDs. Such a material was earlier reported to
consist of a crystalline Si (c-Si) core and an amorphous Si (α-Si) shell, despite
annealing above 1200◦ C, as evidenced by a detailed nuclear magnetic resonance
(NMR) study [103]. In their follow-up study, they have concluded that the optical
properties are dictated by the crystalline core [104], based on an indirect, ensemble
optical properties and X-ray diffraction size analysis. We do confirm that such
material is partially amorphous, but using our direct size-bandgap measurement,
we find that the bandgap for larger Si-QDs converges to 1.59 eV, which is a bulk
bandgap of α-Si. Our result shows that ensemble analysis can be misleading and
that there is a critical need for such direct measurements to be implemented in
assessment of emission origin of such a complex materials as Si-QDs. Also, we
suggest that disorder might be another, often neglected reason for the observed
limited size-tunability.
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5.2

Methods

Synthesis of the Si-QDss was done in group of J. Veinot and is in detail described
elsewhere [164]. In brief, Si-QDs were prepared from the hydrogen silsesquioxane
(HSQ), annealed in atmosphere of 5% hydrogen (H2 ) and 95% argon (Ar) for 1
hour at 1300 ◦ C. The process leads to a sub-stoichiometric silica SiOx , which after
annealing forms Si-NPs inside a stoichiometric silica (SiO2 ) powder. In order to
release the Si-QDs, the powder is dispersed in a solution of hydrogen fluoride
(HF) and deionised water with ratio 1:1. Then, the Si-QDs are dissolved in
toluene and 1-dodecene mixtures, where the 1-dodecene encapsulates the Si-QD
by photochemical hydrosilylation, initialized under 365-nm UV illumination.
Afterwards, centrifugation is used to separate the Si-QDs from the solvent and
Si-QDs are redispersed in toluene.
For the optical spectroscopy of the Si-QDs ensemble, Si-QDs are kept in
solution, dispersed in toluene and placed inside quartz cuvettes (110-QS from
Hellma-Analytics). For the correlative single-dot micro-spectroscopy and AFM
measurements, we dilute the Si-QDs solution with n-hexane (≥95% purity,
Sigma-Aldrich) and deposit them on a 150-µm thick quartz slide (SPI Supplies).
Slides are first cleaned by a mixture of Hellmanex III (Sigma-Aldrich) with 0.5
to 2% weight concentration in pure water from Merck Milli-Q water purification
system at 40 ◦ C for 25 min, and finally washed in Milli-Q water (Milli-Q reference
water purification system from Merck) for 10 min. This procedure creates a
hydrophilic surface on the quartz slide, which allows for homogeneous deposition
of the Si-QDs with selective solvent for the single-dot micro-spectroscopy. The
cleaning recipe was tested for its effects on the average roughness of the quartz
slide, which is required to stay below 1 nm for a sufficient resolution AFM
analysis of the Si-QDs. Quartz slides with refractive index of n = 1.56 at 400 nm
(3.100 eV) are selected for their high transmittance T = 0.93 in the visible
(VIS) spectral range and almost no emission from the usually expected surface
point defects, such as non-relaxed oxygen vacancies. This allows us to measure
Si-QDs’s single-dot spectra despite their broad emission spectra and low radiative
rate, both resulting in low detected signal. The signal-to-noise ratio is improved
by using long acquisition times for both the single-dot PL images and spectra.
The optical microscopy system (Fig. 5.1) is comprised of an inverted
microscope (Zeiss Axio Observer Z1) where the original Zeiss mechanical sample
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stage is replaced by a stabilized nano-precision tip assisted optical scanning stage
(TAO Nanowizard 3; JPK Instruments). The microscope is equipped with an oil
immersion objective (Zeiss; Plan-Apochromat, 100× magnification, NA = 1.4)
and a filter cube with dichroic mirror (Semrock; 442 nm laser BrightLine)
and a long-pass filter (Semrock; 458 nm EdgeBasic). Excitation is performed
by a 445 nm solid-state diode laser (Becker&Hickl GmbH; BDL-445-SMN)
operating either in a continuous-wave (CW) mode (maximun average power of
7.40 mW) or a pulsed mode (9.2 ns pulses with 1430 Hz repetition rate and
6.28 mW average power). To detect spectrally resolved PL spectra of single
QDs, we use a spectrometer (Acton SP2300; Princeton Instruments; grating with
300 grooves/mm, blazed at 750 nm) coupled to an Si-based liquid-nitrogen-cooled
charge-coupled-device detector (CCD; Pylon 400B) array with 1340×400 pixels
and pixel size 20×20 µm2 . To measure the PL lifetime, we use an avalanche
photodiode (APD; ID-Quantique; ID100-50), coupled to a time correlated single
photon counting (TCSPC) card (Becker&Hickl; DPC-230). The AFM head is
placed on top of the TAO stage and is operated in tapping (AC) mode. For
scanning, we use Si-based Al-coated tips (NanoWorld NCHR-10 PointProbe) with
∼15 nm radius. The ideal lateral and vertical resolution of this system is ∼30
and 0.1 nm, respectively. The size of the scanning area is 20×20 µm2 , which is
divided into 2048×2048 steps in plane and measured with a slow 0.5 Hz scanning
rate.
Ensemble samples were also analyzed using standard UV-VIS spectroscopy.
Extinction spectra were measured using a standard spectrophotometer (Perkin
Elmer; Lambda 950) equipped with a deuterium and tungsten halogen excitation
lamps and a photomultiplier tube (PMT) detector, sensitive in spectral range
of 250-860 nm (1.442-4.959 eV). The system is equipped with a dual-stage,
which allowed us to simultaneously measure the sample and reference.
Photoluminescence excitation (PLE) spectra of the ensemble were measured
using a spectrofluorometer (Fluorolog-3; Horiba Scientific) equipped with a
450 W excitation Xenon lamp (Ushio) and Si-based CCD detector (Synapse;
Horiba Scientific) in the VIS spectral range. Samples were excited between 300
(4.133 eV) and 500 nm (2.480 eV)with resolution of 5 nm. All spectra were
corrected for spectral response of the detection system.
Samples were further analysed by STEM (FEI Verios 460), micro-Raman
spectroscopy (Witec alpha 300 Raman system; UHT S300S VIS spectroscopy,
532.3 nm excitation, Zeiss EC Epiplan-Neofluar 100× objective with numerical
aperture of 0.9) and 2θ XRD spectrometry from 10 to 90 degree by 0.5 degree/min
scanning rate (Rigaku; MiniFlex-II).
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Figure 5.1: Schematic of the correlative microscope setup comprised of an inverted optical
microscope and an AFM. The microscope is coupled via a beam splitter to an APD, connected to a
photon-correlating card and a spectrometer with a CCD detector.

5.3

Results and Discussion

Si-QDs studied in this work have been prepared in the group of J. Veinot by a
sol-gel type of bottom-up synthesis (for details see [164] and section 5.2). To
improve the material quality, such Si-QDs were annealed at high temperatures
at 1100-1300 ◦ C and etched by HF to remove any remaining any Si oxide. The
resulting material was capped by long alkyl chains and dispersed in toluene.

5.3.1

Optical and material properties of the ensemble of Si-QDs

The ensemble structural and optical properties were characterised first. The
mean diameter of the Si-QDs was measured by a scanning transmission electron
microscopy (STEM) to be 6.9±1.6 nm (see Fig. 5.2). The ensemble optical
properties, such as extinction, PL, and PLE spectra are shown in Fig. 5.3. The
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Figure 5.2: Histogram of Si-QDs sizes obtained from STEM measurement with the mean of
6.9±1.6 nm.

extinction spectrum can be interpreted as absorption spectrum, due to a negligible
scattering, evidenced by the almost exact match between the PLE and extinction
spectra. This is in agreement with the observed lack of aggregation over several
years of storage of the Si-QDs in toluene in the dark. The absorption spectrum
is featureless, as expected for an indirect bandgap semiconductor material, with
no prominent bandgap edge. To evaluate the bandgap edge, we plot absorption
spectra in the Tauc plot for the indirect allowed transition (Fig. 5.4), which reveals
an optical bandgap of 2.21±0.01 eV. Steady-state PL spectra excited at three
different wavelengths by a low power cw laser peak all close to 813 nm (inset in
Fig. 5.3). The full PLE map reveals only a negligible spectral shift of ∼20 meV
of the PL peak with the excitation wavelength (Fig. 5.5), in agreement with the
indirect bandgap character of the material and resulting large Stokes shift between
the excitation and emission energies. PL quantum yield (QY) was measured on
this sample previously [239] and found to be above 40%. This is a very high
value for such Si-QDs, making them good material for the demonstration of the
correlative single-dot spectroscopy here. Similarly high QY values for this type of
material were reported also by other groups earlier [229, 240].

113

0.2

PL by 405nm exc.
PL by 445nm exc.
0.8

2.0E5

PL by 487.5nm exc.

0.6

1.5E5
0.4

1.0E5

0.2

0.0
1.4

0.1

1.6

1.8

2.0

PLE intensity (arb. unit)

0.3

Normalized PL intensity (arb. unit)

Absorption coefficient (1/cm)

0.4

1.0

5.0E4

Photon energy (eV)

0.0

0.0
1.5

2.0

2.5

3.0

3.5

4.0

Photon energy (eV)

Figure 5.3: Extinction (blue line) and PLE (red line) spectrum of the Si-QDs dispersed in toluene.
PLE is measured for PL peak at 813 nm (1.53 eV). Inset: PL spectra of Si-QDs ensemble excited
by a Xe lamp at 405 (3.06 eV, orange line), 445 (2.79 eV, purple line) and 487.5 nm (2.54 eV, green
line) in the PLE setup. PL spectra peak at 809 (1.53 eV), 813 (1.53 eV) and 816 nm (1.52 eV),
respectively. The gray region shows the discontinuity caused by switching between two different
gratings in the detection spectrofluorometer.

5.3.2

Correlative single-dot optical - AFM microscopy

Due to the size-effect, every single Si-QD has a different bandgap and radiative
rate. In such a case, the ensemble optical analysis offers only a summed up PL
spectrum, whose peak does not directly translate to the mean Si-QD size. Emission
rate of the single Si-QD depends strongly on its size, owing to the size-dependent
radiative rate. Hence, the smaller Si-QDs are much brighter and are therefore over
represented in the ensemble PL spectrum. This means that the peak of the mean
PL spectrum does not necessarily coincide with the mean Si-QD size, but could be
blue-shifted. Hence, the size-dependence of the optical bandgap of QDs cannot be
inferred from the ensemble optical properties, and requires in depth single-QD PL
spectroscopy, correlated with a size analysis of the same QDs. This can be done
using our setup, described in Fig. 5.1, which allows us to directly correlate for
each single Si-QD its size, obtained from the AFM scan of the surface topography
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Figure 5.4: Tauc plot for the absorption plotted for the indirect allowed transition parameters. Linear
fit of the band-edge data gives optical bandgap onset at 2.21±0.01 eV.
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Figure 5.5: PLE contour map illustrates the weak dependence of the PL spectrum on the excitation
wavelength. Data are measured with excitation step of 5 nm between 300 nm and 500 nm. Color bar
indicates integrated signal intensity [counts].
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Figure 5.6: (a) An example of a microscopy PL image of the sparsely deposited Si-QDs on a
high-quality quartz slide. PL image is 25×25 µm2 , which is a cut-out of the whole FOV, that is
82×80 µm2 . (b) PL spectrum of selected Si-QD (indicated by an arrow in (a)). (c) The same area as
in (b), scanned by the AFM in tapping mode. The scale bar is 5 µm. An identical pattern (encircled)
can be easily recognized in both scans (a) and (c). (e) Topography profile of a the same Si-QD
(indicated by arrow) as measured PL spectrum of in (b).

measured with a sub-nanometer resolution, with its optical bandgap, achieved
from the analysis of the single Si-QD PL spectrum.
The measurement protocol for the correlated AFM and optical
micro-spectroscopy is illustrated in the Fig. 5.6. First, a PL image of a
larger 25µm×25µm area (= field of view (FOV)) is visualized by the optical
microscope to identify the emissive Si-QDs (a). The same area is subsequently
scanned by an attached AFM in tapping mode (c) and the two images are
correlated. The tapping mode is used to avoid strong tip-sample interactions that
could lead to displacement or removal of the Si-QDs during scanning. The overall
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Figure 5.7: (a) The AFM scan of an empty quartz slide, cleaned by a water-diluted Hellmanex III
solution. The scanning area is 10×10 µm2 . (b) The height histogram obtained from the AFM scan
showing average height and root-mean-square (RMS) roughness of 0.0 and 0.28 nm, respectively.

AFM image of the optical field-of-view (FOV) is achieved by stitching several
separate AFM-scan patches. To be able to recognize QD of few nanometers, a
very smooth substrate needs to be employed. For this purpose we used new, high
quality 150 µm thick quartz slides, whose roughness has been found to stay below
0.3 nm (Fig. 5.7) when using a mild cleaning procedures described in section 5.2.
The correlation between the PL image and the AFM scan is done visually.
For the spectral resolution, a slit of 2-µm width is introduced into the focal plane.
The projection of the slit can be visualised in the PL image for precise control.
This allows us to measure spectra of all the Si-QDs falling into the slit at once (as
opposed to a confocal microscopy, where only a single QD can be measured at
each time). An example of a measured PL spectrum from a selected Si-QD and its
corresponding height measured by AFM is shown in Fig. 5.6(b,d). To cover the
whole PL-image, the slit is effectively scanned over the sample, which in practice
is realized using the sample TAO stage with an accuracy of 0.1 µm/step. To
increase the photon counts, we bin the spectral signal by 8 pixels on the spectral
axis, which is possible due to broad spectral feature observed at room temperature.
Also, we use spatial binning by 2 pixels. The PL spectra are acquired for 6 min.
Subsequently, the background signal is removed by subtracting the signal from
the neighboring (binned) pixels. The acquired PL emission rate of a typical single
Si-QD after subtracting the background is typically above 10 counts per second
in a spectral bin. Finally, all PL spectra are corrected for a spectral response of
the detection chain by use of a calibrated black-body-radiation source (tungsten
halogen lamp and deuterium lamp).
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Figure 5.8: 50 separate single Si-QD PL spectra, fitted by a single Gaussian peak function on an
energy scale.

5.3.3

Analysis of single Si-QDs

We have analyzed in total about 50 brightly emissive Si-QDs, whose PL spectra
are shown in Fig. 5.8. Optical bandgaps are approximated as the peak of each
single-QD PL spectrum, when fitted on an energy scale by a single Gaussian peak
function (Fig. 5.8) to reflect the fact that the measured PL spectrum originates
from multiple transitions over time from a variety of states that are populated at
room temperature (as opposed to a single transition that would lead to a Lorentzian
shape) [173]. A histogram of the fitted full-width-at-half-maximums (FWHMs) of
all the evaluated single-QD PL spectra is plotted in Fig. 5.9, revealing a broad mean
FWHM of 200 meV, which is in excellent agreement with earlier independent
measurements of a similar material by another group [240], who argued that the
phonon mode energies are strongly broadened in the soft-organic-shell-capped
Si-QDs with respect to the hard-oxide-shell-coated Si-QDs. As a result of the
shape irregularities and strong size-dependence of the acoustic phonon modes, the
strong lowest-order breathing mode of the QD splits into several directional modes.
Thanks to the direct correlation between the optical image and AFM, we can
then correlate the size evaluated from the height of the QDs in the AFM scan and
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Figure 5.9: Histogram of the single-QD PL spectra FWHM with the mean at 205±43 meV obtained
from fitting with Gaussian peak function.

the optical bandgap energy, obtained from the Gaussian fit of the same single-dot
PL spectrum as the peak energy. Our main results are summarized in Fig. 5.10 that
shows (a) an overview of the optical bandgaps as a function of the QD size for all
the 50 measured brightly emitting Si-QDs (blue circles). Sizes of the respective
Si-QDs are retrieved from the topography profile measured by the AFM in tapping
mode. The resolution of this analysis is sub-nanometer for the height, limited by
the mean roughness of the substrate, which is found to be below 0.3 nm (Fig. 5.7).
This is true only for the fresh high-quality quartz substrates, whose surface is
found to get generally more rough with usage and repeated cleaning. Histogram
of the Si-QD sizes obtained by AFM is shown in Fig. 5.10(b) and gives a mean
diameter of 4.4±1.3 nm for the optically analyzed Si-QDs.
According to the EMA model, the size-dependence of the optical bandgap Eg0
can be fitted by the Brus equation [53]


h̄2 π 2 1
1
1.8e2
0
Eg (R) ' Eg (∞) +
+
−
,
(5.1)
2R2 me mh
εR
where Eg (∞) is the bandgap energy of the bulk material at room temperature, h̄
is reduced Planck constant, me and mh are the effective masses of the electron
and hole quasi-particles, R is the NP’s radius, and ε is the permittivity. The
localisation 1/R2 term is usually much larger than the Coulombic 1/R term, which
is why it is usually considered that Eg0 (R) ∝ 1/Rx , where 1 < x < 2. Using this
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Figure 5.10: (a) Plot of the optical bandgaps for the single Si-QDs (blue spheres), obtained from
fitting the PL peak of 50 single Si-QDs spectra, as a function of the Si-QDs size evaluated from
the AFM measurements. The vertical "error bars" are given as the FWHM of the single-dot PL
spectra, when fitted by a single Gaussian peak. The horizontal "error bar" is given by the average
substrate roughness, which is a good estimate for the uncertainty in the measured single Si-QD
height. Experimental data from this study (blue spheres) are compared with literature: theoretical
simulations of crystalline Si-QD by Wang et al. [70](light-green inverted triangle) and by Delerue et
al. [71](purple left-pointed triangle), and experimental results on crystalline Si-QDs in SiO2 matrix
prepared by Takeoka et al. [72](black triangle), crystalline Si-QDs by Ledoux et al. [54] (orange
diamond), crystalline Si-QDs in Si3 N4 matrix by Kim et al. [73](gray star) and α-Si-QDs in Si3 N4
matrix by Park et al. [74](red square). Green, pink, and light-blue lines are fits we perfomed using
EMA model for the data by Wang et al. [70], Park et al. [74], and Kim et al. [73], respectively. (b)
The histogram of the single Si-QD diameters, as obtained from the AFM topography scans, indicates
a broad size distribution with a mean diameter of 4.4±1.3 nm. (c) Ensemble PL spectrum (red line)
compared with the sum of the 50 selected single-dot PL spectra (blue line), both measured in the
same microscopy setup here with excitation by 445-nm diode laser in the cw regime. PL peaks from
the sum of single Si-QDs’ and ensemble are at 1.82 eV and 1.53 eV, respectively.

assumption, we fit the data by Park et al. [74], Kim et al. [73] and Wang et al.
[70], respectively. The result is shown in Fig. 5.10(a) in light red, gray and green
thick lines, respectively. Comparing our measured size-dependence of the optical
bandgap in Fig. 5.10(a), we find a clear mismatch with all the size-dependencies
theoretically simulated or experimentally measured for crystalline Si-QDs,
especially for the larger Si-QD sizes. Instead, our result follows closely a trend
reported experimentally for α-Si-QDs [74], fitted with h2 /2m? = 2.39, power
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coefficient of x = 1.72 and most with a bulk bandgap of 1.56 eV, characteristic for
bulk α-Si [241]. Hence, our results strongly suggests that the analysed Si-QDs
are either fully amorphous, or that the PL is dominated by the amorphous part of
the Si-QD. This is a very interesting result, especially considering a recent study
on a similar material system [104] that suggests that it is the crystalline part that
dominates the PL.

5.3.4

Crystallinity of Si-QDs

To characterize the crystallinity of our material, we performed X-ray diffraction
(XRD) on ensembles of Si-QDs and a Raman micro-spectroscopy on a cluster of
emissive Si-QDs (Fig. 5.11 and 5.12). The XRD spectrum exhibits a characteristic
face-centered-cubic (fcc) structure of c-Si with signal from characteristic (111),
(220), (311), (400), (331), and (422) planes, confirming presence of c-Si phase in
the Si-NP structure. The signal is compared to a reference bulk c-Si material and
an empty sample holder. The background closely follows the signal detected from
the sample holder (gray line), but also evidences a broad signature attributable to
α-Si [242]. The 2θ = 33◦ signal is from the forbidden scattering at the bulk Si
(200) planes, which occurs due to the Bragg reflection of the Cu-Kα radiation
inside the instrument [243]. The Raman spectra were measured by a Raman
microscopy system on several emissive Si-QD clusters (Fig. 5.12). The Raman
signal shows two main components: (i) a stronger narrower component close to
510 cm−1 and a broader peak at around 480 cm−1 . The first peak corresponds to
the well documented nanocrystalline Si (nc-Si) [244, 245], which is strongly red
shifted with respect to the bulk c-Si signal at 521 cm−1 . The broader signal around
480 cm−1 corresponds to α-Si [245], confirming presence of both, crystalline and
amorphous phases within the Si-QDs. We also confirm that the sample is oxide
free, since we observe no features related to silica oxide [246] in any of the Raman
spectra. In summary, the Si-QDs are not oxidized nor fully amorphous, but contain
both, amorphous and crystalline phase, likely in a form of a core-shell system,
as indicated elsewhere [103]. Therefore, our results showing convergence of the
size-dependent bandgap towards the bulk α-Si bandgap of 1.59 eV in Fig. 5.10(a)
suggests that it is the amorphous phase that dictates the optical properties. The
involvement of the disordered phase in the PL process is supported also by the
fact that the single-QD PL spectral widths, quantified by the FWHM evaluated
from the fitting by a Gaussian function (Fig. 5.8) are very broad, about 200 meV
in average (Fig. 5.9). A high amount of disorder would lead to broadening of the
phonon spectra, which in turn could broaden the homogeneous linewidth of the
single-dot PL spectrum.
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Figure 5.11: XRD spectrum of the ensemble of Si-QDs (blue), compared to the reference bulk Si
material (Fd-3m space group, ICSD-1526655) (red) and an empty sample holder (gray).

5.3.5

Size of the Si-QDs

Besides the indication of crystallinity, XRD and Raman spectra can be also
used to obtain estimate of the QD mean size, however, such evaluation is not
suitable (without considerable error) for evaluation of size of a crystalline core amorphous shell system. Both methods are indirect, unlike the STEM and AFM,
and do not resolve the amorphous shell thickness. Also, for small Si-QDs, more
coherent synchrotron radiation XRD source should be used instead. In general,
for the XRD, various models can be used, such as Scherrer’s equation [247] or
Williamson-Hall equation [248], where the latter is more precise, as it separates
strain and QD size. By these methods we retrieve the mean size estimations of
17 nm and 14 nm, respectively. This is in great disagreement with the STEM,
AFM and optical data we have. Interestingly, a great disagreement between the
sizes estimated from TEM and XRD was observed also in a study by Thiessen et
al. [104], with the greater difference for the Si-QDs with the higher amorphous
content. An alternative, but also imprecise and indirect approach, is to use Raman
spectra and the phenomenological model by Ritcher, Wang, and Ley (RWL model)
[249]. In this model, the size of the crystalline part of the QD is deduced from the
bulk crystal peak shift and FWHM broadening. The estimate for the crystalline
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Figure 5.12: Raman spectra of three emissive Si-QD clusters (blue line), fitted by two Gaussian
components for the amorphous phase (red) and nanocrystalline phase (green). The fitted peaks are for
(a) 485.9 cm−1 (red) and 512.7 cm−1 (green); (b) 510.9 cm−1 and 493.8 cm−1 ; and (c) 511.8 cm−1
and 495.7 cm−1 .
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core we obtain to be 1.5-2.0 nm, which is surprisingly in line with what we expect
in relation to the analysis presented in [103] on a similar material. However, the
RWL model was previously criticized [250] with respect to Si-QDs as well.
It is interesting to realize that the size of Si-QDs estimated by STEM (Fig. 5.2)
is larger than the mean size obtained for the 50 emissive Si-QDs in Fig. 5.10(b).
There are three factors that need to be discussed. Firstly, in ambient condition
AFM measurements, the omnipresent water thin film causes strong attractive
capillary forces onto the tip [251], which shifts the oscillation frequency of the
tip. These capillary forces are reduced above the QD, which in the end makes
the NP appear smaller than it really is [251]. Secondly, one might expect that the
ligand contribute to the height, but this is in fact a negligible effect [251], owing
to the strong surface lateral capillary forces and low degree of surface coverage
by the alkyl chains, limited by steric hindrance. Thirdly, and most importantly,
it needs to be noted that the AFM histogram in Fig. 5.10(b) does not represent
the Si-QD ensemble, like the STEM size evaluation, but only the 50 Si-QDs that
were selected through the single-QD PL spectroscopy. This is only a small subset
of the ensemble Si-QDs. Single dot spectroscopy is known to be systematically
biased towards the brighter and hence smaller Si-QDs [113, 252], owing to their
size-dependent radiative rate. To compare the PL of the analyzed subset of the
50 Si-QDs with the Si-QD ensemble, we sum up all the single-QD PL spectra
and compare the result with the QD ensemble PL spectrum, excited and measured
under the same experimental conditions (Fig. 5.10(c)). We find a blue-shift in the
summed-up single-QD PL spectrum, with respect to the ensemble PL spectrum,
which agrees with the shift of the size histogram towards smaller Si-QDs.
The stronger contribution of the smaller Si-QDs can be quantitatively analyzed
by measurement of the spectrally resolved PL lifetime. In Fig. 5.13(a) we show
spectrally resolved average PL lifetimes hτi, measured under a ps pulsed excitation
at 445 nm and plotted against the PL ensemble spectrum. The spectral resolution is
achieved by the use of narrow (40-nm bandwidth) band-pass filters in the detection
chain. The as measured time-resolved PL signal I(t) is shown in Fig. 5.13(b),
fitted by a stretched exponential function I(t) ∝ exp (−(t/τK )β ), yielding the
average lifetime hτi = (τK /β ) × Γ(1/β ), depicted in Fig. 5.13(a)(red circles). The
ensemble results without spectral filtering are shown for comparison in Fig. 5.14.
As expected, the average PL lifetimes show a strong spectral dependence, as a
result of the size-dependence of the indirect bandgap of Si-QDs. In particular, we
found the average PL lifetime within the spectral band of 600±20 nm to be 9.1 µs,
increasing gradually up to 192 µs for the 850±20 nm spectral window, suggesting
that the smaller Si-QD would appear approximately 20 times brighter than the
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larger Si-QD, assuming that they are subjects to the same non-radiative channels.
Smaller Si-QDs are therefore more visible to the single-QD PL spectroscopy used
for selecting the Si-QDs for our correlative study.

Figure 5.13: (a) Ensemble PL spectrum (blue line; y-axis on the right-hand side) of the Si-QD
sample and PL lifetimes (red sphere; y-axis on the left hand-side) measured using band-pass filters
(40-nm width) centered at (from top down) 600 nm (2.07 eV), 650 nm (1.91 eV), 700 nm (1.77 eV),
750 nm (1.65 eV), 800 nm (1.55 eV) and 850 nm (1.46 eV). (b) PL lifetimes (black symbols)
measured using the band-pass filters, fitted by a stretched exponential function (red symbol).

5.3.6

Interpretation - amorphous Si-QDs?

The notion that emission is likely dominated by the amorphous parts of the
Si-QD structure might be surprising, because these Si-QDs were annealed up to
1300 ◦ C, which is usually considered high enough to induce a full crystallization.
However, recent research by several groups indicates that this assumption might
be flawed. Firstly, experimental results by Thiessen et al. [103] indicate that
Si-QDs annealed to 1300 ◦ C are composed of a crystalline core and an amorphous
shell. This was shown experimentally using Si(29) solid-state nuclear magnetic
resonance (NMR) spectroscopy, probing the surface of large amounts of hydrogen
terminated Si-QDs ranging from 3 to 64 nm in size. Another recent experimental
study by Alessi et al. [253] on plasma synthesized Si-QDs suggested that the
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Figure 5.14: Time resolved PL signal of two Si-QD clusters measured without spectral resolution.
Data are fitted by a stretched exponential function, giving mean lifetimes of 36.9±0.41 and
29.1±0.45 µs for the two clusters (named sample 1 and 2, respectively).

crystallinity of the Si-QD of the same size can be manipulated by changing the
concentration of silane, which changes optical and electronic properties of the
material. More importantly, a recent theoretical study by Talyzin et al. [254]
suggests that molten Si nanodroplets do not return to the crystalline form, but
remain fully amorphous and that Si-QD surface has a different melting temperature
than its core. The phase-equilibrium model of crystallization indicates that the
melting temperature of QDs decreases relative to the bulk melting temperature
(∼1414 ◦ C for Si) linearly with their reciprocal radius Tm (R−1 ) [255, 256],
though this model does not work very well for covalent materials like Si, where
formation of defects (and hence also surfaces) has different dynamics than in the
simpler ionic/metallic nanosystems. This is more appropriately treated in so called
surface-phonon instability model [257], accounting for the lowering energy of
the phonon modes with increasing concentration of defects, offering a better fit
to the experimentally observed data [258, 259]. These observations indicate that
melting of the disordered surfaces will occur at lower temperatures than melting
of the crystalline core, in agreement with the aforementioned study by Talazin et
al. [254]. This could rationalize the formation of a crystalline core - amorphous
shell Si-QD system.
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It is important to discuss also the recent study by Thiessen et al. [104], which
puts forward an opposing interpretation of the PL from such crystalline core amorphous shell Si-QD system. In their study, authors measure an average Si-QD
size by XRD and TEM and ensemble optical properties, showing that Si-QDs
batches with the same mean outer diameter, but various crystallinity, show very
different PL spectra and lifetimes. It is argued that such results indicate that
it is the crystalline core, not the amorphous shell, that dominates the optical
properties. However, we would lke to note that Ref. [104] only offers a indirect
correlation between the optical bandgap and size, and authors choose to fit the size
dependence of both samples with fixed crystalline bulk Si bandgap value, instead
of fitting the bandgap to their data. Hence, we do not see controversy in the data,
only in the interpretation and data analysis, which should be further scrutinized.

5.4

Conclusions

In summary, we show direct measurement of the size-dependence of the bandgap
in Si-QD system that has been previously reported to contain crystalline core and
amorphous shell [103], with the core dominating the PL [104]. The measured
size-dependent PL bandgap is fitted using the Brus equation and found to better fit
to amorphous bulk Si bandgap then the crystalline one. This is very interesting for
several reasons:
(i) Firstly, it is somewhat surprising that annealing at 1300 ◦ C does not
render the Si-QDs fully crystalline. It has been for long time assumed that QDs
require lower than bulk melting temperature to melt and it was assumed that
upon cooling of fully melted Si nanodroplet, one would obtain fully crystalline
Si-QDs. However, this assumption is being challenged by a recent study by
Talyzin et al. [254] that shows that melted nanodroplets of Si might in fact never
return to their crystalline form and that the surface of Si-QDs melts faster than
their core, which could result in crystalline core-amorphous shell Si-QD systems.
This is in agreement with our observations and two other studies by Thiessen et
al. [103][104]. In fact, most studies in literature do not exceed annealing over
1300 ◦ C and do not pay special attention to the requirements of very slow cooling
rates [254]. This could mean that many materials earlier presented as crystalline
Si-QDs might have been partially or fully amorphous, where the relatively thin
α-Si shell would have been difficult to identify via XRD, Raman or other means.
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(ii) Secondly, another study on similar material by Thiessen et al. [104] arrived
to an opposite interpretation. However, their analysis is only indirect and data
were fitted assuming bulk Si bandgap. Therefore, we put forward a suggestion
that there is a critical need for direct size-dependence bandgap measurements by
correlative single-dot methods, such as performed here. Also, we suggest that the
bandgap of the material should not be assumed, but fitted.
(iii) Thirdly, sol-gel synthesis has resulted so far in the most promising
emission efficiencies with the high QY of 40% in the red spectral range for
oxide-free Si-QDs [239]. This synthesis is easily scalable and hence interesting
for industrial applications. However, unlike most organically-capped Si-QDs,
this material exhibits slow PL lifetime, very broad single-dot PL spectra and a
red-shifted PL with a weak size dependence, typically attributed to oxide-capped
Si-QDs. In our study, we confirm that this material is not oxidized and contains
both, c- and α-Si. However, it seems that the amorphous shell dominates the PL
and hence leads to weaker size-dependence of the bandgap. Hence, we would like
to suggest that often observed weak size-dependence of the optical bandgap in
Si-QD in literature might be also attributed to presence of disordered phase.
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Chapter 6

Correlative microscopy on
self-assembled quantum dots
Quantum dots (QDs) can be used as building-blocks for assembly into macro-sized
superstructures. Depending on the complexity and short/long-range order of
the superstructure, in some cases, such structures can be used as unique nano
“bar-codes” for counterfeiting applications. In our work, we managed to obtain
such a type of assembly by a simple drop-casting method of a solution-based
fluorescent cadmium selenide/cadmium zinc sulfide (CdSe/CdZnS) core-shell QDs
onto a tilted, rotating substrate. Using our correlative optical microscopy and
atomic force microscopy (AFM), we analyse the unique features of the pattern.
Similarly complex structures were also observed from other types of QDs, such
as perovskite nanocube and CdSe/CdS dot in rod (DiR). The observed “bar-code”
structure contains line features and pancake-shaped features, which can be only
rarely observed together. We interpret this unique formation through a combination
of external driving forces - the Marangoni effect in presence of evaporation of
the volatile solvent, as well as gravity pulling the liquid during the rotation. The
obtained nanopatterns are unique, cannot be replicated, can be prepared by a simple
technique and analyzed using common equipment - therefore, we suggest this
system for security applications in anti-counterfeiting.

6.1

Introduction

In the past few decades, nanotechnologies have greatly developed and been
applied in many fields, from quantum computing [260], micro-electronics [261],
to photonics [262], to bio-imaging [263], drug delivery and sensing applications
[264, 265, 266, 267]. Nanotechnologies stand behind the successful boom
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of informational technologies, in data storage, transport and data processing,
continuously managing to realize complexity growth according to Moore’s Law
and Dennard Scaling, culminating with the expected 3 nm node technology in
logic devices by 2022 [268, 13, 269]. Further advances were enabled by the
nanotechnologies in energy applications in batteries and photovoltaics, reaching
record solar cell efficiencies [270, 201]. Nanotechnologies are also at the core of
the most recent bio-sensing devices, lab-on-chip and organs-on-chip devices, in
medical probes, cancer treatment, bio-interfaces, drug delivery, and many more
[266, 264, 271]. With this, demand for high-throughput preparation techniques
have risen.
Nanotechnology production methods are typically divided into bottom-up and
top-down, each having their distinct advantages and disadvantages, limitations
and applications.
The most developed cleanroom top-down approaches,
such as photo-lithography, etching, thin film deposition, ion implementation,
and chemical mechanical planarization (CMP), have been extensively used
in micro-opto-electronics and photovoltaics [272]. Cleanroom high quality
nanostructures have been also developed by bottom-up approaches, such as
chemical vapor deposition (CVD) or atomic layer deposition (ALD). Cleanroom
techniques are very robust, reproducible and exact, but can be time-consuming,
energy inefficient, costly and purely inaccessible. To overcome these issues of
cost and availability, production methods that offer fast and cheap production
of nanostructures are being developed at a fast pace alongside the “cleanroom
methods”. Very popular top-down methods that have been recently developed are
e.g. the high energy ball milling or laser ablation [273, 274]. Complimentary
are some bottom-up methods, such as wet-chemical synthesis or plasma
synthesis, which offer better control over the final structure. Additionally,
hybrid bottom-up/top-down methods are being developed as well, such as
193 nm lithography combined with electrostatic layer-by-layer assembly, which
overcomes the resolution limit of photolithography and also assists self-assembly
to form complex patterns [275].
For the applications of quantum dots (QDs) controlled assembly is essential,
and both bottom up and top down approaches are pursued. Assembly on a
small scale can be done by assistance of various nanoscopic scanning probe
microscopy tools, such as atomic force microscopy (AFM) or scanning tunnelling
microscopy (STM), allowing to build exotic structures interesting for fundamental
research [276, 277]. These methods, however, are tedious, expensive and scalable.
Larger scale assemblies of high uniformities can be achieved by self-assembly
[278, 279]. Such methods start with colloidal QDs that are assembled into 2D thin
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films, nanoplatelets, superballs, or other superlattice structures Fig. 6.1, through
evaporation of solvents on liquid interfaces. Such types of assemblies can lead to
systems with specific photonic modes that emerge from the superstructure, such
as superball cavity modes, and to systems that promote efficient energy transfer,
enhanced carrier transfer, etc between QDs. [280, 281, 282, 283].

Figure 6.1: From single dots to ordered micro-sized superstructures (superballs, nanopatelets, etc.)
and finally, long-range ordered macroscopic “bulk” superstructures.

This chapter reports a self-assembly method for QDs which generates structure
on the mesoscopic scale of tens of nanometers to a few micrometers (Fig. 6.1,
middle panel), and that we propose can be interesting for applications in so
called nanoscale physically unclonable functions (nanoPUFs) that can be used
for unique identification and counterfeiting [284]. A PUF can be of various
types, for example a light scattering pattern or a chip-specific transistor properties
[285, 286]. The common feature of PUFs is the fact that the pattern is unique,
and that the identification feature cannot be duplicated (unclonable), as it is bound
to a physical entity which cannot be reproduced, or is extremely difficult to
reproduce. Hence, the probability of producing an identical PUF pattern has to
be close to zero [287, 286]. Existing PUFs have various limitations. Some are
very difficult to produce. Other present features that for instance might be too
macroscopic (and hence easier to reproduce) [288], with therefore no guarantee
that it cannot be cloned. Insecure PUFs pose risks to governments, communities,
companies, manufacturers, or even individuals, relying on safe identification of
their documents or products, with risks of suffering physical and intellectual
property loss or security leak by counterfeiters. In 2014, ∼45 billion USD
were lost in fake or forgery art market. In 2016, ∼509 billion USD were lost
economically due to counterfeit products in the international trade and the
Organisation for Economic Co-operation and Development (OECD) reported the
loss ∼121 billion EUR in sale due to pirated and counterfeit goods within EU in
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the same year [289]. In our work we demonstrate a mesoscopic self-assembly of
QDs that fulfills all the requirements for a robust nanoscopic PUF, prepared by a
simple and low cost deposition procedure. The main advantages are the fact that
the assembled structures are much smaller than the current 3D-printing methods
[288], the production is very cheap and the detailed features of the nanopattern are
random by nature, making it physically impossible to clone. For application, an
easy method of recognition of the pattern is also essential.

6.2

Methods

For the synthesis of the cadmium selenide/cadmium zinc sulfide (CdSe/CdZnS)
core-shell QDs, the details are described in the Ref. [290, 291, 292]. In short,
cadmium oleate in octadecene (ODE) was added with cadmium oxide (CdO) and
oleic acid in a three-neck round-bottom flask. ODE:Se dispersion is then injected
into the cadmium oleate in ODE flask at 260◦ C, and the reaction temperature is
lowered to 240◦ C to get the CdSe QDs. To add a CdZnS shell, trioctylamine, zinc
oleate, cadmium oleate and CdSe cores were reacted in a three-neck round-bottom
flask with trioctylphosphine sulfide (TOP:S) and trioctylamine at 180◦ C. The
resulting CdSe/CdZnS core-shell QDs were further capped by oleic acid. The
mean diameter of the CdSe core was estimated by a scanning transmission electron
microscopy (STEM) to be 4.4±1.4 nm and the CdZnS shell thickness is estimated
to be between one to two monolayers, each of a thickness of ∼0.56 nm. In total,
the CdSe/CdZnS QDs are estimated to be about 6.1±2.0 nm in diameter.
Absorption was measured using a dedicated spectrophotometer (Lambda 950;
Perkin Elmer), equipped with a deuterium and tungsten halogen excitation lamps
and a photomultiplier tube (PMT) detector with spectral range from 250 nm to
860 nm. For the absorption measurements, CdSe/CdZnS QD were dispersed in
hexane and placed in a quartz cuvette (110-QS; Hellma-Analytics).
For the PL measurements and creation of the QD nanopattern, we drop-casted
the QDs onto a 0.150 mm thick quartz substrate (SPI Supplies), cleaned at 40◦ C
for 25 min in a mixture of Hellmanex III (Sigma-Aldrich) with a 0.5 to 2%
weight concentration and a Milli-Q water (Merck Milli-Q purification system).
Afterwards, quartz substrates were cleaned in a Milli-Q water for 10 min. This
procedure creates a hydrophilic surface on the quartz substrate, which leads to
a good surface wetability. Then, we drop-casted 6 µL of the CdSe/CdZnS QDs
in hexane with 3 mg/L concentration onto the quartz substrate. The drop-casting
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Figure 6.2: (a) Schematic of the experimental setup for the correlative optical micro-spectroscopy
with AFM. (b) Absorbance (black line) and PL (blue line) spectrum of the colloidal CdSe/CdZnS
core-shell QDs, measured drop-casted on a quartz substrate. For absorbance, QDs were measured in
hexane in a quartz cuvette. For PL, QDs were drop-casted onto a quartz substrate.
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was done on a slowly rotating tilted substrate, which resulted in the formation of a
nanopattern (Fig. 6.9(a)).
The nanoscopic pattern was investigated in detail by a correlative optical
micro-spectroscopy and AFM (Fig. 6.2(a)). The setup comprises of an inverted
wide-field microscope (Axio Observer Z1; Zeiss) with 100× oil objective
lens (NA =1.4; Plan-Apochromat; Zeiss). For excitation, we use 488 nm
solid-state diode laser (BDL-488-SMN; Becker&Hickl GmbH) operating in
continous wave (CW) mode. Spectrally resolved detection is provided by a
spectrometer (Acton SP2300; Princeton Instruments) with 300 g/mm grating
blazed at 750 nm, coupled to a liquid-nitrogen-cooled charge coupled device
(CCD) array (Pylon 400B; Princeton Instruments) with 1340×400 pixels and
pixel size 20×20 µm2 . The AFM (Nanowizard 3; JPK Instruments) is placed
on top of a stabilized nano-precision tip assisted optical stage (TAO stage; JPK
Instruments), which replaces the usual Zeiss sample stage, and is used also for
the optical measurements. The AFM is operated in a tapping (AC) mode with
Si-based Al-coated AFM tip (NCHR-10 PointProbe; NanoWorld) with ∼12 nm
radius, estimated from its in-plane broadening of the spherical QDs. The ideal
lateral and vertical resolution of this system is ∼30 nm and 0.1 nm, respectively.
The size of the scanned area is 20 × 20 µm2 , which is divided into 2048×2048
steps in plane and measured with slow, 0.5 Hz scanning rate.

6.3

Results and Discussions

Cd-based QDs are an ideal system for a single-dot optical microscopy, thanks to
their bright emission and strong absorption. In Fig. 6.2(b) we show absorption and
PL spectra of the CdSe/CdZnS QDs, used for the self-assembly. For the absorption
measurement, QDs were dispersed in hexane in a quartz cuvette, while for the PL
measurement, QDs from the solution were drop-casted onto a quartz substrate,
to keep the measurement conditions similar to those used for the analysis of the
self-assembled QD nanopattern. Fitting the PL spectrum in Fig. 6.2(b) plotted on
an energy scale by a single Gaussian function, we obtain the PL peak wavelength
as 626 nm (∼1.98 eV). The absorption edge peaks at 614 nm (∼2.02 eV), with a
Stokes shift of ∼40 meV. For a comparison, in Fig. 6.3(a) we show absorption and
PL spectra of both, the CdSe QD and the CdSe/CdZnS core-shell QD, where we
see that the shelling leads to a small PL and absorption shift. The QD without shell
is found to emit at 606 nm (2.05 eV) with absorption edge at 595 nm (2.08 eV),
and the QD with shell has PL peak at 626 nm (1.98 eV) and absorption edge at
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Figure 6.3: (a) Normalized PL (solid lines) and absorption (dashed line) spectrum of the CdSe QDs
(black) and CdSe/CdZnS core-shell QDs (red), respectively. Samples were measured in a solution in
a quartz cuvette. (b) Time resolved PL signal (black), fitted by a stretched exponential function (red)
for the CdSe/CdZnS core-shell QD.

613 nm (2.02), both yielding a similar Stokes shift of ∼40 meV. The 20 nm red
shift in PL with adding the shell could be caused by a lower confinement of the
exciton. For the CdSe/CdZnS core-shell QD we also analyse the time resolved PL
Fig. 6.3(b). To account for the fact that this is a measurement from an ensemble
of QDs with possibly varying core size and shell thickness, we use a stretched
exponential function fit and retrieve the average PL lifetime to be 6.43±0.03 ns.

135

To form a self-assembled nanopattern, we disperse CdSe/CdZnS core-shell
QDs in hexane and drop-cast the solution onto a tilted, slowly rotating hydrophilic
quartz substrate. Due to the non-polarity of hexane and the hydrophilic substrate
surface, droplets of the QD solution are expected to form. Due to the tilt and
rotation, the droplets with the QDs are dragged across the substrate along an
outward spiral path. After the sample is completely dried, it is placed onto the
microscopic stage to perform a study in which we correlate topography and
photophysical features.

6.3.1

Correlative microscopy

In most correlative microscopy experiments, nanopattern anchors are used as
alignment markers in order to be able to recognize the same coordinates on a
sample in different setups. This is time-consuming and ineffective. In our system,
we can measure topography/size of the QDs and their optical properties, such
as single-dot PL spectrum, time-resolved single-dot PL or blinking, in the same
system simultaneously, or in a fast sequence, since the AFM head is mounted
directly on top of the sample on an optical microscope. While the topography
is measured from the top, the temporally and spectrally resolved PL is collected
through the thin quartz substrate using a 100× objective. To be able to recognize
QDs of few nanometers, a very smooth substrate needs to be employed. For this
purpose we use high quality 150 µm thick quartz substrates, whose roughness
has been found to stay well below 1 nm (Fig. 6.4) when using a mild cleaning
procedure by a water-diluted Hellmanex III solution.
To spatially align the optical microscopy, spectroscopy, and AFM, we use the
following steps. First we calibrate the size of the field of view using a reference
cross micrometer scale (1 mm in 0.01 mm divisions; Ted Pella, Inc.). This
alignment is done using a 20× objective, which gives an optical resolution of
only ∼1 µm. Then the reference cross substrate is removed and without any
sample in place, the position of the cantilever is monitored. To align the optical
field-of-view (FOV) with the AFM scan, we “circle” the AFM tip around the area
that will be scanned. The objective lens is focused onto the AFM cantilever to be
able to visualise its position using the CCD camera. In this way, we can center
the AFM scan with respect to the optical FOV. This has to be done every time
an AFM cantilever is mounted, since the AFM cantilever is mounted manually
into the cantilever holder spring, which makes the placing not reproducible. Then,
for the optical microscopy, we have to replace the 20× objective with a 100×
objective, which can only be done by temporarily removing the AFM head, with
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Figure 6.4: A 20×20µm2 AFM scan of an empty quartz substrate used for the correlative optical
and AFM microscopy measurements. Color bar indicates height of the features. Panel on the bottom
shows the histogram of sizes in the scanned image.

the cantilever attached, from the TAO stage. This could introduce error in position,
which we estimate to be below 5 µm, due to the shift in the focal plane for the
different objective. At this stage it is very hard to visualise the cantilever by CCD,
since the the optical FOV is too small. However, the TAO stage can scan an area
as large as 100×100 µm2 , which allows us to position the cantilever comfortably
within the smaller 80×80 µm2 optical FOV, including the ∼5 µm error caused
by switching the objectives. This measurement protocol enables us to measure
optical properties and AFM from exactly the same area without moving the sample.
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Figure 6.5: (a) Optical image of a part of the self-assembled nanopattern (the “barcode”), depicting
a series of line and ring shaped nanofeatures. The orange borders (1-3) represent the individual AFM
scans shown in (b-d), respectively. Interestingly, the donut shaped PL pattern appears to be a round
shaped heap (e) in the 3D AFM profile image. (f) PL spectrum of the three line features labeled NW0
(black), NW1 (red) and NW2 (blue). PL spectra are collected using a 1 µm wide slit in the image
plane, ensuring that only a single line segment is detected.

6.3.2

Analysis of the self-assembled nanostructure

In Fig. 6.5(a) we show an example of a PL image of ∼80µm long segment of a
self-assembled nanopattern. The nanopattern consists of number of parallel short
line features and larger donut shaped features on the side. Due to its distinctive
geometry we refer to these patterns as “barcodes”. These patterns are an ideal
material for the correlative optical-AFM microscopy preformed here, due to the
distinctly recognizable features. The same area is subsequently also scanned by
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Figure 6.6: AFM topography profile of (a) the line features and (b) two pancake features from the
Fig. 6.5(c).
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the AFM (Fig. 6.5(b-d)), divided here into three areas “1”, “2” and “3”, depicted
by the orange rectangles. The scan in (c) is analysed further by analysing the
height profile of the line features (Fig. 6.6(a)) and the round features (Fig. 6.6(b)).
The average height of most of the line features in Fig. 6.5(c) is between 5.5 and
6.7 nm, with a mean of 6.5±0.6 nm. This height corresponds to the diameter of a
single core-shell QD, suggesting that these are monolayers of QDs. The features
NW1 and NW2 in Fig. 6.5(b,d) are also only 6.2±0.2 nm and 6.1±0.2 nm in
height. However, the feature labelled NW0 in Fig. 6.5(c) is almost triple in height
(19.1±0.2 nm), possibly due to a stacking of three QD layers on top of each other.
The “donut” shaped PL features appear to arise from larger round QD assemblies.
An AFM cross section of one of them (Fig. 6.6(b)) reports ∼153±1 nm in height
and lower shoulders of ∼36±1 nm in height. It is surprising to see that what
appears donut shaped in PL is not also donut shaped in AFM scan, but is rather a
large QD “heap” Fig. 6.5(e).
To understand this nanopattern in more detail, we collected also the PL spectra
of the three line features NW0, NW1 and NW2 (Fig. 6.5(f)), showing almost
identical PL spectra. Only a negligible blue shift of 4.6 meV is found for the
higher NW0 feature with respect to the NW1 and NW2. It is surprising that a
larger assembly feature (the thick NW0) shows a PL blue-shift with respect to the
finer features NW1 and NW2, since the opposite is expected. In dense layers of
QDs, energy transfer typically leads to transfer of the excitation from the smaller
to the larger QDs, “downhill in energy”, resulting in a red-shift. Nevertheless here
we observe the opposite. We could speculate that a weak size separation of the
QDs occurred due to the flows during the solvent evaporation.
Next, we zoom into a single nanofeature and take its PL image, AFM scan
and PL spectra (Fig. 6.7). For the PL spectra, we align both the line and the round
shape within a 6 µm slit in the image plane, to be able to compare their PL spectra
in a single measurement. The PL map between the white solid lines comes from
the line feature. The PL map between the white dotted lines comes from the
round feature. There appears to be a distinct spectral shift between the line feature
(peaking at 1.97 eV) and the round feature (peaking at 1.99 eV). In this case, we see
again the same surprising effect as before, where the larger assembly feature shows
blue-shifted PL, instead of a red shifted one. The PL peaks are extracted again
from fitting the PL spectra with a single peak Gaussian function on an energy scale.
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Figure 6.7: PL image (a) and AFM scan (b) of a single selected nanofeature. The scale bars in both
panels are 4 µm. (c) PL countour plot of a line feature (within white solid lines) and a round feature
(within white dotted line). The color (z-scale) bar represents PL intensity [arb. unit].

6.3.3

Assembly with other QD materials

We have observed “barcode” type of nanopatterns for different types of
nanostructures: CdSe/CdS dot in rod (DiR) with 3.4 nm CdSe core and
25.7×7.8×7.8 nm3 elliptic shell (Fig. 6.8(b,f,g)) and cubic QDs of perovskite with
size of 9 nm (Fig. 6.8(c,h,i)). For comparison, we also show another two segments
for the CdSe/CdZnS core-shell QDs assembly in (Fig. 6.8(a,d,e)) from the same
sample as shown previously, but in different locations on the quartz substrate.
The nanopatterns for the DiRs and nanocubes also show “barcode”, i.e., distinctly
correlated spatial structures of strings of discrete lines and dots, though with a
different mesoscopic arrangement.

6.3.4

Assembly mechanism

We speculate that the nanopattern assembly occurs by virtue of two effects: the
surface tension gradients on the evaporating droplet boundary, and gravity. It is
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Figure 6.8: Three different types of nanostructures assembled into the “barcode” structures: (a)
CdSe/CdZnS core-shell QD with a mean diameter of 4.4 nm; (b) CdSe/CdS DiR with 3.4 nm CdSe
core and 25.7×7.8×7.8 nm3 ellipsoid shell; and (c) cubic perovskite QD with 9 nm side. The PL
images in (d-i) are examples of the segments of the self-assembled nanopatterns of the CdSe/CdZnS
core-shell QD (d-e), the CdSe/CdS DiR (f-g), and the cubic perovskite QD (h-i). The scale bars at
the up-right corner in (d-i) are all 10 µm.
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well-known that a deposition of a nonvolatile solute dissolved in a volatile solvent
and refined liquids can lead to formation of patterns that depend on the solute
concentration, surface tension gradients (so called Marangoni effects), and wetting
properties of the substrate. In such case the solution with QDs will leave a residue
after the solvent evaporated, very much like in the case of coffee stains [293].
When the droplets spread on the quartz surface, the evaporation flux is the highest
near the contact line, where the heat can be rapidly delivered to the liquid-vapor
interface. For the droplets composed of hexane with the CdSe/CdZnS QDs,
this evaporation induces a positive QDs concentration gradient (see Fig. 6.9(a)
(side-view) and (b) (top-view)). By inducing the additional pull of gravity (by
tilting and rotating the substrate), the droplets become tear-shaped, with the sharp
feature leading to a deposition of a line feature that dries very fast, and the round
shaped part of the drop with the majority of the QD material, possibly resulting
in the round features. It is somewhat less obvious, what causes formation of the
uniformly spaced line features that are not accompanied by the larger round shapes.

6.3.5

Application

By scanning the whole substrate, we find that the nanopatterns are deposited in
lines that are hundreds of micrometers and even millimeters long, crossing the
substrate under various angles, as the rotation of the tilted substrate was done by
hand, not keeping the angle and speed the same. PL images of a larger part of the
sample and at different places are shown in Figs. 6.9(c) and 6.10(a,b). This means
that using such a simple modified drop-casting method, we can self-assemble
nanopatterns on a macroscopic scale. Also, by their nanoscopic nature, these
patterns are unique and cannot be replicated. PL imaging (as well as AFM) readily
allow to evaluate its spatial profile. In addition to spatial information, the pattern
also encodes through spectral information, as evidenced from our measured PL
spectra which generally show blue-shifted emission for the larger structures.
The features could be used as a “barcode” for e.g. identification documents
(IDs) (Fig. 6.11), where a simple pattern recognition software in combination
with an optical microscope (best with more than 60× magnification objective)
and a blue laser diode (depending on the used type of QDs) could be used for
an initial confirmation. In case of a mismatch between the on-site measured
nanopattern and the image stored in a database (as provided by the producer of the
“barcode”), a deeper inspection can be performed involving more advanced optical
micro-spectroscopy and elemental/material analysis and profiling. This type of
read out is on par with the technical state of the art in counterfeiting detection
methods used by, e.g., large system banks to screen bank notes.
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6.4

Conclusions

Using a modified drop-casting method, we have self-assembled unique
nanopatterns resembling “barcodes” that provide unique nanoscale features
over spans of tens to hundreds of micrometers. The nanopatterns consist of arrays
of lines and round features next to each other. Throughout the literature, assembly
of linear features, or round features, can be separately found. However, we could
not find any work reporting on a combined observation of both features next to
each other. We speculate that the nanopattern results from the combination of the
Marangoni effect that describes transport of materials in the presence of (dynamic)
surface tension gradients [294, 295] and gravity. The nanopatterns contain a lot
of detailed features that form relatively ordered segments that are easy to find
and analyze, yet are sufficiently non-uniform to be uniquely identifiable, making
them ideal material for the correlative optical-AFM microscopy performed here.
The probabilistic nature of the self-assembly, and if one extrapolates possibly the
discrete or even quantum character of the constituents (fluorescent semiconductor
quantun dots (QDs)) give our system unclonable nanoscopic features. The
structures contain a large amount of information, due to the inner complexity of
the pattern, improving the security level. The self-assembly procedure is robust
and repeatable, but nevertheless never leads to the same feature in detail. This
uniqueness is a great feature useful for PUF applications. Additionally, it is a very
simple to produce such nanopatterns, which is a required feature for applicability.
By selecting different types of QDs it is possible to choose different types of
semi-ordered patterns, for which it is impossible to artificially manufacture a
copy. The structures are built from fluorescent materials that can be excited by
a simple diode laser or light-emitting diode source and detected by a relatively
simple fluorescence imaging detection system. The emission spectrum can be
tailored to the application needs, since it depends on the size of the QDs and the
type of the used semiconductors. Meanwhile, the spectrum also differs within the
different parts of the nanopattern, adding extra complexity to the nanopattern for
added security. The feature thereby has all the properties needed for PUFs. As
an anti-counterfeit “barcode” it could be embedded on the surface of products or
documents (e.g. IDs) and tested with simple fluorescence imaging in combination
with a pattern recognition or feature extraction software and comparison of these
features with a database with data provided by the producer of the barcode.
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Figure 6.9: (a) The side- and (b) the top-views of the suggested formation dynamics assembled by
a driving force ~F, given by the superposition of gravity and forces resulting from the surface tension
gradients. The force components are shown for orientation purposes. (c) PL image of two segments
of the self-assembled nanopattern of CdSe/CdZnS core-shell QDs.

145

Figure 6.10: (a,b) PL images of two different areas on the same sample showing the self-assembled
nanopatterns of CdSe/CdZnS core-shell QDs.
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Figure 6.11: Suggested application of the QD “barcode” for counterfeiting for e.g. IDs. The bar
code stamp is a micrometer sized feature that is incorporated in the plastic layer of the ID card and
can be inspected under microscope equipped with a blue excitation laser diode. The PL image can
be compared using pattern recognition software with a saved certified shape of the nanopattern in he
governmental database. In case the match is not found, a further inspection using a higher resolution
microscope equipped with a spectrometer can be used to further confirm the differences in the pattern
to confirm whether it is fake or a valid document.
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[187] K. Dohnalová, L. Ondič, K. Kůsová, I. Pelant, J. L. Rehspringer, and R.-R.
Mafouana. White-emitting oxidized silicon nanocrystals: Discontinuity in
spectral development with reducing size. J. Appl. Phys., 107(5):053102,
2010.
[188] G. Ghosh. Dispersion-equation coefficients for the refractive index and
birefringence of calcite and quartz crystals. Opt. Commun., 163(1):95 –
102, 1999.
[189] J. R. Lakowicz. Principles of Fluorescence Spectroscopy. Springer, 2006.
[190] A. Nolles, N. J. E. van Dongen, A. H. Westphal, A. J. W. G. Visser, J. M.
Kleijn, W. J. H. van Berkel, and J. W. Borst. Encapsulation into complex
coacervate core micelles promotes EGFP dimerization. Phys. Chem. Chem.
Phys., 19:11380–11389, 2017.
[191] J. W. Borst and A. J W G Visser. Fluorescence lifetime imaging microscopy
in life sciences. Meas. Sci. Technol., 21(10):102002, 2010.
[192] A. J. W. G. Visser, A. H. Westphal, V. V. Skakun, and J. W. Borst. GFP
as potential cellular viscosimeter. Methods Appl. Fluoresc., 4(3):035002,
2016.
[193] M. A. Hink, R.A. Griep, J. W. Borst, A. van Hoek, M. H. M. Eppink,
A. Schots, and A. J. W. G. Visser. Structural dynamics of green fluorescent
protein alone and fused with a single chain Fv protein. J. Biol. Chem.,
275(23):17556–17560, 2000.
[194] D. B. Tice, D. J. Weinberg, N. Mathew, R. P. H. Chang, and E. A.
Weiss. Measurement of wavelength-dependent polarization character in the
absorption anisotropies of ensembles of CdSe nanorods. J. Phys. Chem. C,
117(25):13289–13296, 2013.
[195] E.P. Petrov, F. Cichos, E. Zenkevich, D. Starukhin, and C. von
Borczyskowski. Time resolved photoluminescence anisotropy of CdSe/ZnS
nanoparticles in toluene at 300 k. Chem. Phys. Lett, 402(1):233 – 238, 2005.
[196] M. J. Fernée, P. Tamarat, and B. Lounis. Cryogenic single-nanocrystal
spectroscopy: Reading the spectral fingerprint of individual CdSe quantum
dots. J. Phys. Chem. Lett., 4(4):609–618, 2013.
165

[197] K.-Y. Cheng, R. Anthony, U.R. Kortshagen, and R. J. Holmes.
Hybrid silicon nanocrystal: Organic light-emitting devices for infrared
electroluminescence. Nano Lett., 10(4):1154–1157, 2010.
[198] Daniel P. Puzzo, Eric J. Henderson, Michael G. Helander, ZhiBin Wang,
Geoffrey A. Ozin, and Zhenghong Lu. Visible colloidal nanocrystal silicon
light-emitting diode. Nano Lett., 11(4):1585–1590, 2011.
[199] C.-Y. Liu, Z. C. Holman, and U. R. Kortshagen. Hybrid solar cells from
P3HT and silicon nanocrystals. Nano Lett., 9(1):449–452, 2009.
[200] M. Dutta, L. Thirugnanam, P. Van Trinh, and N. Fukata. High efficiency
hybrid solar cells using nanocrystalline Si quantum dots and Si nanowires.
ACS Nano, 9(7):6891–6899, 2015.
[201] S. Wippermann, Y. He, M. Vörös, and G. Galli. Novel silicon phases and
nanostructures for solar energy conversion. Appl. Phys. Rev., 3(4):040807,
2016.
[202] H. Kim, M. Seo, M.-H. Park, and J. Cho. A critical size of silicon
nano-anodes for lithium rechargeable batteries. Angew. Chem. Int. Ed.,
49(12):2146–2149, 2010.
[203] T. H. Hwang, Y. M. Lee, B.-S. Kong, J.-S. Seo, and J. W. Choi. Electrospun
core-shell fibers for robust silicon nanoparticle-based lithium ion battery
anodes. Nano Lett., 12:802–807, 2012.
[204] A. Rastogi, D. Tripathi, S. Yadav, D. Chauhan, M. Zivcak, M. Ghorbanpour,
N. Elsheery, and M. Brestic. Application of silicon nanoparticles in
agriculture. 3 Biotech., 9:90, 2019.
[205] Y. Wang, R. Hu, G. Lin, I. Roy, and K.-T. Yong. Functionalized quantum
dots for biosensing and bioimaging and concerns on toxicity. ACS Appl.
Mater. Interfaces, 5(8):2786–2799, 2013.
[206] N. O’Farrell, A. Houlton, and B. Horrocks.
Silicon nanoparticles:
Applications in cell biology and medicine. Int. J. Nanomedicine, 1:451–72,
2006.
[207] N. Hon, Z. Shaposhnik, E. Diebold, F. Tamanoi, and B. Jalali. Tailoring the
biodegradability of porous silicon nanoparticles. J. Biomed. Mater. Res. A,
100:3416–21, 2012.

166

[208] Z. Xu, D. Wang, M. Guan, X. Liu, Y. Yang, D. Wei, C. Zhao, and
H. Zhang. Photoluminescent silicon nanocrystal-based multifunctional
carrier for pH-regulated drug delivery. ACS Appl. Mater. Interfaces,
4(7):3424–3431, 2012.
[209] D. Sen Karaman and H. Kettiger. Silica-based nanoparticles as drug delivery
systems: Chances and challenges. In A. M. Grumezescu, editor, Inorganic
Frameworks as Smart Nanomedicines, pages 1 – 40. William Andrew
Publishing, 2018.
[210] E. Abramova, A. Khort, A. Yakovenko, A. Lvovsky, E. Slipchenko,
D. Prokhorov, and V. Shvets. Porous silicon nanoparticles for drug delivery.
IOP Conf. Ser. Mater. Ssci. Eng., 347:012048, 2018.
[211] L. M. Kustov, P. V. Mashkin, V. N. Zakharov, N. B. Abramenko, E. Y.
Krysanov, L. A. Aslanov, and W. Peijnenburg. Silicon nanoparticles:
Characterization and toxicity studies. Environ. Sci. Nano, 5:2945–2951,
2018.
[212] L. Ruizendaal, S. Bhattacharjee, K. Pournazari, M. Rosso-Vasic, L. H. J.
de Haan, G. M. Alink, A.T. M. Marcelis, and H. Zuilhof. Synthesis
and cytotoxicity of silicon nanoparticles with covalently attached organic
monolayers. Nanotoxicology, 3(4):339–347, 2009.
[213] Naif H. Alsharif, Christine E. M. Berger, Satya S. Varanasi, Yimin
Chao, Benjamin R. Horrocks, and Harish K. Datta.
Alkyl-capped
silicon nanocrystals lack cytotoxicity and have enhanced intracellular
accumulation in malignant cells via cholesterol-dependent endocytosis.
Small, 5(2):221–228, 2009.
[214] S. Bhattacharjee, I. M. C. M. Rietjens, M. P. Singh, T. M. Atkins, T. K.
Purkait, Z. Xu, S. Regli, A. Shukaliak, R. J. Clark, B. S. Mitchell,
G. M. Alink, A. T. M. Marcelis, M. J. Fink, J. G. C. Veinot, S. M.
Kauzlarich, and H. Zuilhof. Cytotoxicity of surface-functionalized silicon
and germanium nanoparticles: The dominant role of surface charges.
Nanoscale, 5:4870–4883, 2013.
[215] Q. Wang, H. Ni, A. Pietzsch, F. Hennies, Y. Bao, and Y. Chao. Synthesis
of water-dispersible photoluminescent silicon nanoparticles and their use in
biological fluorescent imaging. J. Nanopart. Res., 13:405–413, 2010.

167

[216] X. Pi, T. Yu, and D. Yang. Water-dispersible silicon-quantum-dot-containing
micelles self-assembled from an amphiphilic polymer. Part. Part. Syst.
Charact., 31(7):751–756, 2014.
[217] M. He, K. Gao, L. Zhou, Z. Jiao, M. Wu, J. Cao, X. You, Z. Cai, Y. Su,
and Z. Jiang. Zwitterionic materials for antifouling membrane surface
construction. Acta Biomater., 40:142 – 152, 2016.
[218] B. R. Knowles, P. Wagner, S. Maclaughlin, M. J. Higgins, and P. J. Molino.
Silica nanoparticles functionalized with zwitterionic sulfobetaine siloxane
for application as a versatile antifouling coating system. ACS Appl. Mater.
Interfaces, 9(22):18584–18594, 2017.
[219] S. P. L. Sørensen.
Über die messung und die bedeutung der
wasserstoffionenkonzentration bei enzymatischen prozessen. Biochem. Z.,
21:131 – 200, 1909.
[220] J. Sun, S. Sakai, Y. Tauchi, Y. Deguchi, J. Chen, R. Zhang, and K. Morimoto.
Determination of lipophilicity of two quinolone antibacterials, ciprofloxacin
and grepafloxacin, in the protonation equilibrium. Eur. J. Pharm. Biopharm.,
54(1):51—58, 2002.
[221] B. M. Weckhuysen, A. A. Verberckmoes, L. Fu, and R. A. Schoonheydt.
Zeolite-encapsulated copper(II) amino acid complexes:
Synthesis,
spectroscopy, and catalysis. J. Phys. Chem., 100(22):9456–9461, 1996.
[222] R. Bischoff and H. Schlüter. Amino acids: Chemistry, functionality and
selected non-enzymatic post-translational modifications. J. Proteomics,
75(8):2275 – 2296, 2012.
[223] Y. Horikawa, T. Tokushima, O. Takahashi, Y. Harada, A. Hiraya, and
S. Shin. Effect of amino group protonation on the carboxyl group in aqueous
glycine observed by O 1s X-ray emission spectroscopy. Phys. Chem. Chem.
Phys., 20:23214–23221, 2018.
[224] J.H. Walker, R.D. Saunders, J.K. Jackson, and D.A. McSparron. Spectral
irradiance calibrations. NIST SP250-20, 1987.
[225] J. Tauc, R. Grigorovici, and A. Vancu. Optical properties and electronic
structure of amorphous germanium. Phys. Status Solidi B, 15(2):627–637,
1966.
[226] J. Tauc. Optical properties and electronic structure of amorphous Ge and Si.
Mater. Res. Bull., 3(1):37 – 46, 1968.
168

[227] J. Siegel, D. S. Elson, S. E. D. Webb, K. C. B. Lee, A. Vlandas, G. L.
Gambaruto, S. Lévêque-Fort, M. J. Lever, P. J. Tadrous, G. W. H. Stamp,
A. L. Wallace, A. Sandison, T. F. Watson, F. Alvarez, and P. M. W. French.
Studying biological tissue with fluorescence lifetime imaging: Microscopy,
endoscopy, and complex decay profiles. Appl. Opt., 42(16):2995–3004,
2003.
[228] S. L. Brown, R. Krishnan, A. Elbaradei, J. Sivaguru, M. P. Sibi, and E. K.
Hobbie. Origin of stretched-exponential photoluminescence relaxation in
size-separated silicon nanocrystals. AIP Adv., 7(5):055314, 2017.
[229] R. Sinelnikov, M. Dasog, J. Beamish, A. Meldrum, and J. G. C. Veinot.
Revisiting an ongoing debate: What role do surface groups play in silicon
nanocrystal photoluminescence? ACS Photonics, 4(8):1920–1929, 2017.
[230] M. Jakob, A. Aissiou, W. Morrish, F. Marsiglio, M. Islam, A. Kartouzian,
and A. Meldrum. Reappraising the luminescence lifetime distributions in
silicon nanocrystals. Nanoscale Res. Lett., 13, 2018.
[231] A. Gaigalas, L. Li, O. Henderson, R. Vogt, J. Barr, G. Marti, J. Weaver, and
A. Schwartz. The development of fluorescence intensity standards. J. Res.
Natl. Inst. Stand. Technol., 106:381–389, 2001.
[232] A. Gaigalas. Measurement of the fluorescence quantum yield using a
spectrometer with an integrating sphere detector. J. Res. Natl. Inst. Stand.
Technol., 113, 2008.
[233] K. Rurack and M. Spieles. Fluorescence quantum yields of a series
of red and near-infrared dyes emitting at 600-1000 nm. Anal. Chem.,
83(4):1232–1242, 2011.
[234] B. Delley and E. F. Steigmeier. Quantum confinement in Si nanocrystals.
Phys. Rev. B, 47:1397–1400, 1993.
[235] X. Wang, D. Huang, L. Ye, M. Yang, P. Hao, H. Fu, X. Hou, and X. Xie.
Pinning of photoluminescence peak positions for light-emitting porous
silicon: An evidence of quantum size effect. Phys. Rev. Lett., 71:1265–1267,
1993.
[236] G. M. Carroll, R. Limpens, and N. R. Neale. Tuning confinement in
colloidal silicon nanocrystals with saturated surface ligands. Nano Lett.,
18(5):3118–3124, 2018.

169
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Summary
Correlative Optical and Scanning Probe Microscopy of
Silicon Quantum Dots
“Does size really matter?” is a question that is central in the history of
microelectronics enabled by silicon. Silicon (Si) is the second most abundant
element in the Earth’s crust and is the critical material used in production of
microelectronics since 1950s’. Since then, various other applications for silicon
materials have developed, such as in photovoltaics, photonics, in batteries and
owing to its non-toxicity even in medicine. One of the most discussed, yet elusive,
future applications of Si is as light emitter, amplifier, and absorber. Achieving
these functions is limited by the indirect bandgap of silicon. A possible path
towards improved optical properties is via quantum confinement in small silicon
quantum dots (Si-QDs). Chapter 1 outlines this vision and the state of the art in
silicon quantum dots. Effects of quantum confinement in silicon are discussed,
together with the rising need for deeper investigation of the role of ligands and
environments on Si-QD electronic properties, the main topic of this thesis.
Many different wet chemical synthesis methods for production of Si-QDs
have been developed over the past 3 decades, but till now, a very poor control over
size and surface properties have been reached. One of such methods is a redox
synthesis where silicon precursor (e.g. magnesium silicide Mg2 Si) is oxidized (by
e.g. bromine Br2 ). In chapter 2, we critically asses this synthesis method, broadly
adopted by many researchers around the world. We reveal the optical properties of
the synthesized material, which are consistent with what is expected of an indirect
bandgap QD material, but were found to be entirely independent of the Si content.
We suggest that the nature of the wet chemical synthesis, where an organic solvent
is heated for prolonged periods of time, could lead to a production of brightly
emissive impurities, such as carbon dots, that show very similar properties to
what is expected of Si-QDs. Importantly, due to the organic coating of Si-QDs
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and omnipresence of carbon in various material analysis methods, it is almost
impossible to discern the nature of this organic pollution and its presence. This is
further somewhat complicated by the fact that the Si-C bond cannot be chemically
severed, which means any attempts to re-passivate the already formed bonds
is almost impossible (at least on practically large enough scale). The issue of
possible carbon dot by-product formation has escaped attention of the Si-QD
community until 2019, when several groups, ours amongst them, has reported this
issue.
A logical step forward is to try to analyze deeper the optical properties of the
organically coated Si-NCs from various sources, prepared by different groups by
different methods, and having different optical properties. For this purpose, we
have collected many different organically capped Si-QDs with different ligands
and different core sizes and analyzed their time-resolved photoluminescence
(TRPL) anisotropy, also known as polarization memory. This research, described
in chapter 3, has also practical reasons, since polarization memory is in high
demand for e.g. display technologies. However, we can also retrieve important
information concerning the nature of the transition dipole moment - whether it
is anisotropic, like in molecules, or isotropic, as in semiconductors QD systems.
Our measurements are first “calibrated” using known emitters, such as green
fluorescent dye EGFP, with static transition dipole moment, and CdSe QDs, known
to have isotropic transition dipole moment. For Si-QDs, we find surprisingly
a static transition dipole moment for almost all the samples, with a high initial
polarization and relatively slow depolarization lifetime, indicative of a defect-like,
or molecule-like emitter. Nevertheless, all the different types of Si-QDs follow
the same linear trend for the initial polarization as a function of emission energy,
indicating a size-dependence. Nevertheless, it is difficult at this point to separate
the role of non-resonant excitation, which in larger Si-QDs could result in smaller
initial anisotropy as well, due to misaligned absorption and emission dipole
moments. Comparison with the density functional theory (DFT) simulations
suggest that the nature of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) states is non-degenerate for Si-QDs
of small sizes and with organic coating, which contributes to further lowered
symmetry. Hence, our results indicate that independently of the preparation
method, all the Si-QD samples have a similar origin of emission, which could
be related to Si-QD core, since the theoretical predictions confirm that unlike
CdSe QDs, Si-QDs do not preserve bulk symmetries and have non-degenerate
transitions close to the bandgap.
In the past, our group has engaged in research of direct bandgap-like emission
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properties under the influence of polar ligands and environments. In chapter 4, we
describe one of the possible experimental approaches to influencing the Si-QD
core by highly polar environments - here by the use of Si-QDs with organic
ligands terminated by polar groups, dispersed in solutions of various pH. Our
results indicate that there is almost no effect of the varying pH on the optical
properties, such as photoluminescence peak, absorption edge or emission lifetime.
Si-QDs turn out to be extremely photo-chemically robust for the full studied pH
range of 2-12. Nevertheless, we observe some small changes, mostly close to the
dissociation pH values, when the termination groups chemically change, leading
to aggregation of the Si-QD. The weakest effects, including the aggregation,
is found for zwitterionic type of ligand termination, which seems to be able to
stabilize the Si-QDs in solution the best for the whole pH range.
Through the years of research on Si-QDs, it became clear that a direct method
that could asses the bandgap energy, radiative rate and size of each individual
Si-QDs is absolutely vital to be able to resolve some of the persistent debates over
the origin of emission from Si-QD systems. Hence, during this PhD project, we
have focused on further developing the existing experimental setup towards a truly
correlative microscopy setup, combining a single-dot optical microscope with an
atomic force microscope (AFM). This is done by a physical combination of an
optical microscope, an AFM and a split detection path towards spectrophotometer
and two 90-degrees avalanche photodiodes (APDs) with time correlated single
photon counting card (TCSPC). In this way, we can measure size, emission
spectrum and time- or polarization-resolved PL from a single QD simultaneously,
or in a fast sequence. In chapter 5, we demonstrate abilities off this setup on
organically coated Si-QDs prepared by wet-chemical method from silica sol-gel.
These Si-QDs exhibit, unlike any other organically coated Si-QDs, very slow PL
lifetimes. This raises questions over the origin of emission in such material. From
detailed analysis of 50 single Si-QDs, we discover that their bandgap tunability
with size follows trend expected for amorphous Si-QDs and not the one for the
crystalline Si-QDs. This is quite a controversial finding, since authors of these
Si-QDs just published work that claims that the emission is given by the crystalline
core, based on their ensemble measurements with only an indirect correlation of
the size and the bandgap. This further supports our message that such a direct
correlative measurements of quantum confinement effects, as developed and used
here, is essential for to be able to untangle the remaining issues with origin of
emission from Si-QDs.
In chapter 6, we further discuss the correlative optical-AFM microscopy
on self-assembled Si-QDs. Using a very specific drop-casting method, where
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we combine a simple drop casting with drag force by rotation and gravity, we
obtain semi-ordered nanopatterns that extend over very large distances (tens of
microns or more), yet have sub-micron scale spatially correlated features. Visually
these structures resemble “barcodes”, with a distinct and unique local order.
We analyze this nanopattern using AFM and PL spectroscopy and realize that
these nanopatterns could be used in counterfeiting applications as a so-called
"physically unclonable function" (PUF). Since our nanopattern cannot be cloned
or even fabricated by a dedicate bottom-up assembly and is prepared by a low-cost
method, the only question is whether it can be easily detected by a simple optical
microscope at a “counter”. We believe that a simple 60-100 magnification optical
microscope with a blue laser diode and a sensitive CCD camera could be enough,
with use of pattern recognition software that could match the pattern with a
database.
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Samenvatting
Correlatieve optische en scansonde-microscopie van
silicium quantum dots
“ Doet grootte er echt toe? ” is een vraag die centraal staat in de geschiedenis van
de, door silicium mogelijk gemaakte, micro-elektronica. Silicium (Si) is het op
één na meest voorkomende element in de aardkorst en is het materiaal dat sinds de
jaren vijftig wordt gebruikt bij de productie van micro-elektronica. Sindsdien zijn
er verschillende andere toepassingen voor siliciummaterialen ontwikkeld, zoals
in fotovoltaïsche cellen, fotonica, batterijen en vanwege de niet-giftigheid zelfs
in de geneeskunde. Één van de meest besproken, maar vooralsnog onbereikbare,
toekomstige toepassingen van Si is als lichtbron, lichtversterker en efficient
absorberend medium. Het bereiken van deze functies wordt beperkt door de
indirecte bandkloof van silicium. Een mogelijke weg naar verbeterde optische
eigenschappen is via het zogenaamde “quantum confinement effect”, in kleine
silicium quantum dots (Si-QD’s). Hoofdstuk 1 schetst deze visie en de stand
van zaken op het gebied van silicium quantum dots. Effecten van quantum
confinement in silicium worden besproken, samen met de toenemende behoefte
aan dieper onderzoek naar de rol van liganden op de elektronische eigenschappen,
wat het hoofdonderwerp van dit proefschrift is.
Veel verschillende natchemische synthesemethoden voor de productie van
Si-QD’s zijn ontwikkeld in de afgelopen 3 decennia, maar tot nu toe is er
slechts zeer beperkte controle over grootte en oppervlakte-eigenschappen.
Één van die methoden is een redoxsynthese waarbij een siliciumverbinding
(bijv. Magnesiumsilicide Mg2 Si) wordt geoxideerd (door bijv. Broom Br2 ).
In hoofdstuk 2 kijken we kritisch naar deze synthesemethode, die door veel
onderzoekers over de hele wereld wordt toegepast. We bespreken de optische
eigenschappen van het gesynthetiseerde materiaal, die consistent zijn met wat
wordt verwacht van een QD-materiaal met een indirecte bandkloof. Verrassend
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bleken deze eigenschappen volledig onafhankelijk te zijn van het Si-gehalte. We
suggereren dat de natchemische synthese, waarbij een organisch oplosmiddel
gedurende langere tijd wordt verwarmd, zou kunnen leiden tot de productie
van ongewenste onzuiverheden: Quantum Dots bestaande uit Koolstof, die
eigenschappen vertonen die sterk lijken op wat wordt verwacht van Si-QD’s.
Vanwege de organische coating van Si-QD’s en de alomtegenwoordigheid van
koolstof in verschillende materiaalanalysemethoden is het praktisch onmogelijk
om de aard van deze organische vervuiling aan te tonen. Dit wordt verder
enigszins gecompliceerd door het feit dat de Si-C-binding niet chemisch kan
worden verbroken, wat betekent dat elke poging om de reeds gevormde bindingen
opnieuw te passiveren bijna onmogelijk is (althans op praktisch voldoende grote
schaal). De kwestie van mogelijke vorming van quantum dots van koolstof is tot
2019 aan de aandacht van de Si-QD-gemeenschap ontsnapt, toen verschillende
groepen, waaronder de onze, dit probleem meldden.
Een logische stap voorwaarts is om te proberen de optische eigenschappen van
de organisch gecoate Si-NC’s uit verschillende bronnen, bereid door verschillende
groepen met verschillende methoden, dieper te analyseren. Voor dit doel hebben
we veel verschillende organisch afgetopte Si-QD’s met verschillende liganden en
verschillende kerngroottes verzameld en hun tijdsopgeloste polarisatie (TRPL)
anisotropie, ook wel polarisatiegeheugen genoemd, geanalyseerd. Dit onderzoek,
beschreven in hoofdstuk 3, heeft ook praktische beweegredenen, aangezien
er veel vraag is naar polarisatiegeheugen voor b.v. weergavetechnologieën in
beeldschermen. We kunnen echter ook belangrijke informatie achterhalen over
de aard van het overgangsdipoolmoment — of het nu anisotroop is, zoals in
moleculen, of isotroop, zoals in halfgeleiders QD-systemen. Onze metingen
worden eerst “ gekalibreerd ” met behulp van bekende fluorescente materialen,
zoals groen fluorescerende kleurstof EGFP, met statisch overgangsdipoolmoment
en CdSe QD’s, waarvan bekend is dat deze isotroop is. Voor Si-QD’s vinden we
verrassend genoeg een statisch overgangsdipoolmoment voor bijna alle monsters,
met een hoge initiële polarisatie en een relatief langzame depolarisatie-duur,
indicatief voor een molecuulachtige emitter. Niettemin volgen alle verschillende
soorten Si-QD’s dezelfde lineaire trend voor de initiële polarisatie als functie van
de emissie-energie, wat duidt op een grootte-afhankelijkheid. Desalniettemin is
het op dit punt moeilijk om de rol van niet-resonante excitatie te scheiden, wat
in grotere Si-QD’s ook zou kunnen resulteren in kleinere initiële anisotropie als
gevolg van niet langs elkaar uitgelijnde absorptie- en emissie-dipoolmomenten.
Vergelijking met simulaties van de dichtheidsfunctionaaltheorie (DFT) suggereert
dat de aard van de hoogst bezette moleculaire orbitaal (HOMO) en de laagste
onbezette moleculaire orbitale (LUMO) toestanden niet gedegenereerd is
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voor Si-QD’s. Daarom geven onze resultaten aan dat, onafhankelijk van
de bereidingsmethode, alle Si-QD-monsters een vergelijkbare oorsprong van
emissie hebben, die verband zou kunnen houden met de Si-QD-kern. Dit is in
overeenstemming met theoretische voorspellingen.
In het verleden heeft onze groep onderzoek gedaan naar directe
bandkloof-achtige emissie-eigenschappen onder invloed van polaire ligands.
In hoofdstuk 4 beschrijven we één van de mogelijke experimentele benaderingen
om de Si-QD-kern te beïnvloeden door een sterk polaire omgeving te creëren,
middels de liganden te behandelen met verschillende pH-waardes. Onze resultaten
geven aan dat er vrijwel geen effect is van de variërende pH op de optische
eigenschappen, zoals fotoluminescentiepiek, absorptierand of emissielevensduur.
Si-QD’s blijken extreem fotochemisch robuust te zijn voor het volledig bestudeerde
pH-bereik van 2-12. Desalniettemin zien we enkele kleine veranderingen, meestal
dicht bij de dissociatie-pH-waarden, wanneer de terminatiegroepen chemisch
veranderen, wat leidt tot aggregatie van de Si-QD. De zwakste effecten, inclusief
de aggregatie, worden gevonden voor de zwitterionische ligandterminatie, die de
Si-QD’s in oplossing het beste lijkt te kunnen stabiliseren voor het hele pH-bereik.
Door de jaren van onderzoek naar Si-QD’s werd duidelijk dat een directe
methode die de bandgap-energie, de stralingssnelheid en de grootte van
elke individuele Si-QD’s kan beoordelen, absoluut essentieel is om enkele
van de aanhoudende discussies over de oorsprong op te lossen. Daarom
hebben we ons tijdens dit doctoraatsproject geconcentreerd op de verdere
ontwikkeling van de bestaande experimentele opstelling naar een echt correlatieve
microscopieopstelling, waarbij we een optische microscoop combineren met een
atomic force microscope (AFM). Dit wordt gedaan door een fysieke combinatie
van een optische microscoop, een AFM en een gesplitst detectiepad richting
spectrofotometer en twee 90-graden avalanche photodiodes (APD’s) met een
tijdgecorreleerde foton-telkaart (TCSPC). Op deze manier kunnen we grootte,
emissiespectrum en polarisatie van individuele quantum dots tegelijkertijd meten.
In hoofdstuk 5 demonstreren we de mogelijkheden van deze opstelling op
organisch gecoate Si-QD’s die zijn bereid met een natchemische methode van
silica sol-gel. Deze Si-QD’s vertonen, in tegenstelling tot alle andere organisch
gecoate Si-QD’s, een zeer langzame PL-levensduur. Dit roept vragen op over de
oorsprong van emissie in dergelijk materiaal. Uit gedetailleerde analyse van 50
single Si-QD’s, ontdekken we dat de afstembaarheid van de bandkloof met de
grootte van het kristal een trend volgt die wordt verwacht voor amorfe Si-QD’s en
niet die voor de kristallijne Si-QD’s. Dit is nogal een controversiële bevinding,
aangezien de auteurs van deze Si-QD’s zojuist werk hebben gepubliceerd dat
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beweert dat de emissie wordt gegeven door de kristallijne kern, gebaseerd op
hun ensemble-metingen met slechts een indirecte correlatie van de grootte en de
bandafstand. Dit ondersteunt verder onze boodschap dat een dergelijke directe
correlatieve meting van quantum confinement effecten, essentieel is om de
resterende problemen met het begrijpen van de oorsprong van emissie van Si-QD’s
op te lossen.
In hoofdstuk 6 bespreken we verder de correlatieve optische AFM-microscopie
op zelf-geassembleerde Si-QD’s.
Met behulp van een zeer specifieke
drop-casting-methode, waarbij we een eenvoudige drop-casting combineren
met sleepkracht door rotatie en zwaartekracht, verkrijgen we semi-geordende
nanopatronen die zich uitstrekken over zeer grote afstanden (tientallen micron of
meer). Visueel lijken deze structuren op een ’streepjescode’, met een duidelijke
en unieke lokale volgorde. We analyseren dit nanopatroon met behulp van AFMen PL-spectroscopie en tonen aan dat deze nanopatronen kunnen worden gebruikt
als een zogenaamde "physically unclonable function" (PUF) in toepassingen die
zich richten of fysieke beveilingskenmerken tegen namaak. Dit nanopatroon
kan niet worden gekloond noch worden vervaardigd door een toegewijde
bottom-up-assemblage. De enige resterende vraag is, of het gemakkelijk kan
worden gedetecteerd door een eenvoudige optische afbeeldingstechniek. Wij zijn
van mening dat een eenvoudige optische microscoop met een vergroting (60 tot
100x) met een blauwe laserdiode en een gevoelige CCD-camera voldoende zou
kunnen zijn, met behulp van patroonherkenningssoftware die het patroon zou
kunnen matchen met een database.
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