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Zusammenfassung

Die vorliegende Arbeit untersucht die Herstellung dünner Halbleiterfilme und charak-
terisiert diese hinsichtlich ihrer Anwendbarkeit für thermoelektrische Energiewandlung.
Ausgehend von Nanopartikeln werden Dispersionen angefertigt und zu dünnen Filmen
verarbeitet. Zur Erhöhung deren elektrischer Leitfähigkeit ist eine Nachbehandlung
nötig, die mit einem intensiven Kurzpulslaser durchgeführt wird. Der Energieeintrag
erhitzt und verschmilzt die Nanopartikel, so dass daraus ein Film erheblich verbes-
serter Konnektivität entsteht. So kann z.B. für undotierte Filme aus Ge-Nanopartikeln
die Leitfähigkeit um mehr als fünf Größenordnungen auf durchschnittlich 0,5 S/cm
angehoben werden. Für hochdotierte SiGe-Filme werden Leitfähigkeiten von bis zu
100 S/cm gemessen. Die Struktur der lasergesinterten Filme zeigt eine charakteristische
mesoporöse Mäanderform, die das Substrat quasi-zweidimensional bedeckt und zu
einer durchschnittlichen Reduktion der elektrischen Leitfähigkeit von einer Größen-
ordnung gegenüber der eines vollständig bedeckenden Filmes führt. Im Gegensatz zur
elektrischen Leitfähigkeit wird der Seebeckkoeffizient nicht von der Struktur beeinflusst,
sondern hängt ausschließlich von der Dotierung des Filmes ab. Im Rahmen dieser Arbeit
werden die Halbleiterfilme auf zwei Arten dotiert. Zum einen, indem bereits dotierte
Nanopartikel verwendet werden, zum anderen, indem direkt vor dem Lasersintern
Dotierstoffe aus einer Flüssigkeit auf die Nanopartikel aufgebracht werden. Das an-
schließende Lasersintern vereint hierbei die Strukturentwicklung mit der Inkorporation
und elektrischen Aktivierung der Dotierstoffe. Diese Methode des Laser-assistierten
nasschemischen Dotierens wird in der vorliegenden Arbeit entwickelt und die grundle-
genden Einflussgrößen werden bestimmt. Die äußerst vielseitige und reproduzierbare
Methode erlaubt es, eine Vielzahl an Gruppe-III- und Gruppe-V-Elementen sowohl zur
Dotierung von Si- als auch von Ge-Filme zu verwenden. Ladungsträgerdichten von
bis zu 1020 cm−3 können so erreicht werden. Für die vollständige thermoelektrische
Charakterisierung muss zudem die Wärmeleitfähigkeit ermittelt werden, was durch die
hochkomplexe Struktur der Filme besonders anspruchsvoll ist. Als geeignete Methode
wird ein auf Ramanspektroskopie basierendes Verfahren benutzt, für das die Filme so
präpariert werden müssen, dass das Substrat keine parasitäre Wärmeleitung beiträgt.
Unterstützt durch numerische Simulation können effektive Wärmeleitfähigkeitswerte
von 0,5 W/m K für undotierte Ge-Filme und 0,05 W/m K für hochdotierte SiGe-Filme
gemessen werden. Eine abschließende Bewertung ergibt, dass die aus Daten unter-
schiedlicher Proben gewonnenen thermoelektrischen Gütezahlen gleich hoch, wenn
nicht sogar etwas höher als in anderen SiGe-basierten Materialien sind.
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Abstract

Energy harvesting using solid-state-based thermoelectric generators is one of the top-
ical areas of materials research. High conversion efficiencies require materials with a
high Seebeck coefficient, a high electrical and a low thermal conductivity. Structurally
complex and heavily doped semiconductors are proposed to fulfill these needs. In this
work, the fabrication of laser-sintered Si, Ge and SiGe nanoparticle (NP) thin films and
their thermoelectrical performance are investigated . The resulting films are structurally
complex on a variety of length scales. Using a high intensity pulsed laser a characteristic
structure of the laser-sintered film in the form of well connected meanders evolves, the
structural dimensions of this mesoporous network are tunable by the sinter-fluence. Elec-
trical conduction is enhanced by more than 5 orders of magnitude by the laser-sintering
process, caused by the increased interconnection of the former NPs. Typical values of
0.5 S/cm are found for undoped Ge, while undoped Si exhibits 10−5 S/cm. Doping
of the films can further increase the electrical conductivity to up to 100 S/cm. The 2-
dimensionality of the meander network effectively reduces the electrical conductivity by
one order of magnitude compared to non-porous reference material or non-porous films.
The Seebeck coefficient is not influenced by the film morphology but only depends on
the samples’ doping concentration, which can be as high as 1 %. Both, p- and n-type
doping can be realized using two different methods in this work: by already doping
the precursor NPs during their synthesis or by application of dopants onto the NP film
prior to its laser-sintering. In the latter method the dopant source is a liquid and the
sinter laser incorporates and electrically activates the dopants in the host material. The
method is called laser-assisted wet-chemical doping and is developed and extensively
investigated in this work. Almost all group-III and -V elements can be used to dope Si
as well as Ge films using this novel method, leading to charge carrier densities of up to
1020 cm−3, as determined by Raman spectroscopy. Beyond the electrical characteriza-
tion the determination of the in-plane thermal conductivity using optical non-contact
methods is a further focus of this work. Prepared in a freely suspended manner, the
films are thermally excited by a laser which at the same time evokes Raman scattering.
The resulting characteristic wavenumber shift is related to the sample’s temperature.
Numerical simulations of the temperature distribution allow to deduce the effective
thermal conductivity, which is found to be 0.5 W/m K for laser-sintered undoped Ge
NPs and 0.05 W/m K for heavily doped laser-sintered SiGe NP films. The thermoelectric
figure of merit calculated from these experiments indicates that laser-sintered NP thin
films are competitive with other SiGe thermoelectric materials.
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1
Introduction

1.1. Small Features Make the Difference

The increasing importance of advanced materials for applications in electronics, catalysis,
energy storage and energy harvesting requires a fundamental understanding of the
underlying physical properties of the respective materials. Of particular relevance for a
sustainable future are materials for energy harvesting. One approach to this, which was
discussed intensely in recent years, is thermoelectric energy conversion. This discipline
deals with the motionless solid state-based conversion of temperature differences into
electrical energy and vice versa. As it is true for all heat-to-electricity conversions, the
efficiency of thermoelectric devices is limited by the Carnot efficiency. However, not all
materials are similarly suited to be used in thermoelectric devices. The applicability of
certain materials to thermoelectrics can be assessed by their dimensionless figure of merit
ZT, which only depends on material-specific parameters and should be maximized
when optimum efficiency is aimed at. As will be discussed in detail in the following
chapters, ZT can be written as

ZT =
S2σ

κ
T, (1.1)

where T is the operating temperature, S is the Seebeck coefficient, σ is the electrical
conductivity and κ is the thermal conductivity of the material.

For a long time, maximum ZT values found hardly surpassed 1,[Maj04] which limited
thermoelectrics to niche applications. Examples are space missions, which use radioiso-
tope thermoelectric batteries for an independent and long lasting energy supply.[Ben06]
In the early 1990s, the group of Mildred Dresselhaus at MIT published predictions that
ZT can be drastically enhanced in quantum well superlattice structures of the aniso-
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(a) (b)

Figure 1.1. Historical development of the thermoelectric figure of merit and its possible im-
provement in quantum well structures: (a) For a long time, the figure of merit has been smaller
than 1.[Maj04]. In the early 1990s predictions on the figure of merit for quantum well structures
of Bi2Te3 lead to increased research and to an improvement of ZT above 1. (b) These curves from
Ref. Hic93a predict a superior ZT of Bi2Te3 quantum well structures compared to bulk Bi2Te3
(dashed line), when the layer thickness is reduced. (1) and (2) mark two different orientations of
the layers with respect to their crystal structure.

tropic material Bi2Te3, which is one of the best thermoelectric materials with ZT = 0.6
at room temperature.[Hic93a, Hic93b, Hic96] Two effects contribute here: First, the
confinement of electrons increases the Seebeck coefficient since the lowest subband is
energetically above the conduction band edge of the respective n-type bulk material. The
more pronounced the confinement by decreasing the well thickness in the superlattice,
the larger this constant. This first effect alters the electronic transport properties and
increases the numerator of Eq. 1.1. The second effect alters the transport of heat and
uses the fact that phonons scatter off the interfaces between the superlattice layers more
effectively as their distance becomes comparable to the phonon mean free path. This
reduces the denominator in Eq. 1.1. The theoretically predicted ZT from both effects
in such a superlattice structure is shown in Fig. 1.1 (b) for two relative orientations
of the layers with different crystal orientations. Compared to the dashed line which
indicates the figure of merit of the bulk material, ZT for the superlattice structure may
be enhanced by up to one order of magnitude.

Starting with this work by Hicks et al. the field of nanostructured thermoelectrics
rapidly grew.[Hic93a] Still today, research focusses on the two mentioned concepts
of altering the electronic band structure to increase, both, the Seebeck coefficient and
the electrical conductivity, and of reducing the thermal conductivity by introducing
scattering centers for phonons. However, it turned out that in most materials it is
advisable to first concentrate on the latter. As an example, it is much easier to reduce the
crystalline quality (affecting κ) of semiconductors than to perfectly engineer and control
the electronic landscape (influencing S2σ). Applying techniques such as grinding bulk
material, followed by hot pressing, this strategy has already been followed in the early
space missions, which used SiGe with micrometer-sized grains to reduce the lattice
thermal conductivity.
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Figure 1.2. Cumulative electrical and thermal conductivities in Si: For room temperature
the thermal and electrical conductivities are shown in a cumulative plot as a function of the
quasiparticles’ mean free path. Limiting the mean free path of phonons to 20 nm by an appropri-
ate scattering center would drastically reduce the thermal conductivity κ, while the electronic
transport would be left unaffected. The figure is adapted from Ref. Qiu15.

Today, many concepts are discussed to additionally structure thermoelectric materials.
However, attention has to be paid not to adversly affect the transport of charge carriers
by this. A concept that considers that fact is called phonon-glass-electron-crystal, which
assumes that the mean free path of phonons is larger than the mean free path of charge
carriers, so that the latter hardly "see" the scattering centers for phonons.[Nol99]

This concept is exemplarily shown in Fig. 1.2 for bulk Si at room temperature.[Qiu15]
These theoretical data show the normalized cumulative electrical and thermal conduct-
ivities as a function of the mean free path of electrons and phonons, respectively. The
electrical current is conducted by electrons with a mean free path of less than 20 nm,
whereas thermal conduction requires phonons with a substantially larger mean free path.
Introducing additional scattering on a scale of 20 nm (vertical dashed line) electrons
would remain unaffected. Heat transport by phonons is hindered and the total thermal
conductivity would be reduced, increasing the ratio σ/κ in Eq. 1.1.

To maximize the phonon scattering rate for the whole phonon spectrum, it is de-
sirable to have an all-scale hierarchical disorder in the material, so that phonons of all
wavelengths are affected.[Bis12] This can be achieved by combining a variety of struc-
tural features, ranging from disorder on the atomic scale caused by alloying, small-sized
grains, embedded nanoparticles (NPs) or precipitates, and porosity on the nano- and
micron-scale.[Maj04, Her05, Kim06, Min07, Wan08, Min09a, Min09c, Lee09, Yu10, Lee10,
Tan10, Lan10, Wan11, Joh11, Pet11]

With the increasing number of reports on the synthesis of nanowires also their ap-
plicability for thermoelectrics has been investigated. Even for Si, which in bulk form



4 Chapter 1. Introduction

is no competitive thermoelectric material, nanowires showed reasonable figures of
merit.[Li03, Bou08] It has been noticed that the roughness of the nanowire surface
distinctively affects the phonon scattering and is, thus, desirable for thermoelectric
optimization.[Hoc08, Lim12]

As pointed out, in most materials systems it is much more complex to engineer
the electronic band structure to enhance electronic properties. Among the concepts
discussed in the context of the nominator in Eq. 1.1 are modulation doping by embedding
NPs with different doping and band gap, an alteration of the density of electronic
states due to nano-inclusions, the effect of strain and, in general, the optimization of
doping.[Fal08, Her08, Zeb11, Yu12, Pei12, Kim13]

As has become obvious from the above discussion, the introduction of small-scale
features is believed to be of potential benefit for increasing the thermoelectric fig-
ure of merit. Some up-to date reviews on complex, low-dimensional and nanostruc-
tured thermoelectrics may help the interested reader to further satisfy their thirst for
information.[Rif03, Dre07, Sny08, Sch08b, Soo09, Med09, Min09b, Kan10, Vin10, Sha11,
Nie11, Zeb12, Sch14]

1.2. Sintered Nanoparticles as a Promising Material and
their Treatment in the Present Work

One widely followed approach to obtain materials for thermoelectrics is bottom-up
fabrication starting from NPs. Nanoparticles can be synthesized with high crystalline
quality and their electronic properties, such as n- and p-type doping, can be adjusted
in a controlled manner. The present thesis persues such a bottom-up fabrication using
SiGe NPs which are characterized in their initial state in Chap. 4. The main focus of
this work are thin film SiGe materials obtained by laser-sintering of Si and Ge NPs. The
laser-sintering process and the obtained thin film morphology are discussed in Chap. 5.
Those thin films show many of the above mentioned hierarchical structures and are as
thus a promising thermoelectric materials class.

The used NPs are synthesized by the collaborating group of Hartmut Wiggers at the
University of Duisburg-Essen. The films then are prepared at the Walter Schottky Institut
at the Technische Universität München within the framework of this thesis, and are there
further investigated concerning their morphology and their thermoelectric properties.
Apart from laser-sintering at the Walter Schottky Institut, bulk-nano-crystalline Si(Ge)
thermoelectric materials were made from the same initial NPs by current-activated
pressure-assisted densification by the group of Gabi Schierning at the University of
Duisburg-Essen. Those bulk materials serve as a benchmark and as a test system for the
characterization methods used in this thesis.

The major difference between laser-sintered thin films and bulk-nano-crystalline
material is the density of the resulting material. While the latter is almost perfectly
dense, the laser-sintered NP films are porous with a typical feature size of several
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hundred nm, which offers an additional potential scattering mechanism for phonons of
a larger mean free path. Both materials consist of small grains which are intended to
scatter phonons with a small mean free path. Whilst the grain growth for bulk-nano-
crystalline materials made by current-activated pressure-assisted densification is only
minor, laser-sintering leads to a significant grain growth.

The morphology of the materials is mainly responsible for their thermal conductivity,
whose experimental determination is discussed in Chap. 8, while doping effects domin-
ate the electrical conductivity and the Seebeck coefficient, as will be shown in Chap. 6 in
more detail. In the standard doping procedure the dopant atoms are added during the
synthesis of the NPs already. This doping method will be referred to as gas-phase doping
in the following. Since this approach has some drawbacks concerning flexibility and
safety, this thesis discusses an additional way to apply the dopants to the thin films in
a wet chemical step. This method, which is discussed in Chap. 7, offers a high degree
of flexibility with many other dopant elements being available, apart from boron and
phosphorous, which are virtually the only available dopant species during the NP gas
phase synthesis.

Figure 1.3 schematically summarizes important work flows for the fabrication of
both thin films and bulk-nano-crystalline materials. The indicated chapters of this
work cover the most important aspects. For the thin films three possible scenarios to
achieve a defined doping density in the final film are shown. All routes start from
gaseous precursors, which are silane (SiH4) and germane (GeH4). For simplicity only
silane is shown here. Depending on the route, dopant gases such as phosphine (PH3,
red in Fig. 1.3) or diborane (B2H6) are added during the NP synthesis. By microwave
decomposition of the precursor gases and the following cooling of the constituents,
the NPs are formed. The standard way to obtain porous thin films from those NPs is
to disperse the powder, so that a processable ink is formed. By coating this ink onto
a substrate a film of more or less loosely packed NPs can be obtained. However, the
electrical performance of such films is poor, so that a post-deposition treatment becomes
necessary. Sintering by a high intensity pulsed laser leads to the formation of a well
connected structure which exhibits a typical meander-like morphology on the substrates
which are used in this thesis.

The second and third column in Fig. 1.3 illustrate two alternative ways to define the
doping concentration in thin films, apart from adjusting the doping level in the initial gas
phase synthesis as in the first column. In the digital doping approach two inks are mixed:
one with undoped NPs and a second one with NPs with a rather high doping level. By
the mixing ratio the effective doping in the film can be defined because the grain growth
leads to a sufficient intermixing and distribution of the dopants. The third approach,
which is discussed in detail in this work, is called laser-assisted wet-chemical doping and
completely avoids doping of NPs in the gas phase, which is especially interesting with
respect to the risks related to gases such as phosphine. Here, an ink of undoped NPs is
deposited on a substrate. The film is then brought in contact with a doping liquid which
contains suitable dopant species, e. g., phosphoric acid or boric acid. The dopant species
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Figure 1.3. Schematic illustration of fabrication work flows for thin films and bulk samples
discussed in this thesis: All NP powders used in this work are synthesized by decomposition
of silane or germane and, if needed, dopant gases such as phosphine or diborane. This yields
doped (symbolized by grey NPs including a red sphere) or undoped NPs (grey only). For the
fabrication of thin films, the NPs are dispersed and deposited on a substrate. For digital doping
dispersions of doped and undoped NPs are mixed, for laser-assisted wet-chemical doping the
dopants are applied to the deposited film of undoped NPs by a doping liquid. Laser-sintering of
all those films yields mesoporous granular material with comparable doping distribution. For
bulk samples the NPs are compressed and sintered by the help of current and pressure, resulting
in dense nano-crystalline material. The figure also indicates the chapters of this thesis dealing
with the different steps in the fabrication and analysis of the NPs before and after laser-sintering.
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Figure 1.4. Hierarchical phonon scattering: Laser-sintered thin films made of NPs comprise
potential scattering centers for phonons (symbolized as waves) of different wavelengths. Al-
loy scattering, scattering at NP inclusions, at grain boundaries and at mesoscopic pores span
approximately 3 orders of magnitude in geometrical size, which is potentially beneficial for
thermoelectric applications.[Bis12, Vin10]

attach to the NPs and are incorporated during the following laser-sintering step.
For the sake of completeness the fourth column of Fig. 1.3 illustrates the work flow

for the fabrication of bulk-nano-crystalline samples at the University of Duisburg-Essen.
There, the NP powder is filled in a die and is precompacted manually by a punch.
Supported by external heating a uni-directional current is then injected through the
powder so that Joule heating leads to a sintering and a densification due to the applied
pressure. For this approach only gas-phase doped NPs are used in the framework of this
thesis, although digital doping as well as the wet-chemical approach are in principle
also suitable.

The resulting morphology of the bulk-nano-crystalline samples is characterized by
small grains constituting a dense nanostructured bulk material. In contrast, after laser-
sintering of NP films a porous network is obtained, which is the same independent of
the doping approach applied. The hierarchy of potential scattering centers for phonons
are depicted in the sketch in Fig. 1.4, where the background is an illustrative image of
the porous meander network. The typical feature size of the porosity is approximately
500 nm so that long wavelength phonons, which have a larger mean free path, are
affected most by this kind of disorder. For the part of the phonon spectrum with smaller
wavelength, the granular substructures of the meanders become relevant as scattering
centers. The grains have a typical size of 100 nm. Characteristic for the short pulse
laser-sintering process some initial NPs withstand the grain growth and are embedded
in the grains or at grain boundaries. With a typical size of slightly more than 10 nm
phonons of even shorter wavelengths are prone to scatter there. The ultimate disorder
for phonons of the shortest wavelength is a solid solution of atoms in an alloy. Using Si
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and Ge as constituents the mass difference between the atoms leads to poorly defined
vibrational modes and thus a lower thermal conductivity in the alloy compared to the
pure materials.

With a variety of possibilities to define the electronic properties and their hierarchical
morphology with feature sizes ranging from Å to the µm-range, laser-sintered NP
films are proposed as a candidate for efficient thermoelectric materials. Fabrication,
morphology, thermoelectrical and thermal properties therefore are the main aspects of
the present thesis.

1.3. In Brief: The Content of this Work

The work is structured as follows: Chapter 2 introduces the theoretical base for the
discussion of thermoelectric transport properties. Data on thermoelectricity in SiGe ma-
terials taken from the literature is also reviewed in this chapter. The main experimental
techniques are presented in Chap. 3. All following chapters cover results obtained
during the experimental part of this work. Their relevance with respect to fabrication
and characterization of thermoelectric materials is also indicated in Fig. 1.3. Chapter 4
shortly summarizes the fabrication and the surface vibrational properties of gas-phase
synthesized NPs, as well as the deposition of thin films from inks of NPs. Results on the
morphology are discussed in Chap. 5, where the sintering of NPs is one focus. Another
focus is the impact of the porous thin film structure on the electrical conduction in the
plane of the film. In Chap. 6 the Seebeck coefficient as well as the electrical conductivity
of laser-sintered films of NPs are discussed. The wet-chemical approach to dope the
resulting laser-sintered thin films is presented in detail in Chap. 7. The results part of
this thesis closes with Chap. 8, where the thin films’ thermal conductivity is measured
by optical means. Finally, concluding remarks will be given in Chap. 9.



2
Thermoelectric Transport

In the years between 1821 and 1823 T. J. Seebeck, a german physicist, indirectly dis-
covered that an electrical voltage, the thermovoltage U, develops between the two ends
of a conducting material, if the ends are at two different temperatures.1[See26a, See26b]
Later it was discovered that the Seebeck coefficient, which is sometimes also called
thermopower and which is defined as

S =
U

∆T
, (2.1)

is much larger in semiconductors than it is in metals, where S is typically of the order
of 10 µV/K.[Gol54] The use of semiconductors then made the Seebeck effect interesting
for applications where electrical energy needs to be supplied from simple heating, for
example for mobile military radio stations in remote areas in Russia.[Ved98] In 1909 E.
Altenkirch was the first to correctly calculate the efficiency of a thermoelectric energy
converter and thereby introducing the concept of the thermoelectric figure of merit
ZT.[Alt09, Cal]

It is important to note that with thermoelectricity this conversion of heat energy into
electrical energy is partly reversible. Not in the sense that electrical energy can be
dissipated by Ohmic losses, but in the sense that there exists an inverse effect to the
Seebeck effect. In 1834 J. C. A. Peltier discovered that a current I passing a conductor

1 Actually, he did not discover the voltage itself, but he observed what happened to a compass needle,
which was placed inside of a loop made from two half rings of different metals. As he heated one
junction of the two metals while keeping the other junction cold, the needle was deflected. The reason
for this behavior is the magnetic field caused by the current in the ring according to Ampere’s law. In
turn, this current is driven by the net voltage that remains when adding the thermovoltages of the two
metals.
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heats up one end and cools the other end. In contrast to Joule heating, reversing the
current direction also reverses the heat flux. The heat transported can be written as

Q̇ = Π I, (2.2)

with the Peltier coefficient Π. Today, the Peltier effect is exploited for cooling applica-
tions.

This chapter is intended to more extensively introduce the most important theoretical
aspects of thermoelectricity, starting with an illustrative explanation for the emergence
of the thermovoltage in an n-type semiconductor. As a basis for the discussion of the
experimental results obtained in this thesis the present chapter will also review the
literature on thermoelectricity in Si and SiGe materials.

2.1. A Simple Picture of the Origin of a Thermovoltage

If one imagines an n-type semiconductor with the conduction band edge Ec, and the
valence band edge Ev, and which is doped to an extent that the Fermi level EF is located in
the vicinity of the conduction band, then, for a finite temperature, the Fermi distribution
function extends into the Density Of States (DOS) of the conduction band. This results in
a certain local density of ionized donors and in a transfer of electrons into the conduction
band. For a slab of semiconducting material at constant temperature with no potential
difference applied this charge carrier density is the same throughout the whole material.
If now one end is heated to a higher temperature, the Fermi distribution function adapts
to this higher temperature, broadens and the overlap into the conduction band is larger.
A sketch of this situation is drawn in Fig. 2.1 (a). This larger overlap increases the density
of freely mobile electrons at the hot end. With respect to the cold end, a concentration
gradient of electrons establishes and, according to Fick’s law, diffusion of carriers from
the hot end to the cold end will take place. Since the electrons carry charge this leads to a
negative potential at the cold side with respect to the hot side, lifting the band structure
high in energy until the net flow of electrons due to diffusion is compensated by a flow
of electrons due to the electric field. The equilibrium situation is shown in Fig. 2.1 (b),
where the temperature dependence of EF due to the local statistics leads to the tilt of the
dashed line indicating EF compared to the conduction band.

In the above example a negative voltage emerges at the cold side, because electrons are
the majority carrier type. In a p-type semiconductor the same arguments hold and holes
accumulate at the cold side, generating a voltage of opposite sign. Thus, the sign of the
voltage at the cold side, and thus of the Seebeck coefficient, reveals the majority carrier
type. This simple test is extremely helpful, especially because the material only needs to
be poorly conductive since no net current flows when measuring the thermovoltage.
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Figure 2.1. The formation of a thermovoltage in an n-type semiconductor: In the initial situ-
ation one end of the sample is hot, the other is cold, but no net diffusion of charge carriers took
place yet. After diffusion of electrons from the hot to the cold end, the thermovoltage U ensures
electrochemical equilibrium.

2.2. Thermoelectric Conversion Efficiency

Combining Two Materials for a Thermoelectric Generator

To assess the suitability of thermoelectric materials for energy harvesting applications it
is necessary to study the conversion efficiency of a Thermoelectric Generator (TEG). As
obvious from the above discussion, power can only be generated when contacting the
hot and the cold side of the working material A with a Seebeck coefficient SA to a load,
which is at a temperature Tload. The cables made from a material B, leading to the load,
however, also have a certain Seebeck coefficient SB, so that the maximum voltage at the
load is given by

Uload = (SA − SB) (Thot − Tcold) . (2.3)

This consideration motivates to use two dissimilar materials for a TEG: an n- and a
p-type leg. Then, the TEG can entirely be contacted at either the hot or the cold side and
the cables themselves do not influence the voltage at the load. The different signs of
the Seebeck coefficient for the two legs A and B lead to an enhanced voltage, which is
the sum of the absolute values of the thermovoltage for the n- and the p-type leg. The
typical appearance of a TEG is shown in Fig. 2.2.

The following calculations of the thermoelectric conversion efficiency are based on
Ref. Iof57, assuming to a first instance temperature-independent material parameters. To
be implemented in the same TEG, the two legs have the same length l and cross sections
of Ap and An for the p- and the n-type leg, respectively. With the specific electrical
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current

n-type

p-type

heat flow

Figure 2.2. A thermoelectric generator (TEG): A p- and an n-type leg constitute the TEG. The
heat is absorbed at the top surface and rejected at the bottom surface. When a load is connected,
an electrical current results from the diffusion of electrons and holes to the cold side of the n-
and p-type leg, respectively. The illustration is taken and adapted from Ref. Sny08.

conductivities σp and σn and the specific thermal conductivities κp and κn, the total
electric resistance r of the TEG is

r = l
(

1
σn An

+
1

σp Ap

)
, (2.4)

and the total thermal conductance is

K =
1
l
(
κn An + κp Ap

)
, (2.5)

since the legs are connected in series for the current but in parallel for heat transport.
Considering the TEG as an effective device, also an effective Seebeck coefficient

S = Sp − Sn (2.6)

can be assigned.

Defining the Efficiency of a Thermoelectric Generator

The efficiency η of a TEG for energy harvesting is defined as

η =
Pload

Q̇lost
, (2.7)
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where Pload is the electrical power consumed by the load and Q̇lost is the heat flux taken
from the hot bath (which in most cases is the "rare" source whereas the cold bath is
abundant). With the resistance of the load R, Pload can be written as

Pload = R
(∆T S)2

(r + R)2 . (2.8)

There are three different heat transport mechanisms: Q̇Peltier, Q̇conduction and Q̇Joule, of
which the first two are completely lost for the hot bath, whereas Joule heating also heats
the hot bath, so that half of Q̇Joule is fed back. Therefore

η =
Pload

Q̇Peltier + Q̇Conduction − 1
2 Q̇Joule

(2.9)

=
S2 ∆T2 R

(r+R)2

S2 Thot ∆T 1
r+R + κ ∆T − 1

2 S2 ∆T2 r
(r+R)2

, (2.10)

which can be rewritten as

η =
∆T
Thot

R/r
1+R/r

K r
S2

1+R/r
Thot

+ 1− ∆T
2 Thot

1
1+R/r

. (2.11)

In this equation all external parameter, which essentially are the hot and cold side
temperature, are marked in red. Although not based on mechanics, a thermogenerator’s
efficiency is still limited by the Carnot efficiency, which is the first term in Eq. 2.11.
Interestingly, all material parameters accumulate in a single expression which is marked
in green. This expression is called 1

Z and is the main subject of the following discussion.

Optimizing the Efficiency

The efficiency is optimized by matching the load resistance. The ratio of external load
resistance to the resistance of the TEG is marked in blue in Eq. 2.11. As it is the case
also for other energy sources the load must match the source in a certain way. For solar
cells or batteries the internal resistance at the working point should be equal to the
load resistance. This condition is slightly adapted for thermoelectric energy conversion,
where η can only reach its maximum for(

R
r

)
optimum

=
√

1 + Z T̄, (2.12)

with Z being the material specific quantity alread defined in Eq. 1.1 and T̄ being the
mean operating temperature between the hot and the cold side temperature. With this



14 Chapter 2. Thermoelectric Transport

optimization the best efficiency of a TEG is

ηoptimum = ηCarnot

√
1 + Z T̄ − 1√

1 + Z T̄ + Tcold
Thot

. (2.13)

It is important to note here that Eq. 2.11 was not optimized with respect to maximum
output power but to maximum efficiency. There may be applications where this is not
the best optimization so that a different load resistance has to be chosen.

The Figure of Merit

As η rises monotonously with ZT, the holy grail of thermoelectrics is the characteristic
combination of material parameter S2

K r . Although deduced for a two-leg TEG, it can be
shown that Z can be defined with similar meaning for each leg separately.[Iof57] Then,
it can be written in terms of the material-specific quantities σ and κ

Z =
S2 σ

κ
(2.14)

which enters the figure of merit as defined in Eq. 1.1. ZT is a dimensionless positive
number and shall be maximized to maximize η. It is the long lasting quest of thermoelec-
tric research to boost ZT. However, the quantities S, σ and κ are strongly interrelated so
that a maximization of one easily leads to the reduction of another.

One of the most important parameters to influence the figure of merit is the charge
carrier concentration. As an example, Fig. 2.3 shows the dependence of S, σ and κ

on the carrier concentration n in single-crystalline bulk Si.[Sla91, Gla64, Sze81] As will
also be treated in Sec. 2.3, the Seebeck coefficient decreases with increasing n, while the
electrical conductivity strongly increases with n. This contradictory behavior is universal
and it must be kept in mind for all further considerations that it is hardly possible to
maximize S without decreasing σ or vice versa. The nominator in Eq. 1.1, S2σ, is called
the power factor, which is also plotted in Fig. 2.3.2 At room temperature the power factor
exhibits a maximum for a carrier concentration of approximately 5× 1019 cm−3. At these
conditions, bulk single-crystalline Si has a thermal conductivity κ of 145 W/m K.[Gla64]
This value is rather independent of n, unless the thermal conductivity added by the
motion of charge carriers becomes significant above n = 1020 cm−3, where, according
to the Lorenz law, charge carriers contribute to thermal conductivity.3 The resulting
room temperature figure of merit for Si with a high crystal quality then also peaks at
n = 5× 1019 cm−3 but reaches only a rather low maximum value of ZT = 3× 10−3.

2 As a very intuitive argument why S enters the power factor in the power of two is, that the power
consumed by the load is proportional to I2, with I in turn is proportional to the voltage U supplied by
the TEG. The Seebeck coefficient linearly enters U, so that all power-related quantities are proportional
to S2.

3 Here it is neglected that heavy doping also reduces the lattice thermal conductivity.
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Figure 2.3. Thermoelectric figure of merit for single-crystalline n-type Si at room temperature:
Realistic thermoelectric parameters are shown with respect to the carrier density. The Seebeck
coefficient is taken from Ref. Sla91, the electrical conductivity is taken from Ref. Sze81 and the
thermal conductivity is composed of a phonon contribution with 145 W/mK from Ref. Gla64
and an electronic contribution according to a Lorenz number of 2.44× 10−8 V2/K2 according to
metal theory.

For a fixed doping concentration the second major parameter that determines ZT is the
temperature. Figure 2.4 summarizes the figure of merit with respect to the temperature
for some n- and p-type materials. This selection demonstrates several universal aspects.4

First, all data sets of ZT for a given material rise with temperature, reach a maximum and
decrease afterwards. As will become clear in the following discussions of thermoelectric
transport, the reason for this observation is that usually the conductivity and the Seebeck
coefficient rise with temperature until the material begins to become intrinsic, where
both electrons and holes contribute, and the total Seebeck coefficient goes to zero. This
becomes clear if one calculates the total Seebeck coefficient for two parallelly connected

4 A more complete selection of figures of merit including recently published data materials can, e. g., be
found in Refs. Min09 and Zeb12.
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Figure 2.4. Figures of merit for different material classes: For n-type and p-type materials the
figure of merit is shown versus the temperature. The data is taken from Ref. Sny08.

transport channels, here denoted by indices n and p,

Stotal =
Sn n µn + Sp p µp

p µp + n µn
, (2.15)

where n and p are the electron and hole densities and µpn and µp are the electron and
hole mobilities, respectively. Second, the temperature of the maximum of the ZT curve
is at higher temperatures when the bandgap of the material is higher.[Gol99] This fact is
directly correlated to the first statement, because high bandgap materials need higher
temperatures to become intrinsic. Third, in most material classes the p-type counterpart
is less efficient than the n-type material, which can be explained by the often higher
mass, and thus lower mobility, of holes compared to electrons.

The selected data in Fig. 2.4 are representative in the way that one can typically
discriminate materials which are efficient at room temperature, at medium and at
high temperatures. Low temperature materials often are based on Bi as main element,
whereas medium temperature materials contain Pb. Also Te and Sb are commonly
found in thermoelectric materials suitable for this temperature range. All the mentioned
elements are rather heavy, which makes the materials poor thermal conductors, mainly
due to the reduced group velocity in such heavy element materials.[Jai14] However,
all these elements are either poisonous, rare or expensive. Only SiGe, the typical high
temperature thermoelectric material, is based on rather abundant and non-poisonous
elements.

The discussion of the efficiency of a TEG so far neglected that ZT depends on temper-
ature, which is not justified as shown by Fig. 2.4. However, it is desirable to maximize
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the temperature difference for maximum power output. As a consequence, a TEG made
from a homogeneous material cannot be the optimum choice. To avoid this, good TEGs
are graded and the doping density is adjusted to the local mean operating temperature.
This motivates the search for a method that allows to flexibly tune the spatial distribution
of the doping density. For thin films, such a method is presented in Chap. 7.

2.3. Theoretical Description of Thermoelectric Transport

The previous section derived an expression of the thermoelectric conversion efficiency,
involving the figure of merit ZT = S2 σ

κ T. Now, a more basic discussion of thermoelectric
parameters and thermoelectric transport shall be given. For the electric parameters
semiclassical statistics will be employed, essentially following the books of Chen and
Gross.[Che05, Gro12] The interested reader is directed to the books of Harman and Ioffe
which treat these issues much more thoroughly.[Har67, Iof57] Thermal transport by
phonons will also shortly be summarized using the analogy of gas theory according to
arguments in the books of Gross and Weißmantel.[Gro12, Wei79]

2.3.1. General Transport Coefficients for Transport of Charge Carriers

The derivation of microscopic descriptions for S and σ starts by assuming a gas of
charge carriers. Without loss of generality, the following derivation is valid for an
n-type semiconductor and all energies are measured with respect to the valence band
edge. Electrons are moving in an environment where electric fields, temperature and
concentration gradients are small. The electrons obey Fermi-Dirac statistics with their
undisturbed distribution function f0

f0 =
1

exp
(

E−EF
kB T

)
+ 1

, (2.16)

where E is the electron’s energy, EF is the Fermi level5, and kB is the Boltzmann constant.
Within the relaxation time approximation the Boltzmann transport equation for electrons
in an electric field ~E reads

∂ f
∂t

+~v · ∇ f + q~E · ∂ f0

∂~p
=

f0 − f
τ

, (2.17)

where ~v is the velocity of an electron in the electron gas, q is the electron’s charge, ~E
is the electric field, ~p is the momentum of the electron and τ is the electron cloud’s

5 There is a confusion in the literature about the meaning of EF. Here, it is identified with the chemical
potential, although the author is aware that the Fermi level is an energetic position rather than a potential
in the sense of classical gas theory.
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relaxation time. Applying the usual assumptions for a small disturbance and using
∂ f
∂~p ≈

∂ f0
∂~p = ∂ f0

∂E
dE
e~p = ~v ∂ f0

∂E , Eq. 2.17 can be simplified to

~v ·
[
∇ f0 + q~E

∂ f0

E

]
=

f0 − f
τ

. (2.18)

Now, the abbreviation

ζ =
E− EF

kBT
(2.19)

is introduced since, both, T and EF can depend on spatial coordinates in a TEG, one
obtains

∇ζ = − 1
kBT
∇EF −

E− EF

kBT2 ∇T, (2.20)

which consists of two terms: one with a gradient of the Fermi energy and one with a
gradient of the temperature. As a result, the simplified Boltzmann transport equation
now reads

~v ·
[
−∇EF −

E− EF

T
∇T + q~E

]
∂ f0

∂E
=

f0 − f
τ

. (2.21)

The electric field is related to the electrostatic potential ϕe by

~E = −∇ϕe. (2.22)

Thus, the electrochemical potential Φ is

Φ = EF + qϕe. (2.23)

With that one finally obtains

f = f0 − τ ~v ·
(
−∇Φ− E− EF

T
∇T
)

∂ f0

∂E
. (2.24)

To derive expressions for transport coefficients the above term for f can be used. For
example the electrical current density~je, which is the integral of the product of charge
density, charge carrier velocity, DOS and occupation probability f over all electron
energies, can then be written as

~je =
1
V

∫
e ~v(E) f (E) DOS(E) dE, (2.25)

where V is the sample’s volume. Using Eq. 2.24 it follows that

~je =
1

3V

∫
∂ f0

∂E
DOS(E)qv2τ

(
∇Φ +

E− EF

T
∇T
)

dE. (2.26)

In a similar fashion, the energy flux density associated with the transport of electrons
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can be derived to be

~jE =
1

3V

∫
∂ f0

∂E
DOS(E)Ev2τ

(
∇Φ +

E− EF

T
∇T
)

dE. (2.27)

The latter two equations can be written using the so-called general transport coeffi-
cients6

~je = L11

(
−1

q
∇Φ

)
+ L12 (−∇T) (2.28)

~jE = L21

(
−1

q
∇Φ

)
+ L22 (−∇T) , (2.29)

with Lij resulting from the above equations.
It is now interesting to relate these transport coefficients to physical phenomena.

Having in mind the semiclassical expression

E =
1
2

m∗v2, (2.30)

with the effective mass of the charge carrier m∗, and knowing that electrical conduction
is driven by a gradient of the electrochemical potential, the electrical conductivity σ is

σ = L11 = − 2q2

3m∗

∫
∂ f0

∂E
DOS(E)Eτ dE. (2.31)

For open circuit conditions, i. e.,~je = 0, the Seebeck coefficient is S = L12
L11

. For vanishing

temperature gradient and current flowing, the Peltier coefficient is Π = L12
L11

T and the

thermal conductivity of electrons (not of the lattice, of course) is κe = L22 − L12L21
L11

.
In the following, the expression for the Seebeck coefficient shall be discussed in further

detail. Explicitly, S can be written as

S = − 1
qT

∫ ∂ f0
∂E DOS(E)E(E− EF)τ dE∫ ∂ f0

∂E DOS(E)Eτ dE
∝ (E− EF). (2.32)

This is one of the central equations in this work. The proportionality indicated hand-
wavingly at the end (which strictly speaking is only true for each subensemble of
charge carriers with the same energy) shows that the Seebeck coefficient measures
the energetic distance of the energy where transport occurs to the Fermi level. An
equivalent interpretation is that the Seebeck coefficient is the entropy carried by 1 A of
current.[Hum05]

It is worth to notice that the Seebeck coefficient is a state function, such as it is the

6 Of course, also magnetic effects can be included in the most general form of transport coefficients.
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conductivity in contrast to the conductance. Thus, the Seebeck coefficient does not
depend on the sample geometry or the current path. This is reflected by the fact that the
integrals in the above equation do not contain any sample dimension.

The main work to do when calculating the Seebeck coefficient for a certain material
with known DOS is to evaluate the derivative of the distribution function. The results
differ, depending on whether the material is considered a non-degenerate semiconductor,
where the Fermi level lies deep in the band gap and the distribution function in the
valence or conduction band can be approximated by an exponential tail, or whether the
material is degenerate. In the latter case, the Fermi level is very close or even in the
band, so that degenerate statistics need to be employed.

Assuming that the relaxation time can be written as

τ ∝ Er, (2.33)

with the scattering factor r, and after approximating the Fermi-Dirac integrals appropri-
ately, the Seebeck coefficient for a non-degenerate semiconductor reads

S =
1

q T

(
Ec − EF + (r +

5
2
) kB T

)
, (2.34)

or, using the charge carrier density n instead of the Fermi energy as a parameter,

S =
kB

q

(
r + 2 + ln

(
2(2π m∗kB T)3/2

h3 n

))
. (2.35)

Here, h is the Planck constant and m∗ again is the effective mass of the charge carrier.
Using degenerate statistics for a metal or a heavily doped semiconductor, the Seebeck

coefficient is commonly written as

S =
π2 k2

BT
2qEF

, (2.36)

or again, using the charge carrier density instead of the Fermi level [Sny08]

S =
8 π2 k2

B
3 q h2 T m∗

( π

3 n

)2/3
. (2.37)

With knowledge of the effective mass, Eq. 2.37 allows to determine the charge carrier
concentration if the Seebeck coefficient linearly rises with temperature. In many cases,
the data sets cannot be extrapolated to the origin, so that it seems wise to use the slope
∂S
∂T instead of the absolute values. A possible reason for offsets in the Seebeck coefficient
data sets are additional transport mechanisms which add a contribution to the metallic
conduction.

To summarize, for heavily doped semiconductors the Seebeck coefficient behaves like
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in a metal, with Smetal ∝ T, whereas for a semiconductor with low doping Ssemic. ∝ 1
T

is generally observed. However, also an implicit dependence of S on T due to the
temperature dependence of EF is contained in Eq. 2.34 and Eq. 2.36. The materials
used for TEG are typically doped to a degree that falls in between these limiting cases,
which often makes an evaluation simply along the lines of the above equations hard. In
both cases, semiconductor-like and metal-like, the Seebeck coefficient decreases with
increasing charge carrier concentration.

Finally, the importance of the DOS for the thermoelectric parameters shall shortly be
mentioned. For the metallic case the Seebeck coefficient can also be written in a different
form, which is known as the Mott formula and which reads, e. g. according to Ref. Fri71,

S =
π2 k2

B T
3 q

(
dln(µ DOS)

dE

)
|E=EF , (2.38)

where µ is the charge carrier mobility. Since the Seebeck coefficient in Eq. 2.38 rises with
increasing modulation of the DOS with respect to energy, physics on the nanoscale can
enhance the Seebeck coefficient when bunching the DOS from 3 dimensions to 2, 1 or
even 0 dimensions.[Dre07, Min09b, Her08] A bunching of the states necessarily increases
the energy dependence of the DOS and thus, according to Eq. 2.38, the Seebeck coefficient.
This can be done by stacking layers in quantum well structures (2 dimensions), growing
nanowires (1 dimension) or embedding nanoparticles into bulk material (0 dimensions).

2.3.2. Thermal Transport by Phonons

The thermal conductivity κ is a key parameter in materials research and device optimiz-
ation. It relates the heat flux density ~̇q to the temperature gradient ~∇T by

~̇q = −κ ~∇T, (2.39)

and is usually expressed in units of W/m K. In general, κ is a tensor quantity, reflecting
the anisotropy of a material. In the following, conduction of heat parallel to the temper-
ature gradient is assumed. If a distinction is drawn for conduction in specific directions,
e. g., in- or cross-plane conduction in a thin film, this will be pointed out in such a case,
so that only the scalar thermal conductivity κ is used from now on.

In many materials the majority of heat is conducted by phonons. For each spectral
phonon mode of wavelength λm the conditions in a sample, such as its physical dimen-
sions, its isotopic purity, its nano- and microstructure, and the sample temperature, limit
the specific mean free path Λm of this mode. Λm can be understood as the mean distance
between scattering events of the quasiparticle. The fraction this mode contributes to the
total phonon thermal conductivity can be written as

κph,m =
1
3

Cv Λm vg, (2.40)
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where Cv is the specific heat for constant volume of the material and vg is this phonon
mode’s group velocity.[Gro12]

The total thermal conductivity is the sum of all modes’ contributions. As phonons
obey Bose statistics the number of modes is not constant but increases with temperature.
Thus, phonon-phonon scattering becomes increasingly important at higher temperatures
which is the reason for the 1/T dependence of the thermal conductivity observed in the
limit of high temperatures. At low temperatures, however, the thermal conductivity
is limited by scattering events at defects as well as by the decreasing number of active
modes. Usually, in the limit of very low temperatures, the temperature dependence of
Cv ∝ T3 is also observed for κ then.

Apart from phonons, heat can also be carried by, e. g., charge carriers, magnons
or spin waves.[Hoh14, An13] The total thermal conductivity κ is then the sum of all
those contributions. For thermoelectric materials, with their usually high electrical
conductivity σ, the electronic part of the thermal conductivity κel contributes according
to the Wiedemann-Franz law

κel = σ L T, (2.41)

where L is the Lorenz number. However, apart from metals and perfectly optimized
thermoelectric materials, the phonon contribution to κ dominates. In the rest of this
thesis, the minor contributions are neglected and the manipulation of κ is discussed in
the sense that mostly phonons are affected.

2.4. Thermoelectric Parameters in Group-IV Materials

After the theoretical derivation of thermoelectric transport parameters in the previous
section, thermoelectric data in Si-based materials shall be reviewed. This serves as a
basis for the discussion of the results obtained on the materials developed in this work.

2.4.1. Conductivity and Mobility in Poly-Crystalline Materials

The literature data on the electrical conductivity of semiconducor materials is vast, so
that this section will not discuss the general characteristics, such as intrinsic conduction
or dopant freeze out. Also, this work takes the behavior of the Fermi level as a function
of the temperature as given.[Gro12] As a special case which is relevant for the materials
discussed in this thesis, the impact of grain boundaries on the electrical transport
according to the model of Seto shall shortly be discussed.[Set75, Upr91]

In a poly-crystalline material one finds unsaturated bonds at the grain boundaries,
so-called dangling bonds, which give rise to a density of states of trap states in the
bandgap. Freely mobile charges get trapped there and pin the Fermi level at the energy
of the trap states as long as there are still singly occupied orbitals of dangling bonds
available. On the one hand this reduces the density of mobile charges because part of
the charge carriers are trapped. On the other hand this reduces the mobility for the
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Figure 2.5. Transport of charge carriers across grain boundaries following the Seto model:
(a) The energy landscape in poly-crystalline silicon is characterized by trap states, which pin the
Fermi level at the grain boundary, resulting in barriers for holes. (b) The height of the energy
barrier depends on the doping concentration. (c) The mobility for macroscopic transport through
the poly-crystalline material is especially low when the doping concentration is equal to the trap
state density. (d) The electrical conductivity rises several orders of magnitude when the doping
concentration is higher than the trap state density.[Set75]

remaining charge carriers due to band bending. Figure 2.5 (a) schematically illustrates
the energy landscape of a p-type poly-crystalline semiconductor. Holes encounter energy
barriers in their transport path across the grain boundary. The barrier height EB, shown
in panel (b), is a function of the doping concentration with two regimes. For doping
below the density of trap states the barrier height rises with doping while for doping
above the trap state density the barrier height decreases due to increased screening
effects. As a consequence of the barrier height being maximal when doping is equal to
the trap state density, the mobility undergoes a minimum there, as shown in panel (c).
The macroscopic electrical conductivity (not that within a grain), shown in panel (d),
increases sharply for doping above the trap state density because all traps are filled and
each additional dopant contributes with one mobile charge.
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It is often observed that a situation discussed in the context of Fig. 2.5 leads to a convex
behavior of the temperature-dependent conductivity in an Arrhenius plot. The reason is
that transport is thermally activated with respect to the charge carrier concentration and
also with respect to the mobility. Especially the mobility across the barrier is dependent
on the temperature, because high energy charge carriers are easily emitted across the
grain boundary. The percentage of carriers with enough energy increases strongly with
temperature.[Yan80] The convex behavior of σ versus 1/T is even more pronounced for
a distribution of barrier heights, as it will be the case in most realistic materials.

2.4.2. The Seebeck Coefficient in Group-IV Materials

From Eq. 2.35 and 2.37 it is obvious that the Seebeck coefficient decreases with the charge
carrier concentration. This relation, known as the Pisarenko relation, is shown for Si in
Fig. 2.6 (a) at room temperature with experimental data from Ref. Sla91. The two models
for a semiconductor and a metal are shown as solid lines. At room temperature the two
regimes cross at a carrier concentration of approximately 1020 cm−3. This characteristic
relation has also been reported for numerous other systems. As examples, data for thin
film p-type Ge from Ref. Hui67 are shown in panel (b), for p- and n-type SiGe from
Ref. Yam00 in panel (c) and for n-type GaAs from Ref. Pic11 in panel (d).

The data in Fig. 2.6 are valid for room temperature. More physical information is
contained in the data of temperature-dependent Seebeck coefficients, because this allows
to assign a semiconductor- or a metal-like model. Figure 2.7 shows a collection of some
data from the literature on the temperature dependence of S for Si and Ge materials.
In panel (a) B-doped Si has a positive Seebeck coefficient for low and moderate tem-
peratures. The sample doped with 1015 cm−3 shows an approximate 1/T behavior for
temperatures up to 500 K and, thus, behaves according to the prediction of Eq. 2.34.
Similarly, the n-type sample with a P concentration of 4× 1014 cm−3 behaves like −1/T
up to a temperature of 450 K. Increasing the temperature above 500 K, the Seebeck
coefficient of both samples changes to one characteristic for intrinsic Si. For those tem-
peratures, the thermally activated charge carriers outnumber the ones caused by doping.
The Seebeck coefficient of intrinsic Si is negative, because according to Eq. 2.15 the more
mobile species, in this case electrons, dominate. Also for intrinsic Si, the Seebeck coeffi-
cient decreases in magnitude with temperature, following approximately a −1/T law.
Compared to the low B-doping, increased B-doping leads to a smaller positive Seebeck
coefficient. Interestingly, for low temperatures these curves increase with temperature.
Especially the sample doped with 1.5× 1019 cm−3 shows a pronounced metallic beha-
vior proportional to T according to Eq. 2.37. This is the only data set that still rises
with temperature around room temperature, consistent with the transition between
semiconductor- and metal-like model in Fig. 2.6. The green dashed line in Fig. 2.6 (a)
is the expected behavior for the sample doped highest with B. The increased doping
density leads to a transition to intrinsic behavior at higher temperatures compared to
low-doped samples.
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Figure 2.6. The Pisarenko relation for Si, Ge, SiGe and GaAs: The room temperature Seebeck
coefficient is plotted versus the charge carrier concentration for (a) p-type Si from Ref. Sla91. The
model for a semiconductor follows Eq. 2.35, the one for a metal Eq. 2.37. The lower panels show
similar experimental results obtained on (b) p-type Ge from Ref. Hui67, (c) n- and p-type SiGe
from Ref. Yam00 and (d) n-type GaAs from Ref. Pic11.
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Figure 2.7. Temperature-dependent Seebeck coefficients for group-IV materials: The panels
show the Seebeck coefficients for (a) B- and P-doped Si from Ref. Geb55, (b) Al- and Sb-doped Ge
from Ref. Mid53, (c) p- and n-type SiGe of various Si contents from Ref. Dis64 and (d) plastically
bent Ge thin films from Ref. Yam61. The dashed lines in panel (a) are schematically extrapolated.

This prediction is confirmed by the data in panel (b) where Al- and Sb- doped poly-
crystalline Ge samples are investigated. As expected, for low temperatures Al-doped
samples have a positive and Sb-doped samples have a negative Seebeck coefficient. For
all samples the Seebeck coefficient rises with temperature first, and then approaches that
for intrinsic Ge. The higher the samples are doped, the higher the temperature needed
for intrinsic conduction. Again, electrons are more mobile in crystalline Ge than holes,
so that the intrinsic Seebeck coefficient is negative.

In Fig. 2.7 (c) the Seebeck coefficients of SiGe alloy materials doped heavily with B
and As or P are shown. Compared to panel (a), the Seebeck coefficient is generally
much lower, as expected from the high doping level. The rising Seebeck coefficient
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with increasing temperature indicates a fully metallic behavior up to even highest
temperatures. As already discussed in the last two panels, also here the sample doped
lowest with donors is the first to leave its characteristic metallic behavior followed by
the Seebeck coefficient tending to that of intrinsic material. The exact alloy composition
indicated by the percentages in panel (c) seems to be of minor relevance for the Seebeck
coefficient compared to the influence of the different doping levels.

As a last example which is relevant for the discussion of the samples prepared in
this work, the Seebeck coefficient of thin films of crystalline Ge is shown in panel (d).
Consistent with the data in panel (b), the Seebeck coefficient for the undoped sample
marked with "not bent" is negative. A series of thin film samples underwent plastic
bending, which increases the density of crystal defects such as twins or dislocations.
Interestingly, the heavier the bending, the more pronounced the samples become p-type
conducting. The most likely reason is that these lattice imperfections give rise to a
density of states near the valence band of Ge, pinning the Fermi level there at low
temperatures. Later, in Chap. 6, this behavior will be discussed in detail.

2.4.3. The Thermal Conductivity of Si-Based Materials

The Range of Thermal Conductivities in Solids

Similar to its electrical counterpart σ, the magnitude of the thermal conductivity κ

spans a range of many orders of magnitude. The highest thermal conductivity of bulk
materials is reported in single-crystalline diamond with more than 10 000 W/m K at
T = 100 K.[Ber75] With 30 000 W/m K, isotopically purified diamond even outperforms
its natural counterpart.[Ols93] At room temperature, isotopically enriched graphene has
been measured to exhibit a thermal conductivity of > 4000 W/m K, which is even higher
than the value obtained in bulk diamond for that temperature.[Che12] On the other
side of the range of thermal conductivities, electrically insulating and highly disordered
materials are found. Assuming that Λ must at least be comparable to λ, according to
Eq. 2.40 a minimum of the thermal conductivity can be expected for dense materials.
Many glasses, e. g., behave according to this assumption.[Cah92, Tri04] Of course, in the
case of a solid with voids, the apparent thermal conductivity, i. e., normalized by the
outer physical dimensions of a sample and not by the atomic density, exhibits practically
no lower limit for extremely high porosities or vanishing material density.[Hop12]
An example for such a material class with superb thermal isolation properties are
silica aerogels, with values of the thermal conductivity down to 10−6 W/m K at T =
0.1 K.[Sch91]

Approaches to Lowering the Thermal Conductivity

Whereas enhancing the thermal conductivity of a material is virtually only possible
by very expensive approaches, such as reducing crystallographic defects, chemically
purifying the material and enriching certain isotopes, lowering the thermal conductivity
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is a comparatively easy task, namely by a reduction of Λ. In the case of thermoelectric
materials, however, care has to be taken not to degrade the electronic properties similarly.
The fact, that the mean free path of charge carriers usually is already much smaller than
that of phonons, makes micro- and nanostructuring a reasonable method for optimizing
thermoelectric materials.[Web91, Qiu15] Figure 2.8 summarizes several aspects on the
manipulation of κ in Si systems, based on reports from the literature.

The influence of isotopic purity: Figure 2.8 (a) shows the temperature dependence
of κ for bulk single-crystalline Si with natural isotope composition as the curve labeled
number 1.[Iny04] As already shortly described in Sec. 2.3.2, for low temperatures κ rises
due to the increasing number of phonons with temperature. Phonon-phonon scattering
processes decrease κ for high temperatures, which theoretically follows a power-law
dependence with an exponent of -1. The overlap with other scattering processes around
the maximum of the curve usually leads to an even steeper decrease of κ with T. Curve 2
shows experimental data on κ for isotope enriched 28Si,[Iny04] which outperforms
natural Si by an order of magnitude around the maximum of the curve. At higher
temperatures, however, enriched Si shows approximately the same behavior as natural
Si, because phonon-phonon scattering events are similarly likely in both materials.

The influence of boundary scattering: Curve 3 in Fig. 2.8 (a) shows the data of an
undoped single-crystalline thin film of 1.6 µm thickness.[Ash97] Especially at low tem-
peratures, where phonon-phonon scattering not yet dominates but boundary scattering
at the sample surface is important, κ is reduced compared to bulk Si, approaching its
value at around room temperature. An undoped single-crystalline thin film of 420 nm
thickness (curve 4) shows a further reduced κ.[Ash97] In this case, also at room temper-
ature a significant reduction is observed. For an undoped single-crystalline thin film of
only 20 nm thickness (curve 5) κ is reduced further by an order of magnitude.[Liu04]

The influence of poly-crystallinity and doping: Curve 6 and 7 in Fig. 2.8 (a) denote the
data of poly-crystalline thin films with grain sizes of 400 nm and 1.06 µm film thickness,
B-doped with 2× 1018 cm−3 and 1.6× 1019 cm−3, respectively.[McC01] Compared to
the curves discussed so far, the poly-crystallinity and the doping density reduce κ

significantly. But even an undoped poly-crystalline thin film with a grain size of only
190 nm and 1 µm film thickness in curve 8 shows a thermal conductivity of half an order
of magnitude lower, so that in this regime doping seems to be less important compared
to the poly-crystallinity.[Uma01] Once the crystallite size is much smaller than the film
thickness, the effect of thinning the sample becomes less important.

The influence of nano-crystallinity: Curve 9 in Fig. 2.8 (a) shows data of bulk-nano-
crystalline Si with grain sizes of 550 nm, which shows a thermal conductivity com-
parable to a thin film with approximately the thickness of the grain size of the latter
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Figure 2.8. Manipulation of the thermal conductivity κ in Si systems: In panel (a) influences
on the temperature dependence of κ in Si materials are shown.[Iny04, Ash97, Liu04, Wan11,
Cla13, McC01, Uma01, Cah89] The open red symbol and the attached red line are discussed
later in the context of Fig. 8.5. Panel (b) shows room temperature values of κ for silicon-on-
insulator (SOI, closed symbols) and free standing membranes (open symbols) as a function
of the film thickness. The data are taken from different references as indicated by the differ-
ent symbols.[Ash98, Ju99, Liu04, Son04, Ju05, Liu05, Liu06b, Liu06a, Liu11, Chá14, Sto14b] In
panel (c) the bulk thermal conductivity of Si1−xGex is shown versus the alloy composition.[Gar11]
The inset shows the phonon DOS of Si and Ge.[Web77] Theoretical calculations of the accumu-
lated thermal conductivity κaccum. at room temperature, i. e. the thermal conductivity contribu-
tion of all phonons with mean free paths smaller than the value on the abscissa, are shown in
panel (d). The left part shows normalized calculations for a thin film and bulk Si,[Jai13] the right
part shows calculations for bulk Si and Si50Ge50.[Ber10] Details of all panels are discussed in the
text.
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sample.[Wan11] Further reducing the grain size to 76 nm in curve 10 shows the expec-
ted influence on κ.[Wan11] Bulk-nano-crystalline Si with with grain sizes of 30 nm in
curve 11 shows the lowest thermal conductivity discussed so far.[Cla13]

The influence of amorphous disorder: Disorder on an even smaller scale is present
in amorphous material. Hydrogenated amorphous Si with a hydrogen content of 20%
is shown in curve 12 in Fig. 2.8 (a), and purely amorphous Si in curve 13, having a
supremely low thermal conductivity.

Notably, the temperature dependence of systems with low dimensionality or a high
degree of disorder is much less pronounced compared to single-crystalline material.
This fact will become important when discussing the results obtained on laser-sintered
thin films in Sec. 8.2.3.

The influence of the film thickness at room temperature: In Fig. 2.8 (b) the room
temperature in-plane thermal conductivity of single-crystalline Si thin films is plotted
versus the thickness of the membrane. Closed symbols denote silicon-on-insulator
samples, whereas the open symbols are data for freely suspended membranes.[Ash98,
Ju99, Liu04, Son04, Ju05, Liu05, Liu06b, Liu06a, Liu11, Chá14, Sto14b] The dashed re-
gion marks the range of literature values found for bulk single-crystalline Si at room
temperature.[Gla64, May67] For films thicker than 2 µm virtually no difference is found
compared to bulk Si. For decreasing film thickness below 2 µm κ starts to deviate from
the bulk value. Values up to one order of magnitude lower than that of bulk Si are found
for films of a thickness of the order of 10 nm. A reduction of the density of phonon modes
that can be excited in physically restricted system, as well as the enhanced phonon scat-
tering at the surface of the sample, lead to a decrease of κ not only in membranes but also
in other small-scale systems, such as nanowires.[Li03, Doe10, Tan11, Mal12] In addition,
if reflection at these surfaces is not specular due to an enhanced roughness of the surface,
the thermal conductivity reduction is even more pronounced.[Hoc08, Lim12]

The influence of local density variation: The reduction discussed so far arises from
shrinking a system and eliminating thermal transport by long wavelength phonons.
Increased phonon scattering for short wavelength phonons is exemplarily shown in
Fig. 2.8 (c), where Ge atoms are isovalently exchanged at random places in the Si
lattice.[Gar11] The higher mass of Ge compared to Si leads to a defect in the vibrational
chain and phonons adapted to the Si lattice are scattered by the alloy. The thermal
conductivity decreases strongly even for smallest admixtures of Ge. Already for 1% Ge
κ is reduced by a factor of 4. The lowest value of κ in the Si1−xGex alloy system is found
for roughly equal parts of Si and Ge, with a reduction by a factor of roughly 25. A related
concept is the so-called phonon mismatch, where phases of, e. g., pure Si alternate with
phases of pure Ge. The inset in panel (c) shows the phonon DOS of Si and Ge versus
the phonon frequency.[Web77] Both DOS have little overlap, so that phonons coming
from the one material find a low DOS behind the grain boundary, leading to enhanced
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phonon reflection. A similar situation occurs for grain boundaries within material of the
same composition, but with different crystal orientation of the grains. The symmetry of
the Si lattice leads to an orientation-dependent DOS and an additional thermal resistance
is found at the grain boundary, known as the Kapitza resistance.[Mai97, Phi05]

The cumulative thermal conductivity: The effect of selectively excluding a certain
part of the phonon spectrum from heat transport is shown in calculations in Fig. 2.8 (d),
where the normalized cumulative thermal conductivity, i. e., the fraction of thermal
conductivity carried by phonons with a mean free path smaller than the value at the
abscissa, is plotted versus Λ. A similar plot has already been discussed in Fig. 1.2. Both
black solid lines represent Si, taken from different publications.[Jai13, Ber10] On the left
half of the panel pure bulk Si is compared to a 50 nm thick membrane of pure Si. As
already discussed, this eliminates phonons with mean free paths much larger than the
film thickness. Thus, the curve of the normalized cumulative thermal conductivity shifts
to lower mean free paths. Contrary, if pure Si is compared to Si1−xGex where phonons
of short mean free paths carry less heat, the curve shifts to higher mean free paths.
Experimental knowledge of such kind of graphs is extremely helpful in optimizing κ. To
further reduce κ in a material, additional scattering mechanisms need to be introduced.
Thereby, the characteristic feature size of this scattering mechanism needs to match the
abscissa value where the curve in Fig. 2.8 (d) rises fastest. Panel (d) also motivates that
the introduction of a microscale porosity in laser-sintered thin films is much more useful
in Si1−xGex thin films than in pure Si or Ge films, because in the alloy system, long mean
free path phonon contribute relatively more than in the pure materials.





3
Selected Experimental Techniques

For the sake of readability of the sections on the experimental results, the most relevant
experimental techniques are introduced separately here in this chapter. Among these
techniques are Fourier Transform Infrared Spectroscopy (FTIR), the determination of
the electrical conductivity and the Seebeck coefficient/thermovoltage, as well as Raman
spectroscopy. Wherever measurements include special details, such as for example the
Fano effect in Raman spectroscopy, these are covered in the respective results section.
Also, important measurement parameter are mentioned directly before discussing the
measurements.

Apart from the major techniques, this work also presents results obtained by meth-
ods which are used less frequently in this work, such as Photothermal Deflection
Spectroscopy (PDS), Laser-Ablation Inductively-Coupled Plasma Mass Spectrometry
(LAICP-MS) or X-ray Photo-electron Spectroscopy (XPS). A very short introduction of
these techniques’ principles is given in the context of discussing the results obtained.

3.1. Fourier Transform Infrared Spectroscopy

FTIR investigates the absorption of infrared light due to interaction with a molecular
dipole, which results from different electronegativities of the elements constituting
the sample. One advantage of FTIR is that a whole spectrum can be measured at
one time, using a broad-band thermal radiation source and by making use of Fourier
transformation of a modulated interferometer signal. For that, the infrared beam is
separated by a beam splitter. In conventional FTIR spectrometers one part of the beam
is reflected by a fixed mirror, the second one by a movable mirror. By use of a reference
laser (e. g. a HeNe laser) the position of the movable mirror can be monitored exactly.
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The two beams are then superimposed again and are directed onto the sample before
reaching the detector. Fourier transformation of the signal intensity as a function of
the mirror position yields a spectrum as a function wavenumber. By comparison to a
spectrum recorded without sample, the absorbance of the sample can be obtained. A
more detailed introduction to FTIR can for example be found in Refs. Gün02, Hoe10.

In this work a Bruker Vertex 70v spectrometer with a SiC globar is used in combination
with an L-alanine-doped triglycine sulfate (DLTGS) detector. For this spectrometer a
slightly different optical system is used which is less prone to vibrational disturbances.
Since the NP surface termination is most relevant directly before laser-sintering the thin
NP films, the most widely used measurement geometry in this work is a thin film of
as-deposited NPs, spin-coated onto a gold-coated substrate. As a reference sample, a
gold-coated substrate by itself is used. The infrared radiation penetrates the film under
a 45° angle, is reflected by the gold mirror and penetrates the NP film for a second
time, before leaving the film and entering the detector. This geometry is often called
transflection, which is a portmanteau, describing the fact that the radiation is reflected by
the mirror, but still the thin film is measured as if in two-fold transmission.

3.2. Measurement of the Electrical Conductivity

The room temperature electrical conductivity of thin film samples in this work is ob-
tained by recording a current-voltage characteristics at ambient conditions and calculat-
ing the conductivity according to

σ =
I

U
l

w d
, (3.1)

where I
U is the slope of the current-voltage characteristics and w and l are the width and

the length of the sample, respectively. The height of the film is denoted by d. Although
not stated explicitly, σ is a macroscopically defined quantity, i. e. not accounting for
height corrugations and porosity effects.

For temperature-dependent measurements the sample is placed within an evacuated
dark chamber onto a heated steel element. The temperature is monitored by a type K
thermocouple glued either onto the sample itself or directly next to it using silver paste.
A Eurotherm 3500 temperature controller ramps the temperature while the current
through the sample is recorded by a Keithley 2400 for a constant bias voltage of for
example 1 V. If major differences of heating and cooling curves are noticed, the cooling
curve is used for calculation of the electrical conductivity.



3.3. Measurement of the Seebeck Coefficient 35

3.3. Measurement of the Seebeck Coefficient

Temperature-Dependent Seebeck Coefficient Setup

The Seebeck coefficient is measured for temperatures ranging from approximately 350 K
to 670 K in an in house-built steel setup, which is inserted into a vacuum chamber. The
setup which is schematically shown in Fig. 3.1, consists of two posts, which can be heated
separately by two heating cartridges, each of them controlled by a Eurotherm 3500
temperature controller. On both posts a steel platform is attached, so that a gap of
approximately 5 mm between the platforms remains. As a solid carrier placed onto the
platforms across the gap a 0.5 mm thick piece of sapphire is used, which is a passable
trade-off with respect to a good thermal conductance from the steel platforms through
the carrier to the sample and a small thermal conductance across the gap. Furthermore,
sapphire is an electrical insulator and offers high mechanical stability. Onto this carrier
the thin film samples are placed and attached by silver paste. The electrical contacts of
the samples are sputtered or evaporated metal contacts, which typically have a distance
of 7 mm, so that the electrical measurement of the thermovoltage picked between these
contacts is placed completely above the platforms, where also the temperatures are
measured by type K thermocouples.

For the determination of a Seebeck coefficient at a mean temperature of, e. g., 400 K,

sapphire substrate

sample
silver paste

thermocouples
alumel and chromel

heat source/sink hot                             cold

Thot Tcold

Ssample = U/∆T + Salumel

Figure 3.1. Setup for the determination of the Seebeck coefficient: The sample is placed on a
mechanically stable and thermally conducting sapphire substrate, which in turn is placed with
its two ends on a hot and a cold steel post. The temperature of the sample ends is measured
by two alumel/chromel thermocouples onto the sample. The thermovoltage is picked between
the alumel cables. The Seebeck coefficient of the sample is deduced from this voltage and the
measured temperature difference and the Seebeck coefficient of alumel.
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Figure 3.2. Principle of the determination of Seebeck coefficients: (a) Sequence of temperat-
ures TA and TB at the two ends of the sample. (b) For one mean temperature, the thermovoltage
is plotted versus the temperature difference. The slope yields the Seebeck coefficient of the
system. (c) From several such measurements at different mean temperature, the temperature
dependence of the Seebeck coefficient can be obtained.

typically a temperature difference ∆T between the two posts, named A and B, of 10 K is
set, so that TA = 395 K and TB = 405 K. The thermovoltage U of the system consisting of
the first measurement wire, the sample and the second measurement wire is recorded by
a Keithley 6517 electrometer with a high input impedance. To eliminate the disturbing
effect of offset voltages in the calculation of S from a single measurement of the thermo-
voltage and the temperature difference, the temperature difference is inverted in several
steps, maintaining the mean temperature, so that finally TA = 405 K and TB = 395 K.
Figure 3.2 (a) shows the temperature sequences for three consecutive Seebeck coefficient
measurements. For each mean temperature the thermovoltage is plotted versus the
temperature difference, as shown in panel (b). From this slope, the Seebeck coefficient
can be obtained for that specific mean temperature. Repeating such a measurement for
many mean temperatures yields the temperature dependence of the Seebeck coefficient
as exemplarily shown in panel (c).

In most cases in this work, the measurement wire is one of the legs of the type K
thermocouple used to determine the temperature on each side of the sample. Type K
thermocouples consist of chromel and alumel, both of them having a separate Seebeck
coefficient which is included in the thermovoltage. Thus, finally the Seebeck coefficient
of the measurement wire Swire has to be added to the effective Seebeck coefficient Seff
measured for the whole system to get the Seebeck coefficient Ssample of the sample itself
according to

Ssample = Seff + Swire. (3.2)

The temperature dependence of alumel and chromel are shown in Fig. 3.3. For the
temperature range of interest in this work, Salumel, which is mostly used for wiring, can
be approximated by Salumel = −17 µV/K.

In the determination of the Seebeck coefficient there are two major sources of un-
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Figure 3.3. Seebeck coefficients of alumel and chromel: The data are taken from Refs. Ben98,
Ber03, Dre09.

certainty. The first are inaccurate measurements of TA, TB or U due to deteriorated
thermocouples or voltage offsets caused by non-Ohmic contacts. The effect of offset
voltages as well as of wrongly measured temperatures is mainly eliminated due to the
fact that only the slope of U vs. ∆T is considered. However, throughout this thesis
data sets with a voltage offset larger than 1 mV in the U-∆T-diagram have been rejected.
The second source of uncertainty is a misinterpretation of these quantities due to the
geometrical configuration of the sample and its electrical and thermal contacts. This can
be caused by misplaced contacts and can lead to either an over- or an underestimation
of S. Ideally, temperature and potential should be measured at identical points or at
least at points where a defined geometrical relation is known. Two possible scenarios of
deviations from this ideal situation are depicted in Fig. 3.4 (a) and (b), where silver paste
with its negligible Seebeck coefficient of a few µV/K is assumed to be an equipotential
body throughout.[Cus58] In both cases the spot where the thermocouples measure
temperature are too far away from the decisive electrical contact to the sample because
in panel (a) the silver paste is too high. The temperature difference measured will be too
small, which leads to an overestimation of S. In panel (b), the thermocouple measure too
far behind the electrical contact and measure too large a temperature difference, leading
to an underestimation of S. Both errors can be minimized by placing the thermocouple
as close to the innermost electrical contact as possible. An Scanning Electron Micro-
scopy (SEM) micrograph of a thermocouple attached to a sample is shown in Fig. 3.4 (c).
The spot where temperatures are measured is approximately 300 µm from the innermost
electrical contact and some hundred µm above the sample surface.
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substrate
sample

silver paste

thermocouples

heat source/sink hot                           coldhot                           cold

Temperature
Voltage

0.5mm

  (a)                                                                            (b)                                (c)

Figure 3.4. Geometrical sources of uncertainty in the determination of S: Isotherms are
sketched qualitatively in the schematical depiction of the measurement geometry in panel (a)
and (b). The SEM micrograph in (c) shows a realistic thermocouple placed in silver paste.

Room Temperature Measurement of the Thermovoltage

Temperature-dependent measurements of the Seebeck coefficient as discussed above are
time consuming with one data set requiring one to two days. For experiments where
a large number of samples have to be scanned, this is not appropriate. Thus, a setup
for a quick and yet reliable investigation of the thermopower is needed. In this work,
two Peltier elements placed next to each other and operated in a way that one surface
is hot and the other element’s surface is cool serve as such a setup. The samples of
approximately 5 mm width and 8 mm length are placed at ambient conditions across the
border between the two Peltier elements, so that the two electrical contact of a sample
exhibit a temperature difference of approximately ∆T = 45 K at a mean temperature
of 325 K. In contrast to the setup mentioned above, the temperature difference is kept
fixed, but offset voltages can be neglected due to the high temperature difference.
The voltage is measured using the two tungsten tips of a probe station. The quantity
measured is called the thermovoltage U and is related to the temperature-dependent
Seebeck coefficient S(T) according to

U =
∫ Thigh

Tlow

S(T)dT. (3.3)

In principle, the Seebeck coefficient could be obtained by dividing the thermovoltage by
the temperature difference, however, since ∆T is rather large, a temperature dependent
Seebeck coefficient falsifies the result. Because of that, the thermoelectrics community
prefers to state the thermovoltage in such a case.
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3.4. Raman Spectroscopy

As does infrared spectroscopy, Raman spectroscopy investigates vibrational modes
by interaction of electromagnetic radiation with the material. In contrast to FTIR, no
permanent dipole is needed in Raman spectroscopy. Rather, the selection rules require
that during vibration, the polarizability changes with respect to the spatial coordinates.
In solid state Raman spectroscopy light interacts with the optical phonon modes in a
material. Involving virtual intermediate states, energy can either be absorbed by the
material or emitted. The Raman-scattered light can, thus, be red-shifted (Stokes) or
blue-shifted (Anti-Stokes). Further details and literature on the fundamentals of Raman
scattering can for example be found in Ref. Zar10.

All Raman experiments in the following are performed using a Dilor spectrometer
equipped with a 1800 l/mm grating and a liquid nitrogen-cooled CCD detector. To map
samples, an x-y stage is used. Lasers operating at a wavelength of 514.5 nm or 647 nm
are used to excite Raman scattering. Various objectives are used for the micro Raman
experiments, and their nearly Gaussian spots were characterized by scanning the laser
beam across the sharp edge of an evaporated Au film on top of a Si wafer, recording
the decreasing Raman intensity of the Si LO mode. The spot width was obtained by
deconvolution. The beam profile can be written as

H(r, z = 0) =
P

2πw2 e−
r2

2w2 , (3.4)

with the power P and the standard deviation w of the beam. The latter quantity relates
to the also often used full width at half maximum (FWHM) via

FWHM = 2w
√

2 ln(2). (3.5)

The objective used and the beam width is mentioned in the discussion of the respective
experiments.

3.5. Scanning Electron Microscopy

A lot of knowledge on the morphology of the studied samples in this work is obtained
by Scanning Electron Microscopy (SEM). The signal used is that of secondary electrons,
which are a product of the local ionization of the material by the scanning electron beam.
These secondary electrons leave the sample and are detected. As a consequence the
signal intensity, and thus the image contrast, is enhanced for a high emission rate of
secondary electrons. The ionization rate is increased with the energy of the scanning
electron beam, which range from 2 keV to 30 keV. The image contrast also results from
differences in the scattering cross section of the sample’s atoms, which increases with the
atomic number.[Sak99] Since electrons are also generated in the depth of the sample, the
emission rate depends on the local charging of the surface. A high sample conductivity
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leads to a low signal intensity. An important effect in secondary electron microscopy is
the field enhancement at sharp features, which increases the emission rate. Edges and
tips appear brighter than flat areas of the surface.[Sei83]



4
Group-IV Nanoparticles and Thin Film

Deposition from Nanoparticle Inks

4.1. Gas-Phase Growth of Crystalline Nanoparticles

Starting from gaseous precursors such as silane (SiH4) or germane (GeH4) the NPs used
in this work are synthesized by microwave-assisted decomposition of the precursors and
subsequent agglomeration of the constituting atoms.[Kni04, Pet11] To this end, these

Figure 4.1. Schematic illustration of the microwave plasma reactor for NP synthesis: Pre-
cursor gases such as H2, Ar, silane, germane and the dopant gases PH3 and B2H6 are mixed and
introduced into a low pressure tube around which a microwave generator is placed. The gas
constituents, fractionized in the microwave zone, heat up there and cool downstream where they
form the NPs. The figure is taken from Ref. Sch11a.
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Figure 4.2. Spherical crystalline NP from the gas phase: (a) The high resolution TEM micro-
graph shows the high crystalline quality of the core and an amorphous oxide shell of the NPs
used in this work. In the energy-filtered micrograph of the same NP in panel (b) the oxide shell
is visible in blue. The figure is taken from Ref. Ste10.

gases are first mixed with additional process gases such as Ar and H2. Injected by a
nozzle, this mixture is led into a vacuum reactor, where the gas molecules are soon
fractionized into their atomic constituents by a 2.45 GHz microwave plasma downstream
of the nozzle. To control the growth kinetics additional Ar and H2 nozzles form a
shielding ring around the silane or germane gases. After leaving the plasma zone, the Si
and Ge atoms agglomerate and form the NPs. Collected in a filter, the resulting powder
is filled in bottles. The design of the reactor unavoidably involves an at least short
contact of the NPs to ambient atmosphere during their removal from the reactor. This
has significant implications for the surface properties.

Gas flow rate, reactor pressure, SiH4/H2 ratio and the microwave power are the main
process parameters to control the shape, quality and size of the resulting NPs. A detailed
discussion of the relation between process parameters and the resulting NPs can, e. g.,
be found in Refs. [Kni04, Lec09, Ste10, Pet11, Nie12]. Here, only a few basic structural
properties will be discussed.

The NPs used in this work have a spherical shape and exhibit a highly crystalline
core. Typical mean particle diameters that can be obtained by this gas phase synthesis
approach are between 5 nm and 50 nm. Only for NPs larger than that, facets can occur.
The collisions during the growth of the particles follows statistics, hence, also the
resulting size of the NPs is distributed according to a log-normal size distribution
with a mean diameter d.[Kni04] For most of the NP powders used in this work the
mean diameter was determined by the Brunauer-Emmett-Teller (BET) method using the
adsorption of gases to the NP surface.[Bru38] Some of the powder batches were also
additionally characterized by TEM, which confirmed the results obtained by BET. Those
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(a) (b)

Figure 4.3. Alloy and composite SiGe NPs: (a) The TEM micrograph shows Si80Ge20 alloy NPs.
(b) The larger and darker sub-ensemble of this SiGe 80:20 composite powder in this TEM image
are Ge NP with a larger mean diameter compared to the Si NPs, which are brighter here. These
micrographs were taken at the University of Duisburg-Essen within the collaboration.

TEM studies also reveal that the crystalline NP core is surrounded by an amorphous
oxide shell, which is a result of the contact to ambient atmosphere. The micrographs
in Fig. 4.2 show a high resolution TEM image of a Si NP in panel (a), with a clearly
visible amorphous outer oxide shell. The same NP is also shown in panel (b), which is
color-coded according to the energy loss of the electron beam. This energy loss is specific
for the material and allows to distinguish the oxide shell (blue) from the crystalline core
(red). The NP shown in Fig. 4.2 is not fully freestanding, as it is attached to a neighboring
NP on the upper right side of the micrograph. This so called soft-agglomeration naturally
occurs during the gas phase synthesis, however, is no handicap for further processing to
NP inks and the laser-sintering process applied in this work.

Gas phase-grown NPs can be doped successfully by adding gases such as phosphine
(PH4) or diborane (B2H6) to the precursor gases. Similar to silane or germane these
molecules are decomposed in the plasma zone and P or B are incorporated on substi-
tutional lattice sites. Doping concentrations between 1018 cm−3 and 1020 cm−3 can be
achieved, depending on the gas ratio. It was found by Stegner et al. that B is distributed
homogeneously throughout the NP, whereas P tends to segregate towards the outer
shell during the NP growth.[Ste09] The oxidation occurring during removal from the
reactor leads to an electronic deactivation of large amounts of the P atoms. Up to 90 %
of P can be lost by this self-purification.

By addition of germane to silane to the gas mixture injected by a single nozzle,
Si1−xGex NPs with an alloy composition x are formed. A homogeneous distribution of
Si and Ge atoms is found by X-Ray Diffraction (XRD) for the whole composition range
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Si                   Si76Ge24                         Si42Ge58                        Si20Ge80                               Ge
    

Figure 4.4. Change of NP color with SiGe alloy composition: This series of photographs
shows thin films of SiGe NPs, spin-coated on 1" × 1" large transparent substrates. From left to
right the Ge content of the alloy NPs increases as indicated. The ring structure visible is a result
of the spinning process.

0 < x < 1, which is measured by Energy-Dispersive X-ray spectroscopy (EDX).
Similar to NPs of pure Si or Ge, alloy NPs also are of spherical shape with a crystalline

core and an amorphous oxide outer shell, as can be seen in Fig. 4.3 (a). Increasing the Ge
content of the NP also reduces the bandgap of the material, which leads to an enhanced
optical absorption. Figure 4.4 shows photographs of thin NP films, spin-coated onto
transparent substrates. From left to right, the Ge content increases and the transparency
decreases.

By designing a special microwave growth reactor with two independent plasma zones
it is possible to synthesize Si NPs and Ge NPs separately. Merging the particle flow
downstream of the plasma zones where the NPs have already formed, both types of
materials can be mixed within the reactor, so that the powder collected in the filter
contains a well mixed powder of Si and Ge NPs. In Fig. 4.3 (b) a TEM micrograph
of such a mixture of Si NPs with a mean diameter of 19 nm and Ge NPs with a mean
diameter of 34 nm is shown. Although the intermixing of both types of materials is not
perfect on the NP level, this is not of significant relevance for further processing steps.

A powder containing two types of NPs will be called a composite of Si and Ge and
will be denoted SiGe 1− X/X in contrast to an alloy powder, which will be denoted as
Si1−xGex. Also materials processed from such powders, e. g., by laser-sintering, will be
called composite or alloy.

4.2. The Nature of the Nanoparticle Surface and its
Manipulation

The NP surface termination is of major importance for the success of further processing
the powders. For deposition of thin films, in this work NPs are admixed to a dispersant
after receiving the powder from the collaborators in Duisburg. As will be discussed
in more detail in Sec. 4.3, the polarity of the NP surface is the main parameter for the
dispersability and, thus, the basis for successful materials synthesis in this work.

To more clearly define at which stage of the work flow the status of the NP surface is
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Figure 4.5. Hydrogen-related vibrational modes: For the case of a single hydrogen bound to a
Si (or Ge) atom on the surface, panel (a) depicts the stretching and bending mode. (b) Coupling
can occur between neighboring hydrogen. (c) Back-bonded oxygen changes the force constant
between Si and H by induction. For the case of two hydrogen bound to each surface atom,
panel (d) and (e) depict the possible bending and stretching modes.

discussed, the terminology is defined as follows: Directly after growth, i. e., still within
the microwave plasma reactor, the powder will be called as-grown. After removal from
the reactor and exposure to ambient atmosphere the powder will be called as-received.
After deposition of a thin film by spin-coating from dispersion, the NPs will be called
as-deposited. Immediately after removing the surface oxide by a wet chemical etching
step, the NP surface will be called as-etched.

In the course of this work only two types of NP surface terminations play a role. The
contact to ambient atmosphere during the removal of the powder from the reactor leads
to oxidized surfaces. Typically, this oxide is removed wet-chemically using hydrofluoric
acid (HF), which renders a hydrogen-terminated surface on Si as well as on Ge NPs. This
is done by immersing deposited films of NPs into the respective etching solutions. Both,
oxygen and hydrogen terminations are infrared-active so that they can be characterized
by investigating the specific vibrational modes by FTIR.

In contrast to well defined wafer surfaces which are often investigated in detail in
literature, spherical NPs exhibit hardly any defined surface orientation. However, many
signals observed by FTIR can be identified with known stretching and bending modes
of mono-, di- or tri-atomic surface termination groups and also with absorption signals
from s- or p-polarized infrared radiation. Figure 4.5 schematically summarizes those
relevant modes.
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4.2.1. As-Deposited and As-Etched Si and Ge Nanoparticles

The oxygen and hydrogen coverage of as-deposited NPs can quantitatively vary sig-
nificantly between different types and even batches of particles. Nevertheless, most
NPs qualitatively show similar characteristic signatures. Exemplary FTIR signals of
as-deposited and as-etched Si and Ge NPs are shown in Fig. 4.6, where important peaks
are labeled for a clearer identification in the following discussion. Corresponding assign-
ments and suitable references are given in Tab. 4.1. The observed signals are identified
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Figure 4.6. Vibrational modes of Si and Ge NPs before and after etching: (a) The Fourier
Transform Infrared Spectroscopy (FTIR) absorbance of two batches of as-deposited Si NPs shows
oxygen- and hydrogen-related peaks, which are labeled for discussion in the text. (b) Hydrogen-
related signals are observed after etching the Si NPs with an aqueous solution of 5 % HF. (c) Only
oxygen-related signals are found on as-deposited Ge NPs. (d) Oxygen- and hydrogen-related
peaks are observed after etching the Ge NPs with an aqueous 20 % solution of HCl, of HBr, with
deionized water and with a 10 % solution of HF.
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in the following by comparison to data from the literature on well defined wafer surfaces
with defined polarity of the incoming infrared radiation and by comparison to data on
amorphous (hydrogenated) systems and on porous Si. The latter material has many
similarities to thin films of NPs, as there internal surfaces have a largely undefined
orientation and contain hydrogen.

In Fig. 4.6 (a) two batches of as-deposited Si NPs are compared. Batch 1 and 2 exhibit
the most prominent absorption around 1080 cm−1 (peak 1), which is related to stretching
vibrations of Si-oxide as a result of the NP’s contact to ambient atmosphere. Not
observed for all batches of Si NPs, the absorption at 1170 cm−1 (peak 2) is also caused
by Si oxide. Probably this band is related to the LO mode of a-SiO2 or SiOx. A much
lower absorbance is then observed around 470 cm−1 (peak 3), which can be identified as
a Si-O-Si rocking mode. Similarly, around 800 cm−1 (peak 4) Si-O-Si bending modes can
be observed. Due to the hydrogen gas involved in the growth process as-grown Si NPs
have a partially hydrogen-terminated surface, which is stable enough to be detected
even after dispersion of the particles. Around 2100 cm−1 (peak 5) the Si-H stretching
region is characteristic for such a coverage. Shifted to higher wavenumbers hydrogen
stretching modes with oxygen backbonded to the Si atom are typical for partly oxidized
surfaces (peak 6). As a rule of thumb, each additional oxygen backbonded to Si shifts
the Si-H stretching mode by 50 cm−1 to higher wavenumbers.[Niw94] The reason is the
(negative) inductive effect of the electronegative oxygen, which removes negative charge
between Si and H and by that increases the force constant. The higher oxide-related
signal of batch 2 compared to batch 1 is also confirmed by a lack of peak 5 in batch 2,
where only strongly oxidized Si-H vibrations are visible. Related to bending modes of H
the structure around 630 cm−1 (peak 7) exhibits a substructure, similar to peak 5. Peak 8
around 880 cm−1 is most probably the stretching vibration of Si-OH.

To remove the surface oxide of Si an established procedure is the immersion of the
material in hydrofluoric acid, which renders the Si surface hydrogen-terminated.[Tru90,
Pi07] In Fig. 4.6 (b) the FTIR absorbance of an as-etched Si NP film is shown. The
oxide related structures of panel (a) are no longer observed. Instead peak 5 is more
pronounced and reveals a distinct substructure with peaks at 2087 cm−1, 2105 cm−1 and
2143 cm−1, which are usually identified as stretching vibrations of Si-H, Si-H2 and Si-H3
species. However, there is a controversy in the literature whether the substructure can
also be a result of angle dependent absorption of s- and p-polarized infrared light by
the Si-Hx species.[Cha89, Car83a, Gla96] The system which shows the most comparable
absorption spectra to that of as-etched Si NPs is porous Si. The structural complexity of
both systems makes it impossible to resolve the controversy here. After HF etching also
the substructure of peak 7 can be separated into a contribution of Si-H bending (peak 12)
and Si-H2 wagging (peak 13). Scissor vibrations of Si-H2 can be observed at 910 cm−1

(peak 14).

Many of the discussed signals on Si NPs can equivalently be observed in films of Ge
NPs. The FTIR signatures of as-deposited Ge NPs are shown in Fig. 4.6 (c). The most
prominent absorption (peak 15) is due to, both, antisymmetric stretching modes from



48 Chapter 4. Group-IV Nanoparticles and Thin Film Deposition from Nanoparticle Inks

Table
4.1.C

orrelation
ofpeaks

observed
in

FTIR
spectra

ofSiand
G

e
N

Ps
w

ith
the

m
od

es
related

to
oxygen

and
hyd

rogen
species

on
the

surface.
Labelin

Fig.4.6
R

elated
to

M
ode

R
eference

1
O

Si-O
-Sistretching

[Luc87,Inn03]
2

O
LO

m
ode

ofa-SiO
2

or
SiO

2
or

related
to

SiO
x

[K
ir88,Q

ue01,Inn03,Bat00]
3

O
Si-O

-Sirocking
[Luc87,Inn03]

4
O

Si-O
-Sibending

or
sym

m
.stretching

[K
ir88,Luc87,Inn03]

5
H

Si-H
x

stretching
(see

peaks
9-11)

[The97,G
la96]

6
H

(O
x -Si)-H

stretching
[Bor94,N

iw
94,M

aw
97,O

ga95b,Z
ha01]

7
H

Si-H
x

w
agging

(see
peaks

12,13)
[The97,O

ga95a,Bro77]
8

O
/H

Si-O
H

[O
ga95b]

9
H

Si-H
stretching

[Bro77,C
ar83a,C

ha85,C
ha86,C

ha89,G
la96]

10
H

Si-H
2

stretching
[Bro77,C

ar83a,C
ha85,C

ha86,C
ha89,G

la96]
11

H
Si-H

3
stretching

[Bro77,C
ar83a,C

ha85,C
ha86,C

ha89,G
la96]

12
H

Si-H
bending

[The97,O
ga95a]

13
H

Si-H
2

w
agging

[The97,O
ga95a]

14
H

Si-H
2

scissoring
[The97,O

ga95a]
15

O
G

e-O
-G

e
antisym

m
.stretching

and
G

eO
x

[C
or64,R

iv05,Lee08]
16

C
/O

covalentC
,tetrag.G

eO
2

[Lip58,D
im

07]
17

O
hex.G

eO
2

[Lip58]
18

O
?

oxide-related
19

O
hex.G

eO
2

,LO
ofG

eO
2

[Lip58,D
im

07]
20

H
stretching

ofG
e-H

,G
e-H

2
G

e-H
3

[R
iv05,Z

ah07,Bud96,D
im

07]
21

H
G

e-H
bending

22
H

G
e-H

2
rocking

[R
iv05,D

im
07]

23
H

G
e-H

2
scissoring

[R
iv05,U

nd08,D
im

07]



4.2. The Nature of the Nanoparticle Surface and its Manipulation 49

Ge-O-Ge configurations in GeO2 regions and due to GeOx in non-stoichiometrically
oxidized regions. Further, the weak high wavenumber shoulder at approximately
933 cm−1 could be identified as the LO mode in GeO2. The low wavenumber shoulder
(peak 16) could be a signature of tetragonal GeO2, but could also originate from cova-
lently bound C due to the ethanol dispersion. The triplet structure at 514 cm−1, 547 cm−1

and 583 cm−1 (peak 17) is a signature of hexagonal GeO2. Peak 18 could not be identified
by comparison to the literature, but is always observed in as-deposited Ge NPs and
must, thus, be related to oxidic Ge. The distinct feature at 960 cm−1 (peak 19), which
scales with the pronounced oxide signal (peak 15) is also related to hexagonal GeO2.

The discussion of the oxide related Ge signals in panel (c) suggests that the as-
deposited Ge NPs carry hexagonal as well as tetragonal GeO2, but also suboxides
GeOx. Hexagonal GeO2 is soluble in water, but the tetragonal phase as well as the subox-
ide cannot be removed with a simple rinse in pure water.[Lau32, Zha93, Dim07] A native
oxide on Ge surfaces should, however, be etched by hydrohalogenics such as HF, HCl,
HBr and HI, rendering the surface hydrogen-, chlorine-, bromine- or iodine-terminated,
respectively.[Kim08, Bod03, Los06, Mer07] Investigated on clean and well defined Ge
wafer surfaces, the ambient stability of the termination should increase with the mass of
the terminating atom. Figure 4.6 (d) shows the results obtained after attempts to etch
and terminate the Ge NPs films by H2O, HCl and HBr. Whereas the water treatment
at least partly removes the oxide from the particles, HCl and HBr did not show the
expected results on the NPs.[Sun08] However, the spectra reveal a hydrogen coverage
after these treatments, as evident from the Ge-H stretching signal around 2000 cm−1

(peak 20).
Obviously not only the oxide was not removed as expected, but also a termination

with hydrogen instead of the halide is observed. In contrast, etching the Ge particles by
HF completely removed the oxide-related contributions to the spectrum, accompanied
by a pronounced Ge-H stretching signal. This important finding leads to the use of HF as
an oxide etch also for Ge NPs in this thesis. Where Si shows a substructure in peak 5, Ge
does not in peak 20. However, the peak is slightly asymmetric as the literature ascribes
this to the contribution of stretching modes by Ge-H, Ge-H2 and Ge-H3 at 1987 cm−1,
2020 cm−1 and 2060 cm−1. In addition to these stretching modes the spectra also show
the bending mode of Ge-H (peak 21), the rocking mode of Ge-H2 (peak 22) and the
scissor mode of Ge-H2 (peak 23).

4.2.2. As-Deposited and As-Etched SiGe Alloy Nanoparticles

So far the discussion concentrated on the vibrational signals observed on NPs of pure Si
and pure Ge. As already mentioned in Sec. 4.1, also SiGe alloy NPs are available for the
fabrication of thermoelectric thin films. Their surface vibrational modes are shown in
Fig. 4.7. Panel (a) depicts the FTIR absorbance of as-deposited pure Si NPs, of as-etched
Si NPs after exposure to ambient air for two days. In panel (b) through (e) the respective
signals are shown for various SiGe alloy compositions. Finally, panel (f) shows the
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fingerprints of pure Ge NPs again.
As already discussed in the last section, as-deposited Si NPs exhibit a strong oxide-

related band and Si-H stretching modes with and without backbonded oxygen. Increas-
ing the Ge content to 24 %, the oxide mode does not change qualitatively in position nor
shape. However, the hydrogen stretching mode shifts by 100 cm−1 to lower wavenum-
bers, towards that characteristic for Ge. The hydrogen stretching mode with backbonded
oxygen does not change its position with respect to pure Si. Increasing the Ge content
to 58 % adds an oxide signal at the position of the Ge oxide band at 860 cm−1. The
hydrogen stretching mode further looses its substructure, but its position as well as that
of the hydrogen stretching mode with backbonded oxygen do not change compared to
the signals of NPs with lower Ge content in panel (b). The trend of increasing Ge-related
oxide and decreasing Si-related oxide persists up to pure Ge particles, where no Si bands
cn be detected any more. For Ge contents as high as 80 % only hydrogen stretching
signals with backbonded oxygen are observed, whereas pure hydrogen stretching modes
are not found for the as-deposited films.

After etching the NPs the oxide-related bands have disappeared for the whole com-
position range. Interestingly, the prominent hydrogen stretching mode is at the position
characteristic for that of pure Ge. This is already found for Ge contents as low as 24 %.
Additionally, the substructure indicative of mono-, di- and trihydride is smeared out.

After two days of exposure to ambient air, the as-etched NPs show the signal of a
regrown oxide throughout the whole composition range. The data in Fig. 4.7 allow to
speculate that alloy NPs are more prone to reoxidation than the pure materials. Also
of interest for further processing the powders is the remaining hydrogen coverage. As
obvious from Fig. 4.7 (a), Si NPs exhibit virtually no decrease in the absorption strength
at the hydrogen stretching region. For NPs with 24 % Ge in panel (b), the hydrogen
stretching signal is slightly reduced and also some signal from hydrogen stretching
with a backbonded oxygen atom appears. The spectrum shown for the alloy NPs in
panel (c) reveals a significant loss of hydrogen after two days in ambient atmosphere. By
integration of the area under the peaks it becomes evident that the hydrogen coverage
after etching and storage in air for 2 days is even less than that observed on as-deposited
NPs. Nanoparticles with 80 % of Ge or more loose all hydrogen present on their surface
after etching within two days in air. This important finding implicates that for further
processing of the etched films the time has to be kept as short as possible.

The experimental results mentioned above are indicative of an alloy NP surface
which is not of the same composition as the core and which changes upon HF etching.
Assuming that hydrogen can only be found at the very surface of the particles and
that an oxide reaches deeper into the NP, a possible model would be that as-deposited
SiGe alloy NPs are enriched of Ge at the outermost shell. Such an inhomogeneity
on the scale of a monolayer cannot be detected by TEM, XRD or EDX as they were
used to investigate as-received powders. From studies on SiGe structures grown by
molecular beam epitaxy it is known that Ge tends to segregate to the surface.[God94]
An experiment where the present NPs were reoxidized using H2O2 and this oxide again
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Figure 4.7. Oxygen- and hydrogen-related vibrational modes on SiGe alloy NPs: The oxide
and hydrogen stretching region are shown as observed by FTIR of SiGe alloy NPs for the whole
composition range, as determined by EDX. Signals are shown for as-deposited and as-etched
NPs, as well as after etching followed by a 2 d exposure to ambient air.
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was removed again by HF confirms the hypothesis of Ge enriched surfaces on alloy SiGe
NPs by EDX measurements.[Gre13] The FTIR results in Fig. 4.7 could then be explained
by an initially Ge enriched surface, so that the majority of hydrogen stretching vibrations
is similar to that on pure Ge NPs. With an oxide reaching deeper into the NP where
Si and Ge are abundant similar to the concentration measured for the whole NP, the
relative oxide contributions of Si and Ge in Fig. 4.7 reflect the composition of the alloy.

Interestingly, although as-deposited alloy NPs show the signature of hydrogen cov-
erage even for long times of up to many months after their synthesis, the hydrogen
found after HF etching is much less stable with respect to time. The aspect of hydrogen
stability is thus also part of the discussion in the following sections.

4.2.3. Influence of Etchant Concentration and Etching Duration on the
Hydrogen Coverage

Focussing only on the hydrogen stretching mode near 2000 cm−1, in this section the
influence of the HF concentration used for etching on the stability of the hydrogen bond
are investigated. Starting with pure Si NPs, Fig. 4.8 shows the hydrogen stretching region
of the FTIR spectrum for different concentrations of HF used for the 2 min etch. Although
the ordinate is given in arbitrary units, the fact that the samples investigated were cut
from a single larger sample allows to quantitatively compare the spectra. All panels
show the already discussed triplet structure, independent of the HF concentration, which
ranges from 0.5 % to 20 %. As obvious from the areas under the peaks, the hydrogen
coverage cannot be correlated to the HF concentration. It can, thus, be argued that
already tiny amounts of HF in the etching solution are sufficient to completely remove
the native oxide and all panels shown here show the signals observed on a virtually
H-saturated Si surface. The variation of the hydrogen coverage observed in Fig. 4.8 is
very likely caused by NP agglomerates which resided in the dispersion used to fabricate
the thin films. As already mentioned in the discussion of Fig. 4.7 (a), the hydrogen
coverage on Si NPs is very stable with respect to storage in ambient air.

A similar experiment with different HF concentrations for etching is shown for Ge
NPs in Fig. 4.9. As already seen in the previous section, the hydrogen coverage of Ge
NPs is not stable in ambient atmosphere. This becomes also evident in Fig. 4.9, where
several spectra are shown per panel. The most intense spectrum, which can well be
fitted by a Gaussian peak as plotted by solid lines, is taken immediately after transfer
into the spectrometer, so that the sample was exposed to ambient air for approximately
25 s. After an additional exposure to air for the time indicated in the figure caption
the same samples were measured again, which then showed a decreased hydrogen
coverage. In contrast to the Si samples discussed previously, here, the samples were free
of agglomerates, so that the direct comparison of the intensity between different panels
is justified. With increasing HF concentration, the hydrogen coverage is enhanced.

A detailed investigation of the data in Fig. 4.9 reveals an approximately exponen-
tial desorption of hydrogen from the Ge surface with time. Notably, the character-
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Figure 4.8. Hydrogen stretching signals for Si NPs etched with aqueous solutions of different
HF concentration: Panel (a) through (f) show the hydrogen stretching FTIR signal of Si NPs
immediately after etching with the indicated concentrations of HF, each for 2 min. The sub-
structure is discussed in the context of Fig. 4.6 (b).

istic decay time is higher after etching with higher HF concentrations, ondicating a
higher stability. This behavior was also found in the literature on HF-treated Ge wafer
surfaces.[Par08b, Par08a] In view of further processing the Ge NP powder, for which
a hydrogen termination is desirable, the shortest decay time found is approximately
10 min, so that any fabrication step in air should follow within some minutes. Inter-
estingly, no detectable oxide related signal arises, even for samples which lost all the
hydrogen, which excludes a competitive bonding to oxygen instead of hydrogen. The
reduced stability of Ge-H in contrast to Si-H can be explained by a lower bond energy of
Ge compared to Si.[Bey91] Still, typical desorption temperatures found on amorphous
Ge films as well as on crystalline Ge are not below 500 K.[Bey91, Tok04, Eve93]. Thus,
the found room temperature instability of Ge-Hx bonds seems to be characteristic for
NP surfaces.

The observation that the hydrogen coverage depends on the HF concentration when
applying an etching step of 2 min could also mean that the termination chemistry is slow
and no equilibrium was reached yet. Thus, Fig. 4.10 shows experiments where the Ge
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Figure 4.9. Influence of the HF concentration on the hydrogen coverage of Ge NPs after
etching: Each panel shows the hydrogen stretching FTIR¸ signal after 2 min of etching the NPs
with HF of the indicated concentration for different times of exposure to ambient air. Beginning
from the top, the data shown are signals observed after 15 s, 5 min, 10 min, 20 min, 40 min, 60 min,
80 min, 120 min. Missing experimental data are related to residual water absorption lines in the
FTIR measurement, which were removed for clarity.

NPs were etched in a 5 % aqueous solution of HF and the etching time was varied from
25 s to 1500 s. However, the little variation of the initial hydrogen coverage shown in all
panels as well as the very similar desorption kinetics suggest, that this is not the case.
The HF concentration rather than the etching time seems to be the important parameter
for the resulting hydrogen coverage of Ge NPs.

4.3. Nanoparticle Inks

The approach taken in this work to deposit thin films of NPs is to spin-coat them from a
suitable ink. The general term dispersion classifies systems where one particulate phase
is distributed in another, continuous phase, i. e., the dispersant. In the case where the
dispersed phase is a solid and the continuous phase is a liquid, the system is called a
suspension. Often, the size of the dispersed phase is important for the stability of the



4.3. Nanoparticle Inks 55

( a )

 

FT
IR 

ab
so

rba
nc

e (
arb

. u
nit

s)

2 5 s ( b ) 6 0 s

 

( c ) 1 2 0 s

1 9 5 0 2 0 0 0 2 0 5 0

( d ) 2 4 0 s
 

 

1 9 5 0 2 0 0 0 2 0 5 0

( e ) 6 0 0 s

 

 

W a v e n u m b e r  ( c m - 1 )
1 9 5 0 2 0 0 0 2 0 5 0

 e x p e r i m e n t
 G a u s s i a n  f i t

( f ) 1 5 0 0 s
 

Figure 4.10. Influence of the HF etching time on the hydrogen coverage of Ge NPs: Ge NPs
were etched in a 5 % aqueous solution of HF for the indicated time. The data shown are
the observed hydrogen stretching FTIR signals after 15 s, 1 min, 5 min, 10 min, 20 min, 40 min
exposure to ambient air.

suspension due to the opposing trends of gravity, which leads to sedimentation, and
Brownian motion, which drives the system towards homogeneity. For particle sizes
between approximately 1 nm and 1 µm the system is called a colloid, which is defined
also for other than solid-liquid systems. The NP inks aimed for in this work should be a
colloid, but depending on the batch of NPs, sedimentation of at least a part of the NPs is
observed sometimes. Such inks must be called suspensions. Thus, for simplicity, in the
following, all inks will be called dispersions.[Lev83, Wib95]

A necessary condition for successful dispersion of a powder in a dispersant is that
the particles are wetted.[Tad12] This wetting behavior is mainly determined by the
hydrophobic/hydrophilic properties of both the dispersant and the dispersed phase.
The results obtained in the previous section can be summarized by the fact that oxygen-
as well as hydrogen-terminated surfaces are found on the NPs used. Whereas oxidized
surfaces are hydrophilic, hydrogen-terminated surfaces are hydrophobic in the case of
Si. As found above, Ge-H is not stable in ambient air, and should, thus, also not hinder
the use of hydrophilic dispersants.
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Figure 4.11. Viscosity of inks depending on the NP mass concentration: For Ge NP with a
mean diameter of 27 nm the dynamic viscosity of ethanol-based dispersions is shown.

Apart from wetting, which is a necessary precondition, there are some further consid-
erations that play a role when selecting the dispersant. First, the boiling point should
be high enough, so that the concentration of the dispersion does not increase too much
within the time needed for the thin film preparation. The boiling point should, however,
also be low enough to allow drying of the deposited films. Second, the viscosity and the
surface energy of the final dispersion must be compatible with the spin-coating process
and the substrate itself. Third, especially in view of a commercialization of the processes,
it is desirable that the dispersant is not harmful, neither for the environment nor for the
equipment used.

A suitable compromise that well matches the above mentioned aspects for a dispersant
is ethanol. With a boiling point of 78 °C, a viscosity of 1.1 mPa s and a surface energy of
22.1 mJ/m2 ethanol is technologically suitable.[Ada97] The health risks of ethanol are
not essentially based on its inhalation. Ethanol is volatile, so that no significant remnants
can be found by FTIR in NP films dried on a hot plate.

With increasing concentration of NPs in ethanol the dynamic viscosity η increases, as
it is shown exemplarily in Fig. 4.11. Here, the dynamic viscosity was measured using
a micro-Ubbelohde viscosimeter. The mass concentration cannot exceed certain limits
because agglomeration becomes more likely for highly concentrated dispersions. Typical
dispersions used in this work contain 5− 7 %mass of NPs. If a higher viscosity is needed
as can be obtained by increasing the mass concentration, a second dispersant phase must
be added. This second phase also must meet some criteria, e. g., it must be miscible with
the first phase and its boiling point should not deviate too much from that of the first
phase. Otherwise, the ink decomposes upon drying. Polyethylene glycol (PEG) is an
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appropriate additive because the viscosity can be adjusted by selecting the chain length
of the molecule.

A major challenge for the production of inks is their stability against agglomeration
and sedimentation. The growth conditions of the NPs used here naturally causes the
powder to form soft agglomerates. If such larger particles turn out to be problematic for
the thin film formation, sonication of the dispersion in a cooled ultrasonic bath and/or
shaking the dispersion with zirconia milling balls usually lead to homogeneous inks in
this thesis.

4.4. Thin Film Deposition by Spin-Coating

The standard way to deposit thin films of NPs in this work is by spin-coating from pure
ethanol dispersions with a mass concentration of 5 %. As a substrate, typically 125 µm
thick foils of polyimid are used, which are compatible with further HF etching steps and
can withstand the thermal stress during sintering of the NP films. Further, polyimid
has a surface energy of approximately 40 mJ/m2, which is compatible with the ethanol
NP dispersion.[Bra89] For cleaning of the substrates acetone and isopropanol baths in
the sonicator are used. A standard substrate is of 2.5 cm× 2.5 cm size and rotates with
32 rounds per second on the spin-coater, before 80 µl of the dispersion is pipetted in the
center of the substrate while rotating. To drive out the ethanol dispersant the samples
are placed on a hot plate of 100 °C for approximately 2 min.

As a result of remaining agglomerates and the centrifugal force during spin-coating
radial inhomogeneities occur on some samples. Further, a central ring as can also be
seen in the photographs in Fig. 4.4 is a result of the suction power of the spin-coater to
fix the substrate. For further processing only the regions outside the central ring, which
are homogeneous in thickness, are used by cutting appropriate sample pieces.

Depending on the rotation speed, the mass concentration and, thus, the viscosity
of the dispersion, the NP film can reach thicknesses between 100 nm and 1 µm. The
majority of films used in this work had a thickness of approximately 300 nm.

The spin-coated film of NPs is not packed to the maximum density as a result of the
size distribution of the particles and the rather fast evaporation of the solvent on the
hot plate. For spheres of the same diameter the theoretic maximum packing density
is 74 %.[Hal10] Random packing is less dense and fills the space to approximately
60-64 %.[Sco69] An increased inhomogeneity of the diameter distribution leads to an
increase of the maximum packing density again.[Far09] However, SEM studies, as the
one later discussed in Fig. 5.2, of the films deposited here showed that the NPs are not
packed densely, so that a fill factor of 50 % will be assumed in the following.





5
Enhancing the Nanoparticle

Interconnection

The thin films of NPs deposited from dispersion by spin-coating, as discussed in the
previous section, exhibit a rather poor electrical performance if no further measure is
taken. Electrical in-plane conductivities as low as 10−10 S/cm to 10−7 S/cm are found,
depending on the type of NPs investigated. Even for doped NPs the conductivity of the
as-deposited film cannot be enhanced beyond these values.

There are two main reasons for the observed low electrical conductivities. First, current
passing an ensemble of spherical particles is spatially constricted to the tiny contact
between them. This significantly reduces the effective area through which current is
transported. Second, if the device is to be operated in ambient air, two neighboring NPs
will oxidize again so that charge carriers not only need to pass through the small contact
area but even more, they need to cross an oxide barrier there. Transport processes found
in such systems include space-charge limited current and hopping, coming along with
rather low electrical conductivities.[Ros55, Bur97, Raf06] If the degree of interconnection
of the NP ensemble could be enhanced, e. g., by allowing the formation of necks around
the touching points,[Pan08] the geometric drawback can be overcome. Such a contact
would further have a reduced surface-to-interface ratio and would, thus, be less prone
to oxidation.

The formation of necks, i. e., the coalescence of NPs, can be achieved by heating them
to temperatures where the atomic constituents become mobile.[Sch08a] Such processes
are generally classified in melt and sub-melt processes, depending on whether the material
is heated above its melting temperature. If no special care is taken that the subsequent
cooling is sufficiently fast, so that the material is quenched into an amorphous state,
usually crystalline phases result. In the case where the initial substance is already
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crystalline, such as the NPs used here, an appropriate term would be recrystallization. If
in sub-melt processes the movement of the atoms is purely based on diffusion, this is
called sintering. A related term is annealing, which is often used for steel and describes
the formation or rearrangement of certain phases within the materials. Annealing can
also refer to curing crystal defects which often requires only a few hundred degrees. In
the following sections the applicability of these terms to the process studied in this work
will be discussed.

The present thin films are deposited on flexible organic substrates, such as polyimides,
which are sensitive to high temperatures. A possible compromise to limit the thermal
stress for the substrate while on the same time reaching sufficiently high temperatures
in the thin film are pulsed excitations. High intensity flash lamps or pulsed lasers
can be used to optically heat the film by the absorption of light in the film. Lasers
are especially attractive because their use would also allow to simultaneously write
electronic structures into the material.[Chr00, Reg07, Mit11]

The use of light for heating restricts the material’s thickness due to the finite absorp-
tion depth. For bulk materials a homogeneous heating also within the sample can be
reached by the use of Joule heating. Dissipation due to the initially high resistance of
uncompacted powder in combination with pressure leads to dense bulk material.

In the following two methods, namely short pulse laser-sintering of thin films of NPs
and Current-Activated Pressure-Assisted Densification (CAPAD) for bulk samples are
discussed and experimental details for the processes used in this work are given. The
subsequent sections concentrate on the relation of morphology and electrical conductiv-
ity of material obtained by these methods.

5.1. Pulsed Laser-Sintering of Nanoparticle Films to
Fabricate Thin Film Materials

This section covers the most important aspects of the sintering Si or Ge NPs by a high
intensity short pulse laser. After an introduction to experimental details, the section will
put special emphasis on the evolvement of the thin film morphology during sintering
and its effect on electrical conduction.

5.1.1. Experimental Setup and Sintering Procedure

After deposition and HF treatment of the as-deposited NP thin films on a substrate the
samples are transferred into a vacuum chamber, typically within less than 5 min. This
ensures that oxidation of the particles is limited. The chamber is pumped to a pressure
of less than 10−5 mbar, which takes approximately 10 min. After that, the laser-sintering
takes place by illuminating the samples through a borosilicate window of the vacuum
chamber.
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4 mm

Figure 5.1. Shot image of the sinter laser: A photographic paper was exposed to the sinter laser
operated at λ = 532 nm at a fluence low enough to visualize the intensity variations.

The system used to treat as-deposited or as-etched NPs thin films is a Quanta Ray
GCR 230 Nd:YAG laser, which operates at the fundamental wavelength of λ = 1064 nm.
The duration of the Q-switched pulses is 5-8 ns. For convenience a frequency doubled
operation at te visible λ = 532 nm is preferred, since no marked difference on sintering
either Si or Ge NPs was observed compared to the fundamental wavelength. An image
of the laser beam for operation at λ = 532 nm is shown in Fig. 5.1. The system is capable
of a fluence, i. e., energy per shot and area, of F = 650 mJ/cm2, which is monitored by
coupling out some percent of the beam to a bolometer and which can be reduced by
limiting the power of the flash lamps pumping the Nd:YAG rod. Spatial inhomogeneities
are caused by the long coherence length of the laser, which prohibits any reasonable
attempt to obtain a homogenized spot. Such inhomogeneities of the spot are visible in
Fig. 5.1 and of course are detrimental for the performance of the final thin films. Thus, the
sample is illuminated not once but several times in sequence, while the sample is moved
beneath the laser spot. With a typical velocity of 0.5 mm/s and a shot repetition rate of
10 Hz the beam of 8 mm diameter illuminates each position on the sample approximately
160 times. By this, at least in one dimension the inhomogeneity with respect to the so-
called sinter-direction can be reduced substantially. With the energy density being
highest in the beam center, the local fluence first rises in magnitude for the first 80 shots
and then decreases again for the last 80 shots. For the hydrogen-terminated NPs used
here this is advantageous, because shots with low fluence first drive out the hydrogen
slowly, so that for the shots with maximum fluence no hydrogen gas is cast out. This
would otherwise lead to ruptures of the film.[Len01, Lec09] In the following the fluences
states for a certain experiment need to be understood as averaged over the total area of
the beam, whereas the local fluence may deviate from that value.

Although the laser pulses are only some ns long, the temperature of the film is
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increased for a much longer time. Experiments on laser-crystallizing thin films of a-Si:H
on quartz substrates reveal typical times of 300 ns for this type of sample.[Sch96] For the
loosely deposited NP films here, this time scale is probably increased up to µs due to
the less dense material and a higher thermal resistance to the polyimid substrates.

5.1.2. Thin Film Morphology and its Dependence on the Laser Fluence

The Evolvement of a Meander Structure

As a representative example, the effect of short pulse laser treatment of Ge NPs on
the morphology of the films obtained shall first be discussed. The films are 300 nm
thick and the NPs are undoped with a mean diameter of 27 nm. An SEM micrograph
of an as-deposited film is shown in Fig. 5.2 in the first panel indicated by 0 mJ/cm2.
As already discussed in Sec. 4.4 the film is not densely packed and exhibits some
larger pores. Increasing the sinter fluence the light is absorbed by the NP film and
heats it. The value from the literature for the absorption coefficient of bulk Ge is
αGe = 63× 104 cm−1.[Hum89] According to the Lambert-Beer law the majority of the
heat is introduced near the film surface. In the panel indicated by 9 mJ/cm2 a slight
coalescence of the NPs can already be observed. The very surface is slightly compacted
without substantial grain growth. For F = 17 mJ/cm2, the surface layer of the film
already exhibits a characteristic structure, which will be called meander structure or
meander network in the following discussion. This remarkable self-organized morphologic
feature is characteristic for all laser-sintered NP films in this work. It consisting of grains
which are larger than the initial NPs. Beneath the meanders still unsintered NPs occur.
Increasing the fluence, the size of the meander structure grows. The characteristic
structure size, which can for example be defined as the width of the narrow constriction,
steadily increases with F. The meander structure reaches down to the substrate for
F & 50 mJ/cm2. Now all the material contributes to the electrical conduction by being
part of the meander network, so that this fluence is typically used in this thesis. For
F & 100 mJ/cm2 the meander structure disintegrates so that no percolating path across
the substrate can be found anymore.

The evolvement of the effectively two-dimensional meander network and the growth
of the structures with increasing laser fluence is not only observed for the Ge NPs
discussed in Fig.5.2. Very similar behavior is found for films of Si NPs and for SiGe alloy
NPs of any composition and even for composite powder of Si and Ge NPs. Of course the
different absorption coefficient and the different melting temperature of these materials
changes the fluence for which a certain morphology is observed.

Though the morphology discussed above is probably not expected a priori, the char-
acteristic network formed by the laser-sintered NP film is not unique. Very similar
structures have been reported in the literature, many of them in the context of (pulsed)
laser-sintering.[Pen04, Her07, Kam10, Zha10, Lee11b, Beh12, Pen12, Pae14] Naively, one
would probably expect a simple compaction of the present NP film with increasing
fluence, so that the observed film thickness decreases. For a high fluence a dense, non-



5.1. Pulsed Laser-Sintering of Nanoparticle Films to Fabricate Thin Film Materials 63

5 µm

0 mJ/cm² 9 mJ/cm² 17 mJ/cm²

34 mJ/cm²26 mJ/cm² 43 mJ/cm²

77 mJ/cm²60 mJ/cm²52 mJ/cm²

108 mJ/cm²86 mJ/cm² 151 mJ/cm²

1 µm1 µm200 nm

1 µm 1 µm1 µm

1 µm 1 µm 1 µm

1 µm1 µm1 µm

Figure 5.2. Dependence of the morphology of laser-sintered NP films on the laser fluence:
This series of Scanning Electron Microscopy (SEM) micrographs shows the morphology of
laser-sintered Ge NP films for increasing sinter laser fluence F. Details are discussed in the text.

porous film covering the substrate planely may be the final state in this way of thinking.
However, this is not the case, because this picture neglects the inhomogeneous temperat-
ure distribution across the depth of the film and, most importantly, the effect of surface
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tension, which drives every system to minimize the surface energy.1 Assuming that the
uppermost NPs melt, their surface energy should be around 0.6 J/m2 for Ge and around
0.7 J/m2 for Si.[Kec53, Mil08, Eus13] Depending on the crystal orientation, solid Ge has
a surface tension between 1.3 J/m2 and 1.845 J/m2, and solid Si between 1.51 J/m2 and
2.13 J/m2. Thus, molten layers of NPs should theoretically wet the solid unsintered NPs
beneath them to minimize the total surface energy. However, the unsintered particles of
only a few nm in diameter constitute an effective surface of a high roughness, which
leads to a dewetting of the molten parts on the unsintered NPs.[Qué08] If the meanders
reach down to the substrate, the low surface energy of polyimid of only 0.043 J/m2 again
prohibits wetting.[Woh09] Thus, the molten material forms tubular structures within
the short time it is mobile.

Non-porous films can be obtained using a Si wafer as a substrate and applying very
high fluences. For oxide free NP films the above mentioned argument holds and liquid
Si spreads homogeneously across the solid substrate. This technique is nowadays used
to form very thin heavily doped contacts on solar cells or high power electronics.[Beh12,
Mes13] One of the advantages is that the total thermal budget introduced by pulsed
laser treatment is low compared to other techniques.

Limits to the Film Thickness

The samples discussed in the context of Fig. 5.2 were prepared from a single larger
sample of as-deposited Ge NPs, so that the initial film thickness was identical for all
smaller samples. The thickness of the unsintered film is of course important for the final
thickness of the laser-sintered film, but cannot be varied without limits, as it is shown in
the photographs of samples with varying initial film thickness and varying sinter laser
fluence in Fig. 5.3. The films of Si NPs have an identical thickness in each row of the
figure and were sintered with identical fluences in each column. The evolvement of the
meander structure occurs at higher fluence for Si compared to Ge, thus, the samples
sintered with 65 mJ/cm2 still appear in red, which is caused by the polyimid substrate
used. For all film thicknesses, sintering with 75 mJ/cm2 leads to closed films which shine
metallically. This is correlated with the evolvement of the meander structure, consisting
of larger grains and having optical properties similar to bulk Si. For the thinnest film
the fluence can be increased up to approximately 120 mJ/cm2, until during the sintering
process flakes peel off the substrate. Further increasing the fluence lowers the film
adhesion even more. The observed delamination of the laser-sintered film occurs at
already much lower fluence for thicker films, as can be observed for the second row in
Fig. 5.3. Interestingly, for very thick films this trend is inverted and peeling off occurs at
higher fluences again. As discussed above increasing the fluence is accompanied by an
increase of the structure size, so that it may be desirable to sinter the NPs with a certain
fluence. If this is not compatible with the film thickness, the samples cannot be used for

1 Surface tension and surface energy are identical quantities, although defined differently. Old units of
1 dynes/cm = 10−5 N/m and 1 erg/cm2 = 10−3 J/m2, respectively are often used in the literature.
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Figure 5.3. Delamination of films during laser-sintering: Each row are samples cut from the
same substrate with Si NP films having the same thickness d and each column are samples
laser-sintered with the same laser fluence F. The polyimid substrate appears in red. The dashed
line marks the approximate transition of films showing no delamination to films exhibiting
cracks and severe delamination.

application.

The reason for the behavior observed in Fig. 5.3 most likely is the thermal gradient
between the surface of the film during sintering (hot) and the deeper regions of the
substrate or unsintered NPs (cold). The thinner the film, the more homogeneous the
temperature of the film, so that the remaining stress is small after solidification of
the meander structure. The thickest films in Fig. 5.3 are less prone to cracking and
delamination because the thermal stress is released into the underlying film of NPs,
which act as a kind of ball bearing.

There is an alternative to increasing the final film thickness by increasing the initial film
thickness. Therefore in a first step an optimized layer with respect to the film thickness,
the fluence and, hence, the meander structure size is deposited. Then, a second film
of NPs is spin-coated onto the already sintered film. Repeating all fabrication steps of
HF-etching and sintering leads to the formation of thicker films. Figure 5.4 compares
the results of depositing and sintering a single layer of Si NPs in panel (a) and of three
such layers in panel (b). To more clearly depict the morphology the samples were cut
by a Focussed Ion Beam (FIB) and the cross-cuts are viewed under an angle 54°. The
typical meander structure can be seen for the single layer, which covers the substrate to
approximately 60 %. For many applications the fill factor of the thin film needs to be
higher, so that filling the remaining pores would be desirable. The single layer shown
in panel (b) is effectively a two-dimensional material. In 2-D, the percolation threshold
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Figure 5.4. Tilted angle SEM view of a laser-sintered NP film: In panel (a) a single layer of Si
NPs was deposited and laser-sintered. In panel (b) three cycles of NP deposition, HF-etching
and laser-sintering were conducted sequentially.

for in-plane conduction is between 50 % and 64 %,[Las71, Kir73, Win81] which is very
near the value of the surface coverage observed for the laser-sintered films in this work.
Thus, the conduction in the plane can be expected to be limited by percolation to a large
extent, as will be discussed in detail in Sec. 5.1.4. The morphology of a triple-layer is
shown in panel (b). The approximate junction of the different layers are indicated by
dashed lines. Indeed, the coverage of the substrate is greatly enhanced and the total film
is thicker compared to a single layer. Also connections between the layers have formed.
Current can now also bypass dead-ends, so that the percolation should increase. In three
dimensions the percolation threshold is only 15 %. The fill factor in panel (b), however,
is much higher, approximately 80 %, so that the conductivity is reduced to only roughly
90 % compared to complete filling. Thus, the trend of the material in panel (b) towards
three dimensions helps to overcome the deficiencies of a single layer. Still, the material
is highly porous and the typical structure size of the meanders is not changed compared
to panel (a).

Despite the expected improved performance of the multi-layer approach the following
experiments are performed depositing only single layers, first, because optimizing the
stability of multi-layers requires significant engineering effort, and second, because
many physical properties are the same for single and multiple layers.

Insight into the Grain Structure of Laser-Sintered Nanoparticle Films

In the previous discussions of this section only the outer appearance of the meander
structure was covered. In the following also the substructure of the grains that form
during laser-sintering will be investigated, concentrating on films sintered with an
optimal fluence. In this context optimal means that the meander structure is fully
developed and the meander reach down to the substrate.

To first estimate the degree of grain growth initiated by the sintering process, SEM
micrographs of a film of unsintered NPs and of a detail of a sintered film are shown in
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Figure 5.5. Grain growth induced by laser-sintering: Comparison of a Ge NP film (a) before
and (b) after laser-sintering. For both SEM micrographs the same magnification is used.

Fig. 5.5 using the same scale bar for better comparison. As obvious from panel (b), within
the meanders the material is dense and consists of several grains, visible by the white
grain boundaries in the micrograph, which are much larger than the initial NPs. The
common scale bar used in the SEM micrographs allows to estimate that one grain in a
sintered meander consists of 102 to 104 initial NPs. The substantial grain growth as well
as the apparent density of the material after laser-sintering suggests a complete melting
of the deposited NPs, rather than a diffusion-based sintering. However, sintering is
observed for lower laser fluence, so that the term used to describe the fabrication process
cannot be determined without explicitly stating the fluence. For the sake of convenience,
however, the term laser-sintering will be used throughout the rest of this work.

Apart from the growth of larger grains, also some point-like white structures of ap-
proximately the size of the initial NPs are visible in Fig. 5.5, both, at the grain boundaries
as well as within the grains. From this top-view SEM micrograph it cannot be concluded
whether these structures are initial unsintered NPs, which survive the sintering process,
or oxidic precipitates, which would appear white in SEM.

A more suitable possibility of investigating the inner structure of the grains is to
cut a thin lamella of the sample by FIB and to investigate it by Scanning Transmission
Electron Microscopy (STEM). Several selected micrographs of such a lamella, cut from a
laser-sintered film of Si80Ge20 NPs, are shown in five panels in Fig. 5.6. The cross-cut
meander in panel (a) consists of three grains, separated by grain boundaries. As one
example, such a grain boundary is indicated by the dashed line. In STEM the gray scale
can be caused in principle by a locally different Si/Ge composition or by channeling
effects caused by the different crystal orientations of the grains with respect to each
other. Using different quadrants of the dark field image it was cross-checked that in
Fig. 5.6 the gray scale indeed is caused by different crystal orientations. The object in
panel (b) shows another interesting feature. Indicated by the dashed circle a couple
of small objects of approximately the size of the initial NPs can be observed within



68 Chapter 5. Enhancing the Nanoparticle Interconnection

(b)(a) (c)

(d) (e)

100 nm

gb

NP

Figure 5.6. STEM micrographs of laser-sintered SiGe NP film: The micrographs show cross-
cut lamellas of selected areas of a laser-sintered Si80Ge20 NP film. The dashed line in panel (a)
marks a grain boundary (gb), the dashed circle in panel (b) indicates a NP surviving the laser-
sintering process. In panel (c) and (d) unsintered NPs lay beneath the sintered meanders. The
gray scale of the grains is caused by a different orientation of the crystal lattice with respect to
the probe electron beam.

the grain. These inclusions are most likely NPs that did not take part in the sintering
process and were incorporated into the meander structure. Energy-Dispersive X-ray
spectroscopy measurements of this lamella during TEM investigations did not show an
enhanced oxygen content in these structures. The micrographs in panel (c) to (e) further
confirm that the meanders are composed of smaller grains. Especially in panel (c) and
(d) beneath the larger meanders the underlying unsintered NPs can be seen.

Effective Film Thickness

From the micrographs in Fig. 5.5 and Fig. 5.6 a considerable height corrugation of the
films can be concluded. Although the deposited film of NPs is very homogeneous in
thickness [Lec09], the surface tension of the molten material leads to an uneven height
of the resulting meanders. In most of this work the thickness of the resulting film is
interpreted as the maximum height above the substrate, as it is measured by profilometry
using probe needles with a tip diameter of 3 µm, although, the effective height that is
relevant, e. g., to calculate the specific conductivity from the resistance is smaller. This
fact will be of importance for the discussion of electrical and thermal properties of the
sintered films.
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Figure 5.7. Similarity of the meander structure for different laser fluence: The laser-sintered
Ge NP film in panel (a), sintered with 43 mJ/cm2, exhibits meanders which look similar to those
on a film sintered with 86 mJ/cm2. The structure sizes of the latter is roughly twice as large as of
the first.

Similarity of Structures Sintered with Different Fluences

In the following the growth of the meander structures with respect to the sinter fluence
will be discussed. It is a remarkable feature of the SEM micrographs in Fig. 5.2 that as
soon as this characteristic morphology is developed, the general appearance is similar for
all sinter fluences, only the size of the structures depends on the fluence. The structures
are similar in the sense that the diameter of the meanders, the width of necks and the
size of the pores between the meanders grow in an identical manner. This observation
can be confirmed by comparing two SEM micrographs using an adapted magnification.
Such a comparison is shown in Fig. 5.7. In panel (a) a detail of a structure laser-sintered
with a fluence of 43 mJ/cm2 is shown. In panel (b) the corresponding structure, sintered
with twice the fluence, is shown. The scale bar in panel (b) is similarly long as compared
to panel (a), but represents a length of 1 µm in contrast to 500 nm in panel (a). In the
images the structures look very similar regarding the diameter of the meanders, the
pores and the necks between meander nodes, so that doubling the sinter fluence seems
to double the characteristic structure size of the resulting film.

This conjecture is verified by the data shown in Fig. 5.8, where the characteristic
structure size is plotted versus the sinter laser fluence. Here, the structure size is defined
as the diameter of necks between meander nodes, as shown in the inset of the figure.
Each data point is an average of at least 15 measurements per structure, taken from
SEM images. The dashed line is a fit of the data and illustrates the linear growth of the
meander structure with the sinter laser fluence. Although only shown for Ge NPs in
Fig. 5.8, this behavior is also observed for Si and SiGe NPs as well.

In Fig. 5.8 the structure size ranges from 100 nm to more than 500 nm. This makes it
hard to categorize the structures either as nano-, micro- or macro-scale. As most of the
features are larger than atomic distances or even the initial NPs, but smaller than length
scales which are relevant for phenomena in the macro-world, such as e. g. convection, a
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Figure 5.8. Influence of laser-sintering on the structure size of undoped Ge NP films: The
structure size, in this case defined as the width of the necks between two meander nodes as
depicted in the inset, grows linearly with the sinter laser fluence.

probably suitable term to describe the meander structure is mesoporous.
The observance of meander structures has already been discussed to be caused by

surface tension effects. To explain the dependence of the meander size on the laser
fluence, transient effects need to be taken into account. The higher the fluence, the
higher the energy deposited in the material, so that the melt is hotter at the end of the
laser pulse is higher. Thus, it takes a longer time for the melt to solidify and the surface
tension can act longer to minimize the total surface energy, resulting in larger structures.

5.1.3. Laser-Sintering Nanoparticle Films and its Effect on the
Electrical In-Plane Conductivity

As discussed in Chap. 2, for thermoelectric materials the electrical conductivity is
a major parameter in the conversion efficiency. Here, in this section, the effect of the
meander structure’s incomplete substrate coverage on the electrical in-plane conductivity
σ is discussed. The conductivity here is defined as the effective macroscopic in-plane
conductivity at ambient conditions. Effective means that the maximum height h of the
meander structure, measured from the substrate, enters Eq. 3.1.

As a representative example, σ of the samples already discussed in the context of
Fig. 5.8 is shown in Fig. 5.9. Since these Ge NPs are not doped the change of σ with
the laser fluence should mostly originate from morphologic effects, such as the evolve-
ment of the meander structure.2 The conductivity of the film of as-deposited NPs is

2 For doped NPs the lifting of dopant deactivation in the NPs may also increase σ with laser-sintering.
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Figure 5.9. Influence of laser-sintering of undoped Ge NP on the electrical in-plane conduct-
ivity: For the samples also discussed in Fig. 5.8 the effective macroscopic conductivity σ is shown
versus the sinter laser fluence in a semi-logarithmic plot.

σ = 10−6 S/cm. Already lowest fluences of 9 mJ/cm2 give rise to an increase of the
conductivity by an order of magnitude, although in the SEM micrograph in Fig. 5.2
hardly any change of the morphology is visible. However, such a low fluence most likely
leads to real sintering of neighboring NPs with the formation of necks. With the onset
of meander formation σ rises further rapidly, in an approximately exponential manner,
with increasing fluence. As soon as the meander network at the sample surface is well
connected for a fluence of approximately 34 mJ/cm2 the conductivity reaches a value
of 0.5 S/cm, which is 5 to 6 orders of magnitude higher compared to the unsintered
film. With further increased fluence, however, the conductivity is rather constant. This
plateau of σ persists up to a fluence of 140 mJ/cm2, where the conductivity breaks down
suddenly. As is also obvious from the last SEM micrograph in Fig. 5.2, no percolating
path for in-plane conduction exists any more.

It is remarkable to see that between 30 mJ/cm2 and 140 mJ/cm2 the structure size
steadily increases, as shown in Fig. 5.8, while the electrical conductivity stays rather
constant. This behavior originates from the similarity of the morphology for different
fluences, as discussed in the context of Fig. 5.7. In Eq. 3.1 the quotient l

w is independ-
ent of the fluence, so that the constant macroscopic effective conductivity suggests
a microscopic conductivity of the grainy structure which is also independent of the
fluence.

In view of thermoelectric applications, this independence of electrical conductivity
and morphology is promising, because it allows the independent optimization of the
two, in particular allowing to tune the thermal conductivity κ by selecting the structure
size.[Son04, Yu10, Hop11, Dec12] In many of the following experiments the samples are
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Figure 5.10. Series of laser-sintered undoped SiGe alloy NP films with varying sinter fluence:
In panel (a) the electrical conductivity of NP films for compositions ranging from pure Ge to
pure Si are shown versus the sinter fluence. Panel (b) shows the maximum electrical conductivity
depending on the Ge content of the used NPs.

prepared to maximize the electrical conductivity while still limiting the grain growth.
Thus, in the example of Ge, typically a fluence slightly higher than that necessary to
reach the plateau in Fig. 5.9, i. e., 50 mJ/cm2, are used for laser-sintering.

A similar dependence of the effective in-plane electrical conductivity on the sinter
laser fluence is observed for Si and SiGe materials as well. Using exclusively undoped
NPs, the results obtained for the whole range of available alloy NPs are summarized in
Fig. 5.10. For as-deposited films the conductivity decreases with increasing Si content of
the NPs. One of the reasons for that is the larger bandgap of Si-rich alloys.[Joh54, Lev55]
For all alloy compositions, the conductivity increases with laser-sintering. However,
the increase occurs at lower fluences for Ge-rich alloys compared to Si-rich alloys. Two
facts account for that. First, the optical absorption coefficient for light with λ = 532 nm
is higher for Ge, so that Si NP films transmit part of the impinging power. Second,
and more importantly, the melting temperature of Si is 1687 K compared to 1211 K for
Ge.[Thu53] Thus, a higher fluence is needed for Si-rich materials to rise the temperature
above that required for neck formation or the evolvement of the meander structure. In
general, all materials exhibit a plateau of the conductivity. The Si13Ge87 films, however,
show an early decrease of σ without having a plateau. In this specific case, the films were
too thin to allow a continuous growth of the meanders. Instead, dewetting occurred
already at low fluences which results in the decrease of σ. For all other materials sintered
with a fluence at the beginning of the plateau, the morphology is similar, i. e., it consists
of meander structures. The higher bandgap of Si is also partly responsible for the lower
plateau conductivity of Si compared to Ge. Panel (b) shows the maximum electrical
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conductivity at the plateau region versus the alloy composition. The extraordinary high
conductivity of sintered Ge will again be part of the discussion of the thermoelectric
properties in Sec. 6.2.

5.1.4. Current Paths Through the Meander Structure

Concerning in-plane electrical transport, the side view in Fig. 5.4 (a) suggests that the
laser-sintered films should be regarded as effective two-dimensional networks. As
already mentioned in the context of Fig. 5.4, an incomplete coverage of the substrate has
severe consequences on the effective electrical conductivity. In Fig. 5.11 (a) the results of
a theoretical calculation of the probability that there is a percolating path across a 2-D
sample is plotted versus the coverage of the 2-D lattice.[Win81] In this specific example
the lattice is a Voronoi lattice. The exact threshold values where percolation begins vary
from 50 % to 65 %, depending on the lattice assumed. The dashed line marks the results
which would be valid for an effective medium. In panel (b) the electrical conductivity
is shown for the respective coverages. If the structures do not percolate, the sample
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Figure 5.11. Relation of substrate coverage and effective conductivity for a two-dimensional
percolating network: (a) For a Voronoi lattice the probability for percolation follows the solid
line. The result for an effective medium approach is shown as dashed line. (b) The corresponding
electrical conductivity of the Voronoi lattice is reduced compared to the effective medium. The
circle marks the regime which is relevant for the meander structures of laser-sintered NP films.
The data is reproduced from Ref. Win81.

is an insulator. As soon as the first percolation path opened, the sample begins to
conduct. However, the conductivity rises only slowly first, because the probability for
one percolating path is high, but still not many paths have formed. The circle marks the
approximate region of 2-D coverage which is relevant for the laser-sintered structures
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Figure 5.12. Color-coded current density through a laser-sintered NP film as obtained by nu-
merical simulation: (a) An SEM micrograph of a laser-sintered film (background) was converted
to a conductivity matrix filled only with conductive and non-conductive pixel. This resistor
network was fed to a simulation which applied a bias between the top and the bottom line of
the network representing the image. The resulting current density is shown semi-transparently
overlaid on the SEM micrograph. A zoom-in of the structure and the corresponding current
density is shown in panel (b) and (c), respectively.

discussed here. For a coverage below 70 % the conductivity is reduced at least by a
factor of 5.

Although the lattice assumed in Fig. 5.11 is of course not reflected by the laser-
sintered films, the general behavior of the conductivity is very similar. To test the
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degree of reduced conductivity by the porous morphology a simulation based on a real
sample was conducted. Therefore, an SEM micrograph was converted into a resistor
network on a square lattice in which every pixel which is on the meander structure is
set as conductive and every pixel belonging to the substrate or unsintered NPs is set
as insulating. Assuming an external current passing from the top line to the bottom
line of the network, the local potentials are calculated. The local current densities are
then obtained from the corresponding potential differences.[Knu06] The result of this
procedure is shown in Fig. 5.12 in a false color image. For comparison the original
SEM image is shown semi-transparently in the background of the current density. The
illustration shows that electrical conduction is mainly carried by a few percolating
conduction paths. Some few nodes exist where the current density is extraordinary high.
The insets (b) and (c) show a detail of the structure in the original SEM micrograph
and the corresponding current density, respectively. In this example, the macroscopic
conductivity is decreased by a factor of 14 compared to a fully conductive layer. Other
simulations based on different SEM micrographs yielded a reduction of factors 3 to 15.
On average, the meander structure reduces the effective macroscopic conductivity by one
order of magnitude compared to the microscopic conductivity of the material. Having
in mind the improved connectivity of multi-layers of laser-sintered NPs already shown
in Fig. 5.4, such structures should have an effect on the electrical conductivity which
exceeds the effect of simple addition of the conductivities of the respective individual
layers.

5.1.5. Importance of HF Etching for the Morphology of Laser-Sintered
Nanoparticle Films

As a last section in the discussion of laser-sintering NP layers for the fabrication of thin
films, the importance of oxide removal prior to laser-sintering shall be demonstrated
in an example. Section 4.2.1 argued in detail that as-deposited NPs exhibit an oxide
shell, which is removed upon HF etching, rendering Si as well as Ge NPs hydrogen-
terminated. To test the influence of oxide removal on the morphology of the sintered
layers a sample of as-deposited Ge NPs was immersed only with the half of its area
in a 5 % aqueous solution of HF. After that, the sample was sintered with a fluence of
60 mJ/cm2. Figure 5.13 (a) shows an optical micrograph of the sample. The left half
was HF-etched, whereas the right half was not. The oxide free area exhibits a metallic
appearance after laser-sintering, indicating optical properties similar to bulk Ge. The
right halt appears brownish as if not sintered at all, much like the Ge sample in Fig. 4.4.
Observing this sample region in panel (b) by SEM, the borderline is again clearly visible.
In SEM, the oxidic part at the right part is much less conductive, as can be seen by the
brighter appearance which is caused by charging effects. The zoom-in in panel (c) and
(d) reveals the reason for this difference in conductivity. The oxide free NPs formed
a much better connected network compared to the oxidic layer in panel (d), where
the residual meander are rather isolated. It is remarkable that the structures contain
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Figure 5.13. Importance of oxide removal for the evolvement of the meander structure by
laser-sintering: (a) Optical micrograph of a laser-sintered Ge NP film. Prior to sintering, the left
half of the film was dipped in hydrofluoric acid for oxide removal, whereas the right side was
sintered as-deposited. The same is shown in panel (b) in an SEM image. Panel (c) and (d) show
SEM images of higher magnification of the left and the right halfs of panel (b).

certain areas which appear whiter than neighboring parts of the meanders, although
they are directly connected. A generally low conductivity cannot explain that. However,
such features, which often are shaped like a dome, also result from laser-sintering at
ambient conditions. Here, a locally high oxygen content can be presumed, which traps
charges and leads to the enhanced signal in SEM investigations. Similar observations as
discussed above can be found for Si NP films when residues of oxygen are present on
the NPs surface. Concludingly, the fact that a NP layer is free of oxygen is of paramount
importance for the formation of a well connected meander structure.[Beh12]

5.2. Current-Activated Pressure-Assisted Densification of
Nanoparticles to Fabricate Bulk Materials

In this work several experiments are conducted on samples fabricated by Current-
Activated Pressure-Assisted Densification (CAPAD), which have a fundamentally dif-
ferent morphology compared to the thin films obtained by laser-sintering. Within
the collaboration with the University of Duisburg-Essen, the group of Gabi Schierning
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provides these samples made from the same gas-phase synthesized NPs also used for the
thin film approach. For this work, the CAPAD samples with their well investigated state-
of-the-art thermoelectric properties serve as a benchmark for the laser-sintered films.
Furthermore, the measurement equipment and techniques used in this work can be val-
idated by comparison of the experimental results with those obtained on these reference
samples in Duisburg using industrial metrology systems. This short section summarizes
the synthesis method and the morphology of the samples obtained by CAPAD. Further,
more detailed information, can be found in Refs. [Pet11, Sch11a, Ste11, Mes12, Sch14].

As sketched in Fig. 1.3, to obtain bulk-like samples via CAPAD the NPs powder is
filled (often in ambient conditions) into a die around a punch and is precompacted by
hand using the counter punch.[Gra09] The precompacted powder is inserted into an
Spark Plasma Sintering (SPS) machine, which is then evacuated. The interior is heated
to an increased temperature of, e. g., 1060 °C, to ease sintering. While still exerting a
pressure of typically 10 to 100 MPa onto the sample by the punches, a dc-current is then
injected from one punch through the powder to the other punch.[Sch11b] Joule heating
due to the high electrical resistance of the powder heats it above the temperature needed
for further compaction and sintering. As the sample is fully compacted to a density of up
to 98 % of the theoretical maximum after a process time of typically several minutes, the
sample is cooled down.[Pet11] Finally a typical sample can have dimensions of several
mm in height and some cm in diameter.

The micrographs in Fig. 5.14 show the resulting morphology of the sintered samples
on different length scales. In panel (a) elongated porous precipitates within the otherwise
dense material can be seen. As investigated by EDX, these precipitates are rich in oxygen
and, for the case of phosphorous-doped initial NPs, rich in phosphorus. Oxygen entered
the process since the NPs were handled in air for precompaction. In this top view
on a surface cut perpendicular to the direction of the sinter current, the disk-shaped
precipitates look cigar-shaped. Simulations of the compaction process suggest the
formation of such disk-shaped structures, which result in an incomplete compaction
and which form morphological barriers for current and heat transport.[Sch11b, Sto14b]
Concentrating on the almost pure silicon areas of panel (a), panel (b) shows a TEM
micrograph of the grainy substructure. Compared to the initial NPs the grain growth is
less pronounced as in the case of laser-sintering. Such areas as shown in panel (b) are
almost perfectly dense and exhibit no holes. However, also these regions are not free
of oxygen as can be seen in panel (c). The enhanced temperature during the process
leads to a mobilization of the silicon oxide, which relocates at grain boundaries (larger
structures 1) and also within grains (smaller structures 2). The silicon grains themselves
are highly crystalline with well defined grain boundaries, as the high resolution TEM
image in panel (d) demonstrates.

Interestingly, the dc current applied during sintering leads to a considerable asym-
metry of the temperatures reached at the anode and the cathode side. The doped
NPs typically used for thermoelectric materials exhibit the Peltier effect, introduced in
Chap. 2, which carries heat from one end to the other. The different temperatures result
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Figure 5.14. Morphology of bulk-nano-crystalline samples prepared by CAPAD: (a) SEM mi-
crograph showing elongated precipitates which are rich in oxygen and phosphorus. (b) Bright
field TEM image of the dense grainy structure. (c) Energy-filtered TEM micrograph discriminat-
ing silicon (dark) from silicon dioxide (bright). Different oxidic precipitates are marked with 1
and 2. (d) High resolution TEM image of the crystallinity of the grains. The micrographs are
taken from Refs. Mes12 and Sch11a.

in different grades of compaction and grain sizes.[Bec12]
The terminology for the above mentioned process is subject of a decade-lasting

controversy.[Gra09] Since analytical methods lack to characterize the powder during sin-
tering, the interplay of current, temperature and pressure remains rather unclear. Other
abbreviations used in this context are Current-Assisted Sintering (CAS), Spark-Plasma
Sintering (SPS) or Electric Current Activated/Assisted Sintering (ECAS).



6
Thermoelectric Properties of Sintered

Nanoparticles

In this chapter the macroscopic electrical conductivity σ and the Seebeck coefficient S of
thin laser-sintered NanoParticle (NP) films are investigated. If not stated otherwise, the
samples are laser-sintered with a fluence leading to a well connected meander structure,
which results in a conductivity at the beginning of the plateau region as discussed in the
context of Fig. 5.9 and Fig. 5.10.

The chapter starts with the thermoelectrical properties of undoped laser-sintered
Si and Ge NP films. Then, digital B-doping is discussed for Si. Finally, SiGe alloy
and composite NPs, which are heavily P-doped, are characterized and compared to
bulk-nano-crystalline material, made from the same NPs.

6.1. Thermoelectricity of Laser-Sintered Undoped Si
Nanoparticle Films

Undoped Si films are not relevant for thermoelectric applications, but they serve as a
basis for the understanding of doped Si films. In Fig. 6.1 (a) the electrical conductivity of
a laser-sintered undoped Si NP film is shown and plotted in an Arrhenius-type graph,
i. e., σ vs. 1/T. In such a graph a straight line indicates

σ ∝ exp
(

Ec − EF

kB T

)
, (6.1)
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Figure 6.1. Thermoelectric properties of laser-sintered undoped Si NPs: In panel (a) the elec-
trical conductivity is shown in an Arrhenius plot. The dashed line indicates a thermal activation
energy of 590 meV. The Seebeck coefficient of this sample is shown in panel (b).

where kB is the Boltzmann constant and Ea = Ec − EF is the thermal activation energy.
In undoped Si the Fermi level is expected to be close to the middle of the bandgap, so
that an activation energy of half of the bandgap energy should be measured. With a
slope corresponding to Ea = 590 meV and an approximate bandgap of 1.1 eV, the data
set in panel (a) confirms this notion.

The corresponding data set on the Seebeck coefficient is shown in Fig. 6.1 (b). Due to
the higher mobility of electrons compared to holes the Seebeck coefficient is negative,
according to Eq. 2.15. As expected for an intrinsic material and as predicted by Eq. 2.34,
the Seebeck coefficient decreases in magnitude for higher temperatures. Compared to
the dashed line in Fig. 2.7 (a) which approximately indicates intrinsic Si, the measured
data in Fig. 6.1 (b) is in good agreement. From the above data it can be concluded that
laser-sintered Si NP thin films behave very similar to bulk crystalline Si with respect to
the qualitative behavior of the Seebeck coefficient and the electrical conductivity.

6.2. Thermoelectricity of Laser-Sintered Undoped Ge
Nanoparticle Films

Similar to the properties discussed for Si, the electrical conductivity and the Seebeck
coefficient of laser-sintered Ge NP films are discussed now.

Figure 6.2 (a) shows the electrical conductivity of a representative sample in an
Arrhenius plot. In contrast to the Si data in the previous section, the data set here can
be divided into two regions. For high temperatures, an activation energy of 260 meV
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Figure 6.2. Thermoelectric properties of laser-sintered undoped Ge NPs: Arrhenius plot of a
representative thin film of laser-sintered, nominally undoped Ge nanoparticles. In agreement
with the Seebeck coefficient in panel (b), two regimes can be distinguished. The vertical dashed
line indicates T = 540 K in both panels. The identically prepared films in panel (b) are of
two NP batches, closed symbols correspond to NP batch 1 and open symbols to batch 2. All
samples have a positive Seebeck coefficient, rising with temperature for T < 540 K. Above that
temperature the Seebeck coefficient of all samples decreases with increasing temperature. The
data for poly-crystalline Ge is taken from Ref. Mid53.

can be deduced, which is again close to half of the bandgap of Ge, so that the material
can be regarded as intrinsic there. However, for lower temperatures the conductivity is
much higher compared to the thermally activated transport with the Fermi level in the
middle of the band gap, as would be extrapolated from the high temperature data.

Correspondingly, the Seebeck coefficient, shown in panel (b), is also characterized by
two transport regimes. For low temperatures, the Seebeck coefficient is positive and rises
with temperature, whereas for higher temperatures the Seebeck coefficient decreases.
To exclude spurious doping, several samples were prepared and even two different
batches of undoped Ge NPs were used. These different samples in panel (b) vary only
slightly and show the same characteristic behavior. The transition between those two
regimes happens at approximately the same temperature in, both, the conductivity and
the Seebeck data. The vertical dashed lines in both panels indicate a temperature of
540 K.

The following model is able to explain the observed transport data: The sintered film
consists of grains which are separated by grain boundaries. Those grain boundaries
contain unsaturated bonds. According to the literature, the dangling bond level in Ge is
in the vicinity of the valence band, either some tens of meV above or even below the
valence band edge.[Bro08, Kuz09, Bro10, Bro12, Web13] Both Weber at al. and Broqvist
et al. provide results from super cell simulations but use slightly different functionals
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Figure 6.3. Assumptions for the simulation of the Seebeck coefficient of laser-sintered un-
doped Ge NPs: (a) The DOS of poly-crystalline Ge used for the simulation. (b) The correspond-
ing group velocity of charge carriers in the material. (c) The Fermi level as obtained from the
charge neutrality condition.

and cell sizes. Weber et al. states that ε+/0 ≈ −220 meV, ε+/− ≈ −165 meV and
ε0/− = −110 meV with respect to the valence band edge and Broqvist states that
ε+/0 = 50 meV, ε0/− = 110 meV and ε+/− ≈ 90 meV above the valence band edge.
More heuristically, the literature reports on acceptor states of Ge grain boundaries.[Ell53,
Twe55, Hob57, Log59, Ree59, Ham62, Bro81, Lab91] At moderate temperatures the
Fermi level is pinned at these states near the valence band and gives rise to a positive
Seebeck coefficient.[Yam61, Pőd71] Furthermore, transport via these states has a much
lower activation energy compared to intrinsic Ge. If the temperature is high enough
to lift electrons into the conduction band, the Fermi level shifts towards midgap, the
Seebeck coefficient decreases according to Eq. 2.15, and the electrical conductivity is
thermally activated with the observed activation energy.

A simulation based on Eq. 2.32 will back up this model. This now requires quantitative
assumptions for the physical quantities in this equation. For the sake of simplicity an
energy-independent relaxation time τ is assumed. The DOS used for the simulation is
shown in Fig. 6.3 (a) with a square-root function for the valence and conduction bands
representing the effective masses for charge carriers in bulk Ge outside the energy gap.
A dangling bond density near the valence band serves as a model for the acceptor states
due to the grain boundaries. To express E in Eq. 2.32, v is identified as the group velocity
in Eq. 2.30. For transport via sub-bandgap states v is assumed to be constant with a
rather arbitrarily chosen value, as shown in panel (b). However, this value is adapted
to best describe the following experiments. The resulting temperature dependence of
the Fermi level, which is obtained from charge neutrality considerations, is shown in
panel (c). As expected, for low temperatures the Fermi level is pinned near the valence
band. With increasing temperature, it shifts into the middle of the bandgap. To clarify
it, the model is not able to yield quantitative results on the Seebeck coefficient and the
electrical conductivity due to the very much simplifying assumptions on the scattering
time and the group velocity. However, since the DOS outside the bandgap is modelled



6.2. Thermoelectricity of Laser-Sintered Undoped Ge Nanoparticle Films 83

carefully using data from the literature on the effective masses, the additional dangling
bond feature inserted into the band gap can deduced quantitatively by adapting the
simulation to experimental results. More information on the assumptions and the effect
of variations of input parameters to the simulation results can be found in App. A.

This model is now used to describe the experimental data on the Seebeck coefficient in
Fig. 6.2 (b). For a dangling bond density of 2× 1017 cm−3 the resulting curve is shown
as dashed line there. The main parameter to adapt the simulation is the temperature at
which the maximum Seebeck coefficient occurs. Regarding the experimental variation
of the Seebeck coefficient, the data can well be reproduced and the dangling bond
density lies in a realistic order of magnitude. Additionally, Fig. 6.2 (b) contains data of
poly-crystalline Ge doped with Al to 4× 1018 cm−3, which shows that although the laser-
sintered Ge NP films are undoped, they behave as if doped almost to a metallic extent.
This result backs up the assumption that indeed dangling bonds which are energetically
located near the valence band are the origin of the typical Seebeck coefficient data of
undoped laser-sintered Ge NP films.

The Seebeck Coefficient of Ge Films for Different Sinter Fluences

Coming back to the discussion following Eq. 2.32, the Seebeck coefficient does not
depend on the sample geometry or, in other words, the exact current path. However,
if the morphology of the NP films changes with laser-sintering and the current passes
through regions of different local Seebeck coefficients, also the net Seebeck coefficient of
the laser-sintered sample changes.

In Ge NP films it can be found that indeed the overall Seebeck coefficient depends on
the laser fluence used for sintering. Figure 6.4 summarizes the thermoelectric proper-
ties as well as vibrational properties obtained by Raman spectroscopy for these films.
Panel (a) shows Raman spectra of the Ge-Ge LO phonon mode near 300 cm−1 with
respect to the sinter fluence. The shape of this line is suited to assess the degree of grain
growth induced by laser-sintering. The Raman spectrum of unsintered Ge NPs shows
a large peak slighly below 300 cm−1 which originates from the highly crystalline core
of the NPs. On the low wavenumber side a shoulder is observed around 285 cm−1,
which stems from amorphous regions of the NP shell.[Yan97] The spectra also show a
laser plasma line at 266.3 cm−1, which is used for calibrating the spectrometer.[Cra79]
For increased sintering of the NPs this shoulder dissappears. This finding reflects the
fact that in laser-sintered films virtually no amorphous phase is present any more. By
fitting the peaks with a Lorentzian and a Gaussian lineshape, respectively, the relative
intensity of crystalline and amorphous contributions to the spectra can be assessed. This
fitting procedure also reveals that the crystalline peak sharpens as the amorphous peak
disappears. In Fig. 6.4 (b) the electrical conductivity of the films is plotted versus the
sinter fluence. The data set indicated by circles is identical to the one shown in Fig. 5.9.
Squares denote the samples of which the Raman spectra in panel (a) were taken. In
addition to the conductivity, panel (b) also shows the thermovoltage for all samples.
Unsintered films exhibit a large negative thermovoltage which becomes positive for



84 Chapter 6. Thermoelectric Properties of Sintered Nanoparticles

2 0 0 3 0 0 0 2 0 4 0 6 01 0 - 7

1 0 - 6

1 0 - 5

1 0 - 4

1 0 - 3

1 0 - 2

1 0 - 1

1 0 0

1 0 1 432
( b )

Co
nd

uc
tivi

ty 
(S/

cm
)

F l u e n c e  ( m J / c m 2 )

( a )
1

- 4 0

- 3 0

- 2 0

- 1 0

0

1 0

2 0

Th
erm

ov
olt

ag
e (

mV
)

0

2

4

6

8

1 0

1 2

1 4

Am
orp

ho
us

 fra
ctio

n (
arb

. u
nit

s)

0

1

2

3

4

5

6

7

Wi
dth

 of
 29

8.6
 cm

-1  lin
e (

cm
-1 )

4 1

3 0

7 1

2 2

1 3

8

 

 

No
rm

aliz
ed

 Ra
ma

n s
ign

al

W a v e n u m b e r  ( c m - 1 )

0  m J / c m 2

Figure 6.4. Correlation of Raman characteristics and thermoelectric parameters of laser-
sintered undoped Ge NP films: Panel (a) shows the normalized Raman spectra of samples,
laser-sintered with varying sinter fluence. The spectra contain a crystalline Ge peak centered
at 298.6 cm−1 and an amorphous shoulder, at approximately 285 cm−1. Panel (b) correlates the
electrical in-plane conductivity (full squares and circles) and the thermopower (open squares) at
∆T = 45 K with the amorphous fraction (triangles) and the width of the crystalline peak (stars),
both obtained from fitting the Raman spectra in panel (a). The regions 1 to 4 are discussed in the
text.

completely sintered films. To correlate the thermoelectrical data to the microstructure,
the amorphous fraction, i. e., the peak intensity ratio of the amorphous shoulder to the
crystalline peak, is shown, as well as the width of the crystalline line.

The combination of Raman and thermoelectrical data allows to distinguish four
regimes, which are separated in panel (b) by vertical dashed lines. In region 1 the
electrical conductivity is not yet significantly enhanced, because the impinging optical
power of the sinter laser cannot heat the film to temperatures sufficient for sintering. The
thermopower there is negative, the amorphous fraction is rather high and the crystalline
peak is slightly broadened. In region 2, above a fluence of 10 mJ/cm2, sintering begins,
so that the electrical conductivity rises. At the same time, the amorphous fraction begins
to decrease and the thermopower becomes positive. For a fluence above 25 mJ/cm2 in
region 3, the thermopower satturates at a positive value while the amorphous fraction
already disappeared to a level which cannot be detected any more for this signal-to-
noise ratio. Also, in region 3 the crystalline peak begins to narrow until in region 4 all
discussed parameters are stable with an electrical conductivity in the plateau region, a
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a-Ge
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transport path

Figure 6.5. Schematic model for changes in the current path upon laser-sintering undoped
Ge NP films: In region 1 of Fig. 6.4, the film consists of particles with a crystalline Ge core,
surrounded by an amorphous shell. Current transport occurs via the amorphous network.
Increasing the sinter fluence in region 2, the amorphous regions crystallize and current is
transported across the crystalline parts as well. In region 3 no amorphous material is left and the
temperature induced by laser irradiance reaches the melting/sintering temperature, leading to
grain growth up to region 4.

positive thermopower, a vanished amorphous fraction and a narrow crystalline peak.

To explain the observed correlation of thermoelectrical parameter and Raman spectra,
the following transport mechanism is proposed. The corresponding current paths are
schematically depicted in Fig. 6.5. The as-deposited NPs in region 1 have a crystalline
core and are surrounded by an amorphous shell. Since the unsintered spheres have
contact only via this amorphous part, current passing the ensemble is also carried to a
significant extent by the amorphous material. Reports from the literature on the Seebeck
coefficient of amorphous Ge state negative values.[Lew76, Bar76, Hau92] After the be-
ginning of sintering in region 2, the amorphous shells are annealed and improve their
crystallinity, so that the crystalline cores touch each other. Now, the main portion of the
current is carried in the crystalline Ge phase. The increased interconnection enhances the
electrical conductivity and the discussed acceptor states in the poly-crystalline material
lead to a more and more positive thermovoltage. Since the temperature during sintering
reaches higher values in region 2, the fraction of amorphous shells decreases but the
average size of the NPs is still similar to that of unsintered ones. In region 3 the amorph-
ous shells have completely disappeared, so that only poly-crystalline Ge remains with a
positive thermovoltage. Since the grains now start to grow significantly, the nano-size
effects leading to a broadened crystalline peak in the as-deposited film becomes less
important.[Cam86, Pis03] This grain growth still enhances the electrical conductivity
somewhat due to the improved percolation of larger structures. The final state is reached
then in region 4, with purely crystalline grains constituting the poly-crystalline material.
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6.3. Thermoelectricity of Laser-Sintered B-Doped Si
Nanoparticle Films

The materials systems discussed so far were undoped, and as such suitable for not
classical thermoelectric applications. Below, a digital doping approach as discussed in
the context of Fig. 1.3 is used to dope Si films with B. The nominal B concentration is
calculated according to the mixing ratio of doped and undoped NPs and ranges from
8× 1017 cm−3 to 5× 1020 cm−3.

The electrical conductivity and the Seebeck coefficient obtained from those samples are
shown in Fig. 6.6. The undoped sample is the same as already discussed in Fig. 6.1 with a
thermal activation energy of the conductivity of 590 meV. Increasing the B concentration
leads to a slightly lower activation energy and a slightly higher conductivity. The
changes in the conductivity are not pronounced until the samples are doped higher than
3× 1018 cm−3. A boron concentration of 8× 1019 cm−3 leads to an almost temperature
independent electrical conductivity already. This is even more true for the sample doped
highest with 5× 1020 cm−3 B atoms. In these samples transport occurs purely in an
acceptor band.

The corresponding Seebeck coefficient data are shown in panel (b). The undoped
sample was again already discussed in Fig. 6.1 and can be interpreted as intrinsic with the
Fermi level within the band gap. An increased B concentration of 2× 1018 cm−3 already
leads to a pronounced shift of the Seebeck coefficient towards small negative values. In
contrast to the conductivity data, at this doping concentration small variations of the
nominal B-doping results in a significant change of the Seebeck coefficient. Already at a B
concentration of 3× 1018 cm−3 the Seebeck coefficient is positive for the whole measured
temperature range, as expected for doping with a group-III acceptor element. However,
the magnitude of the Seebeck coefficient decreases with increasing temperature. This
changes when the doping concentration is increased to 8× 1019 cm−3, where the slope
of the data set in panel (b) allows to assign metallic conduction according to Eq. 2.37.
As expected, in this doping regime the Seebeck coefficient decreases with increased B
concentration.

In Fig. 6.7 the discussed data are summarized with respect to the doping concentration
for two temperatures, 300 K and 650 K. The Seebeck coefficient switches sign at a doping
concentration of approximately 2× 1018 cm−3, while for this concentration the conduct-
ivity and the activation energy stays unchanged. For slightly higher B concentrations
the activation energy at 650 K begins to decrease and the conductivity increases.

The fact that the Seebeck coefficient is sensitive to lower B doping compared to the
conductivity can be explained as follows: The band edges in poly-crystalline material
are not spatially constant because of local strain, bond disorder at grain boundaries or
inhomogeneous distribution of dopants. The measurement of the Seebeck coefficient
does not require a net current flow and if the measurement is slow enough a thermo-
voltage establishes although the Fermi level is still too far away to allow macroscopic
transport. For current transport the carriers must have a energy that allows transport
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Figure 6.6. Laser-sintered digitally B-doped Si NP films: Panel (a) shows the electrical con-
ductivity of a series of samples with different nominal B concentration in an Arrhenius plot.
Panel (b) shows the Seebeck coefficient of the same samples. The dashed lines extrapolate the
experimental data to the origin, indicating metallic transport.

also in the valence band regions low in energy. Thus, the Seebeck coefficient reacts to
p-type doping at lower acceptor concentrations than the conductivity. Such potential
fluctuations and different activation energies for conductivity and Seebeck coefficient
due to trap states and the resulting band bending have already been reported in the
literature for poly-crystalline thin films.[Tan80]

The doping concentration where the Seebeck coefficient switches sign is an indicator
for the density of midgap states that pin the Fermi level there for low B doping. Such
dangling bond states of approximately 2× 1018 cm−3 are realistic, as already reported in
Ref. Lec08. Effective doping of laser-sintered films can only occur if these trap states for
charge carriers are overcompensated by the dopants.

6.4. Thermoelectricity of Heavily P-Doped Sintered SiGe
Nanoparticles

In contrast to the materials discussed in the previous sections of this chapter, now
materials of high interest for thermoelectric applications will be investigated. One
characteristic feature of such Si-based materials is that they also contain a considerable
amount of Ge, which is mainly introduced to suppress thermal conduction. Another
feature is their heavy doping, which typically is introduced by B or P.

This section is mainly aimed at discussing the Seebeck coefficient and the electrical
conductivity of several laser-sintered films of such composition. Beyond, there are three
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Figure 6.7. Thermoelectric parameters for digitally B-doped Si films: For 300 K and 650 K the
Seebeck coefficient, the electrical conductivity and the activation energy of the conductivity at
high temperatures are shown as a function of the nominal B concentration.

aspects that are also treated here:
1. the two sintering approaches which were already mentioned in Sec. 1.2, laser-

sintering and CAPAD,
2. the setup, used mainly in this thesis to determine σ and S, with a commercial

setup, a ZEM-3 (ULVAC Technologies, Inc.), and
3. the two concepts of introducing Ge, summarized in Sec. 4.1, yielding alloy und

composite materials.
In Fig. 6.8 the Seebeck coefficients of laser-sintered Si80Ge20 and Si95Ge05 alloy NPs

and of laser-sintered Si-Ge 91:09 and Si-Ge 60:40 composite NPs are shown together
with the results of the corresponding CAPAD samples of the same initial raw materials.
For the experiments described here, the P content in the silane flow was 1 %. This
is a concentration leading to electron densities around 1020 cm−3, as found in many
SiGe thermoelectric materials.[Dis64] The degenerate doping with P is reflected by the
negative Seebeck coefficient, with its absolute value increasing with rising temperature.
Assuming Si-like effective masses m∗ also in these SiGe materials,[Gre90] the n-type
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Figure 6.8. Seebeck coefficient of sintered alloy and composite SiGe NPs: Comparison of the
data obtained on laser-sintered NPs and data obtained from CAPAD samples made from the
same initial raw material. Also, for CAPAD samples the data measured at the Walter Schottky
Institute dan be compared to the results obtained from a commercial setup (ZEM-3) located at
the University of Duisburg-Essen. Panel (a) and (b) show the data of the alloy NPs, panel (c) and
(d) show the results obtained on the composite materials.

carrier concentration n can be evaluated via Eq. 2.37. Irrespective of the the type of
initial NPs, all laser-sintered samples show a carrier density of n ≈ 4-9× 1019 cm−3.
Since in laser-sintered samples the grain size can be expected to be much larger than
the grain boundary region and thus the temperature gradient along the sample mainly
drops across the grain interiors, the T-dependence of S suggests a rather T-independent
carrier concentration within a grain. The depletion of carriers at the grain boundary
regions cannot be accessed by these Seebeck coefficient measurements.

Comparing laser-sintered and CAPAD samples and taking into account the differences
in their microstructure discussed in Chap. 5, it is encouraging to see that the Seebeck
coefficients of alloys and composites treated by these two sintering methods agree well.
This confirms the statement that mainly the doping and not so much the morphology of
a material determine the Seebeck coefficient.

The data shown as dashed line in Fig. 6.8 reaching to temperatures of up to 1200 K
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Figure 6.9. Electrical conductivity of sintered SiGe NPs: Made from the same initial NPs, laser-
sintered as well as CAPAD samples are compared with respect to the temperature dependence
of σ. Note that the macroscopic conductivity defined in Eq. 3.1 is shown. The type of initial NPs
is indicated in the legend and follows the convention given in Sec. 4.1.

has been measured in Duisburg on the CAPAD samples using the ZEM-3 setup. The
results obtained on these same samples by the two Seebeck setups quantitatively agree
well, demonstrating the high reproducibility of the measurements.

Corresponding to the data in Fig. 6.8, Fig. 6.9 shows the T-dependence of the macro-
scopic electrical conductivity σ of laser-sintered and CAPAD samples. For laser-sintered
samples the absolute value of σ is approximately one order of magnitude lower than for
bulk-nano-crystalline CAPAD samples. This can mainly be ascribed to the percolation
effects discussed in Chap. 5, which were not corrected for in Fig. 6.9. Morphological
variations between individual samples dominate the ordering of σ here. The ordering
among the CAPAD samples with respect to σ corresponds well to the slight differences
observed in the Seebeck coefficient measurements obeying the anticorrelation of S and
σ, as already discussed in the context of Fig. 2.3.

The CAPAD samples show a conductivity which is rather independent of T, as ex-
pected for such degenerate doping. Regarding the T-dependence of σ for laser-sintered
samples, the observed increase of σ with T can empirically be described by a power-law
with σ ∝ T∼1.2. Plotted in a classic Arrhenius-diagram, power-law dependencies σ ∝ Tα

appear curved upwards for α > 0. Qualitatively this upward bending can be interpreted
as an activation energy Ea increasing with temperature, arising, e.g., from a distribution
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of barrier heights as already discussed in the context of the digitally B-doped Si samples
in Sec. 6.3.

For all samples discussed here, the heavy P doping is introduced via admixing
phosphine to the silane gas flow during gas phase growth of the NPs. This implicates
that for samples of different Ge content also the overall P concentration slightly varies.
Also, there is can be a difference between alloy and composite NP powder due to a
different degree of dopant segregation in pure and in alloy NPs. As already discussed in
Sec. 4.1 Stegner et al. found that for pure Si NPs doped with P, approximately 90 % of the
dopants reside in the oxide shell. For Si80Ge20 alloy NPs a similar Secondary Ion Mass
Spectroscopy (SIMS) experiment in the framework of this thesis yields a dopant loss
of 60 %. This reduced loss for alloy NPs may be explained by the already pronounced
mass and bond strength difference introduced by Ge, so that P atoms tend to segregate
less. Arithemtically, this should lead to an enhanced loss of dopants in composite NPs
compared to alloy NPs, when the oxide shell is removed by HF, as it is the case for
the laser-sintering process. In the CAPAD process, however, no etching is performed
and P is mainly contained in the oxide precipitates. For high temperatures P becomes
mobilized and can act in the Si phase as a dopant again.





7
Laser-Assisted Wet-Chemical Doping of

Sintered Nanoparticle Films

In Fig. 1.3 different ways to fabricate doped thin films from laser-sintering NP films
were introduced. In this chapter the principle of laser-assisted wet-chemical doping will
be discussed in detail. The basic mechanisms are studied for As-doped Ge, which was
chosen as a model system. Further, the method will be transferred to other group-III
and -V dopants as well as to SiGe and Si films. In the course of this chapter, the dopant
incorporation and doping efficiency will also be analyzed quantitativly.

7.1. The Principle of Laser-Assisted Wet-Chemical Doping

In contrast to conventional doping of gas-phase synthesized NPs during their gas-phase
growth,[Kni04, Pet11] laser-assisted wet-chemical doping uses undoped NPs as precurs-
ors. The method yields doped films when the undoped film is immersed in a dopant
liquid, dried and subjected to a sintering step. In this thesis, laser-sintering is used,
but other treatments may be used as well, such as CAPAD,[Pet11] thermal annealing
[Lec09] or microwave sintering.[Dra14] The term laser-assisted wet-chemical doping refers
to two facts: One one hand, that the method combines both the enhancement of the film
morphology in terms of connectivity and the incorporation and electrical activation of
the dopants in the film, so that doping by this method can be done without an extra
processing step, and, on the other hand, that the dopants are applied to the film in a
wet-chemical step via a liquid, the so-called doping liquid.

Figure 7.1 schematically illustrates important processes of laser-assisted wet-chemical
doping. The doping liquid contains suitable dopant species in the form of ions or
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Figure 7.1. Schematic illustration of the work flow of laser-assisted wet-chemical doping:
(a) SEM micrograph of an as-deposited Ge NP film, which panel (b) represents schematically.
(c) The NP film is immersed in a liquid containing dopants, which adsorb to the NP surface.
(d) The depleted liquid is refilled with dopants from the free outer liquid. (e) During drying,
the dopants can remain in the film or evaporate. (f) Laser-sintering incorporates the dopants.
(g) SEM micrograph of the mesoporous film after laser-sintering. (h) In the sintered matrix the
dopants can occupy surface states or precipitate, leaving them electrically inactive. (i) Ideally,
the dopants occupy dilute substitutional lattice sites and become electrically active.

molecules. As visible in the top-view SEM micrograph in panel (a), after deposition
the loosely packed NPs constitute a film, sketched in the side-view in panel (b), with
a very large internal surface area. As illustrated in panel (c), the NP film is immersed
in the doping liquid. Depending on the interaction of the NP surface and the dopant
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species, adsorption of the dopants to the NP surface takes place. Because the adsorbed
dopants reduce the concentration of dopants in that part of the doping liquid which
initially penetrated the NP film, successive diffusion of dopants from the outer liquid
into the interior of the film will take place, as shown in panel (d). This diffusion through
a nanometer-sized porous film can be slow and thus a time- and efficiency-limiting
process. As sketched in panel (e), the film is dried next. The dopants that are not yet
adsorbed can either evaporate in an unspecified manner together with the doping liquid,
or be retained in the film during evaporation of the liquid phase. Then, also those
dopants that did not yet adsorb to the NPs are available for doping. To form the desired
interconnected and doped semiconductor film, the loosely packed NP ensemble with
adsorbed dopants is then subjected to the sintering step, as indicated in panel (f). The
typical morphology of the film after laser-sintering discussed extensively in Sec. 5.1 is
shown in the top-view SEM image in panel (g). During laser-sintering the morphology
evolvement induced by laser-sintering as discussed in Sec. 5.1 is not influenced by the
wet-chemical treatment in the doping liquid. The NPs are at least partly molten and,
upon solidification, larger grains are formed. Those can be seen in panel (h) and (i) as
constituents of the meander network. Panel (h) schematically shows that dopants in
the sintered film can occupy surface states or even cluster, both rendering the dopants
electrically inactive.[Sol96, Bai99, Tak02, Mue04] The ideal situation is shown in panel (i),
where the dopants occupy dilute substitutional lattice sites and are electrically active.

7.2. Doping Liquids for Laser-Assisted Wet-Chemical
Doping

The doping liquids into which the as-deposited NP films are immersed in this thesis
are pure or diluted solutions usually used as standards for calibration in Inductively-
Coupled Plasma (ICP) mass spectrometry. All pure doping liquids contain 10 g/l of the
respective dopant element. As group-III elements, B, Al, Ga and In were tested. From
group V, P, As, Sb and Bi were available for the doping experiments. The matrix of pure
doping liquids is acidic in most cases. The pure liquids typically have concentrations of
trace impurities in the ppb-range, except for the elements Ni, Os, P and Se, which are
found in concentrations of up to ppm.[Car]

In many experiments discussed here, the concentration of dopants in the doping liquid
is reduced, which is achieved by diluting the pure ICP solution, as shown in Fig. 7.2,
with a diluent such as deionized water or an aqueous solution of 5 % hydrofluoric acid.
The resulting doping liquids are then called HF-free and HF-containing doping liquids,
respectively. The dilution is typically achieved by mixing, e. g., 1000 µl of the diluent
with 500 µl of the doping liquid with the next higher concentration of dopants inside
2 ml cuvettes (3:1 dilution steps). Proper vortexing of this mixture, typically for some
minutes, ensures a homogeneous distribution of the dopants within the doping liquid.
The next dilution step then uses 500 µl of this doping liquid and mixes them with 1000 µl
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pure
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diluent
vortexing
~ 1 min

...
Figure 7.2. Dilution of doping liquids: Starting from pure Inductively-Coupled Plasma (ICP)
standard solutions, doping liquids with a reduced concentration of dopants can be obtained by
mixing with a diluent. To ensure a homogenous distribution of dopants in the doping liquids,
vortexing is used.

of the diluent again. This procedure ensures that the relative uncertainty of the pipetting
steps are small.

7.3. Selectivity of Laser-Assisted Wet-Chemical Doping

To first prove the selectivity of laser-assisted wet-chemical doping and to exclude cross-
contamination, HF-etched Ge NP films are immersed for 2 min prior to the laser-sintering
step in pure doping liquids containing 10 g/l of either P, As, Sb or Bi. Figure 7.3 shows
X-ray Photo-electron Spectroscopy (XPS) spectra of the doped films. The laser-sintered
Ge thin films only contain the intended elements at the surface, which demonstrates the
selectivity of the doping method. A similar composition of surface-near and sub-surface
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Figure 7.3. Selectivity of laser-assisted wet-chemical doping: X-ray Photo-electron Spectro-
scopy (XPS) spectra of four laser-sintered Ge NP thin films after laser-assisted wet-chemical
doping. Only samples intentionally doped with P, As, Sb or Bi show the XPS signature of the
respective element. The concentrations of the dopant element in the solution were (a) 2× 1023 l−1

of P, (b) 8× 1022 l−1 of As, (c) 5× 1022 l−1 of Sb, (d) 3× 1022 l−1 of Bi. Since the samples were not
kept under inert atmosphere, oxide-related signals are also observed.
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regions is assumed due to the quenching during the fast recrystallization. Oxide-related
signals are also present because the samples were not kept in inert atmosphere after
their fabrication.

7.4. A Model System for Laser-Assisted Wet-Chemical
Doping

The XPS study in Sec. 7.3 only proved the presence of the dopant atomsin the host
material and not yet the element’s impact on the electric properties. To influence those,
the dopants must be electrically active, i. e., they must release their charge carriers
into the host material. To study the effect of laser-assisted wet-chemical doping on the
electrical properties of the doped material, a model system is useful.

Such a model system needs to fulfill some criteria: The electronic properties of un-
doped material needs to be understood reasonably well and should also be properly
defined in terms of reproducibility. Further, the dopant used should be a shallow
substitutional dopant in the host material used for the model system.

The mentioned criteria are met by As-doped Ge thin films. As discussed in Sec. 6.2, the
p-type conductivity of undoped laser-sintered Ge NP films is accompanied by a rather
high electrical conductivity and a positive Seebeck coefficient. These properties make
undoped laser-sintered Ge a well defined and easy to measure material. Further, As is
a shallow substitutional donor in Ge.[Geb54] In practice, it is found that As-doped Ge
films can be fabricated very reproducibly and can be measured fast and with reasonable
high accuracy in ambient atmosphere. Thus, in the following sections, laser-assisted
wet-chemically As-doped Ge films are used as a model system to investigate important
parameters of the method.

The pure ICP doping liquid for the model system is made from 10 g As(V)-oxide,
dissolved in 1 l of a 2 % aqueous solution of HNO3. To control the doping concentration
in the final laser-sintered film, the doping liquid is diluted in a 5 % aqueous solution of
hydrofluoric acid. Using this HF-containing aqueous diluent has the advantage that
the native surface oxide, which typically covers the as-grown NPs used in this work,
is also removed during the doping step. Due to the low pH of the doping liquid, the
oxidation state of the initially present As(V) presumably persists also in less concentrated
dilution liquids, so that the adsorbed dopant species should be dihydrogen arsenate
ions (H2AsO4)

−.[Tak11]

7.4.1. Experimental Observations for n-Type Doping of Ge Films

The following sections use a specific type of diagram to show the results of invest-
igations on the mechanism and the efficiency of laser-assisted wet-chemical doping.
Such a diagram is shown on the right in Fig. 7.4. The abscissa represents the nominal
concentration of the dopant element in the doping liquid in units of l−1. These values
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Figure 7.4. As-doped Ge as a model system for laser-assisted wet-chemical doping: Panels (a)-
(d) sketch a scenario for the DOS with the valence band (vb), dangling bonds (db) and the
conduction band (cb) with as a functio of the electrically active As donors, activated by laser-
assisted wet-chemical doping. The shaded states are filled and the red dashed line represents
the Fermi level EF. Panel (e) shows experimental data of the in-plane electrical conductivity
of Ge films, doped with different amounts of As. The corresponding thermovoltage is shown
in panel (f). The regions 1 to 4 corresponding to the DOS sketches can be identified in the
experimental data.

are calculated according to the concentration of the pure ICP solution of 10 g/l, the mass
of the dopant element and the dilution steps as discussed in conjunction with Fig. 7.2.
The ordinates of the two panels represent the thermovoltage and the effective electrical
in-plane conductivity, both as a measure for the electrically activated As dopants. In
particular, the thermovoltage, i. e., the product of the Seebeck coefficient and the temper-
ature difference of ∆T = 45 K used to measure the thermoelectric effect, yields valuable
information about the majority carrier type, which is especially helpful in a doping
regime where the electrical conductivity is poor.[Bra98]

To illustrate the effect of doping on sintered Ge NP films with donors such as As,
Fig. 7.4 shows a schematic DOS model of poly-crystalline Ge. More quantitatively such
a DOS has already been shown in the discussion of Fig. 6.3, which is briefly repeated
here. In Fig. 7.4 (a), the Fermi level EF, indicated by the red vertical dashed line,
of undoped laser-sintered films of Ge NPs is pinned at the charge transfer level of Ge
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dangling bonds, which is located in the vicinity of the valence band in Ge.[Bro08, Web13]
As a consequence, these films exhibit hole conductance (positive thermovoltage) and
a considerably high conductivity. Such p-type behavior is typical for poly-crystalline
Ge.[Sto13, Twe55, Yam61] Doping the Ge film with an increasing amount of As gradually
transforms the material to an electron conductor, visible by the shift of EF towards the
conduction band as shown in panel (b) through (d).

Corresponding to the model discussed, typical experimental data of the conductivity
and the thermovoltage of laser-assisted wet-chemically As-doped Ge thin films are
shown in panel (e) and (f). The regions separated by vertical dashed lines correspond to
the respective sketches in panel (a) through (d). In region 1 low doped laser-sintered
Ge shows the p-type conductance with the positive thermovoltage discussed in Sec. 6.2.
In region 2 the concentration of As in the doping liquid and thus the density of As
in the sintered film increases. To fulfil charge neutrality, EF shifts towards mid-gap.
Since the DOS around mid-gap is practically vanishing, the overall number of carriers
contributing to the electrical transport is reduced, which is reflected by a minimum of
the conductivity in region 2 of panel (e). At the beginning of region 2 in panel (f), the
thermovoltage, measuring mostly the energetic distance of EF to the respective transport
channel according to Eq. 2.32, slightly rises in magnitude as EF moves away from the
valence band. Adding more As donors, EF approaches the conduction band and the
conductivity rises again at the end of region 2. With electrons being the majority carrier
type now, the thermovoltage changes sign within a rather narrow range of dopant
concentrations in the doping liquid. It then decreases in magnitude as the conductivity
increases further, indicating the shift of EF towards the conduction band. In region 3 the
trend of rising conductivity persists, until a maximum conductivity in panel (e) and a
minimum in the magnitude of the negative thermovoltage in panel (f) is reached. Very
high doping levels in region 4 reduce the conductivity in panel (e) again, accompanied
by a slight increase of the magnitude of the thermovoltage in panel (f).

Although the incorporated amount of As should monotonically increase with the
concentration of As in the doping liquid, at least three different processes will con-
tribute to the conductivity reduction for the highest doping levels: First, increased
impurity scattering becomes mobility-limiting.[Con52, Deb54] Second, the formation of
vacancy-arsenic clusters which render the dopants electrically inactive competes with
the formation of substitutional As atoms.[Chr14] Third, p-type germanium-arsenate
precipitates counteract the n-type doping of As in Ge.[Stö40, Spi61]

7.4.2. Simulation of Laser-Assisted Wet-Chemical Doping

To back up the qualitative behavior discussed in the previous section, the dependence
of the conductivity and the Seebeck coefficient on the concentration of electrically
active donors can be simulated, applying a semi-quantitative Boltzmann formalism for
(thermo)electric transport. Essentially, the simulation used in Fig. 6.3 is extended and
donors are included.
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Figure 7.5. High resolution dilution series of laser-assisted wet-chemically As-doped Ge
films: Panel (a) and (b) show the conductivity and the thermovoltage (∆T = 45 K) for the same
experimental conditions as in Fig. 7.4, from which also the data for the 3:1 dilution series are
taken. The highly resolved data sets result from diluting the doping liquid in steps of 10:9.

The data shown so far in Fig. 7.4 do not contain enough information for a full sim-
ulation of laser-assisted wet-chemical doping. Therefore, Fig. 7.4 additionally shows
the data obtained from a doping experiment using doping liquids that were diluted in
steps of 10:9 rather than 3:1 (see also Fig. 7.2). The data of the experiments with 10:9
and 3:1 dilution ratio match well. The concentration of dopants in the doping liquid
where the thermovoltage changes sign is also reproduced within a few percent. Further,
the highly resolved data set shows impressively little scatter, demonstrating the high
accuracy with which the concentration of dopants in the doping liquid can be adjusted,
as well as the high precision with which the doping method yields films of defined
electronic properties.

The simulation of laser-assisted wet-chemical doping is an extension to the simulation
of the temperature dependence of the Seebeck coefficient for undoped laser-sintered
Ge NPs in Sec. 6.2. There, one result was that the experimental data can be reproduced
well, assuming a dangling bond density of 2× 1017 cm−3. To add As donors to the
model, a sharp (delta-like) donor state 13 meV below the minimum of the conduction
band is introduced.[Con58] Similar to Sec. 6.2, the model is not quantitative with respect
to the values on the ordinate, since knowledge on the scattering rate and the group
velocity lacks. Therefore, simulation data on the electrical conductivity will not be
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Figure 7.6. Simulation of the Seebeck coefficient in laser-sintered wet-chemically doped Ge
films as a function of the As content: In panel (a), data obtained from the simulation are shown
for different temperatures and homogeneous material. Panel (b) shows simulation data at 325 K,
averaged over material with varying dopant concentration. The assumed dangling bond density
in both panels is 2× 1017 cm−3.

shown but the discussion will concentrate on the Seebeck coefficient since it is a much
more defined measure due to the open circuit conditions. The Seebeck coefficient
obtained from the simulation is scaled to the experimental room temperature data in
Fig. 6.2 (b). Additionally, the density of (ionized) donors enter the simulation, rather
than the concentration of dopant species in the doping liquid. However, it is assumed
that those quantities are proportional to each other over a wide range of concentrations
of dopants in the doping liquid, so that the experimental data are shifted along the
abscissa to match the simulated data.

The black line in Fig. 7.6 (a) represents the results obtained from the simulation for a
material having spatially homogeneous densities of dangling bonds as well as of donors
and is calculated for room temperature. The most striking discrepancy between the
experimental data and the simulated data is that the simulated data changes sign within
a much narrower range of concentrations of dopants. Of course, the thermovoltage
is measured for a temperature difference of 45 K, so that varying the temperature in
the simulation seems to be advisable. However, to obtain agreement of experimental
and simulated data, a temperature of 600 K has to be assumed in the simulation. Thus,
the non-homogeneous temperature across the sample cannot explain the discrepancy
observed.

Rather, it is reasonable to assume that neither the dangling bond density nor the donor
density are homogeneous in space. To implement this fact in the simulation in a first
approach, the dangling bond density will be fixed at 2× 1017 cm−3, but the sample will
be divided into several slices having different donor concentrations. These slices are then
connected in parallel, so that the thermovoltage measured is a conductivity-weighted
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average of the different slices. To adapt the simulation to the logarithmic abscissa, the
material is averaged over certain fractions of a decade of donor densities. Panel (b)
shows the results of such simulations at a mean temperature of 325 K, which is typical
for the experimental situation. Now, the temperature difference of 45 K is neglected as
a learning from panel (a). Taking the range of concentrations needed for the change
in sign as a measure, an acceptable agreement of experimental and simulated data
can be achieved when varying the donor concentration by approximately one order of
magnitude while keeping the dangling bond density constant. A similar result would
be obtained when varying both the donor and the dangling bond density by factors of 3,
which seems to be the realistic scenario.

7.5. Parameters Influencing Laser-Assisted Wet-Chemical
Doping

The model discussed so far showed that the degree of doping can be regulated by
controlling the concentration of dopants in the doping liquid in a very controlled and
repeatable fashion. However, this does not yield information about the efficiency of
laser-assisted wet-chemical doping. To first get an idea which process parameters are
relevant for the efficiency of the doping method, the NP diameter, the time which the
as-deposited NP film is immersed in the doping liquid and the immersion temperature
shall now be varied. The corresponding results are shown in Fig. 7.7. For each set of
parameters curves as shown in Fig. 7.4 are recorded. Standard conditions were 300 nm
thick films of Ge NPs, having a diameter of 27 nm, which are immersed for 25 min at
300 K. These standard conditions are indicated by black squares in all panels of Fig. 7.7.
All the data sets show the features discussed in the context of Fig. 7.4 and only differ by a
shift along the abscissa, observed most clearly by the different As concentrations where
the thermovoltage changes sign. Important to note here, a shift of the data set to lower
dopant concentrations implies an enhanced doping efficiency for these parameters.

Figure 7.7 (a) and (b) show data of experiments with two different NP diameters.
Compared to the 27 nm data set, the data for 10 nm NPs is shifted by approximately half
a decade to lower As concentrations in the doping liquid. Varying the immersion tem-
perature in panel (c) and (d) between 270 K and 330 K shows that the doping efficiency
increases with a higher immersion temperature. In panel (e) and (f) the time which the
NP films are immersed in the liquid is varied from 10 s to 25 min. The longer the films
are immersed, the lower is the concentration of dopants in the liquid required for similar
doping effects.

In a further experiment, shown in Fig. 7.8, the aspect of in-diffusion, already ad-
dressed in Fig. 7.1 (b), is studied by immersing Ge NP films having film thicknesses
ranging from 100 nm to 700 nm each for 2 min in equal HF-containing doping liquids
with 8.9× 1021 l−1 of As. All films were wetted instantaneously, ensuring a complete
penetration of the doping liquid through the whole film. Without further laser-sintering
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Figure 7.7. Variation of some parameters influencing the efficiency of laser-assisted wet-
chemical doping of Ge with As: Standard parameters for laser-assisted wet-chemical doping
were a NP diameter of 27 nm, an immersion time of 25 min and an immeersion temperature of
300 K. Those standard data are shown as black squares in all panels. In panel (a) and (b), the
diameter of the NPs is varied by a factor of 3. In panel (c) and (d), the immersion temperature is
varied from 270 K to 330 K. In panel (e) and (f), the time the films are immersed is varied by more
than two orders of magnitude. The data, presented similarly to Fig. 7.4, show curves which are
essentially only shifted along the abscissa. A shift to lower As concentration implies an increased
efficiency of laser-assisted wet-chemical doping and vice versa.

treatment, an Energy-Dispersive X-ray spectroscopy (EDX) analysis was performed on
the films. The substrate beneath the NP film was coated with a gold film. Experiments
with an acceleration voltage of 5 kV reveal the Au M line for all films, which ensures
that the film was probed also in its depth. To assess the As content of the immersed
films, the spectra were normalized to the Ge Lα peak. Panel (a) shows EDX spectra of
an undoped Ge film (black) and of immersed films of different thickness (colored). For
the spectra of those films, the high-energy shoulder of the Ge Lα peak arises from the
Lα line of As present in the doped film. A qualitative estimate of the As concentration
in the films can be obtained by integrating the signal intensities of the Ge Lα and the
As Lα line for all films. The results in panel (b) show that thick films contain less As,
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Figure 7.8. EDX investigation of the influence of the film thickness on the amount of ad-
sorbed As in Ge NP films: (a) Normalized EDX spectra showing the Ge Lα and the As Lα line
for films of as-deposited Ge NP films. The black line represents an undoped film. The colored
lines show the signals for films with different thicknesses which were immersed for 2 min in an
As-containing liquid with a concentration of [As] = 8.9× 1021 l−1. For an increasing thickness of
the Ge NP film the As content decreases. (b) The relative As/Ge EDX signal intensity. Error bars
originate from the film thickness determination.

compared to thin films. This integral information on the As content versus the total film
thickness also implies that a film of as-deposited Ge NPs contains more adsorbed As
on the surface compared to deeper regions. However, the subsequent laser-sintering
leads to the formation of a mesoporous structure, which, according to scanning and
transmission electron microscopy in Sec. 5.1.2, in the direction of the film thickness
essentially consists of single grains. The melting of the NP layer and the subsequent
fast crystallization should therefore lead to a doping which is homogeneous in depth. A
verification of this behavior, however, would require, e. g., mass spectroscopic methods
with high lateral and depth resolution such as atom probe microscopy, which is beyond
the scope of this investigation.

The results shown in Fig. 7.7 and Fig. 7.8 support the interpretation that the uptake
mechanism of As in the NP layer is specific adsorption, where As species are attracted by
the NP surface during immersion, rather than a simple retention of the dopants during
drying. Here, the term specific adsorption is used in the sense that the adsorption is
characteristic for a certain pair of adsorbent and adsorpt.[Lyk83] Thus, the method
benefits from the large internal surface of the NP films used as a precursor. The amount
of As in the NP layer is limited by As diffusion from the outer doping liquid into the
porous layer. In detail, the data in Fig. 7.7 and Fig. 7.8 can be interpreted as follows:

An increase of the surface-to-volume ratio of the ensemble of NPs in Fig. 7.7 (a) and
(b) by a factor of approximately 3 enhances the uptake and hence the doping efficiency
by a similar factor. A mere retention of the dopants during drying should not change
the uptake efficiency for films of comparable packing density, which was verified by
SEM. The increased doping efficiency for higher temperature found in Fig. 7.7 (c) and
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(d) agrees with the reported temperature dependence for adsorption of As species on a
variety of other materials, e. g. activated carbon, magnetite nanoparticles or Fe(III)-Si
binary oxide adsorbents.[Pay05, Zen04, Shi09] However, since diffusion was discussed
above to play a significant role, an increased diffusion constant D due to an increase in
temperature T according to the Stokes-Einstein relation [Ein06]

D =
kB T

6π η reff
, (7.1)

with the Boltzmann constant kB, the viscosity of the liquid η and the effective radius of
the diffusing dopant reff, may also at least partially account for the results of Fig. 7.7 (c)
and (d). The pronounced time dependence in Fig. 7.7 (e) and (f) indicates that in-
diffusion, proposed in Fig. 7.1 (b), is a limiting process. Finally, the dependence of the
As uptake on the Ge NP film thickness in Fig. 7.8 further supports the hypothesis that
in-diffusion from the outer liquid (which is reduced for thick films) is an extremely
relevant process and governs the efficiency of laser-assisted wet-chemical doping.

7.6. Laser-Assisted Wet-Chemical Doping Transferred to
Other Elements

After the discussion of As-doped Ge films as a model system, the suitability of other
group-III and -V dopants for laser-assisted wet-chemical doping of Ge films will be dis-
cussed. Although not investigated in as many details as As-doped Ge, it is reasonable to
assume similar dependencies on parameters such as temperature, time, film thickness or
NP diameter as well, which would have to be properly investigated when the respective
element shall be used to fabricate devices. The industrial relevance of Si, of course, is
much higher compared to Ge, so that in this section the method is also investigated
using Si NPs.

7.6.1. Group-III and -V Elements for Doping Ge Films

Room Temperature Observations of Laser-Assisted Wet-Chemical Doping of Ge

In all experiments discussed so far the diluent of the doping liquid was an aqueous
solution of 5 % HF, to facilitate the simultaneous removal of the NP surface oxide and
the dopant application. This is necessary since the NPs available for this study have a
surface oxide shell, as discussed in Chap. 4. Should printing of NP thin films without
oxides become possible, this HF-containing doping liquids would not be necessary,
allowing a safer doping. Due to this safety issue concerning HF treatment, this section
starts to compare As doping of Ge films via HF-containing and HF-free doping liquids.
For the application of the latter, the NP thin films are immersed in 5 % aqueous solution
of HF and dried by N2 before exposure to the doping liquid, mimicking a hypothetical
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Figure 7.9. Laser-assisted wet-chemical doping of Ge films with group-III and -V elements:
The electrical conductivity and the thermovoltage (∆T = 45 K) are shown for laser-assisted
wet-chemically doped Ge films. Doping with group-V elements is shown in panel (a) and (b).
High concentrations of P are obtained by using H3PO4 as a doping liquid. Doping with group-III
elements is shown in panel (c) and (d). Closed symbols denote experiments with HF-free doping
liquids and open symbols are used for HF-containing doping liquids.

source of unoxidized NPs. Square symbols in Fig. 7.9 (a) and (b) show the conductivity
and the thermovoltage of As-doped Ge films, with open symbols corresponding to HF-
containing and closed symbols to HF-free doping liquids, denoted by As/H2O. While
the conductivity in the samples doped with low concentrations of As in the doping
liquid in HF-free liquids is smaller due to residual or regrown oxide, the As uptake is
as efficient in HF-free as in HF-containing doping liquids, evidenced by the identical
characteristic concentration of As in the doping liquid, where the thermovoltage changes
sign. Also the effectiveness of both doping liquids is similar, as proven by identically
high conductivities at high doping concentrations.

Figure 7.9 (a) and (b) further summarizes the results on laser-assisted wet-chemical
doping of Ge films with the group-V elements P, Sb and Bi, all using HF-free doping
liquids. The features of compensation, the change in sign of the thermovoltage and the
rise in conductivity for high doping concentrations can also be observed for the other
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group-V elements, demonstrating that laser-assisted wet-chemical doping is applicable
to all those substitutional n-type dopants. The different characteristic concentrations
where the thermovoltage changes sign are attributed to differences in the efficiency
of adsorbate-specific diffusion and adsorption to the NP surface. This may also be
the reason for the fact that in the case of P the characteristic concentration for the
thermovoltage sign reversal is far beyond that for the other group-V elements. However,
using H3PO4 higher concentrations of P in the doping liquid compared to the ICP
solutions can be achieved. For P concentrations above 1023 l−1, these data merge with
data obtained using ICP solutions as doping liquids. Apart from different adsorbate-
specific adsorption effects, a different degree of ionization of the dopant in the laser-
sintered matrix may further contribute to the variation of the doping efficiency found.

Figure 7.9 (c) and (d) shows the corresponding results on p-type doping of Ge films
with the group-III elements B, Ga and In, again using HF-free doping liquids. For
doping with Ga and In, the electrical conductivity steadily rises with increasing dopant
concentration in the liquid and the positive thermovoltage decreases in magnitude
correspondingly. Doping Ge films with B showed a similar decrease of the thermovoltage
with increasing B concentration as observed for Ga and In. However, in this case the
film morphology severely suffered from the treatment in the doping liquid, as was
confirmed by SEM investigations, leading to the drastic decrease of the conductivity
observed. Attempts to use Al as a dopant failed, irrespective of the starting agent and
the Al concentration. A possible reason might be the large hydrate shell of [Al(H2O)6]

3+

ions in aqueous environments, prohibiting diffusion or the adsorption to the NP surface
and possibly making Al incompatible with laser-assisted wet-chemical doping.[Cas06]

Temperature Dependence of Thermoelectrical Properties of Laser-Assisted
Wet-Chemically Doped Ge

The discussion so far concentrated on the thermoelectrical properties of Ge films pre-
pared by laser-assisted wet-chemical doping observed at room temperature. This already
yields information on the applicability of the doping method and of the relative dop-
ing efficiencies of different dopants. More information on the transport properties of
the doped films can be obtained by investigating the temperature dependence of the
Seebeck coefficient and of the electrical conductivity. Figure 7.10 shows such data of
the Seebeck coefficient for Ga-doped films with different concentrations of Ga in the
doping liquid. A representative data set for undoped Ge taken from Fig. 6.2 (b) is also
shown for comparison. The decrease of the room temperature Seebeck coefficient with
increasing dopant concentration in the doping liquid is in agreement with Fig. 7.9. For
increasing dopant concentration the shape of the curves continuously change in a way,
which is in accordance with the literature and the data shown in Fig. 2.7.[Mid53] For the
sample doped highest with Ga, the characteristic maximum of the Seebeck coefficient
is not observed in the investigated temperature range, but the data can well be fitted
linearly, typical for metallic transport. This clear indication of a single dominant trans-
port mechanism allows the deduction of a carrier concentration n according to Eq. 2.37.
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Figure 7.10. Temperature dependence of the Seebeck coefficient of laser-assisted wet-
chemically Ga-doped Ge films: Using HF-free doping liquids containing the concentration
of Ga stated in the figure, the Ge films are doped by with Ga applying an immersion time of
2 min. A representative undoped sample is also shown as a reference. The sample doped highest
with Ga can be fitted according to Eq. 2.37 for temperatures around room temperature.
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Figure 7.11. Temperature dependence of the electrical conductivity for laser-assisted wet-
chemically Ga- and Sb-doped Ge films: As a reference, the results of an undoped sample is
included. Both Sb and Ga doping with such high concentrations lead to a pronounced increase of
the conductivity. High Ga doping leads to a decreasing conductivity with increasing temperature,
as it is expected for degenerately doped Ge.

With an effective density of states mass for holes in Ge of m∗ = 0.355 m0,[Jul73] a charge
carrier concentration of approximately n = 2× 1019 cm−3 is found from the slope of S
vs. T. In Fig. 7.10 the red dashed line represents a behavior according to Eq. 2.37 for this
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carrier concentration.
Figure 7.11 shows the temperature dependence of the electrical conductivity of ex-

emplary samples, doped with Ga and Sb at the highest available concentrations of
9× 1022 l−1 and 5× 1022 l−1 in the doping liquid, respectively. As already discussed
in the context of Fig. 7.9, the room temperature conductivity of the doped samples is
enhanced by approximately two orders of magnitude compared to the undoped refer-
ence. The highest available Sb doping does not yet lead to transport properties known
for degenerately doped semiconductors, i. e., a decreasing conductivity with increasing
temperature, but still gives rise to a convex curve in the Arrhenius plot. Consistent with
the discussion of the Seebeck coefficient, the heavily Ga-doped sample exhibits a metallic
behavior of the conductivity. The crossing of the Ga and the Sb curves most probably
originates from macroscopic variations in the sample morphology which result from
little differences in the sample preparation conditions. Similar variations can be found
in Fig. 7.9 (b) at [Dopant] = 0, where nominally identical samples vary in conductivity
by approximately one order of magnitude.

Sub-Bandgap Optical Absorption of Doped Ge Films

Apart from thermoelectric measurements where the impact of doping is evident in
the sign and the magnitude of the Seebeck coefficient, the release of charge carriers
from the incorporated dopant to the host material can also be detected by an enhanced
optical absorption below the band gap due to free charge carrier.[Sch81, Aw91, Cha96]
In Fig. 7.12 absorption spectra obtained by Photothermal Deflection Spectroscopy (PDS)
are shown. Compared to the undoped sample, the absorption of the As-doped sample is
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Figure 7.12. Free carrier absorption in laser-assisted wet-chemically doped Ge films: The
optical absorption coefficient as measured by PDS in the sub-bandgap region is shown for
undoped Ge and laser-assisted wet-chemically As- and Ga-doped Ge films.
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enhanced at energies below the band gap. The concentration of As in the doping liquid
and the experimental parameters used (an immersion time of 2 min and an immersion
temperature of 325 K) lead to the highest electrical conductivities observed in laser-
assisted wet-chemical As-doping of Ge and thus, also to the observed strong absorption
of free charge carriers. In contrast, Ga-doping with a similarly high Ga concentration in
the doping liquid does not yet lead to pronounced sub-bandgap absorption.

Although free carrier absorption of such complex materials such as laser-sintered
Ge NPs can be used to compare the relative free carrier absorption between different
samples, an absolute quantification is not possible. The theoretical dependence of the
absorption coefficient α on the energy of the absorbed light in the Drude model is
α ∝ E−2, but this behavior is not observed strictly in all material systems.[Spi61] As can
also be observed in Fig. 7.12 the energy range where this theoretical behavior should be
visible most clearly is not accessible by the PDS spectrometer available.

7.6.2. Group-III and -V Elements for Doping Si Films

The doping method shall now be transferred to films of Si NPs. The results are shown in
Fig. 7.13 (a) through (d). A typical dangling bond density in such laser-sintered films
of Si NPs is on the order of 1018 cm−3 to 1019 cm−3.[Lec08] This makes the situation
different from the experiments with Ge NPs, since the thermoelectrical properties of
nominally undoped laser-sintered films is less well defined until the intentional doping
outnumbers the dangling bonds. For low doping EF of laser-sintered Si NP films is
pinned at the dangling bond level in the middle of the band gap.[Bro08] Together
with the larger band gap of Si compared to Ge, this results in a much lower electrical
conductivity for laser-sintered Si films compared to Ge films. Thus, the thermovoltage
can reliably be interpreted only for highly doped Si samples. In Fig. 7.13 (a) and (b) the
conductivity and the thermovoltage are shown for n-type doping of laser-sintered Si
NP films with P, As and Sb. For high doping levels the curves show a similar behavior
as in the case of Ge films. They exhibit a negative thermovoltage and thus are electron
conductors as expected. However, due to the intrinsic behavior of undoped Si with a
large density of dangling bonds, the clear signature of compensation, a minimum of the
conductivity, cannot be observed. The concentration dependence of the thermovoltage
is very similar for all dopants tested, although the onset concentration at which the
conductivity rises differs by up to one order of magnitude between different doping
elements. The undiluted Bi doping liquid contains 20 % HCl, which dissolved the Si
NPs, prohibiting successful doping experiments, whereas in diluted Bi doping liquids
the doping concentration most likely was to low to show an effect on conductivity or
thermovoltage.

Laser-assisted wet-chemical doping of Si films with group-III elements could success-
fully be shown for B and Ga. The data in Fig. 7.13 (c) and (d) show that the conductivity
reached is lower than in the case of doping with group-V elements. The thermovoltage is
positive as expected for doping with group-III elements, and decreases with increasing
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Figure 7.13. Laser-assisted wet-chemical doping of Si films with group-III and -V elements:
The electrical conductivity and the thermovoltage for a temperature difference of ∆T = 45 K
are shown for laser-assisted wet-chemically doped Si films. Doping with group-V elements
is shown in panel (a) and (b), doping with group-III elements is shown in panel (c) and (d).
Closed symbols denote HF-free dopping liquids, whereas open symbols denote experiments
using HF-containing doping liquids.

doping concentration. Aluminum shows the same deficiency as discussed in the case of
Ge in Sec. 7.6.1. Indium, in turn, is a deep acceptor in Si and not commonly used for
doping in Si technology.[New55, Ont67]

As in the case of Ge, doping Si with As by HF-containing and HF-free doping liquids
is also compared in Fig. 7.13 (a) and (b). Different from Ge, where in Fig. 7.9 (a) the As
threshold concentration for a thermovoltage sign reversal and the corresponding rise in
conductivity is the same for HF-free and HF-containing doping liquids, the correspond-
ing data sets in case of Si are shifted by more than one order of magnitude (closed and
open squares, respectively). In Si, HF-containing As doping liquids outperform HF-free
ones in terms of doping efficiency. This finding shall further be investigated in the next
section.
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7.6.3. Arsenic-Doping of SiGe Alloy Films

HF-free and HF-containing doping liquids have different impact in Si and Ge concerning
the As concentration, where the onset of effective doping occurs (see Fig. 7.9 and
Fig. 7.13). Applying laser-assisted wet-chemical As-doping to Si1−xGex alloy NPs is
a suitable experiment to investigate the origin of this effect. Figure 7.14 (a) and (b)
show the conductivity and the thermovoltage for laser-assisted wet-chemically As-
doped Si1−xGex alloy NPs of varying Ge content x. All samples were oxide etched
by HF prior to the doping step, where HF-free doping liquids were used then. The
resulting Ge-rich alloy films with Ge contents down to 60 % behave very similarly to
pure Ge films. For films with a lower Ge content the onset concentration, i. e., the
approximate concentration where the conductivity rises most steeply, is shifted to
higher concentrations of As in the doping liquid. Thus, the doping efficiency decreases
towards that characteristic of pure Si films. The dependence of the approximate onset
concentration on the Ge content is shown in panel (c).

The surface of both, Si and Ge NPs used in this study, exhibits a native oxide shell after
their synthesis due to unavoidable contact to ambient air, as discussed in Chap. 4. If HF-
containing doping liquids are used for laser-assisted wet-chemical doping, the polarity
of the oxidized NP surface allows the doping liquid to wet the film and instantaneously
penetrate deeply into it. If, however, the immersion follows the oxide removal step by
HF, the aqueous doping liquid needs to wet hydrogen terminated NPs, which result
from the HF treatment as discussed in the context of Fig. 4.6. Therefore, reduced wetting
of hydrogen terminated Si NP films by aqueous doping liquids compared to oxide
etched Ge NP films is the reason for the different onset concentrations of Si and Ge
observed in Fig. 7.14 (a) and (b). That the NP thin films used in this study indeed show
this behavior is demonstrated in Fig. 7.14 (d). The contact angle of a water drop on
HF-treated NP films is shown as a function of the Ge content. Si-rich films exhibit a high
contact angle of up to 120°, whereas for Ge contents above 60 % the contact angle can be
as small as 30°.

The contact angle of water on HF-treated Ge wafers was reported to be approximately
45°, which is less than in the case of Si, where it usually is larger than 70°.[Ada96,
Bal10, Ma10] This means that Ge is more hydrophilic compared to Si in general. A
second reason for the observed wetting of water on etched Ge NP films is that there
the hydrogen termination is known to be unstable in ambient conditions, as has been
shown in Fig. 4.7. This instability may be even more pronounced when the Ge NPs
come in contact with the doping liquid.[Bod03] Then, the hydrogen termination is lost
and the Ge NPs can reoxidize, making the surface hydrophilic again. As a result, easy
penetration by the doping liquid is also possible for previously HF-treated Ge NP films.

Compared to the results in Fig. 7.14 (a) and (b) it can be concluded that the reduced
doping efficiency of HF-free doping liquids in combination with Si NP films is due
to the reduced tendency of the doping liquid to penetrate the film, caused by a stable
hydrophobic hydrogen termination of Si NPs after oxide removal by HF.
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Figure 7.14. Laser-assisted wet-chemical doping of SiGe alloy films with As: In panel (a) and
(b) the room temperature conductivity and the thermovoltage at a mean temperature of 325 K
and a temperature difference of 45 K is shown for laser-assisted wet-chemical doping of Si1−xGex
films with As, using HF-free doping liquids. The Ge content is varied from 0 % to 100 %. Panel (c)
shows the approximate onset concentration, where the conductivity rises steepest, versus the Ge
content. Panel (d) shows the contact angle of a drop of H2O on the films after oxide etching by
HF, together with side-view photographs of water droplets on the respective Si1−xGex NP films.

7.6.4. Solid Solubility and Laser-Assisted Wet-Chemical Doping

From experiments on ion implantation followed by laser-annealing it is known that
carrier concentrations can exceed the values of the equilibrium solid solubility of the
dopant element in the host material.[App79] Laser-assisted wet-chemical doping as it
is presented here also exhibits a fast recrystallization of the material after the ns-laser
pulse. It is thus interesting to compare whether solid solubility can be a reason for
the different doping efficiencies observed. Figure 7.15 summarizes the temperature
dependence of the equilibrium solid solubility for group-III and -V dopants in Si as
well as in Ge according to the literature.[Tru60] The data for different elements vary
by up to 4 orders of magnitude. In Si, the lowest solubility is reported for In (not
shown), which precipitates already above concentrations of 4× 1017 cm−3.[Bac57] For
the elements which led to successful doping in Fig. 7.13 no clear correlation between
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Figure 7.15. Solid solubility limits for various elements in Si and Ge: Data for (a) Si and (b)
Ge are reproduced from Ref. Tru60. The horizontal dotted lines denote the melting temperatures
of Si and Ge, respectively.

doping efficiency, deduced from Fig. 7.13, and the solid solubilty can be observed.
The doping experiments on Ge in Fig. 7.9 allow a more clear statement on the effect of

the equilibrium solid solubility on the efficiency of laser-assisted wet-chemical doping.
For example, the solubilities of Ga and In differ by two orders of magnitude. However,
the thermoelectric data suggest very similar doping efficiencies. On the other hand,
similar solubilities of P and As are not reflected in a similar doping efficiency. Most
clearly, the solubility of Bi in Ge falls below the density of dangling bonds assumed
in the experiments, so that quenching after laser-sintering is obvious from the doping
experiments.

In conclusion, the experimental data in Fig. 7.9 and 7.13 do not suggest a major
influence of the solid solubility in thermal equilibrium on the efficiency of laser-assisted
wet-chemical doping.

7.7. Quantitative Dopant Analysis

The studies so far demonstrated the feasibility of laser-assisted wet-chemical doping of
sintered NP films and that the doping level realized can be tuned by several parameters.
This section discusses attempts to quantitatively determine the efficiency of the method
concerning both, the physical incorporation of dopant atoms into the sintered host
material, as well as the density of charge carriers released by the dopant atoms.

7.7.1. Elemental Abundance of Dopants

To study the elemental abundance of the dopants incorporated into the material by
laser-assisted wet-chemical doping, Laser-Ablation Inductively-Coupled Plasma Mass
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Figure 7.16. LAICP-MS measurement of a laser-assisted wet-chemically As-doped Ge film:
Panel (a) shows the count rate for 73Ge as the ablation laser is scanned across the sample. The
count rate of 12C, originating from the polyimid substrate, is shown in panel (b). The dopant-
related 75As count rate is shown in panel (c). The variation of the relative counts of 75As to 73Ge
in panel (d) can be correlated to a variation of the sinter laser fluence by comparing with an
optical micrograph of the respective sample. A high sinter fluence (between the dotted lines)
corresponds to a low As content.

Spectrometry (LAICP-MS) is applied. A pulsed laser with λ = 213 nm (New Wave
NWR213) of high fluence (6 J/cm2) and a repetition rate of 20 Hz ablates the film together
with parts of the polyimid substrate in vacuum. The LAICP-MS system is capable of
scanning across the sample, so that a spatial resolution of the order of the beam diameter
of 50 µm can be achieved. This is sufficiently large to average out the meander structure
of the laser-sintered films, but small enough to detect inhomogeneities resulting from
the sinter laser which are shown in Fig. 5.1. The ablated particles are then injected into
an ICP plasma and fractionized into their atomic components, which are then detected
by a Perkin Elmer Nexion mass spectrometer.[Hil13, Hou80]

In Fig. 7.16 an exemplary LAICP-MS measurement of a Ge film prepared by laser-
assisted wet-chemically As doping is shown. With the ablation laser scanning across the
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sample perpendicularly to the direction of the sinter laser sweep, the 73Ge count rate is
shown in panel (a). Background and Ge film can be discriminated due to a Ge signal
three orders of magnitude higher compared to the signal originating from the sample
holder. The 12C count rate in panel (b) allows to localize the borders of the sample
and correlate them with an optical micrograph. Panel (c) shows the 75As count rate.
The relative count rate of 75As and 73Ge is shown in panel (d), together with a moving
average plotted as red line.

The first point to note is that the As content is not constant throughout the sample. For
the spatial resolution given by the spot size a local variation of the dopant molar fraction
of up to a factor of 2 is found. This is in agreement with the discussion in the context
of Fig. 7.6. The numbers discussed in the following are thus values averaged over one
sample. The second point to note is that the variation of the As content can be correlated
to the fluence of the sinter laser. In the optical micrograph above panel (d), regions of
high sinter laser fluence exhibit a more metallic reflectivity (within the dotted lines).
The high metallic brightness can well be identified with regions of lower As content. A
possible reason is that during the time the NPs and the applied dopants are heated by
the sinter laser pulse, the volatility of As is higher compared to that of Ge.

To translate the relative count rates of dopant elements and host element into dopant
concentrations in the sintered film, a NIST 612 standard material is used to calibrate
the instrument.1 The molar fraction obtained from the LAICP-MS count rate is thus
corrected for matrix effects, the element’s isotopic composition and the sensitivity of the
instrument.

Figure 7.17 shows the results obtained on the relative elemental abundances in As-
doped Ge in panel (a) (the 270 K data set of Fig. 7.7), on Ga-doped Ge in panel (b) (HF-
containing doping liquid, 330 K immersion temperature and 25 min immersion time), on
As-doped Si in panel (c) (the data shown by open symbols in Fig. 7.13 (a) and (b)) and on
B-doped Si in panel (d) (data set from Fig. 7.13 (c) and (d)). For all materials investigated
in Fig. 7.17, the amount of incorporated dopant species rises monotonically with their
concentration in the doping liquid. The apparent saturation that can be perceived for
low doped films is attributed to the sensitivity limit of LAICP-MS. Notably, the uptake
of As and Ga into Ge NP films shown in panel (a) and (b), respectively, approximately
follows a power law with exponent 1, whereas the uptake of As or B into Si NP films in
panel (c) and (d) exhibits a weaker dependence and also does not reach the same high
concentrations in the thin film. Again, this difference of Ge and Si NP films strongly
suggests specific adsorption as uptake mechanism. Assuming the atomic density of bulk
Si (5.02× 1022 cm−3) and Ge (4.42× 1022 cm−3) in the diamond crystal structure for the
sintered NP films as well as a homogeneous distribution of the dopants, the relative
elemental abundances obtained from the LAICP-MS measurements can be converted to
dopant densities. The corresponding highest obtained concentrations are 2× 1021 cm−3

1 NIST 612 contains Si: 336.5 g/kg, Ge: 35 mg/kg, Ga: 36 mg/kg, As: 37 mg/kg and B: 33 mg/kg. With
the high Si content and the low Ge content it has to be noted that this standard material is more suited
for Si films than for Ge films.
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Figure 7.17. Results of LAICP-MS measurements for laser-assisted wet-chemically doped
Ge and Si films: For all materials investigated, As or Ga dopants in the case of Ge films
and As or B in the case of Si films, the relative abundance of the dopant in the host material
rises with an increasing concentration of the dopant in the doping liquid. Panel (a) and (b)
show an approximately proportional increase of the dopant concentration in Ge films with the
concentration of the dopant in the doping liquid. For Si films the elemental concentration of the
dopant in the film also increases with the dopant concentration in the liquid, but the exponent is
smaller than 1.

for Ge:As, 6× 1021 cm−3 for Ge:Ga, 4× 1020 cm−3 for Si:As and 8× 1018 cm−3 for Si:B.
Again, the importance of in-diffusion is emphasized by these numbers. Doping Ge

with an As concentration of 2.7× 1022 l−1 in the doping liquid in Fig. 7.17 (a) leads to
a density of As in Ge of 2× 1021 cm−3, which corresponds to one As atom per approx-
imately 20 Ge atoms. One can estimate the porosity of the as-deposited NP film to be
approximately 50 %. If for argument’s sake one neglects in-diffusion and assumes that
only As species in the doping liquid that initially penetrated the pores of the film are
adsorbed and later incorporated by laser-sintering, then the corresponding density of
As in Ge would be only 2.7× 1019 cm−3, which is two orders of magnitude less than the
density found by LAICP-MS. In conclusion, without the mechanism of in-diffusion only
one percent of the As dopants could be incorporated.
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These numbers further allow to assess whether the adsorption creates a monolayer of
dopants on the NP surface or whether multiple layers are adsorbed. Using Ge NPs with
a diameter of 27 nm and estimating the lower bound to the NP surface area occupied by
an adsorbed dopant species to be 3× 3 Å

2
,[Kis99]2 a monolayer of adsorbed arsenate

would correspond to a concentration of As in the laser-sintered material of 5.3 %. The
measured concentration of one As atom per 20 Ge atoms is very close to this estimate,
so that under the mentioned assumptions, a multilayer adsorption would not yet be
necessary. However, compared to the 270 K immersion temperature samples measured
by LAICP-MS, the 330 K data set in Figure 7.7 (c) and (d) is shifted by more than a
decade to lower As concentrations in the doping liquid, indicating an even stronger
adsorption that includes multiple layers of adsorbed dopants.

7.7.2. Raman Scattering by Free Charge Carriers

The Fano Effect in Heavily Doped Semiconductors

It is necessary to measure the concentration of mobile charge carriers in the semicon-
ductor material after laser-assisted wet-chemical doping because the mere physical
incorporation, as it is studied in the previous section, is not equivalent to doping on an
electronic level. Dopant deactivation is a common phenomenon in heavily doped semi-
conductors and also in nanostructured material.[Nob82, Kuz86, Bjö09, Chr07, Sim09]
Conventional measurements of the charge carrier concentration by Hall measurements
are limited in the case of the thin film samples discussed here, due to their porous mor-
phology and the rather complicated mixed phase system. Hall measurements average
over large sample areas, which might be undesirable for such samples, considering the
local variation of the dopant distribution already discussed. Furthermor, for the present
material it is unclear to which extent percolation effects and also the different mobilities
of charge carriers inside a grain and across grain boundaries affect the results obtained
by macroscopic Hall measurements.[Ort80]

As an alternative to Hall measurements of the carrier density a non-contact method
based on micro-Raman spectroscopy shall now be applied. This method, which became
popular in recent years for mapping doping distributions, e. g. in solar cells, exploits the
impact of charge carriers on the lineshape of the Raman signal of semiconductors for
rather high doping levels to determine the carrier density.[Bec09, Kun13, Gun10]

For high densities of charge carriers, phononic Raman scattering processes inter-
act with electronic Raman scattering. With charge carriers populating an energetic
continuum of states and phonons populating discrete states, the Lorentzian Raman
lineshape of the non-interacting case changes to an asymmetric Fano-type lineshape

2 This is based on the As-O bond length in arsenate of 1.7 Å, which is roughly doubled for the
estimation.[Kis99]
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Figure 7.18. Change of a Raman spectrum with Fano parameters: Panel (a) shows simulated
Raman spectra with Fano lineshape for different asymmetry parameters q. The width and the
peak shift are fixed at G0 + ∆G = 1 cm−1 and ∆k0 = 0 cm−1, respectively. For negative values of
q the asymmetry is inverted. Panel (b) and (c) show the corresponding line shapes for different
G0 + ∆G and ∆k0 with fixed q = 4.

[Fan61, Cha78]

I(k) = I0
[q (G0 + ∆G) + k− (k0 + ∆k0)]

2

(G0 + ∆G)2 + [k− (k0 + ∆k0)]
2 , (7.2)

where I is the observed signal intensity, I0 is a scaling factor, q is the Fano asymmetry
parameter, G0 is the line width of the undoped material, ∆G is the additional linewidth
induced by the interaction with free charge carriers, k is the wavenumber, k0 is the peak
position of the undoped material and ∆k0 is the softening of the Raman mode induced
by the interaction with the charge carriers. Depending on the matrix elements of the
Raman tensor, q can be positive as well as negative.[Cha80] 3 For |q| → ∞, the Fano
lineshape is identical to a Lorentzian lineshape.

In Fig. 7.18 normalized simulated Raman spectra with a Fano lineshape are shown.
In panel (a) the asymmetry parameter q is varied for some positive values, leading to a
shoulder at the high wavenumber side for small q. In panel (b) and (c) q = 4 is fixed and
the linewidth G0 + ∆G and the phonon softening ∆k0 is varied, respectively. Notably, in
all panels the mode has k0 = 520 cm−1, but the peak maximum shifts with variation of
any one of the three parameters.

With the Fano effect in Raman scattering it is possible to determine a sample’s carrier
concentration via comparison to reference data with known carrier density. For that
task, in principle all the quantities q, ∆G and ∆k0 can be used because they depend
distinctively on the charge carrier concentration. Although no analytical expression
for the relation between the Fano parameters and the carrier density is known, the-
ory predicts two useful relations: q ∝ p−1, with p being the hole concentration in a
p-type semiconductor and q ∝ (Elaser − E′)−1, where Elaser is the energy of the excit-

3 For example, using a laser with λ = 1490 nm, heavily Ga-doped Ge changes the sign of q from negative
to positive at 77 K.
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Figure 7.19. Literature data on the Fano effect in p-type Si: Panel (a) summarizes data from
the literature on the asymmetry parameter q for B-doped (closed symbols) and Al-doped (open
symbols) Si. The dashed lines in panel (a) obey q ∝ p−1 according to Ref. Cer73 for each laser
wavelength and for a fixed hole concentration they also obey q ∝ (E′ − Elaser)

−1, where Elaser
is the energy of the laser light and E′ = 3.3 eV is the energy of the critical point in Si.[Cer73a]
Panel (b) and (c) show corresponding data on the additional linewidth ∆G and the wavenumber
shift ∆k0, respectively. Dashed lines serve as a guide to the eye. The data are taken from
Refs. Cer72, Cer73a, Bal75, Jou75, Cha78, Ole81, Com84a, Con84, Per96, Nic00, Len01, Len03,
Bec09, Gun10, Rif11.

ing laser light and E′ is the energy of a critical point, which is, e. g. E′ = 3.3 eV in
Si.[Lau87, Cer73a] ∆G and ∆k0 are assumed not to be changed with the exciting laser
wavelength.[Cer73a] The material studied most intensively in the literature is p-type
Si.[Cer72, Cer73a, Cer73b, Bur10] Only some reports on similar experiments in n-type
Si and p- and n-type Ge exist, which however do not contain enough information to sys-
tematically use them as a reference here.[Jou75, Cha77, Cha78, Com83, Com84a, Con84,
Con85, Fuk10, Cer72, Ole81, Wag85, Len03, San13a, San13b]

A collection of data from the literature on B- and Al-doped Si is shown in Fig. 7.19.
All data points, plotted versus the hole concentration p in Si, are color-coded according
to the laser wavelength used in the experiment. In panel (a) the asymmetry parameter q
is shown. The dashed lines obey the relations mentioned above. Spectra measured in
experiments with red excitation exhibit a more pronounced asymmetry and are thus
more reliable. Empirically the relation

p =
3.74× 1020 cm−3eV

q (E′ − Elaser)
(7.3)

can be deduced from panel (a). The additional linewidth ∆G and the phonon softening
∆k0 are shown in panel (b) and (c), respectively. The latter parameters are not used for
the determination of the carrier concentration here because nano-size effects and strain
contribute to the spectra measured on laser-sintered NP films in a way which cannot be
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assessed well enough. Additionally, the literature is not precise in stating whether the
peak position or the peak maximum is taken.

The Fano Effect in Laser-Assisted Wet-Chemically Doped Ge and Si Films

To apply micro-Raman spectroscopy on samples prepared by laser-assisted wet-chemical
doping and to maximize the asymmetry in the spectra observed, a Krypton laser with
λ = 647 nm was used in a setup with a 20× objective (numerical aperture 0.4) and a
Dilor triple spectrometer. The power on the sample was kept below 350 µW to minimize
the influence of temperature on the spectral lineshape. The wavenumber scale was
corrected using the emission of a Neon lamp.

The samples investigated here are identical to those measured by LAICP-MS in
Fig. 7.17. Figure 7.20 shows the micro-Raman results obtained on Ge films doped
with As and Ga. In panel (a) the experimental data of the zone center optical mode
in Ge are shown as open symbols. Additionally, the fit curves according to Eq. 7.2 are
plotted as solid lines. The numbers indicate the concentration of As in the doping liquid.
The undoped sample was only HF-treated. As a reference, the Lorentzian fitted line
of a Ge wafer is also shown as black solid line. Compared to the Ge wafer reference,
the undoped laser-sintered Ge NP thin film is slightly broadened and shifted to lower
wavenumbers, both most probably caused by the poly-crystallinity of the film with a
distribution of grain sizes. Increasing the As concentration in the doping liquid at first
leads to a further shift of the mode to lower wavenumbers, accompanied by an increased
linewidth. Characteristic for the Fano effect, a shoulder at low wavenumbers appears,
which is described by negative values of q. Notably, the two samples doped highest
with As show less interaction of phononic Raman scattering with free charge carriers.

The thermovoltage and the electrical conductivity of those samples are shown in
panel (b) and the fit parameters G0 + ∆G, ∆k0 and q are presented in panel (c). For both
panels the abscissa is deduced from the LAICP-MS measurements. The thermoelectric
data follow the behavior for As-doping of Ge films already discussed in the context of
Fig. 7.4. Starting from p-type undoped material, increased As-doping leads to a negative
thermovoltage. For low As concentrations the conductivity is reduced (compensation)
but largely enhanced for medium As concentrations. The highest conductivity occurs
when the magnitude of the thermovoltage is smallest. For clarity this region is shaded
in panel (b) and (c). High As concentrations reduce the conductivity again, as well as
slightly increase the magnitude of the thermovoltage. The linewidth of the zone-center
Raman mode is roughly 2.3 cm−1 for undoped material. It increases then for increased
As doping up to values of more than 3 cm−1 for the sample showing the highest electrical
conductivity. Similar to the thermoelectric data, the linewidth decreases again for highest
As doping. Also the phonon softening ∆k0, measured with respect to the Ge wafer,
reflects this behavior. The sample with the highest conductivity shifts by −1.3 cm−1

to lower wavenumbers, compared to −0.6 cm−1 for undoped or the highest doped
material. The asymmetry parameter q shows a monotonic behavior with values as large
as q = −18 for insignificantly doped material, which decreases in magnitude down to
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Figure 7.20. Raman spectra of laser-assisted wet-chemically doped Ge films: Panel (a) shows
Raman spectra of Ge films, doped with different concentrations of As in the doping liquid.
The experimental data (open symbols) can be fitted by a Fano lineshape according to Eq. 7.2.
The spectrum of a Ge wafer is shown as solid line, too. The spectra were normalized and
shifted vertically. Panel (b) shows the thermovoltage U at a mean temperature of 325 K and
a temperature difference of 45 K and the rooom temperature electrical conductivity σ of the
samples investigated in the Raman experiment. The abscissa is the abundance of the dopant
in the host material, as determined by LAICP-MS. Panel (c) shows the Fano fit parameters in
panel (a): total Fano linewidth G0 + ∆G, peak shift ∆k0 and asymmetry parameter q. The shaded
region marks where the correlation of macroscopic thermoelectric data and micro-Raman fit
parameter is most clearly observed. In panel (d) to (f) the corresponding data and fit values are
shown for the case of Ge doped with Ga.
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q = −8 for the sample doped highest with As.4

The obtained results on laser-assisted wet-chemically As-doped Ge films support the
finding that, although the incorporated amount of As rises monotonically with the As
concentration in the doping liquid, the carrier concentration decreases for very high
As concentrations. This was found in macroscopic measurements of thermoelectric
properties as well as in microscopic studies discussed here, demonstrating the high
degree of validity of both experiments.

Figure 7.20 (c) through (f) show the corresponding data obtained on laser-assisted
wet-chemically Ga-doped Ge films. Still, q is negative, in accordance with similar
experiments in the literature on p-type Ge samples.[Fuk10] As already discussed in the
context of Fig. 7.9, the thermovoltage and the conductivity follow a monotonic behavior
with increasing Ga concentration in the doping liquid. The same is found for the Fano
fit parameters. Both, the linewidth increase as well as the phonon softening are even
more pronounced compared to the respective samples doped with As. The asymmetry
parameter q reaches values similarly low, with q = −10 for the sample doped highest
with Ga.

Corresponding data are shown in Fig. 7.21 for doping Si films with As and B. The
undoped Si wafer reference can well be fitted by a symmetric Lorentzian lineshape with
a width of G0 = 1.47 cm−1, centered around k = 523.6 cm−1. The undoped laser-sintered
Si NP film exhibits a slightly broadened Lorentzian signal with G0 = 2.0 cm−1, centered
at a lower wavenumber of k = 522.7 cm−1. This again is an indication for the degree of
disorder in the sintered films due to their granular structure. Increased doping with As
clearly transforms the films to n-type Si and gives rise to a low-wavenumber shoulder,
which is in agreement with the literature.[Jou75, Cha77, Cha78, Con84, Con85] In the
case of As-doping Si films both the thermoelectric data and the Fano fit parameters
follow a monotonic behavior. The reduced variance of the microscopic fit parameter
suggests that the rather large variation of the conductivity data is related to macroscopic
features of the sample morphology, e. g. cracks of dewetting, rather than ineffective
doping.

Finally, Fig. 7.21 also summarizes the results obtained on doping Si films with B. The
spectra show that a shoulder appears on the high wavenumber side of the zone-center
optical phonon mode, which is reflected by a positive q fit parameter. Increased B doping
clearly increases the asymmetry as well as the width of the spectra. The peak shift does
not follow such a clear behavior, which indicates that other effects, such as strain or
slightly different thermal resistances to the substrate, have an additional influence.
Concentrating on the samples doped highest with B during laser-assisted wet-chemical
doping, the fitting of the spectra according to Eq. 7.2 yields q and, using the relation in

4 The fact that q does not show an extreme value for the sample with the highest electrical conductivity
should not be overinterpreted. Although q is the parameter most characteristic for the interaction
of Raman modes with charge carriers, it is also the one most prone to fitting errors as well as to the
influence of residual small nanocrystals or amorphous regions to the overall Raman spectrum.[Len03]
This is especially true for low wavenumber shoulders.[Iqb82, Pis03, Mei06]
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Figure 7.21. Raman spectra of laser-assisted wet-chemically doped Si films: Panel (a) shows
the Raman spectra of Si films, doped with different concentrations of As in the doping liquid.
The experimental data (open symbols) can be fitted by a Fano lineshape according to Eq. 7.2.
The signal of a Si wafer is shown as a gray solid line. The thermovoltage U and the electrical
conductivity σ of the samples are shown in panel (b), where the abscissa is obtained from the
correlation in Fig. 7.17. The fit parameters of the Fano-lineshapes in panel (a) are shown in
panel (c). Panels (d) to (f) show the corresponding data and fit parameters for Si films doped
with B.

Eq. 7.3, the carrier concentration can be deduced. The hole concentration p determined
by this is compared in Fig. 7.22 to the B concentration [B] determined by LAICP-MS.
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Figure 7.22. Correlation of hole concentration and acceptor concentration in laser-assisted
wet-chemically B-doped Si films: The hole concentration is deduced from the Fano asymmetry
parameter q via Eq. 7.3. The Boron concentration is measured by LAICP-MS.

Such an evaluation of the Fano data extracting numbers for the charge carrier densities is
only possible for p-type Si films, as was already discussed in the context of Fig. 7.19. The
dashed line in Fig. 7.22 indicates p = [B]. The hole concentration rises with increasing B
content, suggesting that clustering of dopants or dopant deactivation at high doping
levels do not occur in this regime. However, all data lie above the dashed line indicating
100 % activation, which is unphysical as B is known to be a single acceptor state in Si.
Errors involved in the LAICP-MS measurements are the rather low B content of the
NIST 612 standard material. Further, in a CVD processes B has the tendency to stick
to reactor walls, suggesting a similar effect for the LAICP-MS measurement after the
plasma flame. Both effects would lead to an underestimation of the concentration of B
incorporated in the laser-sintered film. The determination of p from the Fano asymmetry
may be hampered by the scatter of the literature data in Fig. 7.19 and thus the accuracy
of the constant in Eq. 7.3. For the sample doped highest with B the uncertainty of q can
be estimated to be rather small, due to the pronounced Fano effect. Considering these
sources of uncertainty, the values obtained on p still suggest a rather high percentage of
activation.

Together with the conductivity of B-doped Si films shown in Fig. 7.13 a hole mobility
in the sample doped highest with B can be estimated roughly. Extrapolating the data,
the effective conductivity is σ ≈ 3× 10−3 S/cm, where the microscopic conductivity
σmic. is typically reduced by percolation effects by an order of magnitude, caused by the
mesoporous morphology, as discussed in Sec. 5.1.4. Since the Raman measurements
determine microscopic carrier densities, this estimation uses σmic. = 3× 10−2 S/cm.
This yields a conductivity mobility of µ = 10−3 cm2/Vs, which is close to what has
already been reported on laser-sintered Si NP films with gas-phase B-doping.[Lec08]
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In single-crystalline as well as in poly-crystalline Si of comparable doping density the
mobility usually is much higher reaching values of 4-40 cm2/Vs.[Kim87, Ant07] An
important argument for the low conductivity mobility found in the samples prepared by
laser-assisted wet-chemical doping is the effect of trap states at grain boundaries, leading
to barriers for charge transport.[Set75] As the doping density found roughly matches
typical dangling bond densities, the dc-conductivity mobility can be drastically reduced.
It can thus be concluded that within a grain the doping method leads to freely mobile
charge carriers that evoke the Fano effect in the Raman signal, however their transport
across grain boundaries is limited by barriers typical for poly-crystalline material with a
high density of trap states.



8
Thermal Conductivity Measurements of

Sintered Group-IV Nanoparticles

In Eq. 1.1 the figure of merit is determined by the power factor in the nominator and the
thermal conductivity κ in the denominator. The previous chapters only concentrated on
the nominator in Eq. 1.1. The last chapter of this thesis now adresses the determination
of κ for sintered NPs is emphasized.

8.1. The Challenge to Determine Thermal Conductivities

The experimental and theoretical data in Si systems discussed in Sec. 2.4.3 highlighted
that materials with low thermal conductivities often have a complex structure on a
hierarchy of length scales, ranging from Å to several µm. The concept of an "all-scale
hierarchical disorder" has been proposed and confirmed in other materials as well.[Bis12]
With alloy scattering in the Si1−xGex system, inclusions of pristine NPs of a typical size
of 25 nm, a poly-crystallinity with grain sizes of 50 nm to 200 nm, a film thickness of
approximately 300 nm and a meander-like mesoporosity with a characteristic distance
between neighboring meanders of 500 nm, the laser-sintered materials studied in the
context of this work exhibit many levels of disorder, which was already addressed in
Fig. 1.4. The morphological complexity of such nano- and microstructured thin film
materials implies that standard methods to measure the thermal conductivity are limited
in their application.

Methods to measure κ used today include the laser flash method for samples of
rather large dimensions and well defined thickness,[Cap63] the 3ω method for flat
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thin films with a good thermal junction to the underlying substrate,[Bor01] micro-
electromechanical measurement platforms, e. g., for individual nanowires,[Völ10] or
time or frequency domain thermoreflectance measurements for samples with well
defined specular and temperature-dependent reflectivity.[Cah04] Force microscopy
methods are suitable to extract local differences of the thermal conductivities, but
the quantification remains difficult.[Non92, Fie99, Mec08, Maj99, Gom07, Zha10] Local
measurements of the thermal conductivity perpendicular to the sample surface have also
been reported using thermoreflectance methods.[Hux04, Zha12, Zhe07, Wei13] Applied
to the materials discussed in this work the methods mentioned suffer from a hardly
known heat capacity, rough sample surfaces, highly diffuse reflection, high electrical
conductivity, poorly defined sample thickness or spurious thermal conductance by
contacts, substrates or the ambient.

Before two alternative approaches are discussed in this chapter, fundamental require-
ments for methods suitable to measure κ of complex materials such as laser-sintered NP
films shall be identified. Basically all concepts to measure κ have to provide a couple of
needs, which arise from the fact that the net steady state heat flow in a sample obeys the
heat diffusion equation

− H(~r) = κ(~r) ∆T(~r) + ~∇T(~r) · ~∇κ(~r). (8.1)

As obvious from this equation, a temperature gradient ~∇T(~r) and a finite heating power
density H(~r) are required, so that any method to obtain κ needs a suitable excitation
source. The derivatives with respect to spatial coordinates in Eq. 8.1 translate into the
necessity to know the geometry of the sample to be investigated. Either the vector
field of the heat flux needs to be known a priori or it must be obtained by simulation.
Otherwise only the thermal conductance, in contrast to the thermal conductivity, can
be determined. Among the fundamental requirements for methods that are be able
to provide insight into thermal transport of laser-sintered NP thin films is the need to
determine local temperatures contactlessly. The signal used for that needs to originate
from the interior of the material, rather than from the surface, which exhibits poorly
defined optical properties due to its roughness.1 It would also be desirable to time-
efficiently obtain spatially resolved information, especially because the microstructure
of the sample is expected to heavily influence thermal transport.

In the following, two optical methods to obtain κ will be discussed. First, the Raman
shift method uses the temperature dependence of Stokes-scattered light to measure
local temperatures, while the sample is excited by the Raman laser itself. The method
is comparatively well developed and measures a sample spot after spot. Second, the
near-infrared radiation emitted by the sample is proposed as a future tool to measure the
temperature distribution for the whole sample simultaneously, and a proof-of-principle
experiment is presented.

1 In contrast to thermoreflectance methods, where specular reflection of externally applied radiation is
required.



8.2. The Raman Shift Method to Obtain Thermal Conductivities 129

8.2. The Raman Shift Method to Obtain Thermal
Conductivities

The Raman shift method, which is also called Raman thermography, micro Raman
method or optothermal Raman measurement technique, uses a strongly focused laser
beam as a thermal excitation source, and by this potentially offers a spatial resolution
on the sub-micrometer scale. In the past, this technique has been applied to low-
thermally conducting porous Si,[Pér99, Pér00] as well as to high-thermally conducting
graphene,[Bal08, Gho09, Tew10, Gho10, Cai10, Bal11, Lee11a, Che12, Nik12, Yan13] and
has been adapted and extended to other materials, such as carbon nanotubes,[Li09b,
Liu13] SiO2 films,[Hua09] Si nanowires,[Doe10] Si membranes,[Liu11, Chá14] mesopor-
ous films of SiGe and Ge[Sto14b, Sto14a] or GaAs nanowires.[Soi10]

To measure the local temperature, the temperature dependence of Raman active
phonon modes is used. If this dependence is known, e. g., from calibration experiments
with uniform external heating and very low Raman laser powers, the Raman spectrum
obtained with higher laser powers contains quantitative information on how strongly
the sample was heated by the Raman excitation laser during the measurement. For
known excitation power this temperature increase contains explicit information on the
thermal conductance of the structure or device investigated. Together with sufficient
knowledge about the sample geometry and the path of heat flow in the sample, it is
possible to obtain the thermal conductivity κ, the material specific intensive quantity of
interest.

Deduction of the Raman Temperature

In harmonic approximation the energy of atomic vibrations in a solid is determined by
the mass of the atoms and by the force constants between the masses. The anharmonicity
of the potential leads to a change in the force constants with temperature and usually a
crystal softens with increasing temperature. In Raman scattering light interacts with these
vibrations. Hence, the wavenumber shift ∆k of Stokes and anti-Stokes scattered light also
usually decreases with an increasing temperature of the sample studied.[Car83b] In fact,
the Stokes shift follows a distinct material specific dependence on temperature and can
thus be used as a non-contact thermometer.2 As a typical example, this dependence of
the Stokes shift ∆k of crystalline Ge and Si is shown in Fig. 8.1 for the longitudinal optical
(LO) phonon mode.[Cow65, Har70, Bal83, Men84, Bur93, Bra00, Doe09] The choice of
the phonon mode to be evaluated for temperature measurements depends mostly on
the signal-to-noise ratio, but may also be influenced by the substrates available when

2 Apart from the softening of the phonon mode, the Stokes/anti-Stokes intensity ratio yields similar
temperature information,[Com84b] but is, however, often more difficult to measure.[Her11] More
importantly, it is extremely sensitive to variations of the signal intensity in time and space. The
roughness of laser-sintered NP films, which is on the scale of the wavelength used for excitation, hinders
the use of the Stokes/anti-Stokes ratio as a measure for temperature.



130 Chapter 8. Thermal Conductivity Measurements of Sintered Group-IV Nanoparticles

0 2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0

5 0 5

5 1 0

5 1 5

5 2 0

5 2 5
2 8 5

2 9 0

2 9 5

3 0 0

3 0 5

- 0 . 0 2 2 9  c m - 1 / K

( b )
 

 

S i  L O
 C o w l e y  1 9 6 5
 H a r t  1 9 7 0
 B a l k a n s k i  1 9 8 3
 M e n é n d e z  1 9 8 4
 B u r k e  1 9 9 3
 B r a z h k i n  2 0 0 0
 D o e r k  2 0 0 9

Sto
ke

s s
hif

t ∆
k (

cm
-1 )

T e m p e r a t u r e  ( K )

r e g i o n  o f
i n t e r e s t

 

- 0 . 0 1 8 6  c m - 1 / K

( a )

 

G e  L O
 M e n é n d e z  1 9 8 4
 B u r k e  1 9 9 3Sto

ke
s s

hif
t ∆

k (
cm

-1 )
r e g i o n  o f
i n t e r e s t

Figure 8.1. The temperature dependence of the Stokes shift ∆k for the LO mode in crystalline
Ge and Si: The data in panel (a) are reproduced from Refs. [Men84, Bur93], the data in panel (b)
from Refs. [Cow65, Har70, Bal83, Men84, Bur93, Bra00, Doe09]. In the region of interest for this
work between 300 K and 700 K, a linear dependence is assumed.

investigating, e. g., thin films, since the Raman signal from the substrate should not
interfere. For experiments on Si or Ge around and above room temperature, ∂∆k/∂T
can well be approximated by a linear fit through all published data in the temperature
region of interest. Notably, the increasing slope with increasing temperature shown in
Fig. 8.1 makes the method explicitly applicable at high temperatures.

Although in SiGe alloys the LO mode of the Si-Si vibration has a different energy than
that in pure Si, for a wide range of Si contents ∂∆k/∂T is essentially the same in SiGe
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as in Si,[Bur93] so that the pure Si value is also used for Si-rich alloys in the following.
Dependencies similar to Fig. 8.1 are observed in other solids as well,[Men84, Liu99,
Cui98, Li09a, Sah13] making the Raman shift method applicable to a large variety of
materials systems.

In the great majority of Raman spectroscopy experiments, the temperature distribution
T(~r) is not homogeneous in the sample region where the laser light is Raman scattered.
This means that the Raman spectrum collected will contain contributions of hotter (e. g.,
in the beam centre) and colder (edge of the laser beam) regions of the sample.This is
caused by the inhomogeneous excitation via, e. g., a Gaussian laser beam, such as the
one also used in the following experiments. Thus, care must be taken when deducing a
temperature from a Raman spectrum and the spectrum collected should be interpreted
as a weighted average.[Her11, Liu11] To distinguish it from the local temperature T(~r)
of the sample, the temperature deduced from the Stokes shift ∆k measured will be called
an effective Raman temperature TRaman. In the most simple approach it can be assumed
that every location~r on the sample contributes to TRaman by its local temperature T(~r),
weighted by the local excitation power density H(~r), since the intensity of Stokes-
scattered light is proportional to the latter quantity. Adding up all those contributions in
the sample volume and normalizing the sum by the total absorbed laser power P one
obtains

TRaman =
1
P

∫
H (~r) T(~r)c(T(~r))g(~r)d~r, (8.2)

where c(T(~r)) is the (in principle temperature-dependent) Raman scattering cross section
and g(~r) is a function that accounts for the effect that Raman scattering of weakly
absorbed light takes place deep in the sample and that such scattered light is less
efficiently collected by the objective. In all following calculations and experiments c(T)
is assumed to be constant. Further assuming full surface near-absorption and Raman
interaction, g(~r) = 1. Then, Eq. 8.2 simplifies to

TRaman =
1
P

∫
H(~r)T(~r)dS, (8.3)

where dS is a surface element on the sample.

An example for such a weighting procedure is shown in Fig. 8.2, where a hypothetical
2-dimensional thin square-shaped sample with lateral dimensions of 30 µm× 30 µm is
excited by a Gaussian spot at (x|y) = (5 µm|15 µm). The material is assumed to have
a thermal conductivity of 400 W/m K and its temperature is fixed to the temperature
of a heat sink at the border of the sample. The temperature distribution results from
the excitation by the laser beam and obeys Eq. 8.1. The static heat diffusion equation
can be used in the context of the Raman shift method because typically the minimum
acquisition time of a Raman spectrum is of the time scale of a second, so that for
small samples the measurement conditions are close to equilibrium. The temperature
distribution in panel (b) is not symmetric with respect to the center of the laser beam,
so that the weighting according to Eq. 8.3 has to be done spot-by-spot. Notably, the
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Figure 8.2. Interpretation of the Raman temperature: Panel (a) shows a colour-coded plot of the
heating density H on a hypothetical 2-dimensional grid of 30 µm× 30 µm. The total absorbed
power is 100 mW and the standard deviation of the Gaussian beam is 2 µm. The film has a
thermal conductivity of κ = 400 W/m K and is hit by the laser beam at (x|y) = (5 µm|15 µm).
Panel (b) shows a colour-coded plot of the resulting temperature distribution. At the border of
the film, the heat sink forces the temperature to 300 K. Panel (c) and (d) show cross sections of
the colour plots at y = 15 µm. Notably, the sample temperature is not constant in the area of
excitation. The effective Raman temperature, obtained by weighting the temperature distribution
with the excitation power density, is indicated in panel (d) by the dashed line.

temperature distribution in Fig. 8.2 (b) cannot be obtained analytically, so that in this
work a numerical approach is used. Details on the multigrid iterative Gauss-Seidel
solver can be found in App. B. Panel (c) and (d) show cuts of the color-coded maps along
the dashed lines in panel (a) and (b), respectively. In the case shown here, the Raman
temperature TRaman according to Eq. 8.3 at (x|y) = (5 µm|15 µm) is TRaman = 313 K,
which is significantly less than the maximum temperature of 318 K at the excitation
center.

It is important to note at this point that this weighting approach used in the following
to determine TRaman does neither include the line-shape of the Raman signal nor its
temperature dependence,[Liu11] but nevertheless improves the understanding of the
Raman shift method in comparison to most analyses in the literature and corrects the
effects of different temperatures beneath the laser beam to first order.

Mapping Raman Temperatures for Improved Reliability

The discussion so far concentrated on how to obtain a single effective Raman temperature
on a single spot on a sample. Later, this single temperature can be used with sufficient
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Figure 8.3. Simulation of a Raman temperature map. The laser beam is scanned across a sample
and on every position, the effective Raman temperature is obtained by weighting the equilibrium
temperature distribution T(~r) (left) with the local heating power density H(~r) of the excitation
laser (right).

knowledge about the paths of heat transport to obtain κ. However, the reliability with
which the thermal conductivity can be deduced by the Raman shift method can be
drastically increased by measuring TRaman not only at one spot, but on many spots on
the sample. Such a mapping procedure is schematically shown in Fig. 8.3, and the result
will be called a Raman temperature map. In Fig. 8.3 a numerical simulation is the basis
of this Raman temperature map. For each laser position on the sample surface the local
temperature distribution T(~r) is calculated and weighted with H(~r) to obtain TRaman at
this location. Experimentally, at each position a Raman spectrum is collected, and, using
a relation such as the ones shown in Fig. 8.1, the corresponding effective temperature,
identified with TRaman, is deduced.

Because the thermal excitation as well as the temperature measurement are performed
with a single laser beam, it is important to note, that such a Raman temperature map is
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not a temperature distribution, which via Raman scattering could be obtained only by
using two lasers.[Rep14] There, the temperature distribution excited by a strong laser
would be probed using a rather weak second laser, keeping the additional heating by
the second laser to a minimum.

A One-Dimensional Example

In this paragraph the simplest possible sample geometry, a quasi one-dimensional bar,
attached to a perfect heat sink at one end, shall be used to shortly demonstrate how
to obtain κ from measurements of TRaman. Figure 8.4 schematically shows the focused
Raman laser hitting the bar at its end and acting as the heat source. The heat generated
at the right end will propagate through the bar to the heat sink on the left. For simplicity,
it is assumed that κ in the bar is neither dependent on temperature nor position. Then,
outside the laser beam where H(x) = 0, Eq. 8.1 can be written as

0 = κ
∂2T
∂x2 . (8.4)

Thus, the temperature decreases linearly from the excitation spot to the heat sink, as
shown by the solid line in Fig. 8.4.

To quantitatively obtain the thermal conductivity from Eq. 8.4 and from the experi-
mental value of TRaman, appropriate boundary conditions have to be set. The continuity
equation requires that the total heat generated at the bar’s right end has to propagate to
the heat sink. Neglecting the spatial extension of the laser beam and a thermal contact
resistance between the bar and the heat sink, the temperature of the bar at its left end is
equal to the temperature of the heat sink Tsink, so that

P =
A
l

κ (TRaman − Tsink) , (8.5)

where A is the cross section and l the length of the bar. This directly leads to

κ =
l
A

P
(TRaman − Tsink)

. (8.6)

Figure. 8.4 additionally sketches the effect of a finite contact resistance between the bar
and the heat sink. The temperature profile in such a case is drawn as grey dashed line.
If κ is lower than without contact resistance, this could lead to a misinterpretation of
TRaman. That scenario highlights the importance to map effective Raman temperatures,
because with this, contact resistances can also be determined.

8.2.1. Model System I: 2-Dimensional Conduction of Heat

Before applying the Raman shift method to more complex structures, two model systems
shall be investigated to validate the method. The first system is a freely suspended
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Figure 8.4. Measuring the thermal conductivity of a bar-shaped material by the Raman shift
method: The Raman laser acts both as the heating source and, together with the Raman spec-
trometer, as the thermometer. The beam of the laser is focused on the sample of length l and
cross section A. Raman scattered light is directed via a beam splitter to the Raman spectrometer
where TRaman is deduced. For vanishing contact resistance to the heat sink, the temperature
distribution drawn as the black solid line is established in equilibrium. The grey dashed line
considers a finite contact resistance to the heat sink and a lower thermal conductivity, so that the
same Raman temperature would be measured at the end of the bar.

membrane of undoped single-crystalline Si with a thickness of 1.9 µm. For that thickness
no significant reduction of the thermal conductivity can be expected from Fig. 2.8,
compared to bulk Si. However, with lateral dimensions of 10 × 10 mm2 width it is
justified to approximate thermal transport as purely two-dimensional, i. e., in the plane
of the film. Further, using an excitation wavelength of 514.5 nm, the absorption length
for αSi = 2× 104 cm−1 is on the order of the wavelength, so a rather homogeneous
heating independent of the depth in the membrane can be assumed, although the
light absorption follows an exponential dependence according the the Lambert-Beer
law.[Hum89, Sǐk98, Asp83] This leads to the neglect of heat transport perpendicular to
the membrane in the simulation. An optical micrograph of the sample in transmission is
shown in the inset in Fig. 8.5. The membrane with lateral dimensions of 10× 10 mm2 is
freely suspended on an area of 4.9× 4.9 mm2. The film is carried by a 0.5 mm thick Si
support at the border. For the experiment a 10× objective is used, resulting in a laser
spot with a standard deviation of w = 2.4 µm. The laser power is 60 mW.

The solid symbols in Fig. 8.5 show an experimental Raman temperature scan across
the sample. Although the thermal conductivity κ can be expected to be homogeneous in
the single-crystalline material, the conductance of the membrane is not, so that TRaman
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Figure 8.5. Raman temperature scan across a thin single-crystalline Si membrane: The
10 mm× 10 mm large membrane of 1.9 µm thickness is freely suspended on 4.9 mm× 4.9 mm.
On the outer part it is supported by a 0.5 mm thick Si wafer. The inset is a transmission optical
microscopy image of the sample. The full symbols show experimentally determined Raman
temperatures as the excitation laser beam is scanned along the path indicated in the inset.
TRaman is increased on the suspended part and only weekly depends on the exact position in the
center region. The dotted line is the result of a simulation of the scan assuming a temperature-
independent thermal conductivity of κ = 88 W/m K, whereas the dashed line is the result of
a simulation with κ300 K = 124 W/m K, decreasing with temperature according to a power law
with an exponent of −1.15.[Ash97]

depends on the position where it is measured. As soon as the excitation spot is on
the freely suspended part of the membrane TRaman increases. The heat absorbed in the
membrane has to flow in-plane, which increases TRaman when the excitation spot is
moved away from the underlying support acting as the heat sink. In the center region of
the membrane TRaman is rather independent of the exact position. The variation of the
experimental data in Fig. 8.5 corresponds to an uncertainty of the determination of the
thermal conductivity of the order of 10%.

The small ratio of beam diameter and lateral size of the suspended membrane neces-
sitates a large number of grid points in the simulation of the Raman temperature scan to
correctly cover the temperature distribution at the excitation spot. Assuming a reflectiv-
ity of 38%,[Hum89, Sǐk98, Asp83] neglecting the temperature dependence of κ would



8.2. The Raman Shift Method to Obtain Thermal Conductivities 137

yield κ = 88 W/m K. The corresponding Raman temperature scan is shown in Fig. 8.5 as
dotted line. However, the highest Raman temperature measured is approximately 520 K,
so that the thermal conductivity should be modelled by a power-law dependence on
temperature.[Ash97] The dashed line in Fig. 8.5 is the result of such a simulation of the
Raman temperature across the suspended membrane, with a room temperature thermal
conductivity of κ300 K = 124 W/m K and an exponent of approximately −1.15.[Ash97] A
thermal conductivity decreasing according to this exponent is also shown in Fig. 2.8 (a)
as red line. The latter curve fits the experimental data slightly better, especially near the
heat sink. For a membrane of 1.9 µm thickness the obtained thermal conductivity is in
good agreement with values reported in the literature.[Son04, Ash98, Chá14] This can
also be seen in Fig. 2.8 (b), which contains the thermal conductivity obtained here as red
open square.

8.2.2. Model System II: 3-Dimensional Conduction of Heat

One of the most obvious experiments for the application of the Raman shift method is
the determination of κ for an undoped single-crystalline piece of wafer. In this section
first an analytical expression for the effective Raman temperature in analogy to Eq. 8.3
shall be given. Mathematical details of the derivation can be found in App. C.

Usually the thickness as well as the lateral dimensions of any piece of wafer are much
larger than the dimensions of the focused laser beam. Thus, the derivation assumes a
semi-infinite piece of sample, filling the half-space. The assumption of strongly absorbed
light is justified if the penetration depth is smaller or at least comparable to the beam
width.

The beam profile and the density of absorbed power in the depth of a wafer are
shown in the simulation in Fig. 8.6 (a). The temperature distribution resulting from
such a thermal excitation density is shown in panel (b). With the temperature of the
heat sink Tsink in regions of the wafer very far from the excitation, the effective Raman
temperature TRaman can be written as

κ =
P

4
√

π (TRaman − Tsink)w
. (8.7)

To test the validity of Eq. 8.7 single-crystalline Si and Ge wafers are investigated, using
a 10× objective with a spot standard deviation of w = 0.73 µm. To enhance the accuracy
not only a single Raman spectrum for one excitation power is measured, but instead
series of measurements with different excitation powers are performed. Then, Eq. 8.7
changes to

κ =
∂∆k
∂T

4
√

πw ∂∆k
∂P

. (8.8)

Due to the high thermal conductivity of the single-crystalline wafers, only a small tem-
perature increase of less than 60 K is observed during the experiments. Thus, the relation
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Figure 8.6. Excitation and heat spreading in a Raman shift experiment on a thick wafer: The
panels illustrate cuts through a wafer at the position of the Raman excitation. Panel (a) shows the
color-coded heating power density H(r, z) as well as the corresponding Gaussian beam profile.
For the deduction of Eq. 8.7 surface near excitation is assumed. The simulated temperature
distribution in panel (b) assumes that the backside of the wafer (bottom) is perfectly bound to
the heat sink.

in Fig. 8.1 can be linearized near room temperature, yielding ∂∆k
∂T = −0.0214 cm−1/K

for Si. From the recorded power series on the single-crystalline Si wafer one obtains
∂∆k
∂P = −0.0245 cm−1/mW. The thermal conductivity obtained via Eq. 8.8 then amounts

to κSi = 168 W/m K. Literature values of κSi = 156 W/m K to κSi = 145 W/m K are re-
ported for Si around room temperature, which is slightly overestimated by the discussed
Raman shift experiment.[Gla64, May67]

A similar experiment on a single-crystalline Ge wafer using ∂∆k
∂P = −0.0186 cm−1/mW

from Fig. 8.1 and Ref. Men84 yields κGe = 49 W/m K, which is in similarly good
agreement with the value of 60 W/m K reported in reference [Gla64].

The assumption of surface-near absorption of the excitation light, made during the
derivation of Eq. 8.7, is better fulfilled for Ge, where the absorption coefficient for
light at 514.5 nm is around αGe = 63× 104 cm−1,[Hum89] compared to Si with around
αSi = 2× 104 cm−1.[Hum89, Sǐk98, Asp83] For a penetration depth in the range of
or larger than the excitation laser beam, the effective area through which the heat
is introduced into the material is enhanced, so that the thermal conductivity is over-
estimated when Eq. 8.7 is applied. This may explain the tendency for the experiments on
Si and Ge wafers. Nevertheless, the results show that by using the Raman shift method
applying Eq. 8.8 the thermal conductivity of a homogeneous and 3-dimensional material
can be measured with an accuracy of at least 20%.

8.2.3. The Raman Shift Method Applied to Thin Films of
Laser-Sintered Nanoparticles

Preparation of Freely Suspended Laser-Sintered Films

To apply the Raman shift method to measure the in-plane thermal conductivity of
laser-sintered NP thin films the conduction of heat perpendicular to the plane of the
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film should be avoided. This can be done by, first, adapting the penetration depth
via the used excitation wavelength to the film thickness, and second, by eliminating
the heat sink beneath the excitation spot. Thus, the membrane needs to be prepared
freely suspended, so that the heat is forced to flow in-plane for at least the distance of
several laser beam diameters. It is also mandatory to prepare the films freely suspended,
because even for in-plane heat flux, the substrate, which is much thicker than the film
under investigation, would contribute significantly to the spreading of the heat.

To achieve a suitable measurement geometry for the thin films discussed in this thesis,
the NPs, which usually carry a surface oxide, are oxide-etched by hydrofluoric acid (HF)
first. In contrast to the usual procedure where dispersions are made from as-grown NPs,
in this case the oxide-free NPs are dispersed. To optimize the dispersability, degassed
isopropanol is used instead of ethanol. From such a dispersion a thin film is spin-coated
on quartz substrates, which replace the usual polyimid substrates in view of the further
processing steps. Laser-sintering is then again done as described in Chap. 5. With a
slightly reduced sinter fluence compared to films on polyimid, the typical meander-like
morphology can also be obtained for films on quartz substrates.

As a substrate for the Raman shift experiment on freely suspended thin films of
laser-sintered NPs a Ge wafer is used. Ge was chosen initially because typical thermo-
electric materials are rich of Si, so that the Si-Si Raman mode can serve to measure the
temperature. To suppress the spectral overlap from the film and the substrate, Ge is well
suited. Furthermore, the thermal conductivity of Ge is high enough for it to act as a heat
sink. However, the films have to be suspended over an elongated trench, which is deep
enough to prohibit optical interference between the film and the bottom of the trench.
By Reactive Ion Etching (RIE) with fluoric gases trenches of 20 µm to 25 µm width are
etched into the Ge wafer with a final depth of roughly 15 µm.

To transfer the laser-sintered film from the quartz substrate onto the trench structure
the following procedure is followed: Using optical as well as electron microscopy,
suitable regions are identified on the film on quartz. Then, the quartz substrate is laid
face down onto the Ge wafer, so that the regions to be investigated come to lie on the
region with trenches. A tiny amount of approximately 10 µl of a 5 % aqueous solution
of hydrofluoric acid is pipetted into the contact edge of both substrates. The etchant
immediately fills the gap between them. Within some seconds, the laser-sintered film is
released from the quartz substrate, which can be followed easily by optical microscopy.
To reduce the surface tension, which can break the flakes of the laser-sintered film
during drying, the surface of the etchant is touched by a detergent. As the film sinks
onto the trench structure, the quartz substrate can slowly be pulled from the Ge wafer
in horizontal direction. Ideally, this does not disrupt too much the film. In contrast to
completely closed structures such as quadratic holes, the elongated trenches ensure a
smooth flow of the etchant beneath the film during drying of the etchant. After drying,
the flakes are already firmly attached to the Ge wafer. Occasionally, during pull off
of the quartz substrate flakes are turned from face-down to face-up. Actually, if such
flakes are of proper morphology and isolated from other flakes, this is the ideal end
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Figure 8.7. Transfer of a laser-sintered film: (a) Following the procedure described in the text,
flakes of a laser-sintered NP film are transferred onto a Ge wafer with two trench structures
in the upper and lower part of the wafer. In this optical micrograph face-down flakes appear
brownish due to unsintered NPs at the backside of the film, whereas face-up flakes appear
metallic. (b) Magnification of a flake in panel (a) which is suitable for investigation by the Raman
shift method. (c) SEM micrograph of the same region as in panel (b), which shows that the flakes
partly overlap. Regions i and ii are suited for Raman mapping.

situation because the bottom side of the laser-sintered films is much less rough, so that
the thermal contact to the wafer is greatly enhanced. However, the low yield in terms of
transferred film area of just approximately 20 % even for face-down flakes does not allow
to intentionally flip the orientation of the flakes. Ruptures into small flakes, damage
during drying and multi-flake attachment are some of the yield limiting problems,
which can be seen in Fig. 8.7. An example for the typical mesoporous morphology of
the laser-sintered NP thin films is shown in Fig. 8.8 (a). The lower part of Fig. 8.8 (b)
shows a tilted angle view of a trench etched into the Ge substrate. The upper part of
Fig. 8.8 (b) shows the result of a successful transfer of a flake onto the trench structure
of a Ge wafer. A thin film is freely suspended across the trench, with nearly no sag. In
panel (c) an SEM top view is shown. The borders of the trench beneath the film appear
brighter due to the field enhancement in secondary electron SEM. Where the film lies
on the Ge surface, four and five darker lines can be identified to the left and right of the
trench, respectively. Those darker lines are welding lines to improve the thermal contact
and also the mechanical stability of film attachment to the substrate. By scanning the
focussed laser beam along the lines and using powers much higher than those used
during the Raman experiment, the laser-sintered film compacts and melts to the wafer.
A cross-cut image of such a weld is shown in Fig. 8.8 (d).

Investigated Samples, Experimental Details and Simulation Procedure

In the following two face-up laser-sintered NP samples are investigated by the Raman
shift method. The first is a film of laser-sintered undoped Ge NPs (27 nm diameter) and
the second is made from Si78Ge22 NPs (23 nm diameter), synthesized with approximately
2 % phosphine added to the gas phase as n-type dopant. The composition of the latter
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Figure 8.8. Preparation of laser-sintered NP films for the Raman shift method: (a) Typical SEM
top-view of the microstructure of laser-sintered NP films. (b) SEM side-view of a suspended
film as used in the Raman experiment. (c) Large-scale top-view of the film in panel (b). The
dark vertical lines on the sides are welding lines to improve the thermal contact. (d) A high
magnification cross view of a weld, obtained by a FIB cut perpendicular to the trench, suggests a
densification of the film at the welding line.

material is typical for thermoelectric applications. Its heavy doping is common for Si-
based thermoelectric materials to optimize the power factor.[Sla91, Dis64, Sny08, Ste11,
Sch14] The trench widths for the Ge and the Si78Ge22 sample are 19.5 µm and 25 µm,
respectively.

For the Raman experiment the sample was placed in a chamber which had an anti-
reflection coated window and which was evacuated to 10−1 mbar. Above that pressure,
the apparent thermal conductivity is approximately twice its value in vacuum. This is
caused by the additional heat sink which is constituted by the high contact area of the
mesoporous film to the surrounding gas. For the thin film experiments the laser beam
was focussed onto the sample surface via a 20× objective with a spot standard deviation
of 0.64 µm and a numerical aperture of 0.45. The objective corrected the disturbing
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Table 8.1. Parameters used to extract the in-plane thermal conductivity by the combina-
tion of experiment and simulation. Numbers in brackets are estimated extreme values (min-
imum/maximum).

Parameter Ge Si78Ge22

trench width (µm)a) 19.5 (19.0/20.0) 25 (24.5/25.5)
spot FWHM (µm)a) 1.51 (1.41/1.61) 3.72 (3.52/3.92)
film thickness (µm) 0.20 (0.15/0.25) 0.20 (0.15/0.25)
absorption coefficient (µm−1)b 63.1 (49/76) 2.17 (1.7/2.6)
reflectivity (%)b) 51.4 (5/55) 40.6 (5/45)
laser power (µW)a) 148 (140/155) 57.1 (54/60)
porosity (%) 0 (0/50) 0 (0/50)
absorbed optical power (µW)c) 71.9 (30.7/147) 11.9 (1.78/27.2)
∂∆k
∂T (cm−1/K) −0.0186 −0.0229
⇒ κeff(W/m K)d) 0.51 (0.18/1.4) 0.047 (0.0058/0.15)
a) Value is measured. The uncertainty is estimated.
b) [Hum89]
c) Lambert-Beer’s law without multiple internal reflection
d) The extreme values are obtained using all other extreme values.

effect of the entry window. For the Ge sample the spot was focused to minimum size,
whereas for the SiGe sample, the spot was intentionally defocussed to further reduce
the power density and thereby still maintaining a reasonably high signal-to-noise ratio
of the recorded spectra. The power on the Ge sample was Pabsorbed = 72 µW, deduced
from the incoming power of 148 µW and an assumed reflectivity of Ge of 51 % at the
laser wavelength of 514.5 nm. For the Si78Ge22 sample the incoming power was 57.1 µW.
With an assumed reflectivity of 40.6 % the absorbed power amounts to 12 µW. These
numbers are based on the assumptions that the thin film behaves like the bulk material
of the respective composition.[Hum89] Of course, the reflectivity values are greatly
influenced by the microstructure and the roughness of the film. However, these effects
will then be treated in the discussion of the results.

From both samples a Raman temperature map is recorded by measuring a Raman
spectrum on each spot and calculating the temperature from the LO peak position
using the relations in Fig. 8.1. Because of the high Si content in the Si78Ge22 alloy the
phonon mode that was used to extract TRaman was the Si-Si vibration. Its temperature
dependence in such SiGe alloys is very similar to that in pure Si and can be linearized in
the region from room temperature to 700 K by ∂∆k

∂T = −0.0229 cm−1/K.[Bur93] Further
parameters used for simulation are listed in Tab. 8.1.

As already discussed, in the case where the heat flux density cannot be calculated
analytically, the geometry of the sample needs to be accounted for numerically. The
simulation of the experimentally obtained Raman temperature maps uses an iterative
multi-grid Gauss-Seidel algorithm. Details on the principle can be found in App. B. In
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the simulation a spatially constant thermal conductivity is assumed and appropriate
boundary conditions at the trench edges are set. In contrast to the measurement shown in
Fig. 8.5, where the suspended part was 4.9 mm wide in x and y direction, the suspended
part of the laser-sintered thin films have a width of only approximately 20 µm but a
length of more than 100 µm. Thus, the simulation grid used had an aspect ratio of
3:1, which was found to be of sufficient accuracy, neglecting the small fraction of heat
transport even further in y direction. The simulation treats the film as an effective
medium, setting the porosity to p = 0. The corresponding effective thermal conductivity
will be called κeff.

Results on the Thermal Conductivity of Laser-Sintered Films

Figure 8.9 (a) shows a color-coded map of the Raman temperatures obtained from scans
across the Ge film sample. In the suspended part of the film the temperature increases
up to approximately 700 K. The increased temperature of the part of the film which is in
direct contact to the supporting Ge wafer results from the cross-plane thermal resistance
and from the thermal contact resistance between the film and the underlying wafer. In
panel (b) some selected horizontal lines (called x-scans) of the Raman temperature map
are shown. For different x-scans the maximum variation of the temperatures at the same
x-positions is ±15 %, which directly implies a corresponding variation of κ, evoked by
local differences in the film morphology. The mean values of all measured data points,
shown as full squares, are fairly symmetric with respect to the center of the trench, as it
would be expected. Using the parameters listed in Tab. 8.1, the simulated temperature
profile of the film across the trench is shown as solid line in Fig. 8.9 and describes the
mean value of the experimental data within their typical variation.

The simulation assumes a temperature-independent thermal conductivity. In small
grained and doped SiGe alloy thin films, it is justified to neglect the temperature depend-
ence of the thermal conductivity, as has been discussed in the context of Fig. 2.8.[Ste11,
Ste64, McC01] Thus, despite the large temperature differences in the experiment, useful
values for κeff are obtained. For the experiment on the Ge film the simulation yields
κeff

Ge = 0.51 W/m K.
A similar experiment was performed on a suspended laser-sintered film of Si78Ge22

NPs. The results are shown in Fig. 8.10 as a color-coded Raman temperature map in
panel (a) and in a more quantitative way in panel (b). Again, the maximum temperature
was kept below 700 K. Due to the increased spot size used in this case, the flanks of
the curves representing the temperature increase are less steep compared to the Ge
experiment. Also, the temperature of the film on the heat sink is only slightly above
room temperature, which can be explained by an approximately 40-fold decrease of the
power density compared to the experiment on the Ge film. This decrease of the power
density is caused both by the increased spot size in the SiGe experiment as well as by the
reduced absorbance of the SiGe film compared to the Ge film. The exact numbers can be
found in Tab. 8.1. A comparable temperature increase with reduced impinging optical
power, together with the increased spot size, already point toward a lower thermal
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Figure 8.9. Raman temperatures on a freely suspended laser-sintered Ge NP film: (a) Color-
coded map of Raman temperatures for a laser power of 148 µW. On the suspended part of the
film across the trench the experiment yields an increased temperature. (b) Some extreme (−6 µm
and 15 µm) and representative (−15 µm and −9 µm) x-scans are shown together with the mean
of all data from (a). The simulated curve yields κeff

Ge = 0.51 W K/m.

conductivity, compared to the Ge film. This is confirmed by the simulation. The thermal
conductivity obtained is κeff

Si78Ge22
= 0.047 W/m K.

Since in thermoelectric materials a low κ is desired, it is advisable to assess the
maximum thermal conductivity which is still consistent with the experimental results.
Therefore, extreme input parameters as listed in Tab. 8.1 are used, rather than Gaussian
error propagation, because the large uncertainties for the experimental input parameters
are not distributed according to Gaussian statistics. The thermal conductivity is determ-
ined here by adjusting the simulated x-scan to the experimental x-scan, such as shown
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Figure 8.10. Raman temperatures on a freely suspended laser-sintered SiGe NP film:
(a) Color-coded map of Raman temperatures across the suspended Si78Ge22 film for a laser
power of 57.1 µW. (b) The same data shown more quantitatively, together with their mean value.
The simulated curve describes a film with κeff

Si78Ge22
= 0.047 W K/m.

in Fig. 8.10 (b). There are parameters entering the simulation that change the shape of
the x-scan as well as parameters that simply scale the temperature by a constant factor
for all x-values. In the simulation only the trench width and the spot size slightly change
the curve’s shape. However, their uncertainty is small enough to only vary the resulting
thermal conductivity by less than 5 %, so that their influence will be neglected.

Among those parameters that scale the simulated temperature of the x-scan, which is
then accounted for by adjusting the thermal conductivity in the simulation, the porosity
of the film is the most important. As a reminder, porosity is defined as the fraction of
void space within the total volume. Here, a short discussion of different types of porosity
shall be given first. The projected area of the meander network seen by the laser beam
can be described by a porosity pproj, which typically amounts to 30 %, as can be seen in
Fig. 8.8 (a). The cross section of the meanders is round and further, the depth structure
of the film contains some holes, too. This porosity can be called pdepth, amounts to
approximately 20 % and can be seen for example in Fig. 8.8 (d). The discussed porosities
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would enter the absorbed power according to

Pabs = Pin (1− R) e−αd(1−pdepth)
(
1− pproj

)
. (8.9)

As known from "black" silicon, structures with sizes smaller than the wavelength of the
light can decrease the reflectivity R drastically.[Alg13] This is why a reflectivity of 5 %
as the lowest plausible value enters the maximum estimation. As a result, the maximum
effective thermal conductivities for both samples are enhanced by approximately a factor
of 3, with κeff,max

Ge = 1.4 W/m K and κeff,max
Si78Ge22

= 0.15 W/m K. These numbers also take
into account the variation of other parameters, such as the absorption coefficient α or
the film thickness d.

There is a third porosity which is very difficult to quantify, as it describes the transport
of heat (or also charge carriers) in the plane of the film. This porosity can be called ptransp
and is affected not only by the fraction of the covered projected area, but also by the
shape and the orientation of the holes. For example, elongated holes along the transport
direction are much less detrimental to the transport than elongated holes perpendicular
to the transport direction. This porosity may amount to up to 90 %, as it is also discussed
in the context of electrical transport in laser-sintered NP films in Fig. 5.12.

It is, however, probably more appropriate to merge the different porosities to a single
porosity p, which represents an average value of roughly p = 50 %. This is also in
accordance to the literature, where mostly only a single porosity is taken into account
when treating a material as an effective medium.

The non-effective thermal conductivity, as it is usually found in literature,[Boo11,
Tan10] would then be written as

κ =
κeff

1− p
, (8.10)

which doubles the values obtained by simulation of an effective medium. Roughly this
yields κGe ≈ 1 W/m K and κSi78Ge22 ≈ 0.1 W/m K.

The latter values are now suited tocompare them to bulk and other porous materials.
In the temperature range between 300 K and 700 K, values for κ in undoped bulk Ge
were reported to be 20 W/m K and higher.[Gla64] For micrograined n-type SiGe of
approximately the composition used in this work, the minimum κ was found to be
3.5 W/m K in this temperature range.[Dis64, Vin91] In nanograined SiGe, a reduction to
2.2 W/m K or even 1.8 W/m K was achieved.[Wan08, Ste11] The values found here for
κ in mesoporous Ge and n-type doped SiGe are approximately a factor of 20 lower in
both cases.

It seems likely that the mesoporous structure of the laser-sintered thin films is the
main reason for their reduced thermal conductivity. Studied almost exclusively in pure
Si materials, a significant reduction of κ due to the nano- or micro-sized porosity was
reported in literature, where mainly the smallness of the neck size, i. e., the width of
remaining material between pores, is held responsible for the reduction. Compared to
κ = 140 W/m K for bulk Si, de Boor et al. investigated etched porous-Si and reported κ =
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20 W/m K for a structure size of ≈ 100 nm, which is also near the typical structure size
in laser-sintered material (see Fig. 8.8 (a)).[Boo11] An even more pronounced reduction
of κ was found in Si membranes with a periodic pore lattice, where the restriction of the
film thickness adds to the necking effect. There, κ ≈ 10 W/m K for a structure size of
≈ 159 nm was reported.[Tan10] In the systems mentioned, going from bulk to porous
material leads to a reduction of κ by approximately one order of magnitude. The factor
of 20 found here is slightly higher and may be explained the meander-like morphology,
i. e., the fact that the films are not porous with cylindrical holes but with elongated holes
having an aspect ratio of up to 5:1 in some cases. Depending on their orientation with
respect to the heat flux, this can increase the effect of porosity on the reduction of the
thermal conductivity.

Structuring a thermoelectric material often does not only affect κ, but also σ. This is
also true for the laser-sintered films, where σ is reduced by percolation effects as studied
already earlier.[Sto12] A typical electrical conductivity of samples prepared similarly to
the ones used for the Raman shift method in this chapter and comprising a composition
of Si80Ge20 with 1 % P-doping is σ ≈ 15 S/cm at T̄ ≈ 500 K.[Sto12] This value has not
been normalized by porosity, so that it should be related to κeff again. Compared to
bulk-nanostructured samples made from the same NP batches using CAPAD,[Ste11] the
ratio σ/κ is approximately twice as high for the laser-sintered films. For both sintering
methods similar Seebeck coefficients were measured. However, it is important to note
here, that for laser-sintered films the ratio σ/κ was not determined on the same sample.

8.2.4. The Raman Shift Method Applied to Bulk-Nano-Crystalline Si

In this section a second application of the Raman shift method will be discussed. In
contrast to the porous thin film investigated in the previous section, now almost perfectly
dense bulk-nano-crystalline Si prepared by CAPAD is investigated. The fabrication and
the most important morphological features are discussed in Sec. 5.2. Thermoelectric
parameters of similar samples already were discussed previously in Chap. 6. The
absence of Ge in the sample studied makes the materials much more interesting from an
economical point of view.

The Raman shift method applied to freely suspended thin films attributed locally
differing Raman temperatures and, thus, locally differing thermal conductances, to the
varying distance of the excitation laser beam to the heat sink. For the large dimensions
of the bulk-nano-crystalline samples here, in contrast, the geometry is assumed to
be constant, namely that of a semi-infinite half space similar to the model system in
Sec. 8.2.2. The local variation of Raman temperatures is now ascribed to local variations
of κ. Equation 8.7 is thus taken as a basis for the evaluation of Raman temperature maps.

The sample studied is synthesized from a powder of microwave plasma grown Si
NPs, which are doped with 1% P in the gas phase and have a diameter of 22− 25 nm.
The Si NP powder used for this sample was exposed on purpose to ambient oxygen for
three weeks to obtain a significant oxygen content known to impact the microstructure.
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Figure 8.11. Illustration of the different measurement geometries used to study the CAPAD
sample in Fig. 8.12: The oxygen-rich areas of precipitates (grey) are disc shaped and lie perpen-
dicularly to the laser flash measurement direction. For the microscopic Raman shift method,
these precipitates play a less important role as barriers for thermal transport. The direction of
the sinter current was the same as the heat flux in the laser flash measurement.

The powder was then pre-compacted and solidified by CAPAD, resulting in a slight
increase in crystallite size to approximately 50 nm.[Pet11, Ste11, Sch11a]

The direction of current in this sintering method leads to an anisotropy of the resulting
material.[Mes12] During densification, oxygen relocates within the NP network and
forms mainly two types of oxygen-rich precipitates: small and rather spherical precipit-
ates of approximately 100 nm in size and larger agglomerates of such small precipitates
forming larger structures of SiOx.[Sch11a, Mes12] The latter are shaped like a disc, with
their axis pointing in the direction of the sinter current, and have diameters of several
tens of microns and a thickness of approximately 5 µm. The enriched oxygen content in
the larger precipitates is accompanied by an enhanced porosity in this region.[Sch11a]
Both, the different elemental composition and the different microstructure of the precip-
itates compared to the surrounding matrix, suggest a non-uniform thermal conductivity
of the material. After densification, the sample investigated here was cut and polished
by ion milling, so that the surface was flat on a tens of nanometer scale. Figure 8.11
illustrates the orientation of the precipitates within the sample investigated. The Ra-
man experiments were carried out on the polished top surface. Additional laser flash
measurements of κ were conducted from the orthogonal direction, due to geometrical
restrictions of the sample. The direction of the sinter current was parallel to the direction
of laser flash measurements.

The investigation of local variations of the thermal conductivity of this sample is
based on the following procedure: Applying the Raman shift method, first a Raman tem-
perature map is extracted. Using an incident laser power of 600 mW the sample is partly
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Figure 8.12. Investigation of a CAPAD sample by the Raman shift method: The locally varying
thermal conductivity of heavily P-doped bulk-nano-crystalline Si is obtained from a Raman
temperature map using Eq. 8.7. In panel (a) an overview of the thermal conductivity map is
shown. A zoom-in of in the dashed region in panel (a) is shown in panel (b), demonstrating a
nearly micron resolution of the thermal conductivity mapping. The green dot in the lower right
corner shows the Gaussian full width of the laser beam used. The darker regions with a lower
thermal conductivity coincide with oxygen-rich precipitates. Panel (c) shows an SEM image
of the area investigated in panel (b). Panel (d) and (e) show SEM details of precipitates, which
are also marked by dashed lines in panel (b). Outside the border of the precipitate in panel (e),
marked with a dotted line in panel (b), the sample surface is flat.
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heated up to 800 °C, so that ∂∆k
∂T = −0.0255 cm−1/K is used as a linear interpolation in

Fig. 8.1. The high signal-to-noise ratio in the Raman experiments allows to include the
contribution of free charge carriers, introduced by the high amount of P and the strong
illumination, in the evaluation of the Raman spectrum. Therefore, in contrast to the other
experiments of this work, the Raman temperature is not determined experimentally
from the maximum of the Raman line, but rather from a fit of a Fano lineshape to the
spectra (see also Fig.7.18).[Cer72, Cha78] Although the material is not homogeneous on a
large scale, it is assumed to be homogeneous in the near field of the excitation laser beam.
In this study a 100× objective is used, resulting in a Gaussian beam of 0.29 µm standard
deviation, which is much smaller than average distances of the oxygen-rich precipitates.
A reflectivity of 38% is assumed for this pure Si material.[Hum89, Sǐk98, Asp83] By
applying Eq. 8.7 a map of local thermal conductivities is then calculated from the map
of Raman temperatures.

Figure 8.12 shows such a map of the thermal conductivity, using a different color
scale than in the maps of TRaman discussed earlier, and the corresponding microstructure
of the bulk-nano-crystalline Si sample as observed by SEM. In panel (a) an overview
map of κ is shown. The map exhibits anisotropic structures which are elongated in y
direction and have a lower thermal conductivity compared to the surrounding Si matrix.
The dashed rectangle in (a) is shown in panel (b) with a higher resolution compared
to panel (a). Structures on the length scale of a micrometer can be discerned, which
demonstrates that the measurement is capable of detecting local variations in κ close to
the resolution limit given by the spot size. As a guide to the eye, the green dot in the
lower right corner illustrates the full Gaussian width of the laser excitation spot.

The thermal conductivities obtained by the Raman shift experiment range from 11
to 17 W/m K. This is an order of magnitude lower compared to the values reported
for undoped single-crystalline Si.[Gla64, May67] The extremely high content of P and
the small grained nanostructure on a scale of 50 nm resulting from sintering the small
NPs can be made responsible for this reduced thermal conductivity.[Pet11, Sch14, Ste11,
Sch11b] The thermal conductivity of the very sample investigated here has also been
characterized as a function of temperature using the laser flash method. At room
temperature the laser flash method yields a thermal conductivity of κ = 9.5 W/m K,
which decreases to κ = 6.5 W/m K at 1240 K. Thus, the temperature dependence is not
pronounced, justifying the neglect of a temperature dependence of κ when deducing
Eq. 8.7 also for this type of sample. However, the values obtained for κ obtained by the
laser flash method are roughly a factor of 2 lower, compared to the results obtained by
the Raman shift method. The most likely reason for this difference is the measurement
geometry. As sketched in Fig. 8.11, for the laser flash measurements the heat flow was
perpendicular to the disc shaped precipitates, making them a maximum barrier for heat
transport. In the Raman shift method, the heat is spread radially into the material, with
heat transport suffering only little from the alignment of the precipitates. Other reasons
of minor importance for the discrepancy of a factor of 2 are spurious thermal conduction
by air during the Raman measurements and the finite absorption coefficient of Si at the
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wavelength used, which leads to a slight over-estimation of κ using Eq. 8.7 as discussed
before.

To attribute the local variations in κ observed in this material to structural features,
SEM micrographs of the areas investigated by the Raman shift method are shown in
panel (c) to (e) of Fig. 8.12. Panel (c) shows the region investigated in panel (b). The large
structure in the right half of the panel can clearly be recovered in the SEM image. Also
the smaller feature in the upper left corner of panel (b) can be found in panel (c), and is
magnified in panel (d). In contrast to the surrounding area, the surface of this feature is
less flat and shows a porous interior. The same conclusion can be drawn from panel (e),
which shows the second rectangular area marked with dashed lines in panel (b). A
similar porosity as in the small feature can be found here. EDX scans across the structure
in panel (e) confirm that the oxygen content in the porous region is enhanced by at
least a factor of 4.[Sto14b, Mes12] Correlating the SEM image in panel (e) to the thermal
conductivity map in panel (b) suggests that the porous regions clearly visible in SEM
exhibit a lower thermal conductivity compared to the surrounding area. At least in
principle, this apparently lower thermal conductivity could arise from the local increase
of the absorbed laser power, which in turn could be caused by the roughness of the
surface visible in the SEM micrographs.[Alg13] However, since strong variations in κ are
also found for flat parts of the bulk nano-crystalline sample studied, it can be concluded
that the contrast in the maps of thermal conductivity originates to a significant part from
the locally varying thermal conductivity.

8.2.5. The Raman Shift Method Summarized

The Raman shift method is a versatile tool to investigate thermal properties of different
materials. As a kind of summary here at the end of the chapter on the Raman shift
method some essential requirements and the challenges are shortly reviewed.

The method is applicable to materials with a well defined phonon mode having a
temperature-dependent Stokes shift ∆k, which is used as a non-contact thermometer. The
larger ∂∆k

∂T , the more the method is suited. This virtually prohibits measurements at low
temperatures. For heat to flow in the sample, a temperature gradient is required, which
is excited by the very laser that also excites the Raman scattering. For known absorbed
power and temperature at the excitation spot, the thermal conductance between the
excitation spot and a heat sink can be deduced. Knowledge about the vector field of
heat flux enables to calculate the material specific thermal conductivity, assuming that
this quantity is spatially constant in the near field of the excitation spot.

Especially for structurally complex materials, the most challenging task is to measure
the absorbed fraction of the impinging optical power. Both, the reflectivity and the
absorption greatly depend on roughness, phase segregation and material density. The
second challenge is to correctly account for the geometry of the sample. In only very
few cases an analytical expression can be found to relate the thermal conductance to the
thermal conductivity. Most realistic scenarios require a numerical analysis. Furthermore,
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it is important to reduce spurious thermal conductances, as e. g. caused by substrates or
ambient atmosphere. Vacuum and well defined sample structures are, thus, required
in most cases. And finally: when using the Stokes shift as a local thermometer the
temperature distribution beneath the excitation laser beam should be taken into account.

8.3. Lock-In Infrared Thermography to Determine the
Thermal Conductivity

As an alternative thermal conductivity measurement technique to the Raman shift
method, lock-in infrared thermography is proposed in this section. It offers similar
robustness with respect to the roughness of the sample and, in addition, is able to
measure the temperature distribution on the whole sample simultaneously, instead of
spot-by-spot as it is the case for the Raman shift method.

After introducing the fundamentals of infrared thermography, this section provides a
short literature survey and presents a proof-of-principle measurement on laser-sintered
NP films. Challenges and advantages of lock-in infrared thermography for the measure-
ment of the thermal conductivity are discussed.

8.3.1. Fundamentals of Lock-In Infrared Thermography

The Spectral Emission Density

The electromagnetic radiation emitted by a body is directly correlated to its temperature
by Planck’s law. Depending on the sample temperature T the spectral emission density
Pλ for a black body is

Pλ (T) =
2πhc2

λ5
1

e
hc

λkBT − 1
, (8.11)

with the Planck constant h, the wavelength λ and the Boltzmann constant kB. This
dependence is shown for some temperatures in Fig. 8.13. The absorption bands of
infrared radiation by H2O and CO2 naturally defines mid infrared radiation or short
wavelength infrared (SWIR) as the wavelength range between 3 µm and 5 µm and long
wavelength infrared radiation between 8 µm and 14 µm. The InSb detector used in
the following experiment is sensitive to SWIR, which offers a higher spatial resolution
according to the Abbe limit. However, as obvious from Fig. 8.13, the emission density of
a body at room temperature is low in the SWIR range, so that additional effort is needed
to obtain a sufficient signal-to-noise ratio.

A Body’s Emissivity

The radiation emitted from a body not only depends on its temperature but also on
other physical properties, such as surface roughness, its band structure or its electrical
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Figure 8.13. Spectral emission density Pλ (T) according to Planck’s law: For different temper-
atures the spectral emission density according to Eq. 8.11 is shown as a function of the emitted
wavelength. In the shaded region the infrared detector used here is most sensitive.

conductivity. These effects are included in the emissivity ε, which ranges between 1
for a black body and 0. In thermal radiation equilibrium a body absorbs as much as it
emits, otherwise its temperature would change. Since the absorption below the bandgap
of Si as well as of Ge is rather low, ε is significantly lower than 1 in the SWIR regime.
For example, a double side polished undoped single-crystalline Si wafer has a room
temperature emissivity of approximately 5 %.[Sat67]

The highly doped laser-sintered materials discussed here, however, exhibit a variety
of properties that can enhance the emissivity drastically. First, the order of magnitude
of the films’ roughness is in a range slightly smaller than the wavelength in the mid
infrared range used to detect the temperature. This is just as in black Si, where the
reflectivity is reduced and, hence, the absorption is enhanced. As a result also the
emission is increased.[All57, Van92] Rough silicon at 380 °C exhibits an emissivity of
50 % between 3 and 5 µm, in contrast to ε = 10 % for smooth silicon.[Abe98] Optimized
black Si can reach values of ε = 90 % or even 99 %.[Mal10, Fen11] Second, especially
with regard to thermoelectric applications, the alloying of Si with Ge reduces the band
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gap and, thus, also increases the absorption in the mid infrared.[Mad97] Third, the
infrared absorption caused by free carriers enhances the material’s emissivity.[Sat67,
Lie67, Tim96, Sop99, Fu06] The relevant doping density is approximately 1019 cm−3,
which is easily reached by thermoelectric Si-based materials. Fourth, since SiGe is usually
used as a high temperature thermoelectric material, the effect of enhanced emissivity at
high temperatures should be kept in mind for thermographic measurements of these
materials.[Sat67, Tim93, Rav98, Rav01]

The term emissivity is misleading since it should be called emittance, at least in the
majority of measurements in the literature, which use very thick samples. So it has
to be kept in mind that the emissivity stated in literature is, just as is the absorbance,
an extensive quantity, which in principle depends on the sample thickness. Samples
thinner than the penetration length valid at the infrared wavelength will emit less than
suggested by the values obtained on bulk wafers.

Lock-In Thermography

The low spectral emission density for room temperature experiments, even for ε = 1,
discussed earlier for the SWIR regime, necessitates the use of lock-in techniques to
increase the sensitivity. Most simply, a suitable camera system records frames without
thermal excitation (off), which are subtracted from frames with thermal excitation (on),
so that an amplitude image can be obtained. This then only shows the signal induced
by the thermal excitation and background effects are largely suppressed. The more
frames are taken within one excitation cycle, the more information can be gained on the
diffusion of heat in the sample. This time evolution of heat spreading allows to create a
phase image in addition to the amplitude image. Together, both constitute the complete
information of thermal diffusion and conduction. An introduction of lock-in techniques
for infrared thermography is, e. g., given in Ref. Bre00.

Optical as well as SWIR illumination (e. g., by a Light Emitting Diode (LED)), a current
through the sample or thermal waves induced by heaters can be used to heat the sample
periodically and supplying the reference frequency for lock-in detection. The frequency
has to be chosen according to the thermal time constant of the sample structure. Since
for micron-sized thin films of laser-sintered NPs this time constant is typically shorter
than the shortest acquisition time of an infrared image by the system used, which is in
the ms range, the sample reacts very quick to the excitation. This allows to use a square
function as the correlation function for optical on/off illumination.[Bre00]

8.3.2. Previous Works on Thermographic Thermal Conductivity
Measurements

There are only very few examples in the literature for measurements of the thermal
conductivity or the thermal diffusivity by infrared thermography. Most works meas-
ure macroscopic samples where the thermal time constant discussed above is large
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enough to follow the diffusion of heat through the sample. For a known heat capacity,
which can be determined by other means, this is then directly correlated to the thermal
conductivity.[Bou09, Did08] This situation is very similar to the laser-flash method.

Because the samples studied in that particular publication are at least similarly com-
plex as laser-sintered thin films of NPs, the work of Wolf et al. is worth to note. They
measured the in-plane thermal conductivity of free standing films of 20 µm thick porous
Si by lock-in thermography using a line laser to excite a cylindircal heat wave in the
material, which was followed by an infrared camera.[Wol04, Wol06] Another measure-
ment, which is interesting with respect to thermoelectricity, is the work by Straube
et al..[Str09] They measured the Peltier coefficient of multi-crystalline Si samples by
lock-in thermography. Alternating current in forward and reverse direction leads to
identical Joule heating according to PJoule ∝ I2, but the Peltier coefficient is sensitive to
the direction of I. By subtracting the sample infrared images of both current directions,
the net cooling and heating at the contacts reveals the Peltier coefficient.

8.3.3. A Proof-of-Principle Measurement

Measurement Geometry and Expected Temperature Profile

When samples similar to those in Sec. 8.2 are excited by, e. g., a homogenous optical
illumination, they rapidly reach an equilibrium state due to the very small thermal
capacitance of such thin samples. Thus, the thermal time constants are short, so that
even fast infrared cameras with frame rates of up to several thousand Hz cannot follow
the real-time diffusion of heat to the heat sink. These short time constants enable to
investigate the difference of excitation and without excitation by lock-in thermography.

A possible sample structure for the thermographic determination of the in-plane
thermal conductivity of laser-sintered NP thin films is shown in Fig. 8.14. Using an
optically transparent substrate, homogeneous green illumination is absorbed in the
laser-sintered NP film, which is freely suspended across a trench to avoid spurious
thermal conductance by the substrate. Assuming a spatially homogeneous thermal
conductivity and a perfect heat sink at the border of the trench the temperature gradient
is maximal at the border of the trench and decreases linearly in magnitude towards the
center of the trench. The temperature profile T(x) can be written as

T(x) = Tsink + pabs

((w
2

)2 − x2

2κD

)
, (8.12)

where Tsink is the temperature of the film in contact to the heat sink, p is the absorbed
(spatially constant) illumination density, w is the width of the trench, κ is the film’s
in-plane thermal conductivity and D is the film thickness.



156 Chapter 8. Thermal Conductivity Measurements of Sintered Group-IV Nanoparticles

sapphire substrate

thin film

xw/2-w/2 0

Tsink

~-x2

homogeneous illumination

T

Figure 8.14. Heat flow and temperature profile for a thin film suspended over a trench: Ho-
mogenous illumination of a thin suspended film leads to a parabolic temperature profile.

Experimental Details

As a substrate for such an experiment sapphire is suitable. Its chemical inertness
and hardness allows the transfer of the laser-sintered film similar to the Raman shift
experiment. Illumination of the film with visible as well as with infrared radiation is
possible through the substrate.[Har98] A typical room temperature thermal conductivity
of sapphire of 30 W/m K makes the material an appropriate heat sink.[Dob09] Well
defined trench structures can be etched into sapphire by RIE, however, chloric gases
have to be used. The depth of only several µm that can typically be reached is enough
to freely suspend a laser-sintered NP film.

The sample is illuminated by a green high power LED through the substrate, operated
in pulsed mode. Green light is sufficiently absorbed in the thin film as was already
discussed in Sec. 8.2.

In Fig. 8.15 SEM micrographs of a transferred laser-sintered Si20Ge80 NP film are
shown. The region indicated by the dashed rectangle is almost free of cracks and is,
thus, investigated in the following lock-in infrared thermography experiment. The
composition of 20 % Ge is chosen to obtain a low thermal conductivity as well as to
increase the emissivity of the film by admixture of Ge to Si.

The thermal image is detected by a Stirling-cooled SWIR camera with an InSb detector.
The pixel resolution is 1.5 µm, given by a detector pitch of 15 µm and a 10× objective.
The lock-in frequency is 20 Hz, which is a compromise between detector integration
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Figure 8.15. SEM views of the sample for the determination of the thermal conductivity by
lock-in thermography: (a) Top view of the laser-sintered Si20Ge80 NP film on the sapphire
substrate. 48 µm wide and 3 µm deep trenches were etched into the substrate by RIE. The film
was transferred similarly to the experiments described in conjunction with Fig. 8.8 and lies
face-down on the substrate in this case. The dashed field marks the region which is shown in the
experiments in Fig. 8.16. (b) Tilted side view of the film on the trenches. (c) SEM image of the
morphology of the film prior to the film transfer.

time and measurement speed.

Qualitative Results

Figure 8.16 (a) shows a so-called topography infrared image (i. e., no excitation, no
lock-in action) of the region marked by dashed lines in Fig. 8.15. It shows one trench
of the sample structure with the film lying on the sapphire support on the left and on
the right. The thin film ends at the bottom of panel (a), where the sapphire substrate
appears bright due to ou-of-focus thermal radiation from the illuminating LED. Some
point defects are visible as sprinkles on the film, which can also be correlated to the SEM
image in Fig. 8.15. Differences in the signal strength originate from local differences
of the sample emissivity, spurious infrared radiation emitted by the underlying high



158 Chapter 8. Thermal Conductivity Measurements of Sintered Group-IV Nanoparticles

50 µm 50 µm 50 µm

low
count
rate 0 mK 10°

(a) cw-image (b) lock-in amplitude (c) lock-in phase
high
count
rate

13 mK 70°

Figure 8.16. Lock-in infrared thermography of a suspended laser-sintered SiGe NP film:
(a) CW topography view of the region marked by dashed lines in Fig. 8.15. At the bottom,
the film ends. (b) Amplitude image of the lock-in measurement, excited by a high intensity green
LED from the bottom. (c) Phase image of the lock-in measurement.

power LED and constructive or destructive infrared interference between the film and
the sapphire substrate.

All those aspects cancel to first order in the amplitude image obtained by lock-in
thermography in panel (b). The trench is visible by the enhanced temperature difference
of the suspended part of the thin film, in comparison to the film on the sapphire support,
which appears to be only slightly heated by the optical illumination. The temperature
increase detected is not homogeneous along the trench, but varies by approximately
a factor of two. Apart from these general features the infrared image shows some
point-like hot spots, which again correlate to the defects in the SEM micrograph. The
absolute temperature increase given in panel (b) must be taken with a grain of salt, since
the sample’s emissivity and the temperature calibration of the infrared camera setup is
still ongoing at the time of the completion of this thesis. The obtained results are, thus,
only qualitatively and should be understood as a proof-of-principle experiment.

The phase of the lock-in measurement in Fig. 8.16 (c) is well defined only in the region
of the thin film. The freely suspended part shows a lower phase compared to the film
on the sapphire support. This is an indication for heat flow from the trench center to the
borders of the trench, as it can be expected. However, the absolute value of the phase
holds no conclusive information, since the camera software and the synchronization
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between camera, excitation and acquisition software had not been optimized yet.
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Figure 8.17. Horizontal scans of the lock-in thermography measurement on the suspended
laser-sintered NP film: Horizontal lines in Fig. 8.16 are plotted as black lines. The mean value
and the standard deviation are shown in red. According to Eq. 8.12, a parabola is adapted to
the average value in solid white. As can also be seen in Fig. 8.16 (b), the film exhibits regions
of different temperature increase. Here, this is reflected by two bunches of data, the hotter one
approximately above, the colder one below the average values. The dotted and dashed lines are
adapted parabolas for the corresponding data sets.

The amplitude information contained in Fig. 8.16 (b) is again shown quantitatively in
Fig. 8.17. Black lines depict the experimental data, which vary by a factor of 2, as already
found in Fig. 8.16 (b). Their mean value and the corresponding standard deviation are
shown in red. As predicted by Eq. 8.12 the mean value can well be approximated by
a parabola, which is shown as solid white line. The support structure is schematically
contained in the figure and shows that the parabola reaches the temperature amplitude
at the heat sink of 4 mK not exactly at the trench of the border but approximately 3 µm
beyond that line. A possible reason for that is that the thin film lies face-down on the
sapphire, so that a larger area is needed to transport the heat into the heat sink.

A closer look reveals that the experimental data in Fig. 8.17 consists of at least two
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sub-ensembles. Each of those two can separately be described by a parabola, which are
shown as white dashed lines in the figure. The signal-to-noise ratio of the infrared mi-
crograph does not allow to reasonably adapt a parabola to a single x-scan, which would
give a more useful information on the variation of the in plane thermal conductivity
along the trench.

Some Remarks on Lock-In Infrared Thermography for the Determination of the
Thermal Conductivity

To finally deduce the thermal conductivity quantitatively some important requirements
must be met, which shall be listed here.

The most important deficiency of the measurement presented so far temperature
determination, which still requires calibration. This is mainly a result of the unknown
emittance of the sample and can best be overcome by calibration using an external
heater leading th a well defined and known temperature of the film. It has, however,
to be ensured that the infrared signal mostly originates from the film itself and not
from the substrate, so that for each temperature relative measurements are necessary.
To understand the thermal transport phenomena in the thin film more thoroughly the
phase image must also be well understood.

A very important physical improvement to be implemented the suppression of spuri-
ous thermal conductances, mainly by ambient atmosphere. A suitable vacuum cham-
ber needs to be designed. Pressure levels of less than 10−1 mbar should be already
sufficient.[Fil13] The window could be made from sapphire again.[Har98] However, its
thickness should be kept to a minimum to reduce the disturbing effect of this additional,
optically thicker material on the infrared measurements.

However, the proof-of-principle experiment discussed above demonstrated that the
temperature profile of a homogeneously excited thin film which is freely suspended
across a trench indeed can be described by a parabola, as predicted by thermal transport
theory. This confirms that the method is suited in general as a thin film metrology for
thermal conductivity.



9
Conclusion

This final chapter summarizes the main results obtained in the framework of this thesis
and attempts some conclusions with respect to thermoelectric applications.

The overall scope of this work were investigations on the processability of Si, Ge
and SiGe nanoparticles (NPs) to form solid thin films and the characterization of their
thermoelectric properties. A high intensity pulsed laser was used to sinter the NPs
to improve the films’ electrical performance. During the melting of the NPs with
the nanosecond-long laser pulses, the driving force for structure formation are the
different surface energies of solid and molten Si(Ge) and of the substrate. The fast
crystallization forms structures of very different sizes, the largest of them being a
meander-like mesoporous network, which is the most characteristic feature of laser-
sintered NP films. The size of the meander network can be tuned by the fluence of the
sinter laser.

An increase of the films’ electrical in-plane conductivity by several orders of mag-
nitude was observed as the meander structure evolves. Laser-sintered undopded Ge
NP films, e. g., have a conductivity of 0.5 S/cm, which is up to six orders of magnitude
higher than that of the initial unsintered NP film. Laser-sintering of heavily doped Ge
or Si NPs can lead to conductivities of almost 100 S/cm. The effectively 2-dimensional
mesoporosity of the laser-sintered films decreases the electrical conductivity by per-
colation effects. Typically, a reduction by a factor of 10 compared to a non-porous
film was observed for the laser-sintered NP films in this thesis. After a correction
for this effect, the electrical performance of laser-sintered NP films is competitive to
bulk-nano-crystalline samples made from the same initial NPs by Current-Activated
Pressure-Assisted Densification (CAPAD). Such samples exhibit conductivities of up to
400 S/cm for heavily n-doped SiGe NPs. By direct comparison with CAPAD samples
the Seebeck coefficient of laser-sintered NP films was found to be independent of the
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samples’ microstructure, solely depending on the doping concentration according to
basic transport theory.

Two methods to dope laser-sintered NP films were employed in this thesis: addition
of dopant gases during the synthesis of the NPs and application of dopants from a
liquid source prior to the laser-sintering step. The latter method was developed in
this thesis and thoroughly investigated. Compared to gas-phase doping, laser-assisted
wet-chemical doping is able to dope Si as well as Ge films with almost all group-III
and -V elements. Both doping methods can generate charge carrier densities of up to
1020 cm−3 in the materials.

For the characterization of laser-sintered NP films the determination of the thermal
conductivity is the most difficult task due to the samples’ very complex microstructure.
Two non-contact measurement techniques were applied in this thesis: the Raman shift
method and lock-in infrared thermography. While the latter was demonstrated to have
the potential as a metrology tool, the first was further developed and provided quantit-
ative results. In combination with numeric simulation the Raman shift method yields an
effective thermal conductivity of 0.5 W/m K for a laser-sintered undoped Ge NP film
and of 0.05 W/m K for a heavily n-doped Si78Ge22 film. These are minimum values,
maximum values should not be higher by more than a factor of 3.

At the end of this thesis it has now to be assessed whether laser-sintered NP films
are competitive to other thermoelectric materials and whether the unique meander
structure is of benefit for thermoelectric applications. To answer this question the most
useful comparison with benchmark materials is that of heavily doped SiGe with high
Si content. For this, the thermal conductivity of 0.05 W/m K obtained from the data
in Fig. 8.10 on Si78Ge22 is assumed to be valid also for other laser-sintered samples
of similar composition. Then, e. g., from the electrical data on the gas-phase P-doped
Si95Ge05 sample in Fig. 6.8 and Fig. 6.9, a ZT value of roughly 0.05 at 300 K and of 0.8 at
600 K can be estimated. As another example, the laser-assisted wet-chemically As-doped
Si76Ge24 sample with the highest electrical conductivity from Fig. 7.14 is evaluated to
have a ZT value of 0.4 at 300 K.

As stated above, the effective thermal conductivity values used for this ZT calculation
are minimum values. Thus, these data should be understood as best-case ZT values. In
Fig. 9.1 these values are shown together with benchmark SiGe material from Ref. Dis64
and CAPAD material from Ref. Ste11. The shaded region below the data representing
the ZT numbers calculated above marks the influence of the uncertainty factor of 3 for
the thermal conductivity. Compared to the benchmark materials SiGe thermoelectric
materials, the ZT values for the laser-sintered SiGe NP films look promising since they
suggest that the material is very competitive to the benchmark materials, even if a higher
thermal conductivity is assumed to calculate ZT.

Although the data shown in Fig. 9.1 looks promising, there are two important facts
that put these data in a different perspective. First, the electrical conductivity and the
Seebeck coefficient of the samples are measured right after their fabrication, so that the
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Figure 9.1. Best case evaluation of ZT for laser-sintered SiGe NP films: Assuming an effective
thermal conductivity of 0.05 W/m K the calculated ZT values for two different laser-sintered
SiGe NP samples are shown together with benchmark materials from Ref. Dis64 and Ref. Ste11.
Since the thermal conductivity is a minimum value, the shaded region depicts the range of ZT
for a more conservative estimation. It has to be noted here, that electrical and thermal data have
been determined on different samples.

thin films are manipulated as little as possible. In contrast, the thermal conductivity
determination requires a substantial amount of manipulation of the films, since they
have to be prepared in a form suspended across a trench. The mechanical forces acting
during this manipulation are known to lead to a low yield of transferable sample area.
Therefore, one must assume that even in those parts of the film that could be trans-
ferred onto the trenches, micro-cracks deteriorate the integrity of the materials. Second,
electrical conductivity and thermal conductivity have not been measured on identical
samples. This is one of the most widespread reasons to mistrust calculated ZT values.
As it is known from SEM investigations of the samples used for the calculation of the
ZT values in Fig. 9.1, their morphology in detail is different: The interconnection of the
samples evaluated for their electrical performance is superior to the one of the samples
used for determination of the thermal conductivity. To be precise, the well connected
samples tend to have a higher degree of substrate coverage, where the meander struc-
ture already disappeares and only circular holes are left within a dense matrix. The
samples used for the determination of the thermal conductivity are known to contain
a significant amount of unsintered NPs beneath the meander structure, which were
necessary to increase the mechanical stability for laser-sintering on glass substrates and
the film transfer. In such a case, films with meanders that are not completely connected
still can look fine in SEM investigations. In summary, taking samples with exceptionally
high electrical conductivities adds a selection bias to the ZT evaluation, as the statistical
basis for electrical measurements is much larger than the one for thermal measurements.
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This deficiency could only be remedied if both thermal and electrical measurements are
performed on identical samples, ideally at identical positions after identical mechanical
treatment. In such a case it would also be possible to more deeply investigate the impact
of the tunable meander structure size on the ratio σ/κ. Also, cross-correlation with other
metrology methods could help to remove the uncertainty of the ZT evaluation given
here.

To summarize, the mentioned aspects of uncertainty of the thermal conductivity and
the selection bias evaluating ZT allow a rather large range of conclusions concerning
the possible benefit of the meander structure for thermoelectric applications. The best-
case evaluation shown in Fig. 9.1 allows the conclusion that, indeed, laser-sintered
NP films show a superior performance to benchmark material. However, following
the discussions above and according to his basic careful attitude, the author prefers to
phrase the conclusion that the meander structure is non-detrimental to thermoelectric
performance.

As a final aspect, a very general remark shall be made concerning the applicability
of thin films for thermoelectric energy harvesting. For a material to serve as an energy
supply using thermoelectrics, the optimization with respect to efficiency should be
substituted by an optimization for maximum power output. However, according to
P = U I and the underlying relations of U and I with the TEG’s vertical and lateral
dimensions, "power needs volume". Even assuming highest ZT values for the thin
film materials studied, no significant power output beyond the range of mW appears
possible. Not withstanding the fact that the discussed structurally complex materials
are of highest relevance for academia and the advancement of materials science, this
fundamental aspect basically limits the application of these thin films to low power
applications such as sensing. There, by the way, the prospect of ink-jet printing such
structures provides an essential degree of freedom.



Acronyms

BET Brunauer-Emmett-Teller

CAPAD Current-Activated Pressure-Assisted Densification

DOS Density Of States

EDX Energy-Dispersive X-ray spectroscopy

FIB Focussed Ion Beam

FTIR Fourier Transform Infrared Spectroscopy

ICP Inductively-Coupled Plasma

LAICP-MS Laser-Ablation Inductively-Coupled Plasma Mass Spectrometry

LED Light Emitting Diode

Nd:YAG Neodymium-doped Yttrium Aluminum Garnet

NP NanoParticle

PDS Photothermal Deflection Spectroscopy

RIE Reactive Ion Etching

SEM Scanning Electron Microscopy

SIMS Secondary Ion Mass Spectroscopy

SPS Spark Plasma Sintering

STEM Scanning Transmission Electron Microscopy

TEG Thermoelectric Generator

TEM Transmission Electron Microscopy

XPS X-ray Photo-electron Spectroscopy

XRD X-Ray Diffraction





A
Simulation of Thermoelectric Properties

for Laser-Sintered Ge Films

In Fig. 6.2, the temperature dependence of the Seebeck coefficient for laser-sintered Ge
NP films is simulated and adapted to experimental data. The simulation is based on
assumptions for the DOS and the group velocity in this poly-crystalline Ge material,
shown in Fig. 6.3. The effective density of states masses are calculated according to

Neff
VB/CB = 2 ·

(
2πmeff

h/ekT
h2

)3/2

, (A.1)

where the effective densities of states at 300 K are taken from Ref. Sze1981. This yields
meff

h = 0.370 m0 and meff
e = 0.549 m0.

The main intention of the simulation is to back up the hypothesis that the pronounced
p-type behavior of laser-sintered Ge films is the result of a density of dangling bonds
with a charge transfer level positioned within the band gap near the valence band. The
main result presented in Sec. 6.2 is that the experimental data can well be described
when introducing a dangling bond density of 2× 1017 cm−3. In the DOS used in Fig. 6.3
this dangling bond density is modeled by a Gaussian distribution 30 meV above the
valence band and having a FWHM of 60 meV. In this appendix the influence of a
variation of size, position and width of this dangling bond density on the resulting
Seebeck coefficient will be shown. Since the value of the group velocity in the band
gap in Fig. 6.3 has been chosen rather arbitrarily, an influence of a variation also of this
quantity will be discussed.

In Fig. A.1 the density of dangling bonds is varied by a factor of roughly 3. The
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Figure A.1. Influence of a variation of the Ge dangling bond density on the temperature
dependence of the Seebeck coefficient: (a) The DOS and (b) the group velocity as assumed for
the simulation. (c) The Seebeck coefficient, shown together with experimental data and (d) the
resulting Fermi level as calculated by the simulation. The density of dangling bonds is varied
here.

main effect of this variation is a more persistent pinning of the Fermi level at the
dangling bond position for a higher dangling bond density. For all data sets the Seebeck
coefficient is qualitatively similar, but the temperature, where the Seebeck coefficient
is maximal, is shifted. By comparison to the experimental data the variation of the
dangling bond density by a factor of 3 seems to be in agreement with experiment for
moderate temperatures, whereas for higher temperatures the experimental data merge
more clearly compared to the simulated data sets. Since in this work the temperature
of the maximum Seebeck coefficient is taken as a measure to adapt the dangling bond
density in the simulation, a value of roughly 2× 1017 cm−3 is the best compromise.
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Figure A.2. Influence of a variation of the Ge dangling bond position on the temperature
dependence of the Seebeck coefficient: (a) The DOS and (b) the group velocity as assumed for
the simulation. (c) The Seebeck coefficient, shown together with experimental data and (d) the
resulting Fermi level as calculated by the simulation. The energy of the dangling bond charge
transfer level is varied here.

As a second investigation, in Fig. A.2 the position of the dangling bond level is
varied. This quantity is discussed controversly in the literature. Theoretical values
above the band edge as well as theoretical predictions below the band edge have been
reported.[Bro10, Bro12, Web13] Therefore, it is interesting to see that in the temperature
range of interest for this work, above room temperature, a shift of the dangling bond
level by the values indicated in panel (a) has nearly no influence on the resulting Seebeck
coefficient. As a result, a value of 30 meV above the band edge is taken for the simulation
discussed in Sec. 6.2.
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Figure A.3. Influence of a variation of the Ge dangling bond width on the temperature de-
pendence of the Seebeck coefficient: (a) The DOS and (b) the group velocity as assumed for
the simulation. (c) The Seebeck coefficient, shown together with experimental data and (d) the
resulting Fermi level as calculated by the simulation. The width of the dangling bond DOS is
varied here.

In the literature there is hardly any information on the distribution of the dangling
bond charge transfer levels. But as can be seen in Fig. A.3 also this quantity has no
significant influence above room temperature. This is why a FWHM value of 60 meV is
taken here.
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Figure A.4. Influence of a variation of the group velocity on the temperature dependence of
the Seebeck coefficient : (a) The DOS and (b) the group velocity as assumed for the simulation.
(c) The Seebeck coefficient, shown together with experimental data and (d) the resulting Fermi
level as calculated by the simulation. The different assumptions for the energy-dependent group
velocity are shown in panel (b).

Finally, Fig. A.4 summarizes the effect of a variation of the group velocity. In panel (b)
a couple of different functions are shown. However, especially the temperature where
the maximum Seebeck coefficient occurs is hardly influenced by the specific type of
function, so that it appears appropriate to choose the group velocity distribution shown
also in Fig. 6.3.

It has to be noted that the somewhat strong variation of the Seebeck coefficient at
temperatures below room temperature in all figures shown in this appendix can also be
a result of the quantization in the simulation. The Fermi distribution function for these
temperatures varies within an energy range which is already in the range of the energy
quantization steps. This can result in wrongly calculated Fermi levels since the charge
neutrality condition cannot be evaluated correctly in this very simple simulation.





B
Iterative Multigrid Gauss-Seidel

Algorithm

For most sample geometries the temperature distribution for a given excitation cannot
be calculated analytically. Whenever this is not possible, a numerical approach is
used, where the field of interest is discretized in a rectangular grid and the discretized
stationary heat diffusion equation is solved on every grid point. As an example a two-
dimensional quadratic grid of dimension a, divided into n grid points in each direction
is discussed, so that one pixel has a width of h = a

n . The spatial coordinates x and y can
be expressed by two indices i and j

(x, y)→ (i× h, j× h). (B.1)

Derivatives in Eq. 8.1 are expressed in terms of discrete differences, e.g.

∂2T
∂x2 →

Ti+1,j + Ti−1,j − 2Ti,j

h2 . (B.2)

The boundary conditions of a constant temperature Tsink outside of the simulation area
and the continuity of heat flow, so that the heat introduced by H(~r) and the heat flowing
into the heat sink are identical, are included. A thermal resistance Rth to the heat sink
can also be considered. The problem to be solved can then be written as

A · Ti,j = Hi,j, (B.3)

which is a linear set of equations with the matrix A containing all thermal conductivities
and contact resistances.
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Instead of directly solving Eq. B.3, computation speed is enhanced by implementing a
solver, based on an iterative Gauss-Seidel algorithm, where the computation effort only
scales almost proportionally to the number of grid points.[Bri00] In this algorithm the
differential equation is not solved for all grid points simultaneously, but for each grid
point in successive cycles, so that the discretized heat equation on each point is solved
for Ti,j with the values of neighboring points inserted from the previous cycle. This is
repeated until a desired accuracy is achieved. Since spatially slowly varying temperature
distributions converge only weakly, a multigrid algorithm is employed on several grid
sizes, first approximating the global temperature distribution on a coarse grid, and
then refining this grid by factors of 2 and interpolating the temperature distribution
stepwise.[Bri00] Between all steps, Gauss-Seidel iterations are performed. The use of
different grid sizes drastically speeds up the convergence of the method.



C
The Raman Temperature for Heat

Spreading into a Semi-Infinite Sample

In Sec. 8.2 a rather simple equation was used to relate the Raman temperature TRaman
deduced from a single Raman measurement to the (spatially constant) thermal conduct-
ivity κ of a bulk sample. Here, the analytical derivation of Eq. 8.7 shall be reproduced
from Ref. Fil13, which in turn essentially follows the work in Refs. Car86 and Wat95.

A homogeneous and semi-infinite bulk material is assumed, which fills a half-space.
Cylindrical coordinates φ, r and z are used. The azimuthal angle is denoted by φ. z = 0
marks the surface of the semi-infinite sample with the z-axis pointing into the sample. r
is the radius from the center of the excitation Raman laser beam, which is assumed to
exhibit a radially Gaussian-shaped excitation power density

H(r, z = 0) =
P

2πw2 e−
r2

2w2 , (C.1)

with absorbed power P and standard deviation w. This derivation assumes that the heat
supplied by the Raman laser beam is only introduced into the sample in the plane z = 0,
which corresponds to a model where the excitation power is strongly absorbed at the
surface.

Within the material (i. e. for z > 0) the sample temperature T(~r) must obey the
stationary heat equation in cylindrical coordinates without heat sources

∂2T
∂r2 +

1
r

∂T
∂r

+
∂2T
∂z2 = 0, (C.2)
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which is satisfied by
T ∝ e−|λ|z J0(λr) (C.3)

for any λ with J0(λr) being the Bessel function of first kind and zeroth order. Circular
heat flow in direction of the azimuthal angle φ can be neglected due to the symmetry of
the problem. Equation C.2 is then also satisfied by

T =

∞∫
0

e−|λ|z J0(λr) f (λ)dλ, (C.4)

where f (λ) can be chosen to fulfil the boundary conditions. In this problem the Neu-
mann boundary condition is given by the energy flow from the surface into the sample,
introduced by the laser power density H(r, z = 0),

− κ
∂T
∂z

∣∣∣∣
z=0+

=
P

2πw2 e−
r2

2w2 . (C.5)

Inserting Eq. C.4 into Eq. C.5 leads to the condition

κ

∞∫
0

λJ0(λr) f (λ)dλ =
P

2πw2 e−
r2

2w2 (C.6)

for f (λ). For the solution, the identity

∞∫
0

xJ0(xr)e−
w2x2

2 dx =
1

w2 e−
r2

2w2 (C.7)

is needed.[Wat95] Therefore, one can insert the function

f (λ) =
P

2πκ
e−

w2λ2
2 (C.8)

into Eq. C.4, resulting in

T(r) =
P

2πκ

∞∫
0

J0(λr)e−
w2λ2

2 dλ. (C.9)

The effective Raman temperature TRaman can then be obtained from Eq. 8.3 and Eq. C.7



as

TRaman = Tsink +
1
P

2π∫
φ=0

∞∫
r=0

T(r)H(r) r dφ dr

= Tsink +
P

4
√

πκw . (C.10)

For a homogeneous semi-infinite sample, excited by a Gaussian-shaped laser beam with
strong absorption, the spatially constant thermal conductivity κ is then in turn given by

κ =
P

4
√

π (TRaman − Tsink)w
. (C.11)
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