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Kurzfassung

In dieser Arbeit werden detaillierte Untersuchungen zur Herstellung und Stabilitat von
dinnen kohlenstoffhaltigen Filmen und ihre mdgliche Anwendung als Materialien mit
niedriger Dielektrizitatskonstante (low k) prasentiert. Um komplexe Informationen (ber die
chemischen, morphologischen und dielektrischen Eigenschaften der erzeugten Schichten zu
erhalten, wurde eine Kombination verschiedener Methoden angewendet. Dabei kamen
spektroskopische  (Rontgen-Photoelektronen-Spektroskopie:  XPS, Rontgen-Nahkanten-
Absorptions-Spektroskopie: NEXAFS und Fourier-Transform-Infrarot-Spektroskopie: FTIR),
mikroskopische (Rasterkraftmikroskopie: AFM) und elektrische (Kapazitats-Spannungs-

Messungen: CV) Charakterisierungsmethoden zum Einsatz.

Die Filme wurden mit verschiedenen Techniken aufgetragen: Verdampfung, Sprih-
und Tropfverfahren sowie Spin Coating. Bezlglich der méglichen low-k-Anwendung wurden
hybride organisch-anorganische kohlenstoffhaltige VVerbundwerkstoffe untersucht. Die Filme
basieren auf 3-Aminopropyltrimethoxysilan (APTMS), das mit den folgenden Dotierungen
angereichert wurde: Cgo Fulleren, Phenyl-Cg;-Buttersaure-methylester (PCBM), Kupfer-
Phthalocyanin (CuPc) und Tris (dimethylvinylsilyloxy)-POSS (POSS).

Die vorliegende Dissertation stellt progressive Optimierungsschritte dar, mit denen
eine allmahliche Verringerung der resultierenden Dielektrizitatskonstante des Hybrid-
Materials erreicht wurde. Wie die durchgefuhrten Untersuchungen zeigen, erlaubt die
Substitution von Cgy in der APTMS Matrix durch sein besser l6sliches Derivat PCBM die
Erhohung der Konzentration der Kohlenstoffspezies innerhalb der Schichten. Die Einflihrung
von POSS als zusatzliche Dotierung flhrte zu einer Erhéhung der Resistenz des produzierten
Materials gegen Umgebungseinflisse. Jedoch wurden dabei ab bestimmten POSS-
Konzentrationen (im Bereich von 0.3 %) Uberladungen der Matrix mit dem Dotierstoff
festgestellt, was sich in der Bildung fraktaler Strukturen widerspiegelte. Letztendlich erzielte
die Kombination relativ niedriger Konzentration von CuPc und POSS-Molekulen (im Bereich
von 0.1 %), die innerhalb der APTMS Matrix dispergiert wurden, die besten Ergebnisse und
es konnten homogene Schichten mit einer ultra-niedrigen Dielektrizitatskonstante von 1.8

hergestellt werden.
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Abstract

In this thesis the detailed investigations concerning processing and stability of thin
films including carbon species and their possible application as materials of a low dielectric
constant (low k) are presented. In order to gather a complex information regarding the
chemical, morphological and dielectric properties of the produced layer a combination of the
spectroscopy: X-ray photoelectron spectroscopy (XPS), near edge X-ray absorption fine
structure spectroscopy (NEXAFS) and Fourier transform infrared spectroscopy (FTIR),
microscopy: atomic force microscopy (AFM) and electrical characterization: capacitance-
voltage technique (CV) have been applied.

The films deposited by means of variety of techniques have been described, ranging
from evaporation, through spraying and dropping to spin-coating. Regarding the possible low-
k application, a considerable attention has been paid to the hybrid organic-inorganic 3-
aminopropyl-trimethoxysilane (APTMS) based composite materials enriched with carbon
species coming from the following dopants: Cgo fullerenes, [6,6]-phenyl-Cg;-butyric acid
(PCBM), copper phthalocyanine (CuPc), and tris(dimethylvinylsilyloxy)-POSS (POSS).

In the following thesis progressive steps leading to gradual decreasing of the resulting
permittivity of the hybrid material is presented. As revealed by the performed investigations,
the replacement of Cgo within the APTMS based matrix by its better soluble derivative PCBM
allows the increase of the concentration of the carbon species within the composite films. The
introduction of POSS as an additional dopant gave the opportunity of increasing the resistance
of the produced material against the ambient influence. With the excess of the POSS
concentration an original fractal-shaped cluster formation has been observed. Finally, the
dispersion of the properly chosen low concentration of CuPc and POSS molecules within the
APTMS based matrix led to the fabrication of homogenous layer with an ultra-low dielectric

constant of 1.8.
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l. Introduction

The great structural variety of the pure solid carbon forms including fullerenes,
nanotubes, and graphite attract rapidly growing attention motivated by its potential
importance in production of carbonaceous materials that could be applied in the field of
catalyst supports, adsorbents, gas storage, electrode, carbon fuel cells, drug delivery and many
others [1]. For a long time carbon has been known to exist in three forms: amorphous carbon
(a), soft, black, stable graphite (b) and hard, transparent diamond (c). The revolutionary
discovery of the Cgy buckminsterfullerene in 1985, consisting of 12 pentagons and 20
hexagons and having a soccer-ball like structure, and subsequently carbon nanotubes in 1991
opened up entirely new horizons in materials science and nanotechnology due to their very
interesting electronic, photonic, magnetic and mechanical properties. The carbon
nanotechnology became an interdisciplinary field of science, including chemistry, physics,
materials science, engineering and biology [2] and studies concerning its expanding

developed with a tremendous rate.

Inert, hollow and indefinitely modifiable fullerenes seem to be promising candidates
for many various potential applications, including superconductors, hydrogen storage, high-
efficiency solar cells or chemical sensors [2]. Because of their high mechanical strength and
low density fullerenes could find an application as the reinforcement of the super-strong and
light-weight composite structures, formed from two or more distinct materials what provides
desirable combinations of properties that are not found in the individual components [3]. Due
to their unique properties, related to the integration of the organic and inorganic properties of
the components, organic-inorganic hybrid materials are an object of intensive academic and
industrial investigations [4]. Recently, the design and engineering of carbon-based materials
attract increasing attention in the construction, aerospace and automotive industries. Carbon
composites possess several advantages over traditional materials, for instance they do not
undergo a corrosion process, are significant lighter than steel, and can be installed without the

use of heavy construction equipment [5].

The interesting properties of the composite materials highly enriched with carbon
species offer possibilities of its application also in microelectronics, where complex layered
structures are deposited on a semiconductor surface to transmit intelligent electronic signals,
forming an integrated circuit [6]. The microelectronics industry maintains the tendency of

improving advanced processes productivity. This phenomenon follows the Moore’s law
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predicting that the number of transistors in the integrated circuits increases twice every
eighteen months [7]. However, because of the huge transistor density in the advanced
integrated circuits its size has to be reduced what makes the circuits faster while at the same
time the overall resistance-capacitance (RC) delay increases. One of the strategies to reduce
the RC delay is the introduction of low-k materials as an isolation between the nano-wires in
microelectronic devices [8,9]. Therefore, among a variety of materials building
microelectronic structures are insulators, introduced as inter-metallic low-k dielectrics into the
interconnect architecture, what allows the reduction of the parasitic capacitance, the power
consumption and cross-talk of the microelectronic devices [10,11]. In the present thesis the
deposition and characterization of some low-k hybrid composites containing fullerene cages
and other carbon species, like copper phthalocyanine and POSS molecules functionalized

with organic groups are presented.

The particular chapters of this thesis correspond to journal articles worked out during
my research stage at the Chair of Applied Physics and Sensors of BTU Cottbus. Some of them
are already published, others are just being reviewed, whereas the remaining parts will be
submitted soon. The detail information concerning the submitted or already existing

publications are given at the first page of the respective chapter.

The general information concerning the applied characterization techniques and the

most common deposition methods used in this work is included in the chapter II.

The most crucial step in order to begin the experiments related to this work was the
suitable samples preparation. Since the fullerenes, besides their obviously unigque properties,
seem to offer a wide processing flexibility, they were used as a component of the majority of
the films described in this thesis. Moreover, a very important motivation of using fullerenes in
this experiment is the fact that they are easy to detect and characterize by the means of
microscopic and spectroscopic methods as well [12]. However, some problems related to the
low Cgp solubility had to be overcome as well as the proper deposition technique of the layers
suitable for the further measurements had to be developed. Chapter Il1l.1. contains the
condensed information concerning the applied preparation techniques supported by the
general spectroscopic results. This short overview contains the first and fundamental hints for

the decision regarding the direction of investigations described in detail in the other chapters.

Chapter 111.2. is a more detailed continuation of the chapter I11.1. As it was already

mentioned above, Cgo fullerenes exhibit low solubility. Toluene is known to be commonly
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applied during the Cgo processing, however the spectroscopic results described in chapter
[11.1. suggest that the fullerene molecules upon treatment with this solvent undergo some by-
reactions. This process has been carefully investigated and interpreted in this part of the
thesis. For comparison, also films composed of another carbon-reach molecule, copper
phthalocyanine, upon toluene treatment were investigated. CuPc has been further applied as a

component of the ultra-low k films described in the chapter 111.9.

Since there are several processing problems related to the extreme hydrofobicity of
Cs0, much attention has been paid to its polihydroxylated and excellently water soluble
derivative fullerol. Chapter I11.3. describes a kind of an interesting curiosity concerning the

high stability of this, unfortunately, not yet widely available material.

The chemical bonding between the carbon atoms within the Cgy molecule is very
strong, so their stability is high. However Cgy moieties serve as excellent acceptors of the
electrons what make them a great electrophilic reagent [12]. Primary and secondary aliphatic
amines, due to their high nucleophilicity, easily undergo nucleophilic additions with Cgo [13].
For that reason amine-functionalized siloxanes seem to be a proper material for the Cg
functionalization, allowing the dispersion of the fullerene cages within the siloxane matrix.
The fullerene functionalization with APTMS has already been reported in the literature. De
Quan et al. obtained Cg[APTMS], by dissolving Cgo in APTMS at room temperature for
2 days [14]. Bell et al. produced similar adduct while stirring the APTMS mixture of Cgo/Cro
at 50 °C for 20 h [15]. Therefore the composition of the majority of the carbonaceous samples

described in the following chapters consist of a high degree of this substance.

Many deposition techniques (for instance ALD) require the proper temperature
treatment. Chapter 111.4. reports on the heat treatment influence on the spin-coated composite
material composed of the carbon dopants like fullerene cages and copper phthalocyanine
dispersed in an APTMS based matrix. Aminoalkoxysilanes are used in such technologically
important preparations techniques like ALD in order to functionalize the surface with amino
groups and besides APTMS turned out to be an excellent medium allowing to obtain carbon
reach spin-coated composite layers through simply, non-surfactant preparation route without

external solvent application.

The chapter I11.5. contains the characterization of the hybrid organic-inorganic
composites obtained by the interesting combination of two deposition techniques: spin-

coating and evaporation. As it was mentioned above, APTMS serves as an excellent source of
9



the amino groups revealing at the same time great adhesion to the substrate. In this part of the
thesis the deposition and measurements of the fullerene layer evaporated on the APTMS-
coated substrate are reported. At this point one also find the first in this thesis relevant results
concerning the application of the atomic force microscopy in the hybrid layers investigation.
AFM turned out to be a perfect supplementary method to the spectroscopy, allowing the
detailed investigation of the fullerenes molecules deposition onto the APTMS layer in applied
experimental conditions. Interesting time-related migration of the amino groups originating

from APTMS through the thick Cgo evaporated layer is also reported.

After the development of the deposition techniques, the work focused more on the
practical application of the produced films. Chapter I11.6. has been written as a result of a
successful cooperation with the group from the Wroctaw University of Technology and opens
a part of the thesis that is dedicated to the carbon-containing low dielectric constant materials.
This part includes information regarding fullerene containing film of the low k obtained by
means of the sol-gel method. The sample has been produced by Dr. Justyna Krzak-Ro$ and
Katarzyna Broczkowska from Wroctaw University of Technology and also partially
investigated by the Wroctaw group. The k value of this sample achieved the promising value
of 2.3 however its homogeneity was relatively low. Thus the improvement of the layer quality
while omitting the sol-gel method became a starting point of the further researches described

in the present thesis.

Beginning with the chapter [11.7. successive steps of lowering the resulting
permittivity of the hybrid APTMS based material enriched with the carbon species has been
shown. Here exceptional abilities and professionalism of my collaborators (Dr. Karsten
Henkel in the field of capacitance-voltage measurements (CV) and Dr. Krzysztof Kolanek in
the field of AFM) opened a door for the gathering of complementary information concerning
the properties of the produced low-k composite materials described in this thesis. The results
reported in this chapter exhibit that the doping of the APTMS matrix with fullerene cages
decreases its dielectric constant and the replacement of the Cg by its derivative: [6,6]-phenyl-
Ce1-butyric acid methyl ester (PCBM) leads to the increasing of the carbon species

concentration and further lowering of the k value.

Chapter 111.8. reports on further improvements of the low dielectric constant films. In
this part of the researches POSS molecules possessing interesting hybrid inorganic-organic,
three-dimensional structure have been applied as an additional dopant. The introduction of

this component not only allowed to decrease the permittivity of the composite films but also
10



increased their resistivity against the ambient influence. Apart from the low-k topic, for some
described in this part samples the overloading of the POSS molecules within the compositions
favored the heterogeneous phase separation and formation of the fractal shaped clusters

giving the opportunity to obtain unusual AFM pictures, also presented in this chapter.

The final chapter 111.9. is the culmination of the attempt to produce ultra-low-k
APTMS based material enriched with the carbon species. As revealed by the investigation
described in this part, the application of a mixture of POSS and copper phthalocyanine
molecules as fillers for aminopropylsiloxane based composite material gives, in a properly
chosen dopants concentration, homogenous films with an extremely low dielectric constant in

the range of 1.8.
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Il. Experimental details

11.1. X-ray photoelectron spectroscopy

The photoelectric effect has been originally observed by Heinrich Hertz who produced
the photoelectrons by illuminating an electrode by ultraviolet light. His work has been
reported in a paper to the “Annalen der Physik” in 1887 [16]. This phenomenon was further
outlined by Einstein in 1905 [17]. When the electromagnetic radiation is incident upon a
surface, the interaction between the irradiating photons and the sample leads to the creation of
photoelectrons (Fig. 11.1.1a and 11.1.1b). The Kinetic energy, Ex, of the electrons emitted in

this fashion equals:

where @ is the work function of the sample, hv is the photon energy and Ej is the binding

energy of the initial state of the electron [18].

Based on the photoelectric effect X-ray photoelectron spectroscopy (XPS) has been
developed by K. Siegbahn and his research group. Around 1950’s they decided to apply
previously gained experience of the nuclear spectroscopy to the photoelectric effect. In 1954
the first photoelectron spectrum of the sodium chloride has been obtained. Afterwards a
measurable binding energy shift of the photoemission peak depending of the chemical
environment has been found [19]. XPS became an important method for establishing the
chemical state of elements within the solid surfaces and K. Siegbahn was awarded the Nobel

Prize for Physics in 1981 for its development.

During the XPS measurements a solid sample is mounted on a sample holder and is
exposed to a source of the soft X-rays. For XPS, Al Ka (1486.6 ¢V) or Mg Ka (1253.6 eV)
are often the photon energies of choice. The application of the monochromatized X-ray source
gives an opportunity for the improving of the typical XPS resolution from 1 eV to 0.5 eV
[18]. Ejected electrons are energy filtered via an analyzer and then the intensity for a defined
energy is recorded by a detector. As a result photoelectron peaks reflect the different orbital
energies of the atoms within the sample surface. The binding energies of the peaks are
characteristic for each element. The elemental sensitivity and accuracy of this technique are
about 1 % [18]. The peak areas can be used (while applying the appropriate sensitivity

factors) to quantity the analyzed surface chemical composition.
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Interestingly, not all peaks observed in the XPS spectra originate from the ejection of
the electron due to the direct interaction with the photon. The occurrence of the Auger
features is assigned to the relaxation of a higher energy electron to the state of the lower
energy, possessing a vacant hole created by the X-ray photon. This process, illustrated in Fig.
I1.1.2, is accompanied by the emission of another electron of the energy equaling to the

difference between the states involved in this phenomenon.

Ex
X-ray Vacuum level ® Ejected electron Auger electron’
Work function ¢ ¢ )
Er
Valence Valence Valence
\ \
X } M
V-9—9—9— —-&
‘? et A
\10 & X.\ 9 9
& & K O & &
Ground state Transition excited state Final state

Fig. 11.1.2. X-ray induced Auger electron.

The chemical environment of the surface atoms results in well-defined energy shifts of the
peaks positions (AE). For two different compounds A and B, AE of a particular core-level has
been described by the following equation [18]:

AE(A,B) = K.(qa—qp) + (V4 —Vp) (11.1.2)

Where K_is a coupling constant, g4, and gz are the HOMO (highest occupied molecular
orbital) energy level charges and the second term of the equation has a character of the
Madelung potential arising from all the other ionic charges g; centered at positions R;; relative

to the atom, i, in the material [18]:

4j
VvV, = z— I1.1.3

i#j

In general, after the summation of the two terms of equation (I1.1.3) for solids a value of a few

eV or less is obtained for the chemical shifts in solids.
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Since the escape depth of the ejected electron is limited, for energies around 1400 eV
those located deeper than 10 nm below the surface undergo most probably energy loss event,
contributing more to the background than to the primary photoelectric peak. This is the result
of strong interactions of the photoexcited electron with the rest of the solid and may be
expressed by the value of the mean free path 1, depending strongly on the photoelectron
kinetic energy and related to the distance that the electron may overcome without an inelastic
scattering [18]. The following equation describes the attenuation of the photoelectrons

intensity after passing through the layer of the thickness d [18]:
—-d
I = IoexpT (1.1.4)

where I and I, express the original and attenuated intensity.

The X-ray photoelectron spectroscopy (XPS) measurements described in this thesis
were done using SPECS GmbH X-Ray source (Al Ko 1486.6 eV or Mg Ko 1253.6 e¢V) and
an energy analyser made by Leybold-Heraeus. The structure due to the satellite radiation has
been subtracted from the spectra before the data fitting [20,21]. The peak intensities were
acquired after Shirley background removal [22]. The obtained spectra were deconvoluted with
Gaussian lineshapes used to describe individual components of the peaks in order to obtain
detailed information about the nature of the chemical interactions [23,24]. Each peak was
fitted using Levenberg-Marquardt least-square algorithm. Data for percent atomic
composition and atomic ratios were calculated using the atomic and instrument sensitivity
factors [25].

11.2. NEXAFS spectroscopy

The development of the sources of the broadband synchrotron radiation made X-ray
absorption spectroscopy a widely used technique of the materials structure investigation in
many fields of the natural sciences. The near edge X-ray absorption fine structure
spectroscopy (NEXAFS) can provide specific information concerning the unoccupied states
and alows for instance to discriminate between sp* and sp? configurations. In order to record
NEXAFS spectra, the sample is exposed to a tunable, monochromatized high flux of X-ray
photons that excites an electron from an atomic core level to empty or partially occupied
valence electronic states. Therefore NEXAFS requires the use of a synchrotron radiation

source. The current induced by the photon beam changes as a function of excitation energy.
15



The direct absorption technique consists of recording the total current of the emitted
photoelectrons what gives the opportunity of the element-specific absorption coefficient
determination. However, inner shell vacancy may relax by undergoing a transition from a
higher energy, occupied shell, resulting in Auger electrons and fluorescence photons
emission. Summing up, although the process accompanying the migration of the electron to
the surface is still a matter of exploration and the general theory of the photoemission is
complicated, one may simplify the considerations regarding the yield spectra and assume that
the three following processes contribute to the photoelectric yield after the primary absorption

of the photon:

» direct excitation to the conduction band

» emission of the Auger electron

» excitons decay

These three processes are illustrated in Fig.11.2.1. The determination of the electronic
character of the unoccupied electronic states and the inter-atomic bindings is possible after
monitoring the incoming lp and the transmitted flux when the photon energy is scanned
through the absorption threshold [18,26-31].

Photoelectron

A
A Auger electron
B¢
h - -
E \\ lonization energy
‘ Valence band

Photo}

Fluorescence
L O Core level

Fig. 11.2.1. The processes contributing to the photoelectric yield after the primary absorption

of a photon.

Summing up, the detection may be performed in TEY (total electron yield) mode
where all photoelectrons leaving the sample, including direct and secondary, produced by
Auger transitions, are monitored. However, in this situation the probing depth depends on the
electrons attenuation length and for the C-K edge equals around 4 nm what makes TEY a

16



surface sensitive mode. More bulk sensitive is the TFY (total fluorescence yield) mode where
the spectra are recorded while monitoring the fluorescence radiation emitted when electrons
of the lower binding energy fill the core holes generated by the absorption of the x-ray
photons. The probing depth of this mode is given by the penetration depth of the incident and
emitted photons and equals over 100 nm. TFY sums over all or a broad range of photon

energies [30].

All NEXAFS spectra presented in this thesis have been performed using the BTU
owned beam line U49/2 at Bessy I, Berlin [32]. The spectra were normalized to the X-ray

intensity lo, measured on a diode or Au mesh.

11.3. FTIR spectroscopy

Fourier transform infrared spectroscopy (FTIR) is an analysis technique providing
information about the chemical bonding and molecular structure of materials. This technique
is based on the fact, that the molecule exposed to the infrared radiation is excited to a higher
energy state (mostly vibrational modes) while undergoing the quantized absorption process.
The transition between quantized vibrational energy states results in infrared spectra. For
molecule containing N atoms the degrees of freedom equals 3N, where six of them are related
with the translational and rotational motion along the X, y and z axis and the remaining 3N-6
degrees of freedom correspond to the number of the vibrational modes in a nonlinear
molecule. In many vibrational modes only a few atoms exhibit large displacements while the
rest of the molecule is almost stationary. Different functional groups reveal a characteristic
frequency of such modes where the motion is centered at a position being minimally affected
by the nature of other atoms building the molecule. Therefore, the observation of spectral
features allows their identification. So called fingerprint bands are very useful in order to
distinguish one molecule from another containing similar functional groups. This bands
involve the significant motion of only a few atoms and their frequency varies depending on

the kind of molecule possessing a specific functional group [9,33,34].

For each mode, i, the atoms undergo an approximately harmonic displacement from
their equilibrium positions and vibrate at a certain characteristic frequency, vi. The vibrational

energy states for the atoms vibrating with simple harmonic motions are given by the equation:
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1
Viv = hvi (Ui + E) (H 31)

where h is Planck’s constant, v; the fundamental frequency of the mode i, v; the vibrational
quantum number for the mode i (v; =0, 1, 2, 3...). For the most vibrational modes the
excitation from the ground state (v; =0) to the first state of vibrational modes (v; =1) requires
an energy corresponding to a radiation in the mid-infrared spectrum (400 to 4000 cm ™)
[9,33,34].

The FTIR spectra presented in this thesis have been recorded using FTS 60B BioRad
(with an exception of the chapter 111.6, where the FTIR data were obtained and interpreted by
the group from Wroclaw University of Technology).

11.4. AFM

Atomic force microscopy (AFM) is a mechanical profiling technique generating three-
dimensional maps of the surface topography. After its invention in 1986 by Binning et al.
AFM became a powerful and versatile technique for atomic and nanometer-scale
characterization of a wide range of various surfaces [35]. The introduction of this
investigation method opened a possibility of obtaining atomic resolution in the microscopy of
conductors and insulators. Furthermore, this technique plays an important role in the fields of

nanomanipulation, nanoassembly and molecular biology [35-37].

In AFM technique a sharp tip (force probe) attached to the end of the cantilever is
affected by the attractive or repulsive forces generated by the interaction with the surface (Fig.
11.4.1). The resulting deflection of the cantilever is detected mostly by the optical lever
technique in which a laser beam is reflected from the cantilever and back onto a split photo-
detector. The voltage signal produced by the photo-detector is used to control the tip-sample

interaction force through the feedback loop mechanism [37].
AFM can be operated in several modes including [37]:

e contact mode (C-AFM) where the cantilever tip is located less than 1 nm above the

surface,
e non-contact mode (NC-AFM) in which the cantilever tip vibrates several nanometers
above the surface of a sample,

18



e tapping mode (TM-AFM) where the oscillating probe makes an intermittent contact
with a sample (in this case the tip position above the surface is in between the contact

and non-contact modes).

In general, the modes differ by the location of the AFM probe above the surface and
thus by the pressure generated by the tip on the surface. The pressure in the contact mode is
significant and lay in the GPa range and therefore cannot be used for soft samples as it may
modify the surface during the measurement. As the investigated samples of this thesis were
soft we used the non-contact technique in all the measurements which were conducted by
Veeco CPII at room temperature. Phosphorus doped silicon cantilevers (model MPP-11123-
10) with a resonant frequency of about 275 kHz and an approximate spring constant of 48
N/m were used. The back side of the cantilever was covered by 50 nm of aluminium. The

nominal tip curvature of the used cantilever was less than 8 nm.
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Fig. 11.4.1. The idea of the AFM measurement.

11.5. Capacitance-voltage measurement

From several samples deposited on the silicon substrate described in this thesis metal-
insulator-semiconductor (MIS) structures have been created by evaporation of silver contact
19



on top of the spin-coated material. The dielectric constants of such prepared MIS structures

have been estimated from the accumulation region of the capacitance-voltage characteristics.

In the CV measurements a differential capacitance is measured by a small (typically
20-35 mV) modulation of a DC bias voltage applied to a material stack. The DC voltage is
biasing the semiconductor surface potential. In the equilibrium state of the MIS capacitor, the
change of the gate charge is balanced by a change of the charge present in the semiconductor
surface and interface. During CV measurements, the semiconductor is driven through
accumulation, depletion and inversion. When a negative voltage is applied on the gate (in case
of a p-type semiconductor), the holes accumulation at the semiconductor surface takes place.
While driving the voltage towards positive direction, the Fermi level on the metal side is
moving down. The hole charge density becomes lower and the total MIS capacitance is
decreasing. The further increasing of the positive voltage leads to an additional increase of the
space charge region (deep depletion). When the electron concentration at the surface equals
the hole concentration in the bulk, a strong inversion is achieved. The large amount of the
inversion carriers screens the further increase of the electric field. Thus the application of a
higher positive voltage than that corresponding to the inversion conditions will not change the
space charge region anymore. CV measurements may provide several information concerning
the MIS stack, for instance: doping type of the semiconductor, the equivalent thickness of the

insulator, the k-value of the insulator, the doping concentration [38].

The CV curves discussed in this thesis have been recorded on MIS structures by a CV
set-up based on a LCR meter Agilent 4284A [39]. A slow ramp of 25 mV/s was used for the
DC bias, which was superposed by a 1 MHz AC signal of 25 mV (RMS). The samples were
first driven into the accumulation state, followed by biasing the semiconductor through
depletion and inversion and then backwards to accumulation. The permittivity of the
investigated layers was determined using the accumulation capacitance via the plate capacitor
approximation as described below.

11.6. Deposition techniques

The samples described in this thesis consisted mostly of layers deposited on Mo or Si
substrates. Mo has been used in the first stage of the investigation of the APTMS based
samples in order to estimate the feasibility of the coating process. It has been assumed that an
evidence of APTMS deposition onto Si(001) substrate may be confused with the presence of
20



SiO;, native oxide when XPS technique is utilized. However in most cases the silicon substrate
has been used in order to enable the building of MIS structures for CVV measurements on the
produced samples. An important motivation favoring the Si substrate is also its wide

applications in the field of microelectronics devices.

For the layers preparation molecules being a reach source of carbon species have been
chosen. Besides commercially available substances (like Cg9, PCBM, CuPc, POSS) for some
films fabrication fullerenes encapsulated with silica shells through the micro emulsion
synthesis prepared in our laboratory have been used. In order to perform this synthesis 10 ml
of Cg in cyclohexane saturated solution, 1,3ml of Synperonic Np-5, 400 ul of Cg in toluene
saturated solution and 80 ul of TEOS (tetraethyl orthosilicate) were added in a flask under
vigorous stirring. Thirty minutes later 150 ul of ammonia aqueous solution was introduced
and the mixture was stirred during the next 24 h. The substance obtained in such a way has

been used for the preparation of samples described in the chapter I11.1.

The simplest methods of the material deposition were dropping of the suspension of
the investigated powders (mostly Cgo or CuPc) or spraying of the unsaturated solution of the
chosen molecules onto the substrate. These techniques have been applied in the preliminary
stage of the experiments in order to estimate the influence of the particular factors (like
solvents, exposition to the light) on the stability of the investigated substance.

Evaporation is a valuable in situ method which allows the obtaining of a high quality
pure Cgo layer. This technique has been used for the preparation of the reference fullerene
samples and hybrid organic-inorganic composite materials as well (see chapter I11.5). In order
to choose the evaporation parameters that could be adapted in our experimental conditions, a
series of experiments have been performed. As revealed by the investigation, the temperature
of 800 °C was the most proper in order to perform this process effectively. The accompanying
pressure was around 1x10 mbar. Fig. 11.6.1 illustrates the thickness evolution of a Cg layer
deposited onto a pure silicon substrate as a function of the evaporation time. These data have
been obtained as a result of the calibration performed at the beginning of the experiments. The
thicknesses of the fullerene layers have been calculated basing on the Eq. 11.1.4 and taking

into account the attenuation of the intensities of the XPS Si 2p core level signals.

21



(o)}

AN
N

C,, layer thickness [nm]

O P T T T H E S S
0 5 10 15 20 25 30 35 40 45
evaporation time [min]

Fig. 11.6.1. Cgo layer thickness as a function of the evaporation time performed in our

experimental conditions.

Here one should point out, that the coating of the substrate with a thin layer of
APTMS significantly accelerated the growth of the fullerene layer produced by evaporation
(see chapter 111.5).

Fig. 11.6.2. illustrates another exemplary experiment concerning the evolution of the
C1s core level with time performed on the Mo surface coated with SiO, synthesized in our

laboratory by means of the sol-gel method.

Some samples described in this thesis were deposited by means of the spin-coating.
This process (illustrated in Fig. 11.6.3.) involves a dropping of a small amount of a fluid onto
the center of a substrate followed by the spinning of the substrate at a high speed. The spin
coated fluid consisted in general of the molecules being the reach sources of the carbon
species either dispersed or dissolved within the continuous medium. The reasons for the
specified components application are given in the particular chapters of the thesis. In general,
the priority in selecting a suitable continuous phase was to obtain a proper viscosity of the
fluid to be used for the spin coating which at the same time ought realize the sufficient
adhesion to the surface. For instance several films, mentioned briefly in the chapter 111.1, were
produced by the addition of the polyethylene glycol as a thickener to the fullerene toluene
solutions, in other cases the reaction mixture functioned as a continuous phase containing Ceo

encapsulated with silica shells.
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Fig. 11.6.2. C 1s core level XPS spectra obtained for: A) pure Mo substrate, B) Mo substrate
coated with the SiO, by means of the sol-gel method, C) surface B after 10 minutes of the Cgp
evaporation in 800°C, D) surface B after 35 minutes of the Cg evaporation in 800°C, E)

surface B after 60 minutes of the Cgo evaporation in 800°C.

As a continuous medium for the films investigated by CV technique the APTMS
monomer has been used. In order to shorten the time of the experiments and to obtain reliable
information concerning the possible interactions between the components itself (mainly by
XPS investigation), neither external catalyst nor solvent has been added during the

preparation routine of the composite APTMS based films.

The silicon substrates used in the spin-coating procedure were mostly treated with the
piranha solution (a mixture of 7 : 3 (v/v) 98 % H,SO, and 30 % H,0,), since the hydroxyl
groups formed in this manner improve the homogenous deposition of the APTMS solution

through the reactions with the methoxy groups.

A series of the spin-coated films have been produced while using a wide range of the
rotational speed (500-6000 rpm). Regarding the APTMS based fluids the films formed at
6000 rpm were the most proper to perform AFM and CV measurements, thus this speed was

mostly applied in the experiments described in this thesis.
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Fig. 11.6.3. The schematic of the spin-coating technique.
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I11. Results and discussion

I11.1. The stability of Cg and its derivatives upon handling in microsystems
technologies®

111.1.1. Introduction

Fullerene science is one of the fastest growing areas of research in chemistry, physics
and material science [40]. As well-known and basic nanomaterials, fullerene and their
derivatives with tunable shape and size have attracted great attention for their potential
applications in, for example, optoelectronic devices [41-43]. Much attention has been paid to
Cso, One of the fullerene family, because of its potential applicability to advanced materials
[44-46]. This chapter is an overview of the first attempts leading to the preparation of the
fullerene containing layers and contains the general results of the spectroscopic investigations.

Selected sorts of the samples are described in more details in further chapters of this thesis.

111.1.2. Experimental

111.1.2.1. Materials

Fullerene Cg (99,5 %), toluene (99,8 %), cyclohexane (99,5 %), chlorobenzene (99,5
%), ethanol (99,5 %), 3-aminopropyltrimethoxysilane (97 %), ethylene glycol were obtained
from Sigma Aldrich. Fullerol has been received from AMD (Dresden). Fluorinated fullerenes

were delivered by Moscow State University.

111.1.2.2. Samples preparation

Fullerene and it’s derivatives films on silicon surface were prepared by using
following methods of covering: dropping, spraying, spin-coating. The sample of pure Cgo used
as a reference was obtained by evaporation of fullerene powder onto a silicon surface at
800°C in vacuum conditions. Spraying and dropping techniques were adopted in the case of
fullerene dissolved in organic solvents with different polarity: hexane, toluene, cyclohexane.
Solutions of fullerene derivatives were also sprayed and dropped: water solution of Cgo(OH)24

and ethanol solution of Cgo(F3)12. In order to prepare film by spin-coating additional

1 J. Klocek, D. Friedrich, D. Schmeisser, M. Hecker, E. Zschech, The stability of C60 and its derivatives upon
handling in microsystems technologies, in: Students and Young Scientists Workshop® Photonics and
Microsystems”, 2009 International, 2010: pp. 43—46.
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substances have been used: APTMS and polyethylene glycol. These substances have
decreased viscosity of the fullerene solutions what allowed to obtain fullerene containing
films. As a result several kinds of films have been prepared, including the fullerene
encapsulated with silica shells. Films containing this substance were prepared by spin-coating.

Table I11.1.1 overviews the investigated substances and the spectroscopic measurements done

of them.

111.1.3. Results and discussion

111.1.3.1. NEXAFS measurements

d) CSO(CF3)12 L
h) Cao(c Fa) 12

c) C,Cl, H

F b) C (OH),, H H

Intensity / a.u.
Intensity / a.u.

H Cso(OH)za

= T E =
a) C_ (pure) e) C,, (pure)

-2 (o] 2 4 6 -2 0 2 4 6
Energy relative to LUMO / eV Energy relative to LUMO / eV

Fig. I11.1.1. NEXAFS (TFY and TEY) spectra of Cg, and some derivates. a, €) Pure Cgp as

reference, b, f) Fullerol, ¢, g) Cgo with chlorine and d, h) Cgo with fluorine.

NEXAFS spectra were recorded around the C 1s, O 1s, F 1s and Cl 2p absorption
edge. The spectra at the C 1s edge are given in Fig.I11.1.1. The Cgo molecule with and without
substitutional groups show clear differences in the XAS spectra: the K-shell emission around
284eV-290eV is attributed to the excitations from C 1s core level into empty states of the *-
electron-system. The lowest unoccupied molecular orbital (LUMO) appears at around

284.3eV. Further results are referred in relation to this energy level. The LUMO level
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corresponds to the ty,- and ti4-state of the Cgo n*-system. The peak located at 1.2eV is related
to the hg-, hy- and ty,-states, while the peaks of the gg-state appears at 1.7eV. The peak at
3.8eV is correlated to the gy- and tg-state [47,48].

Based on the fact that Cg IS a complex m*-electron-system, it is possible to
characterize the stability of the “soccer ball” structure of Cgo. Therefore one may draw some
conclusions concerning the influence of the substitutional groups of the n*-electron-system
and thus of the Cg molecule’s structure stability. In the NEXAFS spectra of fullerol
(Ceo(OH)24) a clear shift of the peaks as a consequence of the electro negativity of the bonded
OH-groups is observed. This chemical shift equals about 0.5eV. The spectra are very similar
to the pure Cg profile. Basing on this fact one may conclude that the molecule is stable. There
is also observed a chemical shift in the spectra of Cgo with fluorine and chlorine. It is about
0.6eV (-CFs3) and 0.7eV (-Cly), but the spectra of these two materials show strong changes.

Therefore, the molecules shape is probably changed.

111.1.3.2. FTIR measurements

In every FTIR spectra of the films obtained by spraying and dropping of a fullerene
solutions, as well as of samples that contain additionally polyethylene glycol, there are
observed four peaks, approximately at: 525, 575, 1182 and 1429 cm™. These values are
corresponding to Ty, vibrations of the Cgo molecule [49,50]. These four peaks do not occur in
the case of FTIR spectra of the samples prepared by mixing of the fullerene with APTMS.
While analyzing spectra of the samples containing fullerene and APTMS one observe a
probable chemical reaction between the nucleophilic nitrogen atom from APTMS and
electrophile fullerene molecules. In contradiction clear peaks around 525, 575, 1182 and 1429
cm™ are noticed when APTMS is only used to modify the surface before the spin-coating of

the fullerene solution.

111.1.3.3. Raman and XPS measurements

Raman measurements were performed in a backscattering setup on a Horiba Yobin
Ivon LabRAM HR spectrometer using a 488 nm Ar-ion laser excitation. The Raman spectra

of films obtained by spraying of a fullerene toluene solution contain three peaks around: 1425,
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1470 and 1575 cm™. These values are corresponding to the frequencies of Hg vibrational
modes of a Cgp molecule [51]. The XPS data of fullerene layers prepared by spraying and
dropping contain a strong signal around -285 eV, including sp® and sp® carbon atoms
contribution. More detailed interpretation of the XPS spectra of the spray-coated layers has

been performed in chapter I11.2.

Table 111.1.1. Spectroscopic investigation of fullerene and its derivatives stability within films
obtained upon processing: spraying, dropping, spin-coating, evaporation. n.i means: not
investigated.

film composition coating presence of fullerene characteristic features
method FTIR NEXAFS XPS RAMAN
Ceo evaporating n.i. yes n.i. yes
Ceo(F3)12, C,Hs0H spraying n.i. yes n.i. yes
Ce0(OH)24, H,O dropping n.i. yes n.i. yes
CeoCl, dropping n.i. no n.i. no
Ceo, CeHsCH3 spraying yes no yes yes
Ceo, CsHsCH3 spin-coating yes no n.i. n.i.
HN,(CH,);Si(OCH3);
Cgo With SiO, shells, C¢HsCHg, | spin-coating yes no n.i. n.i.
Con2Han+60ns2
Ce0, CsH5Cl spin-coating no n.i. n.i. n.i.
HN,(CH,);Si(OCH3);

111.1.4. Conclusions

The results of spectroscopic investigations confirm the stability of fullerene molecules
within the films obtained by fullerene powder evaporation in vacuum conditions. After the
detailed analysis of the results of obtained films one conclude, that the technique of the Cgo-
containing films preparation including evaporation of fullerene molecules should significantly
improve the stability of the new material. However, this method can be used only in order to
obtain pure Cg films. In the case of fullerene derivatives spray-coating is an effective, non-
destructive method of thin film preparation. Here, the important requirement is a proper
choice of the solvent. Nonetheless, Raman spectroscopy suggests that the homogeneity of the
films obtained by dropping and spin-coating is low. Based on spectroscopic data we observe
that Ceo(F3)12 is stable in ethanol. The stability of Cgo(OH),4 in water is also high. FTIR,

Raman and XPS measurements suggest the presence of fullerene molecules in films obtained
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by spray-coating. However, NEXAFS excludes the stability of Cgy molecules in these layers.
These results suggest, that basic spectroscopy methods can be used only in order to estimate
the stability of fullerene molecules, the obtained data should be however confirmed by more
sensitive spectroscopic methods, for instance NEXAFS. FTIR investigation suggests that
there occurs a chemical reaction between APTMS and fullerene molecules. In opposite, the
FTIR data contain four peaks that are characteristic for fullerene molecules, when APTMS is
used only for the pretreatment and modification of the surface in order to increase its

adhesion, and the Cg coating is carried out afterwards onto this modified substrate.

111.2. Toluene influence on the thin fullerene and copper phthalocyanine film properties

111.2.1. Introduction

Thin films composed of copper phthalocyanine (CuPc) or fullerene molecules possess
besides other interesting properties also unique chemical and thermal stability. Hence, these
films are an object of considerable interest because of their potential applications in many
fundamental technologies related to coating and surface modification ranging from devices
for solar energy conversion, biosensing to advanced nanostructured devices for optics and
microelectronics [52-56]. Due to its special properties these compounds may be also applied
as guest molecules within hybrid nanocomposites that are presently of great interest in the
nanotechnology [57], giving the opportunity to transfer its outstanding physical and chemical
properties into the hybrid material. CuPc oligomers found among many others an application
as a high dielectric constant filler in a polymer matrix [58,59]. On the other hand, great effort
has been made also in order to obtain solid-state fullerene containing nanocomposite materials
[54,60]. According to theoretical calculations the proper arragment of the fullerene molecules
may significantly decrease the value of the material dielectric constant [61]. In addidion, the
presence of fullerene cages within the hybrid composite can considerably improve its
mechanical properties [54,60].

Although CuPc and fullerene containing films open a promising horizon in many
fields of science, the preparation techniques may affect the desired properties of the final
films due to such factors as the solvent application (required for instance in Sol-Gel method).
The present chapter is composed of two series of investigations. In the first part the influence
of the toluene on the CuPc and Cg chemical properties has been measured by means of X-ray

photoelectron spectroscopy (XPS). | also try to estimate whether the detectable interaction
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between these two compounds takes place in toluene environment. Second part of the chapter
is related to the spectroscopic investigation of the Cg layer obtained by spraying its toluene

solution onto silicon substrates.

111.2.2. Experimental

111.2.2.1. Materials and substrates

Ceo (99,5 %), PCBM (99,5 %), APTMS (97 %) and POSS, obtained from Sigma-
Aldrich has been used. CuPc (95 %) has been delivered from Alfa Aesar. N-type silicon (100)
wafers (Phosphorous doped, Crystec, Berlin, Germany) were chosen as substrates.

The silicon substrates were cleaned by ultrasonification in acetone, isopropanol and
then in distilled water for 10 minutes and were dried afterwards in nitrogen stream. The thin
layers of the samples (A, B, C and D in Fig. 111.2.1) were obtained from dense suspension of
CuPc and Cgp powders or its mixture in toluene. The films were deposited on the silicon
surface by dropping followed by solvent evaporation in room conditions.

For the film E preparation a 0.5 % Cg toluene solution has been sprayed onto the
substrate. The reference sample F was produced by fullerene powder evaporation onto the Si
surface at a temperature of 800°C and a pressure of 1x10™ mbar for 120 minutes in order to
obtain a thick film. The XPS spectrum of the evaporated Cg layer has been recorded in situ,
directly after the deposition. The schemes of the samples A, B, C, D, E and F are presented in
Fig. 1.2.1.

111.2.3. Results and discussion

111.2.3.1. XPS investigation of the samples A, B, Cand D

Here the XPS C 1s core level spectra obtained for the samples A, B, C and D will be
discussed. The main purpose of this experiment was to estimate the influence of the toluene
solvent on the chemical properties of the investigated substances and to inspect presumptive
interactions between CuPc and Cg in the toluene environment. The C 1s peak, centred at
284.6 eV, was used to calibrate the spectra of the samples since this value of the binding
energy is being used as a standard for both CuPc and Cgy XPS spectra [62—64]. The C1s core
level XPS spectra of the samples A, B, C, and D are presented in Fig. 111.2.2, whereas the
Table 111.2.1 lists the binding energies extracted by the peak fitting procedure.
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Fig. 11.2.1. The schemes of samples with drop casted layers produced from toluene
suspensions on Si substrates: A) CuPc powder (referred in the text as sample A), B) CuPc
powder containing 0.2 % Cso (sample B), C) mixture of powders containing 60 % CuPc and
40 % Cgo (sample C), D) Cgo powder (sample D), E) sample produced by spraying of the Cgo
toluene solution on the silicon substrate (sample E), F) reference sample produced by Ceg

evaporation on the silicon substrate (sample F).
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Fig. 111.2.2. C 1s core level XPS spectra recorded for samples A, B, C and D.
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Table 111.2.1. C 1s XPS spectra decomposition of the samples A, B, C and D and its

comparison to the literature data.

peak Pure Sample A | Sample B | SampleC | Sample Pure Cg
CuPc D (literature assignment
(literature [64])
[65])

| -290.2 -290.2 -289.8 Ceo Shake-up[63]

shake-up satellites
of the aromatic
carbons [66]/

1 ~-288 -288.2 -287.9 -288 -287.9 -287.8 o
oxygen-containing
moieties[67] / C=0

species [68]
C-0[68] /carbon
i -285.8 -286.0 -285.8 -286.4 -286.1 -286.1 C3 of CuPc
molecule [69]
sp3 carbon
v -285.6 -285.6
atoms[70,71]
C-C of fullerene
cages[68,72]/ C of

\Y/ -284.7 -284.6 -284.6 -284.6 -284.6 -284.6
the CuPc benzene

rings[69]

VI -283.3 -283.3 -283.4 -283.3 Si-C[73]

-
///01
N1
27 \/02
N \N“C\3
7\ \
N Cu N
\N2
—N \
S
NS

Fig. 111.2.3. Scheme of the CuPc molecule.

While analyzing the decomposition of the C1s core level spectrum of the sample A one

notice a good agreement with the chemical bonding states found in the literature [65,66,69].
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Therefore, one may suppose that the solvent did not influence significantly the chemical
properties of the CuPc.

The most pronounced feature in the XPS spectrum of the sample A (signal V)
originates from the 24 atoms of the 4 benzene rings of CuPc [69] (including carbon C1 and
C2 in Fig. 111.2.3). The signal 11 is attributed to the 8 carbon atoms linked to nitrogen atoms
[69] (marked as C3 in Fig. 111.2.3). The difference between the center positions of the signals
V and Il equals 1.4 eV showing an excellent agreement with the literature data [69]. The
nature of the feature Il is somewhat controversial. Its central position at around 288 eV
corresponds to the C=0 group. However Niwa et al. [66] noticed the presence of this feature
in the XPS spectra of aromatic compounds which are stable against oxidation. Thus they
assigned it to shake-up satellites of the aromatic carbons. Nevertheless, taking into account
that the XPS spectrum of the sample D, which is not consisting of any CuPc, also contains
this feature, one cannot exclude the additional contribution of the C=0 species to the C1s
spectra of the samples A, B and C. The source of the weak signals V1 present in all spectra
described in this part and located in the range of the binding energy that corresponds to the
Si—C species is also not quite clear. A similar feature is also reported in the literature
concerning the XPS analysis of CuPc films [74] and has been in general classified as not
belonging to the CuPc carbon component. Nevertheless, for the samples A, B, C and D one
can attribute these features to the Si—C formation due to interactions between the deposited
materials and the silicon substrates. Since the films were composed of the powders they could
be discontinuous. Hence, the chemical composition of the substrate-film interfaces can also be
detected.

While the toluene did not affect significantly the chemical composition of the CuPc
powder, its influence on Cg can be clearly seen in the C 1s spectrum of the film D. As a result
of the main feature decomposition one obtains not only the typical Cgo cage signal at around
284.6 eV (peak V) but also a second component at 285.6 eV (peak 1V). According to the
literature, these binding energy positions are typical for sp? and sp® carbon contributions,
respectively [71,75,76]. Interestingly, the C 1s core-level shift between the sp? and sp
contributions realized in the fitting process equals 1 eV and is in excellent agreement with the
theoretical value obtained by means of molecular dynamics simulations [77]. The quantitative
analysis reveals an atomic C:O ratio within the sample D of 5.7:1 (the O1s core levels are not
shown). Taking into account, that the pure Cg molecule does not contain oxygen, one can

classify the detected O species as a contamination formed as a by-product of the fullerene
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dispersing in the organic solvent. The fullerene oxidation explains at the same time the sp*-
hybridized carbon atoms formation. Thus one may presume that toluene accelerates the Cgo
oxidation in ambient conditions. Such an evident influence of the toluene on the chemical
structure of Cg is a bit surprising taking into account that exactly this solvent is commonly
used for the fullerene separation process [78]. However, changes in the Cgo electronic
structure after its treatment with the organic solvent have been already mentioned in the
chapter I11.2. Nevertheless the presence of the signal I, which is attributed to the characteristic
shake-up feature of fullerene corresponding to m-n* transitions, is the proof (besides the signal
V) that only a part of the fullerene molecules present within the film D underwent the by-
reactions resulting in sp® carbon formation. The source of the signal Il in the sample D C1s
spectrum are oxidized carbon species [67,68].

While analyzing the C 1s core level spectra of the samples B and C one cannot notice
the evidence of the chemical interactions between the CuPc and the Cgg molecules within the
powder. The spectrum of the sample C confirms that mostly fullerenes are affected by the
toluene resulting in the sp® carbon formation, since the feature 1V is only present at a fairly
high Cgo concentration (40 % in sample C). The presence of the signal I in the C 1s spectrum
of the sample C suggests further, that a large amount of the —C=C- fullerene species has not
been affected by the by-reactions during the preparation process, similarly to pure Cgo (Sample
D). Based on the comparison between the spectra of the samples A, B, C and D one may
exclude a partial contamination of toluene as a source of the increased sp® contributions in the
sample C and D since for the pure CuPc (A) and for the film with a very low Cg
concentration (B) the feature IV does not exist. The fullerene concentration within the film B
was too low to detect clearly the Cgo-cage shake-up features in its C 1s core-level spectrum.

111.2.3.2. XPS investigation of the samples E and F

Since the results described above proved that the toluene affected especially the
chemical properties of the fullerenes, in the next step of the experiment | produced a fullerene
layer deposited by spraying of 0.5 % Cg toluene solution on the Si substrate (sample E). The
C1s core level XPS spectra of the sample E and the reference sample F are presented in Fig.
111.2.4.

34



x103 | x103
sample E Cls| glsample F C1s]
1]}
2 |y 2] it
> ety GOLT L ey g S41
O [p TR i1 O
@) AVb. &) J o1
x5 JA W x5 HAVA!
la b 1 AvaVy AR
() ppreimtsnn ey "-'.""' 4 .‘y"'!:'-._ At 0 lalb Il Il IVa “~_
-292 -288 -284 -280 -292 -288 -284 -280

Binding enenergy [eV] Binding enenergy [eV]

Fig. 111.2.4. C 1s core level XPS spectra recorded for samples E and F.

The decomposition of the C 1s core level spectra revealed a significant decrease of the
sp® hybridized carbon species within the film E in comparison to the film F (signals V). At the
same time the sp® (signals 1\Va) related signals are behaving reversed. Simultaneously, the C
1s core-level shift between the sp? and sp® (signals 1Va) contributions remains 1 eV for both
samples, what is in agreement with the results obtained for the samples C, D and with the
literature data [77]. Quite interesting is the appearance of the pronounced additional feature
IVb in the sample E spectrum. According to the literature data, the binding energy of 285.1
eV, corresponding to the center position of the signal IVVb, has been observed in C 1s XPS
spectra of aromatic hydrocarbons like benzene [79]. The presence of this feature was also
revealed by NEXAFS investigations (described below). Since the amount of the solvent
molecules potentially adsorbed on the fullerenes seems to be too low to result in such a
pronounced feature one may presume, that the dissolving of Cgo in toluene under ambient
conditions partially damaged the structure of the fullerene cages, particularly the exposition of
the solution to the light might be important. The formation of aromatic groups as one, among
others, product of the fullerene decomposition has already been reported in the literature [80].
An additional presence of atmospheric impurities cannot be excluded too, since one should
take into account that the sample E has been deposited in ambient conditions and exposed
several days to the atmosphere before the analysis. In comparison, the peak IVb doesn’t
appear in the sample F spectrum which was recorded in-situ just after the evaporation in
vacuum conditions. The percentage of the feature Ill peak area corresponding to the C-O
species [71] within the overall C 1s signal is significant higher for the sample E than for the

sample F what is the next consequence of the ambient influence. However, the presence of
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weak characteristic fullerene features attributed to the -* electron transition around 290 eV
suggests, that not every fullerene molecule within film E has been affected by the interactions
with the environment. However, the low intensities of the features la, Ib and Il in the C 1s
core level spectrum of the sample E hindered a precise decomposition process that for this
part of spectrum E has been performed only indicative.

While analyzing the C 1s core level spectra of the samples E and F one may notice,
that the source of the feature VI which center position corresponds to the binding energy of
the Si—C binding energy is somewhat controversial. As for the samples A, B, C, and D the
presence of this weak feature may be explained by the material discontinuity on the silicon
substrate, for the thick evaporated Cgo layer (sample F) it is a bit surprising. Therefore a
marginal attention is paid to this feature. Table 111.2.2 lists the peak decomposition results of

the C 1s core level spectra of the samples E and F.

Table 111.2.2. C 1s XPS spectra decomposition of the samples E and F.

peak sample E sample F Assignments
C1s shake up
la 291.6 291.1 ]
satellite[63,81]
Ceo Shake-up
Ib 290.3 289.8
[63,81]
1 288.9 288.4 C=0[82]
i 286.9 286.9 C-0[71]
sp° carbon
IVa 285.6 285.6
atoms[70,71]
C-C,CH
IVb 285.1
[79]
C—Cof
\% 284.6 284.6 fullerene
cages[68,72]
VI 283.1 283.3 Si—C [73]

111.2.3.3. NEXAFS investigations of the sample E

The sample E has been additionally characterized by NEXAFS spectroscopy. In order
to draw a conclusion concerning the influence of the toluene and ambient environment on the
fullerenes present within the film E, the spectra have been decomposed and additionally

compared with those obtained for the reference film F. Absorption spectra were recorded
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using the TEY and TFY methods. In TEY mode the total current leaving the sample is
proportional to the absorption spectra. The TFY was measured with a fluorescence detector.
The deconvolution of the NEXAFS spectra was performed in WinXAFS software using
Gauss and asymmetric P-Voigt functions for the resonance peaks and an arctangent for a step
function [83-85].

Fig. 111.2.5 shows the C-K edge NEXAFS spectra of this sample recorded in the surface
sensitive TEY and bulk sensitive TFY modes in comparison to the reference film F.
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Fig. 111.2.5. An exemplary decomposition way of the C-K edge NEXAFS spectra of sample E
recorded in the TEY mode (upper part) and TFY (bottom part). The middle part represents the
comparison of the spectra obtained for the sample E and for the reference sample F.

The fitting procedure of the particular resonances and steps in molecular K-shell
spectra is an object of ongoing researches and explorations, both in theoretical and
experimental fields [28]. The experimental examination of step-like features included in the
near-edge spectra, that are a result of core electron excitation to the continuum of the final
states, is also difficult since they are influenced by other signals [84]. Thus the main attempt
of the deconvolution procedure performed in this chapter was to estimate the central position
of the most pronounced and prominent resonances using preferably a low number of the
functions.

The C-K edge NEXAFS spectrum of the sample E recorded in TFY mode exhibits less
prominent features then that obtained in the TEY mode. This is justified since the X-ray
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fluorescence process is weaker than the non-radiative channels [86]. Nevertheless this fact
seriously hindered the identification of the C 1s-6* resonances positions for the TFY spectra.
Therefore, in the following discussion a marginal attention is paid to these features.

The localized C 1s-n* transitions appear in a form of sharp features below the C1s
ionization potential. In Fig. 111.2.5 one may also observe some broader features corresponding
to the C 1s-6* resonances and finally a continuum part at the higher photon energy. The
position of the carbon absorption peaks depend on the chemical environment of the carbon
atoms [87], thus more detailed local bonding information may be obtained while comparing
the center positions of these resonances with existing literature data.

The discrete part of the spectra recorded for the reference Cgp Sample F exhibits 3
intensive resonances localised at around 284.4 eV (signals a), 285.7 eV (signals b), and 286.2
eV (signals c), corresponding to the C 1s-n*c=c transitions [87-89]. These features are also
found for the sample E. However in Fig. 111.2.5 one may clearly observe that the spectrum of
the sample E contains an additional feature (a’) that is very pronounced in particular in the
spectra of the surface sensitive TEY mode. The feature a’ occurs at around 285.1 eV and has
been assigned to the C1s(C—H)-n*c=c transitions [85,90]. This is in agreement with the XPS
results described above and allows the presumption, that the fullerene film deposited by
spraying contains aromatic hydrocarbons. The second prominent feature present in the TEY
spectrum of the sample E (signed as c’) appears at around 287 eV. This broad feature contains
probably the contribution from both C 1s-n*c-o [91] and C 1s-c*c y [92] resonances. The
feature d at around 288.3 eV existing in all spectra illustrated in Fig. 111.2.5 is characteristic
for m* resonances [87] and might be attributed to the C 1s-n*r_c-0)-r transition [93] of the
partially oxygenated fullerene molecule. At this point one should underline that the NEXAFS
investigation has not been performed in situ and also the reference sample F has been stored
in ambient conditions before this analysis, thus its oxidation was possible. The C 1s-n* c=o
transitions probably contribute to the signals e located around 290.6 eV [88]. The peaks
situated above the ionization edge around 293 (f), 295.5 (g), 297 (h) and 299 (I) eV originate
from the C 1s-c* transitions [88].

First of all, while comparing the C-K edge NEXAFS spectra of the sample E one
observe a damping of the two first n* states indicating a partial re-hybridisation of the -C=C-
species into C—C single bonds [94]. One of the possible explanations is the present of a larger
number of C—O bonds within the sample E what revealed the corresponding XPS spectrum
(Fig. 111.2.4). According to the literature, these kind of oxygen functionalities emerging at the

empty coordination sites are typical for the defective, holey molecules [94]. This damage of
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the fullerene cages can be however eliminated by thermal treatment which leads to the
removal of the C-O functionalities, the creation of empty carbon coordination sites and its
further saturation by the homo-polymerisation [94]. The appearance of the new localised
double-bond feature assigned, similarly as it has been done for the corresponding XPS
results, to the aromatic C—H species, may be a result of a specific photochemical reaction. The
occurrence of the fullerene photochemical degradation in the organic solvent environment
after UV irradiation, leading to the formation of the whole range of the Cgy derivatives, has
been already reported in the literature [80]. Nevertheless, the slow progress of this kind of
reaction has also been observed to some extend when Cgo benzene solution was exposed to the
light without irradiation [80].

Summing up, NEXAFS investigations revealed that fullerene exposure to the air leads
to the partial breakdown of some fullerene molecules and the formation of additional
functionalities like carbonyl or carboxyl/ester groups. The decomposition of the C-K edge
NEXAFS spectra revealed the existence of resonances originating from oxygenated and
partially unsaturated system of the carbon-carbon bonds within the film E deposited by

spraying.

111.2.3.4. FTIR investigation of the samples A and E

In order to confirm the presence of the not damaged Cgo cages within the solvent and
light treated fullerene layers, the samples A and E have been investigated by FTIR
spectroscopy. Sample A has been produced in two series: from toluene suspension, referred
further in text as sample Awuene @and from hexane suspension, referred in text as sample Apexane-

Although XPS and NEXAFS revealed the presence of a variety of carbon
functionalities within the solvent-treated fullerene layers, FTIR exhibits that a large number of
fullerene molecules remained intact. This is proved by the presence of the four allowed
vibration bands of Cg fullerene [95,96] in the FTIR spectra observed for all films described in
this part (features A around 525 cm™, B around 576 cm™, C around 1182 cm™ and D around
1429 cm™).

The spray deposited film E was significantly thinner than the layers A thus the
observed FTIR spectra vary in intensity. There is no noticeable change in the spectra obtained
for the samples Aioluene @Nd Anexane- The large number of weaker features in the FTIR spectra
of these layers may arise from impurities previously present within the fullerene powder and

further adsorbed from the air and some by-products of the interactions with the environment.
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Some of them may be classified based on the literature data. For instance, some contribution
to the signals appearing at around 669-671 cm™* may originate from the Si—O-Si bands [97].
The presence of the FTIR resonances in the range of 700-800 cm™ has been observed in the
spectra of, for instance, phthalocyanines and has been assigned to the out-of-plane C—H
wagging [98]. The quite pronounced features observable at around 960 cm™ may be attributed
to the stretching of non-bridging oxygen atoms [99]. The signals around 1110cm * may arise
from the anti-symmetrical ring stretching [100]. The feature around 1164 cm™ causing the
broadening of the peak C may originate from the C—H in-plane bending mode observed also
for the di-substituted benzenes [101]. Since the same feature is observed for layers obtained
from both toluene and hexane suspension, the solvent molecules can be excluded as a
potential source of these FTIR bands.

Although the proper assignment of all signals existing in Fig. 111.2.6 is a quite
challenging task, in general one may conclude that the features observed in the FTIR spectra
of the samples A are, apart from the Cgo characteristic resonances, generated by a considerable
extent by the CH, deformations.

The Cgo toluene solution used for the spraying was sediment-free thus the fullerenes
deposited onto silicon by means of this technique were significantly purified in comparison to
those deposited from the toluene suspensions. This could be another reason, apart from the
lower intensity of the sample E overall FTIR spectrum, for the less number of observable

additional features.
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Fig. 111.2.6. FTIR spectra obtained for the samples E, Atuene aNd Anexane
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111.2.4. Conclusions

The XPS results confirmed that the toluene does not affect the CuPc structure to a
considerable extend. The spectra of the CuPc powder obtained from the toluene suspension
and exposed to the air are very similar to those already published in the existing literature,
produced by the evaporation in vacuum conditions [65]. On the other hand, the spectroscopic
data of the toluene treated fullerenes revealed the significant increase of the sp® hybridized
carbon species in comparison to Cg films deposited by sublimation. The decomposition of the
C 1s XPS spectra of the toluene treated fullerenes confirmed the presence of the carbon atoms
attached to different oxygen-containing moieties, with the superiority of the C—O species.
Nevertheless the collected data confirmed that a relatively large fraction of Cgo did not
participate in the reaction with the environment. This could be explained by the kinetic
limitation leading to the saturation of the interaction processes due to the formation of a
passivation layer between the unreacted Cgo and the environment [102]. The NEXAFS data of
the spray deposited film E revealed a damping of the two leading ©* resonances and the
existence of additional prominent features corresponding to the Cls-n*c=o and C 1s-6*c n
transitions that are not observable for the reference fullerene sample produced by fullerene
evaporation and sublimation. This observation suggests that toluene increases the fullerene
reactivity accelerating the formation of carbonyl functionalities and aromatic C—H species.
However, the presence of the four allowed Cg vibration bands in the FTIR spectra of solvent
treated fullerenes proves that a relatively large amount of Cg, molecules remain intact during
this kind of processing what confirms that the saturation of the interactions process indeed

takes place.

111.3. The stability of fullerol water solution in ambient condition

111.3.1. Introduction

The wide spectrum of the fullerene application, ranging from commercial to
medicinal, is rapidly expanding. The properly modified nanoparticles in the range of 1-100
nm, including some carbonaceous nanomaterials, such as fullerenes and their derivatives,
have been an important topic of research concerning the possible targeting of the cancer cells
[103]. However, the extreme hydrophobicity of this sort of molecules being soluble in
aromatic solvents but not in water constitutes a serious limitation. Therefore the Cg

modification with hydrophilic substituents, leading to the increase of their affinity to the
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aqueous phase, is needed for the future performance in their application [104]. One of the
possible Cgy modifications, drastically increasing its solubility in polar solvents, is its
hydroxylation, leading to the formation of the water-soluble class of fullerenes known also as
fullerols [104]. This kind of molecules hold a special place among the fullerene derivatives
and has been intensively studied taking into account a very wide field of its possible
application, ranging from materials for fullerene-containing polymers synthesis, photovoltaic
devices to biological and medical research [104-106]. Biocompatible polyhydroxylated
fullerenes turned out to be particularly efficient antioxidants acting as free-radical scavengers
in several biological systems [103]. The recent studies report moreover that the toxicity of
fullerols is lower than that of underivatized colloidal Cgo aggregates [103,107]. The stability
of the derivatized fullerenes in the aqueous phase is one of the crucial factors deciding about
its possible application in the field of medicine since the nature of the fullerene—water
interaction varies, among others, due to the presence of oxidants and the exposure to light
what may take place also in the biological fluids [107]. In this chapter | describe the results of
the spectroscopic investigations of the layer obtained from the fullerol water solution stored

during 14 months in ambient conditions.

111.3.2. Experimental details

111.3.2.1. Materials and substrates

Fullerol has been obtained from AMD (Dresden). N-type phosphorous doped silicon (100)
wafer have been delivered by Crystec, Berlin, Germany.

111.3.2.2. Sample preparation

Fullerol in the concentration of 0.01 % has been dissolved in water. The solution has
been mixed for several minutes by means of a mechanical stirrer. The substance obtained in
this way has been stored for 14 months in a small bottle made of transparent, colorless glass
in ambient conditions. The silicon substrates were cleaned by ultrasonification in acetone,
isopropanol and then in distilled water for 10 minutes and were dried afterwards in nitrogen
stream. The fullerol solution has been deposited by dropping onto the substrate, afterwards the

samples were dried in air. The scheme of the sample is presented in Fig. 111.3.1.
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water solution

Si

A

Fig. 111.3.1. Scheme of the fullerol sample described in this chapter (referred further in the text

as sample A).

111.3.3. Results and discussion

111.3.3.1. XPS investigations

The C 1s peak, centred at 284.8 eV, was used to calibrate the spectrum in order to

compare the centre positions of the particular components with the literature data [104]. The

C 1s core level XPS spectra of the sample A is presented in Fig. 111.3.2, whereas the Table

111.3.1 lists the binding energies extracted by the peak fitting procedure.
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Fig. 111.3.2. XPS C1s core level spectrum of the sample A.

Since the surface of the analysed film was not homogeneous, the quantitative XPS

analysis has not been performed. The following discussion concerns the qualitative

composition of the investigated layer.
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Table 111.3.1. Center positions found in a consequence of the sample A XPS spectrum

decomposition.

peak centre position, sample A [eV] literature data assignments
shake up
I -292.8 _
satellite[108]
1 -289.9 C=0 [105]
-288.1[104] C-O [104,105]
i -288.6
-288.3 [105]
v -286.7 -286.7[104] C-OHJ[104,105]
\ -284.8 -284.8[104] C-C [104,105]

As shown in Fig. 111.3.2 and Table 111.3.1, the decomposition of the C 1s core level
spectrum of sample A allowed the assignment of three different carbon oxidation states (peaks
I, 11l and 1V ). The source of the peak V is non-oxygenated carbon [105]. Taking into
account that the contribution of this feature to the overall area of the C 1s signal is low
(around 9.3 %) | conclude, that the majority of the carbon species building the fullerene cages
underwent oxygenation. The feature Il originating from the hydroxylated carbon represents
almost 60 % of the total area of the signal C 1s, giving the hint that the analysed layer
contains mostly this kind of species. Although we don’t know the preparation technique of the
starting material used for sample A fabrication, one may suppose, that this fullerol substance
was precipitated from a basic aqueous solution, thus the cages were additionally
functionalized with -ONa species. Therefore the signal 11l may be assigned to C-O™ groups
[104] or dioxygenated hemiketal carbon [105]. The feature 11 with the center position around
-289.9 eV originates from the carbonyl group [105]. The formation of C=0O species has been
commonly observed as a result of the oxidation of the fullerene solutions exposed to the light
in ambient conditions [80,109]. The small, broad feature | with a center position around -
292.8 eV may be assigned to the m-n* transitions [108] within the fullerene cages what would

suggest that the analyzed substance still contained a part of not affected fullerene species.

111.3.3.2. NEXAFS investigations

In order to estimate the central position of the most pronounced and prominent

resonances, the C-K edge NEXAFS spectra have been decomposed using a possibly low
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number of the asymmetric P-Voigt functions for the resonance peaks and one arctangent for a

step function [83-85]. Fig. I11.3.2 illustrates a possible way of the spectra decomposition.

Since the spectroscopic assignment is still an object of ongoing exploration and sometimes a

quite challenging and controversial discussed task [90], only the most pronounced resonances

were considered in order to obtain the information concerning the local bonding.
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Fig. 111.3.2. NEXAFS C K-edge spectra of the sample A recorded in TEY and TFY mode.

Table 111.3.2. Center positions of the peaks obtained as a result of the sample A TEY and TFY
decomposition.

peak TEY [eV] assignment TFY [eV] assignment
1 284.7 Cls—n*C=C[90] 284.7 Cls-n*C=C[90]
C1s(C-R)-nm*C=C[90]
2 286.2 Cls—n*C=C[110] 286.4 C1s(C-OH)-
n*C=C[111]
C1s(C-OH)-
3 287
©*C=C[111,112]
4 288 Cls-nt*C=0[113] 288 Cls-nt*C=0[113]
Cls-n*C=C[110] Cls-n*C=C[110]
5 288.6 288.6
Cls-n*C=0[90] Cls-n*C=0[90]

The K-shell emission resulting in the sharp features observed around 284.7 eV in both
TEY and TFY spectra is attributed to the excitations from the C 1s core level into empty

states of the m*-electron-system [90]. In general, the presence of these features confirms that
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a number of the C=C bonds of the fullerene containing system has not been affected while the
processing. Since the X-ray fluorescence process is weaker than the non-radiative channels
[86], the spectrum recorded in the TEY mode is significantly more pronounced than that
obtained in TFY. Therefore the decomposition of TEY allowed to extract two clear
resonances at photon energies around 286.2 eV and 287 eV (signals 2 and 3) corresponding to
the C 1s-7*C=C [110] and C 1s(C—OH)-n*C=C [111,112] transitions, respectively, whereas
in the TFY data one observe only one very prominent feature at the photon energy around
286.4 eV (signal 2) containing most probably the contribution from both transitions
mentioned before for the TEY data in that energy range. The signals 4 around 288 eV,
observed in the spectra recorded in both modes, are probably induced by the presence of
carbonyl groups [113], detected also by XPS. The relatively broad features 5 around 288.6
eV, observable for both discussed spectra, have been assigned to the overlapping C 1s-
©*C=C[110] and C 1s-7*C=0[90] transitions. At the higher photon energy one may notice
some broader features (6 and 7) corresponding to the C 1s-6* resonances however they are
not prominent enough to clearly specify their center positions, therefore a more detailed

discussion regarding their assignment is omitted.

111.3.4. Conclusions

The spectroscopic investigation revealed the presence of different carbon oxidized
states within the analyzed sample. XPS exhibits the superiority of the C—OH species proving
that the fullerene cages were highly hydroxylated. On the other hand both spectroscopy
methods (XPS and NEXAFS) confirmed the presence of carbonyl groups formed most
probable due to the storage conditions. Although the majority of the carbon atoms has been
affected by the oxygenation, the investigations revealed the existence of a number of C=C
species not affected by this process. Taking into account that the analyzed fullerol water
solution has been stored more than a year in the ambient condition and moreover has not been
protected from the light one may sum up that its stability turned out to be impressively high.
The fact that not every carbon species building the fullerene cages have been affected by the
interactions with the environment may be explained by the occurrence of the kinetic limitation
due to the steric hindrance. This would be at the same time a hint that a large number of the
fullerene cages has not been opened and destroyed during the described processing. Another
explanation of this kinetic saturation would be the formation of small agglomerates and their
further passivation. In this situation the passivation layer would protect the non-reacting
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fullerol molecules from the environment influence [102]. However, one should take into
account that the concentration of the described solution was very low (0.01%) what should
not promote the agglomerates formation. In order to investigate this phenomenon in more

details the investigation by means of the atomic force microscopy would be desirable.

I11.4. Temperature influence on the properties of thin CuPc and Cg, fullerene films
deposited on silicon substrates®

111.4.1. Introduction

Amino-functionalization is a common approach in order to engineer silicon dioxide
surfaces by the immobilization of inorganic and organic molecules [114]. Due to the self-
catalytic nature of the amino group, APTMS relatively easy undergoes hydrolysis even due to
the ambient humidity [114], and forms through the further condensation a SiO, network with
aminopropyl functionalities. This kind of aminoalkoxysilanes is used in such technologically
important preparations techniques like ALD in order to functionalize the surface with amino
groups [114] or to perform a controlled deposition of the silicon dioxide [115]. However,
these processes require a precise temperature control since, according to the literature, above
200 °C significant rearrangements within the films, including the chemical decomposition
through the propyl group oxidation and formation of the silicon dioxide at around 300 °C,
take place [114,116,117]. Thus, the information concerning the possible temperature range of
the surface decomposition is valuable for this deposition technique. The temperature influence
is also important in the case of the aminosiloxane based composite materials especially when
there is a need to remove the physi- and chemiadsorbed water molecules by heating desired
for instance for low-k materials [118]. In this chapter | describe the heat treatment influence
on the chemical composition of the two following films: thin APTMS layer deposited by spin-
coating on a silicon substrate and APTMS based thin composite films, containing CuPc,
PCBM and POSS dopants. The organic residual decomposition progress upon annealing in
the temperature range of 200 °C-400 °C and its influence on the film quality were monitored

by the quantitative analysis of the XPS spectra.

2J. Klocek, K. Henkel, K. Kolanek, E. Zschech, D. SchmeiRer, Annealing influence on siloxane based materials
incorporated with fullerenes, phthalocyanines and silsesquioxanes, BioNanoScience 2 (2012) 52-58
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111.4.2. Experimental

111.4.2.1. Materials and substrates

Ceo (99,5 %), PCBM (99,5 %), APTMS (97 %) and POSS, obtained from Sigma-
Aldrich has been used. CuPc (95 %) has been delivered from Alfa Aesar. N-type silicon (100)
wafers (Phosphorous doped, Crystec, Berlin, Germany) with a resistivity of 1-5 Qcm were

chosen as substrates for the samples.

111.4.2.2. Samples preparation

In order to prepare the films A and B, the Si substrates were cleaned by
ultrasonification in isopropanol and then in distilled water for 10 minutes and were dried
afterwards in nitrogen stream. The wafer surfaces were hydroxylated by the immersion in
piranha solution (a mixture of 7:3 (v/v) 98 % H,SO, and 30 % H,0,) at 120°C for 1.5 h. The
substrates were then rinsed with distilled water and isopropanol several times and were dried
afterwards in nitrogen stream.

The surface of the sample A consists of pure APTMS. The solution for the film of
sample B was obtained by vigorous stirring of the following components: PCBM (0.3 %),
CuPc (0.4 %), POSS (0.3 %) and APTMS (99 %) for one hour. No external solvent has been
used for the investigated films preparation. The schemes of the samples A and B are drawn in
Fig. 111.4.1.

0.4% CuPc &

APTMS 0.3% PCBM & 0.3% POSS
in APTMS
Si Si

Fig. 111.4.1. The schemes of the samples of APTMS based films on silicon substrates: A) pure
APTMS (referred in the text as sample A), B) APTMS based composite material incorporated
with CuPc, POSS and PCBM molecules (sample B).

In order to estimate the temperature influence on the properties of the prepared films
the samples were heated outside of the XPS system in ambient conditions and measured by
XPS directly after the heating. Sample A was measured 4 times: without heating (referred
further as sample A), after 1h in 200 °C (sample Axqo), after 1h in 250°C (sample Azsp) and
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after 1h in 300 °C (sample Azgo). Sample B was measured twice: without annealing (referred

further as sample B) and after 1 h in 400°C (sample Bqo).

111.4.3. Results and discussion

111.4.3.1. Evolution of the pure APTMS film composition upon heating basing on XPS
investigations.

The corrections for the energy shift of the spectra were accomplished by assuming a
binding energy of 103.5eV for the Si** species within the Si 2p peak [119]. In the first part of
this experiment | performed the quantitative XPS analysis of the temperature dependence of
the surface chemical composition of pure APTMS. The detailed peak decomposition analysis
of the core levels of the sample A at room temperature will be reported in chapter X (referred
as sample A therein). Here the deduced atomic composition of the film in dependence on the
temperature will be discussed. Fig. 111.4.2 shows the evolution of the surface chemical

composition of film A as a function of the temperature.
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Fig. 111.4.2. Temperature dependent chemical composition of the APTMS film surface.

The data plotted in the Fig. 111.4.2. indicate clearly that the temperature above 200 °C
strongly accelerates the decomposition of organic residuals. The surface carbon atomic
concentration measured around 24 h after the preparation and storage in ambient conditions
equals 45.1 %, while upon annealing to 200 °C, 250 °C and 300 °C this value decreases to
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41.5 %, 33.1 % and 27.7 %, respectively. The decrease of the N species within the surface
accompanying the temperature increase is even more pronounced. The XPS quantitative
analysis revealed the following N atomic concentrations: 13 %, 8.4 %, 6 % and 3.7 % within
the surface E, Exqo, E2s0 and Eggo respectively. At this point it seems to be quite interesting to
follow the temperature dependent C:N atomic ratio change within the surface. Taking into
account, that the —OCH3; groups of the APTMS easily undergo a hydrolysis reaction due to the
environmental humidity and are at least partially removed as CH3OH to the ambient during
the curing [114,119], it is obvious that the main contribution to the carbon species within the
APTMS film is determined by the aminopropyl groups (with the C:N ratio of 3:1). For sample
A the C:N ratio measured before the annealing steps equals 3.5:1 reflecting a value closed to
pure amino propyl groups. The slight excess of carbon suggests, that after 24 h curing in air
not all -OCH3; groups have been removed out of the surface as condensation byproducts. The
situation changes drastically during the annealing and the C:N ratio increases to 4.9, 5.5 and
7.6 after the heating at 200°C, 250 °C and 300 °C, respectively. This indicates the gradual
destruction of the amino propyl groups. It seems that at the temperature of 300 °C a
significant amount of nitrogen atoms is removed as NH; to the ambient leaving oxidized
carbon species within the surface. At the same time the intensities of the O 1s and Si 2p peaks

clearly increase.

111.4.3.2. Annealing influence on APTMS based hybrid material

In the next step the temperature dependent chemical properties of the APTMS based
composite material doped by CuPc, PCBM and POSS have been investigated. A detailed
interpretation of the core levels of the sample B at room temperature is given in chapter 111.9
(referred as sample C therein). Here the influence of the annealing will be discussed in more
detail. Fig. 111.4.3 represents the XPS spectra obtained for the sample B that has not been
tempered and for sample Bsg that was annealed at 400°C. The detailed peak analysis is
reported in Table 111.4.1.

The data presented in Fig. 111.4.3 and Table 111.4.1 clearly indicate that at the
temperature of around 400 °C a complete thermal decomposition of the organic residuals
takes place. After the annealing at 400 °C, the signal corresponding to the N 1s core level

totally vanished as well as no C 1s features originating from the APTMS organic species
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(composed of sp* hybridized carbon atoms) could be detected. In Table 111.4.2 the atomic

concentration within the surfaces of the films B and By are presented.
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Fig. 111.4.3. XPS spectra of the sample B recorded before heating (top row), and Bgo (bottom
row). The following core level spectra are drawn in the same order for every sample: C 1s, N
1s, O 1s, Si 2p. The data of the sample B will also be reported in chapter IlI. 9.

Taking into account that the basis material of the film B was APTMS one concludes
that the thermal rearrangement within that surface is accompanied mainly by the
decomposition of the aminopropyl group. The thermal decomposition pathways of this
functional group covalently grafted on the silica surface has already been an object of
scientific investigations. For this purpose Alekseev and al. [129] applied the methods of
temperature programmed desorption mass spectrometry, thermogravimetry and differential
thermal analysis. They suggested the possibility of thermal transformations through the
interactions between neighboring surface Si—-OH and Si—(CH3)3sNH, groups resulting in a
SiO, formation accompanied by ammonia and CzHg releasing during the decomposition

reaction.

After the heating at 400 °C the overall C species contribution decreased from around
56.2 % (sample B) to around 7.4 % (sample Bagg). The C 1s spectrum of the sample Bagg has
been decomposed into two peaks with the center positions at around: -286.3 eV (originating
from C-O species [122], signal I) and -284.5 eV (originating from C—C species [63], signal
I1). The signal I constitutes around 20 % of the overall intensity within the C 1s spectrum

while the signal 11 corresponds to 80 %. The non-oxidized C forms (peak 1) originate most
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Table 111.4.1. Decomposition of the XPS spectra recorded for the unheated sample B and for

the sample Byqo.

Core Peak number Position Assignment
level
Sample | Sample Sample B Baoo Sample B Baoo
B Buoo
S -291.0 | T n-n* shake-up [120] | T
ry 2896 | T NHcoo [119] | @ T
i 2874 | T C-Nsp*[l21]&C-O[63] | T
C1s | —- | - 2863 | C-0[122]
~Si-CH, CH, CH, NH
- 2861 | T S
[119]
C-C ; aromatic
----- I -284.5
carbons [123]
Vol 284 | T csifte4) | T
A T A R NH3T[119]& NHCOO™ | .
-401.9
N 1s [119]
] - 4001 | T NHp[119] | T
Si-O-Si[125]; C—
| | £330 5330 | SFO-SI[125],C-0-CC- | o cco-0,c
0-O',C-OHI[67] OH[67]
O 1s
-C=0[126]& -N-
S 5312 | T c=o[t27] | = T
_ 0-Si-O/Si—
Si2p ! ! 11035 1035 O-Si-0/Si-OH[128] OH[128]

Table 111.4.2. Atomic concentrations within the surfaces of the films B and Baqo.

Sample C [96] N [%6] O [%] Si** [96]
B 56.2 8.9 24.2 10.7
Buago 7.4 0 71.2 21.4
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likely from fullerene cages and CuPc benzene rings since both species possess high thermal
resistances [130,131]. The presence of this signal was not clearly determined for the non-
annealed sample due to the significant superiority of the APTMS organic residuals. The
absence of any N 1s signal contribution originating from CuPc species in the XPS spectra of
the annealed sample is quite puzzling, however it may be attributed to the relatively low
concentrations of CuPc within the analyzed surface. On the other hand, Adolphi et al.
observed against expectations the destruction of the CuPc molecule structure at a temperature
of 350°C by performing angle-resolved XPS measurements [65]. Basing on our XPS data,

this process cannot be neglected also for the sample Byoo.

Fig. 111.4.4 illustrates the scheme of the POSS molecule applied as one of the
additional dopants in this part of the experiment.

Fig. 111.4.4. Scheme of the POSS molecule applied as a dopant to the APTMS matrix.

The thermal decomposition of the cyclopentyl rings, that are organic residuals within
the POSS molecules incorporated into the film B, occurs around 350-400 °C as reported in
[132]. The decomposition of the cyclopentyl species is most probably accompanied by the
creation of new Si—O-Si bonds [132]. The POSS molecule applied in the present experiment
possess also vinyl functional groups. Alekseev and al. [129] noticed that the thermal
transformation of —C,H3 groups on a SiO, surface starts in air above 300 °C and takes place
most likely via the addition reaction of oxygen to the vinylic double bonds, while the further
annealing leads to the decomposition of the organic structure and to the creation of Si—O-Si
bonds. Following the same authors, also the —O-Si—CHj3 groups undergo an air oxidation
combined with the releasing of CH, groups [129]. In conclusion, the thermal degradation of

the organic functional groups of the POSS described above led probably to the formation of
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—Si—O-Si— bridges between the POSS inorganic cages and the SiO, matrix. Thus, one may
suppose that the annealing of the film B probably caused the entrapping of the POSS
inorganic structures into SiO, which was formed as a product of the APTMS thermal

decomposition.

111.4.4. Conclusions

The experiments revealed that the effect of the temperature is drastic for the chemical
composition of the investigated films. One of the crucial conclusions, which may be drawn
after the described data analysis concerns the importance of the precise temperature control
during the attempts of the surface functionalization with amino groups using APTMS
molecules and ALD technique. Te data obtained for the sample A clearly exhibits, that above
200 °C this process is already seriously hindered while around 300 °C it becomes almost

impossible to be performed due to the temperature degradation of the amino groups.

On the other hand the investigation of the sample B revealed, that the heat treatment
of the composite material may be an efficient route in order to obtain a silicon matrix enriched
with the sp? carbon species. Moreover this kind of heat-treated layers may most probably
possess a highly porous structure, formed as a result of the releasing gaseous products of the
organic residuals decomposition. Thus, heating the hybrid films containing properly chosen
dopants with desired functionalities distributed homogenously within the APTMS monomer
may probably lead to a highly porous network enriched with carbon species silica that could

find an application for instance as a low-k material.

I11.5. Spectroscopic and atomic force microscopy investigations of the hybrid materials
composed of the fullerenes and 3-aminopropyl-trimethoxysilane®

111.5.1. Introduction

Since their discovery in 1985 fullerenes demonstrated various specific chemical,
physical and photo-physical properties [13]. Due to their unique structure, electronic
properties, great chemical and thermal stability fullerenes have been considered as a valuable

% J. Klocek, K. Kolanek, D. SchmeiRer, Spectroscopic and atomic force microscopy investigations of hybrid
materials composed of fullerenes and 3-aminopropyltrimethoxysilane, Journal of Physics and Chemistry of
Solids 73 (2012) 699-706
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component of the advanced materials [63]. Thin fullerene based films have potential
applications in many fundamental technologies related to coating and surface modification
ranging from devices for solar energy conversion, biosensing to advanced nanostructured
devices for microelectronics [52-54]. However, the limited solubility of the fullerene in the
organic solvents imposes the Cgo modification with other molecules in order to enable its
practical application [107]. Since large amount of the covalent fullerene derivatives preserve
electronic properties of the parent Cgo sphere, surface modification with these molecules is of
a great interest for the materials science and the semiconductor industry. This may open the
possibility of transferring the unique fullerene characteristics to the bulk of the materials [52].
Therefore investigations and understanding of the chemical and physical processes on these
systems plays a crucial role in order to realize potential future nanoscale applications by

controlled manipulation and modification of interfaces [63].

In this chapter | focused on the investigations of interactions between fullerene Cg
molecules with 3-aminopropyltrimethoxysilane (APTMS) within the thin films obtained by
means of the combined spin-coating and evaporation techniques. | decided to use N
containing molecule APTMS in order to increase the affinity of the fullerenes to the siloxane
matrix [63]. Chemical reactions of these two components occur mainly due to the covalent
attachment of the fullerenes to the terminal amine group from APTMS, following the fact that
primary and secondary amines undergo N-H addiction reaction across the C=C bonds in Cg
which fuse two six-member rings [12]. Since the Cg fullerenes have a tendency to form
clusters due to van der Waals forces between the particular molecules [107], chemical
interactions with the APTMS matrix are supposed to decrease this phenomenon. Thus, from
the detailed analysis of the results obtained in described below experiments | tried to estimate
among others how coating the substrate with APTMS can influence the formation of thin
fullerene layers in the evaporation process. A combination of the spectroscopic and
microscopic methods has been used to investigate Cg monolayer growth during the
evaporation process from both physical and chemical point of view. | measured also the

stability of prepared systems in the ambient conditions.

The chapter is organized as follows; basing on the XPS results stability of the thick
fullerene films prepared on the APTMS coated substrate is discussed, then the investigations
of the interactions between the ultra-thin fullerene layer and continuous APTMS film are

described. In the next section, NEXAFS results obtained for the samples composed of the Cg
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and APTMS is discussed and compared to the similar data of the pure fullerene layer. The last
experimental part describes NC-AFM surface morphology measurements of the pure APTMS
film, ultra-thin Cg layer on APTMS and thick fullerene layer on the APTMS. Finally, a

summary of the relevant conclusions will close the chapter.

111.5.2. Experimental

111.5.2.1. Materials and substrates

In this work I used Cgo (99,5 %) and APTMS (97 %) obtained from Sigma-Aldrich.
Two types of substrates: Mo and p-type Si(001) were employed. As the APTMS builds a
silica matrix in the initial phase of the experiments the material under study was deposited on
the Mo surface in order to estimate feasibility of the coating process. It has been assumed that
an evidence of APTMS deposition on Si(001) substrate may be confused with presence of the
SiO, native oxide when XPS technique is utilized. The preliminary experiments on Mo
surface proved, that the film was coated homogenously on the whole substrate area and was
thick. The quality of the samples obtained on the Mo surface turned out to be high enough to
perform XPS and NEXAFS investigations. In order to achieve the further progress of the

experiment a more appropriate Si(001) surface has been applied.

111.5.2.2. Sample preparation
In Fig. 111.5.1 the schemes of the all investigated samples in this chapter are presented.

C,, evaporated

APTMS APTMS APTMS
spin-coated spin-coated spin-coated
Mo Mo Si
A B c

Ceo evaporated Cgo evaporated

APTMS APTMS c -
spin-coated spin-coated 60 €vaporate
Si Si Si
D E F

Fig. 111.5.1. The schemes of the investigated samples: A) APTMS spin-coated on the Mo
surface (referred in the text as sample A), B) thick Cgo layer evaporated on the Mo surface
spin-coated with the APTMS (sample B), C) APTMS spin-coated on the Si surface (sample
C), D) ultra-thin Cg layer evaporated on Si |[APTMS substrate (sample D), E) thick Cg layer
evaporated on the APTMS surface (sample E), F) thick Cgo layer evaporated on the silicon

surface (sample F).
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After the ultrasonification in isopronanol and acetone for 5 minutes, substrates were
dried in the nitrogen stream. APTMS was deposited by means of the spin-coating technique at
a speed of 6000 rpm for 1 minute in the ambient conditions. The fullerene molecules were
deposited on the APTMS coated substrates by evaporation at a temperature of 800°C and a
pressure of 1x10° mbar. In the experiments the evaporation time was varied in order to obtain
different thicknesses of Ceo layers ranging from the ultra-thin layer fabricated by 2 minutes of
evaporation (sample D), to the thick layers obtained by 10 minutes of evaporation (samples B
and E). The reference sample F was produced by the fullerene powder evaporation onto a
Si(001) surface at the same conditions as before but for 120 minutes in order to obtain a thick

film.

111.5.3. Results and discussion

111.5.3.1. XPS measurements

Since XPS allows to evaluate the chemical composition of the surface [25] this tool
has been applied in order to study the C and N chemical states. Additionally I also performed
the analysis of the O and Si core levels. For all measured films quantitative XPS analysis has
been done. Corrections for the energy shift were accomplished by assuming 103.5 eV binding

energy for the Si 2p peak of the Si** species [119].

111.5.3.1.1. Samples deposited on the Mo surface

In this part of the experiment sample A [Fig. 111.5.2(a-d)] and B [Fig.111.5.2(e-h)] were
investigated. Sample B was investigated twice: first time in situ direct after the Cgo deposition
(Fig. 111.5.2h) and second time after 9 months of the storage in the air [Fig. 111.5.2(e-g)]. The
main attempt of this measurements was to investigate the ambient influence on the thick
fullerene film deposited on the Mo substrate coated with APTMS.
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Fig. 111.5.2. XPS spectra of the samples prepared on the Mo surface. Top row (a-d) represents
the sample A, bottom row (e-g) depicts the sample B after 9 months of storage in the air , (h)
shows wide scan survey of in situ prepared sample B and inset depicts C 1s core level (Al Ka
1486.6 eV X-Ray source was utilized).

After the XPS spectra evaluation, the quantitative analysis of the investigated films
was performed. The spectra normalization was achieved by dividing the observed relative
peak areas by atomic and instrument sensitivity factors equal to 0.711, 0.296, 0.477, and 0.339
for O, C, N, and Si, respectively [25]. After the analysis the following composition in atomic
percent has been obtained: C=45.2 %, N=10.8 %, 0=32.1 %, Si=11.9 % for the sample A and
C=73.6 %, N=2.8 %, 0=23.7 % for the sample B after the storage in the air. The
stoichiometry of an unhydrolyzed APTMS monomer (excluding H atoms) corresponds to
CsNSiOs3, in the case of the sample A the calculated stoichiometry was around C3gNg.oSiO> 7.
Taking into account that the “ideal” poly[(aminopropyl)siloxane] polymer has a stoichiometry
of C3NSiO;5 [119] one may conclude, that in the case of the sample A the monomers have
partially undergone the condensation reactions during the spin-coating and drying process.

Since XPS provides information about the chemical states of the elements within the
analysed surface [70], the qualitative analysis basing on the particular peak shifts has been

performed. Results of the analysis are reported in Table I11.5.1.
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Table 111.5.1. XPS investigations of the samples prepared on the Mo surface: sample A

measured after the preparation and sample B after 9 months of the storage in the air.

Region Peak number Peak position [eV] Percentage of the Assignment
main peak area [%]
Sample A | Sample B | Sample A | Sample B | Sample A | Sample B
| I -289.2 -289.2 7.6 13.3 —-NHCOO [119]
C-N sp’[121]
Cls I I -287.2 -287.9 31.1 7.1
C-0[63]
1l i -285.7 -286.1 61.1 79.6 C-C,CH
| I -402.3 -401.6 14.9 100 ~NH;[119]
N 1s
T -400.4 85.1 —NH,[63]
-C-0[127],
| I -533.1 -533 91.4 100 )
O1s -Si—0O[128]
1 -531.3 8.6 —N-C=0[127]
O-Si-O/
Si2p | I -103.5 100 .
Si-OH[128]

In the sample A the N 1s core level peak located at around -402.3 eV binding energy
(signal 1) is attributed to the positively charged quaternary nitrogen of the group —NHs"
[133][134]. The presence of this species are explained by the following reactions [119]:

= Si(CH,)3sNH, + CO, & = Si(CHy)sNH,*C00~
(I11.5.1)
= Si(CH,)3 NH,*C00™ + NH,(CH,)3Si = & = Si(CHy)sNHCOO™ + NHy* (CH,)5Si =
(I11.5.2)

The presence of the peak at -289.2 eV in the C 1s core level (signal I) confirms the
(11.5.1) and (111.5.2) reactions since it indicates the existence of the carbamate species that
forms as a product of the interactions between the amine group from APTMS with CO at the

film-air interface [11].
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Sample B was prepared by evaporation of thick Cgp layer (thickness more than 10 nm)
on the Mo |APTMS substrate, thus it’s in situ XPS investigations (i.e. directly after
deposition), exhibit only C species (Fig. 11l. 5.2h). Taking into account short evaporation time
(of 10 minutes) one may conclude that APTMS significantly accelerates the process of thick
fullerene layer formation on the surface. In order to obtain similar thickness of the Cg layer
on the pure Si(001) surface (sample F) the evaporation process had to be carried out for at
least 60 min (XPS spectrum not shown). The binding energy of the signals I, Il, I11, 1V in the
C 1s core level around: -290.5 eV, -288.5 eV, -286.2 eV and -284.7 eV (Fig. Ill. 5. 2h)
corresponds to the carbon m-n* shakeup peak, C=0 species from the surface, C—O bond
coming probably from the partial oxidation and C—-C bonds of the fullerene molecules
respectively [63].

An interesting phenomenon is observed on the sample B after the long-time storage in
the air [Fig. 111.5.2(e-g)]. On the surface not only C features were identified, but also
pronounced O peak and weak N signal are present. The calculated stoichiometry of the
surface is CNg10g 3. Since the solid fullerenes are air-sensitive materials [135], the presence of
the O feature in the overall XPS spectrum confirms the oxidation reaction between Cg and
the oxygen from the air. Nevertheless, rather unexpected is the presence of the N atoms in the
near surface region, while at the same time no Si features are detected (not shown). I explain
this phenomenon by the diffusion of the volatile -NH3 groups, formed as a result of APTMS
decomposition, towards the surface. More details regarding these decomposition pathways are
described in [119]. I presume, that these nitrogen containing groups have been chemisorbed
and/or physisorbed within the fullerene film. Hence, originating from APTMS volatile
nitrogen groups have been attached to the surface through the interactions with the fullerene

molecules.
111.5.3.1.2. Samples deposited on the Si(001) surface

I investigated sample C [Fig. I11.5.3(a-d)] and D which was measured in situ direct
after the deposition [Fig. 111.5.3(e-h)]. Detailed peak analysis is shown in Table 111.5.2.

The quantitative analysis reveals following surface composition of the samples in
atomic percent: C=46.9 %, N=10.4 %, 0=32.6 %, Si=10.1 % for the sample C and C=52 %,
N=9 %, 0=29 % and Si=9.8 % for the sample D. Pure APTMS film of the sample C contains
slightly higher amount of the C and O species in comparison to the similar sample prepared
on the Mo surface (sample A) what indicates that on Si(001) the condensation process within
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Fig. 111.5.3. XPS spectra of the samples prepared on the Si(001) surface. (a-d) Represents

sample C, (e-h) depicts the sample D.

the material was less pronounced. We noticed that the sample D contains more C species than

the sample C what confirms successful evaporation of the Cgo.

Table 111.5.2. XPS investigations of the samples C and D prepared on the Si(001) surface.

Region Peak number Peak position [eV] Percentage of the Assignment
main peak area [%6]
Sample C | Sample D | Sample C | Sample D | Sample C | Sample D
| I -289.3 -289.8 3 1.8 —NHCOOT119]
C1s I 1 -287.6 -287.9 14.6 12.6 C-Nspf2t] -
0[63]
Il Il -286.1 -286.1 82.4 85.6 C-C, C-HJ[119]
| I -401.9 402.2 24.3 143 ~NH;[119]
N 1s I I -400.2 -400.5 75.7 79.4 —NH,[63]
-—- Il --- -398 6.3 —NH-Cg[63]
[ [ -533.2 -533.4 92.2 94 O-H [13]
Ols Il T -531.5 -531.6 7.8 6 C-O[14] Si-O[15]
Si2p [ | -103.5 -103.5 100 100 Si-O[17]

Taking into account that the quantity of the evaporated fullerene molecules in the case

of the sample D was small and the overall content of the carbon species within the film equals
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52 % it is difficult to distinguish the features corresponding to the Cgo molecules in the C 1s
XPS spectrum. Nevertheless, while performing detailed analysis of the spectrum in the N 1s
region one can notice evidence of the existing small amount of the fullerene molecules
bonded to the amino groups (Fig. 111.5.3f). After deconvolution of the N 1s signal one obtain
three features in the binding energy range of: (I) -402.2 eV, (Il) -400.5 eV, and (I1I) -398.0
eV. Signals I and 11 correspond to the positively charged amino group and free primary amino
group respectively as it was in the case of the sample C. Additional signal Ill with a very
small intensity is assigned to the primary amino groups bonded to the fullerene molecules.
The presence of small amount of Cg molecules was also confirmed by AFM analysis

(described below).

111.5.3.2. NEXAFS measurements

For the NEXAFS measurements samples: A, B, and F were used. All samples were
measured after 4 months of the exposure to the air. Position, width and intensity of the n* and
o* resonances in the NEXAFS spectra give information of the changes in the electronic state
of the investigated material [28]. Moreover, NEXAFS spectroscopy allows obtaining
characteristic features that correspond to sp* and sp? hybridizations of carbon-based materials
[136]. For that reason performing NEXAFS measurements seems to be very helpful in order
to investigate the electronic structure of the carbon materials.

Deconvolution of the NEXAFS spectra (not shown here) was performed in WinXAFS
software using asymmetric P-Voigt functions for the resonance peaks and an arctangent for a
step function [83]. First I focus on the peak assignment of the NEXAFS resonances and the
comparison with literature data. In Fig. 111.5.4 are shown the results of the NEXAFS
measurements together with identified peak positions. Detailed peaks assignments in C 1s
edge for spectra obtained in TEY and TFY mode are given in Table I11.5.3a and 111.5.3b,
respectively. | focus on the features appearing below 290.5 eV photon energy that enclose a

7* character in Cgo molecule [136].
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Fig. 111.5.4. NEXAFS spectra comparison of: sample A (blue line), sample B (red line) and

reference sample F (black line).

Table 111.5.3a. Peak assignments for samples A, B, and F measured by means of NEXAFS in

TEY mode.
Signal Energy [eV] Assigment
sample A sample B sample F
1 283.9 2838 | - C 1s—m*[137]
2 | - 284.3 284.3 C 1s-n*cc [138]
3 285 285 | - C 1s(C—H)-m*c=c [90]
4 285.7 C 1s-m*c=c [88]
5 286.2 C 1s-m*c=c [110]
6 287 286.9 | - C 1s-c*c y [92]
7 287.9 | e | e C 1s-o*c  [139] [140]
8 288.1 C 1s-nt*r (c=0) r [141]
9 288.5 2884 | - C 1s (COO ")-n* c=¢ [142]
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Table 111.5.3b. Peak assignments for samples A, B, and F measured by means of NEXAFS in
TFY mode.

Signal Energy [eV] Assigment
sample A sample B sample F

1 283.9 2839 | e C 1s-n*[137]

2 284.3 C ls-n*c-c [138]

3 285 285 | e C 1s(C-H)-n*c=c [90]

4 285.7 C 1s-n*c-c[88]

5 286.2 C ls-n*c-c [110]

6 287.2 287.1 | - C 1s-6*cy [92]

7 288 C 1s-o*c 4 [139,140]
C 1s-n* [141,143]

8 288.2 C 15-T%g_(c-0)= [93]
C 15-1* -0 [142]

9 288.5 L E—— C 15 (COO )-1* c—c [141]

The peaks at around 283.8 eV (signal 1) measured in both TEY and TFY modes
recorded for the sample A and B are identified as carbon atoms with the sp? hybridization. The
same features were also found in the NEXAFS spectra of natural diamond [137,144]. The
broadening of the peak number 2 in TEY spectra of the sample F is probably also caused by
the sp? contaminations.

The reference Cgo sample F exhibits intensive resonances at around 284.3 eV (signals
2 for both TEY and TFY mode). These values correspond to the C 1s lowest unoccupied
molecular orbital resonance energy for fullerenes [145]. Two another features that can be
noticed only for the sample F and are attributed to the C 1s-n*c-c transitions occurring at
around 285.7 and 286.2 eV (signals 4 and 5, respectively). While analysing those features one
may clearly notice, that the signal 4 is more pronounced for the spectrum recorded in the bulk
sensitive TFY mode. This phenomenon is quite easy to explain since the surface of the sample
F was more affected by the oxidation during the storage in the ambient conditions than the
bulk. As a result of oxidation some of C=C bonds break and the intensity of the TEY signal 4

decreases.

Features corresponding to the resonance at around 284.3 eV are probably the reason
for the significant broadening of the main peaks at around 285 eV for the sample B. The low

intensity of the ©* resonances in the NEXAFS spectra of the sample B might be explained by
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the chemical reaction of the fullerenes with O and N atoms from APTMS that reduce the
number of the m bonds within the material and at the same time leads to the fewer w*
transitions. Features at around 285 eV indicate C 1s (C—H)-n*cc transitions [90] and appear
in the spectra of samples A and B recorded in both TEY and TFY mode (signals 3). As in the
case of the fullerene based sample B the existence of the n* transitions might be attributed to
the presence of the © bonds within the Cg, those features are quite surprising in the case of the
sample A since the APTMS nominally forms a saturated system. However this phenomenon
was also observed by Graf et. al in the NEXAFS spectra of the 3-aminopropyl-triethoxysilane
film and they have attributed it to the unsaturated species formed due to the radiation damage
during NEXAFS measurement [139]. Additionally, partial contamination of the substrates

used for the sample’s preparation was not excluded.

Resonances covering the range 287.1-287.9 eV might also provide some valuable
information concerning the structure of the investigated material and usually correspond to
the C 1s (C-H)-o*c y transitions within saturated, organic, aliphatic molecules [139].
Features located in this range are observed for the sample A (signals 6 and 7) and for the
sample B (signals 6). Broad shape of the signal 6 in the spectra of the sample B and the shift
of its centre positions of around 0.1 eV to the lower photon energy in comparison to the
sample A might suggest that they contain also additional contribution of the n* resonances.
According to the literature C 1s (C—R)-n*c=c transitions (where the R is a functional group)
evidenced around 286.9 eV are typical for the amine groups [146]. One may presume that in
the case of the sample B signal 6 of the NEXAFS spectra include the contribution of o*

transitions from APTMS and ©* resonances from the amine functionalized fullerenes.

Pronounced feature 8 that can be clearly noticed only for the sample F occurs around
288.1 eV and 288.2 eV for the spectra recorded in TEY and TFY mode, respectively.
NEXAFS features at 288.2 eV are characteristic of n* resonances [143] and might be
attributed to the C 1s-n*r (c-0)r transition [93] within the partially oxygenated fullerene
molecule. The broadening of this feature in the spectrum recorded for the TEY mode and its
shift of 0.1 eV to the lower photon energy might suggest that it consist of the two main states:
C 1s-m*r c=0)r excitations within the fullerene molecules and C 1s-c*c_y /Rydberg
transitions (normally observed at 288 eV) [140] attributed to the surface hydrocarbon
contaminations. Resonances at around 288.4-288.5 eV (signal 9) existing for samples A and B
are due to the C 1s (COQO’)-r* transitions [141,142] and confirm that reactions (1) and (2)
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indeed take place within the APTMS containing films.

NEXAFS spectra for the sample B at the C K-edge reveals definitely smaller amount
of the m*c-¢ transitions than the sample F, what is evidence of direct interactions between Cg
and APTMS. This behavior is also in agreement with the XPS results, where for the same
sample after the storage in the ambient conditions the C 1s signal shifted to the direction of
the higher binding energy in comparison to the spectra of the same sample obtained in situ

directly after the preparation process.

111.5.3.3. NC-AFM measurements

Following the detailed chemical analysis of the deposited films NC-AFM has been
applied in order to study the surface morphology of the samples: C, D, E (Fig. 111.5.1). The
main idea was to investigate changes of the APTMS surface texture after the Cgo evaporation.
Measurements were performed on a Si(001) substrate with the native oxide covered by a thin
film of investigated materials (Fig. 111.5.5). Samples were prepared as described in
experimental part. At least three images in different positions on the samples were acquired
and fluctuations of the root mean square (RMS) surface roughness (Sg) values of less than + 7
% were observed. The starting APTMS surface morphology is shown in Fig. 111.5.5a (sample
D). The calculated Sy equal to 0.20 nm is comparable with result reported in [147] and is
similar to a roughness of Si(001) surface covered with native oxide [148,149]. Additional
useful information about the surface morphology may be obtained from investigation of the
surface height histograms. Instead of specify the whole shape of the height histogram curve it
is more convenient to break it down using the moments of the curve. For surface texture
analysis of high importance are third and fourth central moments labelled skewness and

kurtosis, respectively [150].

Principally the surface skewness (Ss) indicates the degree of symmetry of the height
histogram curve while the surface kurtosis (Sx,) describes the sharpness of the curve [151].
For Gaussian surface Sg and Sy, parameters are equal to 0 and 3, respectively. In the
experiment we observed that APTMS after deposition forms a near-Gaussian surface with
surface skewness and kurtosis equal to 0.02 and 3.14, respectively. The presence of near-
Gaussian surface confirmed by fitting of the surface height histogram with Gaussian curve
(Fig. 1. 5. 5b) indicates random and homogenous deposition process. Height standard
deviation of the Gaussian curve (o) was estimated to 0.20 nm and is identical to Sy value. In

the next step we evaporated the Cg fullerenes for 2 minutes at 800 °C (Fig. 111.5.5¢c, sample
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D). The surface morphology changed notably after the evaporation and a formation of Cg
clusters with width varied from about 50 nm to 200 nm was observed. S, increased to 0.34 nm
and surface changed its state to less Gaussian with Sg and Sy, parameters equal to 0.69 and
4.82, respectively. In particular, the positive skewness indicates the asymmetry of the height
histogram and is a clear evidence of the Cg clusters on the surface. The tendency of Cgp
clusters build-up was reported in [63,107]. Surface height histogram presented in Fig. 111.5.5d
clearly reveals a bimodal distribution and the two features marked with light red and green
peaks are attributed to APTMS and Cg, respectively. Surface height histogram is a very
accurate tool for calculation of the height of the features present on the substrate [152,153].
The height (d) of the Cgo clusters equal to 0.65 nm was calculated as a difference between
APTMS peak and Cgo peak centre positions and is in very good agreement with the measured
Ceo diameter [154,155]. This proofs that for short time of evaporation clusters of Cgo are
arranged in islands of one monolayer thickness. Analysis of the peaks area ratio may deliver
information about the Cgo coverage [156]. As a result of the calculations Cgy coverage was
estimated to about 5.1 %. For the bimodal distribution it is also possible to obtain the
o values separately for both materials [157]. These values are equal to 0.25 nm and 0.30 nm
for APTMS (o) and Cgo (og), respectively. Summarizing the results we may conclude that the
surface morphology indicates not closed layer of Cso on APTMS. In contrast, after 10 minutes
of Cgo evaporation the surface morphology changed significantly and randomly distributed
clusters (Ssk = 0.07, Sk, = 3.00) of a mean height of 7 nm, width of 35 nm, and a period of 100
nm were observed (Fig. I11.5.5e, sample E). Surface roughness was equal to 3.49 nm and
owas estimated to about 3.57 nm basing on the surface height histogram analysis (Fig.
[11.5.5f). The surface texture indicates a closed layer of Cgo molecules on APTMS surface.
The observed Cgo granular morphology is in agreement with results reported in [158,159].

111.5.4. Conclusions

Spectroscopic investigations of the fullerene films deposited by evaporation on the
APTMS coated substrate indicate a strong chemical interactions between electrophilic Cgo
molecules and the nucleophilic amine groups. Significant decrease of the m* resonances in the
NEXAFS spectra of the fullerene evaporated on the APTMS film confirms that the majority
of the double bonds within the fullerene molecules were broken due to the chemical reactions.
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Fig. I11.5.5. NC-AFM investigations of the surface morphology and height histograms of the:
(a, b) sample C, (c, d) sample D, (e, f) sample E. RMS surface roughness S, height standard
deviations o and average Cgo cluster height d are also reported. The raw height data is levelled
using the plane correction in order to set the mean value of the image to zero. The height
histograms curves are normalized to the same maximum level. The colour scale equals 2 nm,

4 nm, and 27 nm, for samples C, D, and E, respectively.

Information provided by both XPS and NEXAFS spectroscopy complement each
other and suggest the presence of the amino functionalised fullerene species formed as a result
of interactions between spin-coated APTMS film and the evaporated Cg. This is in the

agreement with the following chemical reaction described by Bell et al. [15]:

Coo + nH,NCH,CH,CH,Si(OMe)s — CooHn(NCH,CH,CH,Si(OMe)3),,
(111.5.3)

Due to the high affinity of the fullerene molecules to the amino groups, layer of the
APTMS molecules on the substrate accelerates the formation of the Cg film during the
evaporation. AFM turned out to be a great support for the spectroscopy technique in order to
investigate this process in a more details and allowed to detect the formation of a particular
islands of the C¢o monolayers after short time of fullerene evaporation. The measured island
thickness reveals that fullerene diameter is not affected by the interactions with APTMS.
Longer evaporation time produces thick fullerene layer that organises in a large Cgo clusters.
AFM results exhibit, that RMS surface roughness of the deposited APTMS is similar to the
roughness of SiO, native oxide.

The investigations of the fullerene based sample after the storage in the air suggest that
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due to the air exposure many chemical reactions take place within the hybrid material. The
results of the XPS investigations shows clearly that this kind of the samples containing both

fullerene and APTMS components are not resistant to the air and undergo a strong oxidation.

I11.6. Fullerene based materials for ultra-low-k application obtained by the means of the

sol-gel method*

111.6.1. Introduction

The rapid development of microelectronic performance follows the Moore’s law
predicting that the number of transistors in the integrated circuits increases twice every
eighteen months [7]. However, because of the huge transistor’s density in the advanced
integrated circuits its size has to be reduced what makes the circuits faster while at the same
time the overall resistance-capacitance (RC) delay increases. One of the strategies of
increasing the speed of microelectronics’ devices is to reduce the RC delay [8,9]. One of the
strategies to reduce RC delay is introduction of low-k materials as an isolation between the
nano-wires in microelectronic devices. From a theoretical point of view, fullerene materials
are very promising candidates for low-k dielectric materials. The results of calculations show
that cross-linking of Cgo fullerenes by suitable bridge molecules is an efficient way to
construct materials with ultra-low dielectric constant [61]. Fullerenes, since theirs’ discovery
in 1985, demonstrated a various applications on many fields of science, however there are few
reasons such as: ability to form clusters, low solubility and thermal stability, that imposes
theirs’ modification with other materials in order to enable the practical application [160,107].
In this chapter results of spectroscopic investigations of sample produced in Wroclaw
University of Technology by incorporation of Cg molecules into the material produced by the

means of the sol-gel method have been reported.

* K. Broczkowska, J. Klocek, D. Friedrich, K. Henkel, K. Kolanek, A. Urbanowicz, D. SchmeiRer, M. Miller, E.
Zschech, Fullerene based materials for ultra-low-k application, Students and Young Scientists Workshop
"Photonics and Microsystems", 2010 International. S. 39-43. DOI: 10.1109/STYSW.2010.5714165.
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111.6.2. Experimental
111.6.2.1. Materials

Phenyl triethoxysilane (PhTriEOS) from Aldrich (98 % purity), methyl
trimethoxysilane (MeTriMOS) from Fluka (purum) were used. Ethanol (EtOH), acetone and
toluene were obtained from POCh (Poland) and used as received. Hydrochloric acid (HCI),
available from POCh was diluted in distilled water before use. Cgo fullerenes (99+% purity)

were obtained from MER Corporation (Arizona, USA) and used as received as well.

111.6.2.2. Sample preparation

A basic sol solution was prepared by mixing PhTriEOS : MeTriMOS : EtOH : HCI in
molar ratio 1.00 : 1.22 : 7.77 : 1.03 x 10 respectively. Then a saturated solution of Cg in
toluene was prepared with concentration 2.80 mg/ml. Cg solution was mixed with the basic
solution PhTriEOS : Cgo in molar ratio 1.00 : 3.50 x 107, respectively. Afterwards the
substrate was coated from such a solution and dried. The detailed procedure, previously used
for preparation of similar thin film obtained from different precursors, is described in
literature [161]. As a substrate a monocrystal silicon wafer with a 100 nm layer of SiO, was
used. The substrate was rinsed in acetone, distilled water and finally in ethanol, then dried at

room temperature before coating.

111.6.3. Results and discussion
111.6.3.1. XPS measurements

Chemical composition of obtained film was evaluated by XPS analysis. The XPS
spectra of regions C 1s, O 1s and Si 2p are given in Fig. 111.6.1. On the basis of the Gaussian
functions spectra were deconvoluted into more peaks that correspond to different binding
energies. The fitting results of the obtained spectra and their assignments are given in Table
111.6.1.

After the normalization of XPS spectra, the ratio of the elements contained in the
investigated film was estimated. Spectra normalization were performed by dividing their areas
by atomic sensitivity factors equal to 0.711, 0.296, and 0.283 for O1s, Cls, and Si2p,
respectively. Basing on XPS analysis the ratio of particular elements within prepared film
C:0O:Si equals 2.7:1.9:1. According to those results, the ratio of silicon to oxygen atoms

within examined material is very similar to SiO, and equals 1:1.9. Formation of the SiO,
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network is typical for the materials obtained by the sol-gel method. However, in the case of

investigated sample the existence of the carbon atoms is of high importance. The

contributions of the carbon in XPS spectra come not only from fullerene molecules

incorporated into the material but mainly from aromatic rings in Ph-TriEOS and from methyl
groups from Me-TriMOS and Ph-TriEOS that were not removed during the fabrication

process.
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Fig. 111.6.1. XPS spectra of fullerene based material produced by sol-gel method. Regions:

C 1s, O 1s, and Si 2p are shown.

Table 111.6.1. XPS investigations of the sample of fullerene based material produced by sol-

gel method. Peak position were identified according to the literature cited in the table.

Region Peak Position Percentage of the Assignment
number [eV] main peak area [%]
[ -284 7.12 C-Csp?[162]
C-C sp® [70], C-C/C-H
c1e I -285.46 61.41 72,163
Il -286.36 31.47 C-0O [141,163]
I -532.23 12.68 O-H [164]
o1 T -533.55 70.96 C-0[127], Si-O[128]
Il -534.74 16.37 CO,[165]
Si 2p [ -104 100 Si-O[166]

111.6.3.2. NEXAFS measurements

NEXAFS data of the fullerene based sample are displayed in Fig. 111.6.2. (solid line) in

comparison with a pure Cg film (dash line). Here, the TFY delivers bulk information while

TEY is more surface sensitive.
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In the case of Cgo derived components, there is a particular mechanism causing a
characteristic feature in the absorption data. Based on the electronic properties of the Cg
molecules in all Cgo derived compounds, there is a characteristic split in the lowest absorption
band causing a three-peak structure [47,48]. In analyzed sample three peaks transitions
located at 284.9 eV, 287.5 eV and 288.5 eV are found. In particular, the middle band appears

at a higher photon energy than in pure Cgo films.

Considering small concentration of the fullerenes within the sol-gel material and
significant shift of the middle band one may presume that the main contribution to the
features corresponding to the C1s-n* transitions comes from the phenyl groups of one of the
precursors (Ph-TriMOS). According to the literature features in the range of 284 to 289 eV
may be assigned to the C1s-n* transitions of the benzene derivatives [142]. Broadening of the
feature near 287 eV may be caused by the contribution of the C 1s-c* (C—H) resonances from
the methyl group [92]. Nevertheless, one cannot exclude the contribution of the Cls-m*

transitions of the fullerenes in the NEXAFS spectra as shown in Fig. 111.6.2.
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Fig. 111.6.2. Comparison of NEXAFS data of samples fabricated by evaporation (dashed line)
and sol-gel method (solid line), respectively: the spectra show the typical Cgy absorption
features on the surface TEY and also in the bulk TFY.

111.6.3.3. FTIR measurements

Fourier transform infrared spectroscopy (FTIR) measurements were performed by
Thermo scientific FTIR 6700. The absorbance spectra were collected in the range of 400-
4400 cm™. Each measurement was an average of 64 scans with a resolution of 4 cm™.

The chemical composition of organo-silica matrix of the sample was investigated with

FTIR spectroscopy. Particular bands are recognized from the Si—-CHs; group: 780 cm™,
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897cm™, 1273 cm™ [9]. The bands at 431 cm™ and corresponding at 2978 cm™ are assigned to
C—H bond [167]. The band appearing at 699 cm™ is recognized as coming from Si—C bond.
Characteristic bands are assigned to Si-O-Si structure: 487 cm™, 1039 cm™, 1134 cm™. The
band at 1595 cm™ is recognized as characteristic for double bond C=C from the phenyl ring.
The flat, broad band around 3400 cm™ is attributed to a group of signals coming from
stretching vibration of phenyl ring’s C—H bonds, to the Si—-OH groups and H,O molecules
presence [168].
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Fig. 111.6.3. FTIR spectra of organo-silica matrix.

111.6.3.4. Thickness measurements

To perform thickness measurements of the film a part of the investigated material was
removed by a scalpel in order to reveal SiO, substrate. AFM scan was started in the place
where AFM tip scanned both the substrate and the material which thickness was to be
measured.

The fast scanning direction was perpendicular to the line dividing the two materials
giving rise to a clear step height difference in every measurement line. As a basis for the
reliable height measurements the surface height histogram analysis was chosen (Fig. 111.6.4)
[169]. Clear two peaks in the surface height histograms can be noticed. Both peaks were fitted
with Gauss functions and the peaks centre position were acquired from the fits. The step
height equals the difference between the peaks centre positions. For the measured sample
height of the deposited material was estimated to 144 nm. Height investigations require
precise AFM levelling as a small misalignment between measuring axis and sample axis

increases error in height measurements [170].
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Fig. 111.6.4. Surface height histogram of the region with both the substrate and the investigated
material. Raw histogram data (black squares) were fitted by a Gauss functions (dark grey).

The marked difference between peaks indicates the height of the deposited material.

111.6.3.5. CV measurements

CV measurements were performed on a MIS stack as described in experimental
section. Fig. 111.6.5 depicts results recorded at a frequency of 100 kHz at three different
contacts positions of this sample. The CV curves show two aspects about the need of a strong
quality improvement of the layer. The firs aspect is that the dispersion of the area capacitance
indicates either a thickness and/or a porosity distribution inhomogeneity. The open porosity of
this layer is estimated using ellipsometric porosimetry approximately 18 %. The pore size
distribution is classified as mesoporous (mean pore size in the range of 2 nm-50 nm) [10].
Large hysteresis in the CV measurements indicates the presence of movable charges inside
the layer. That phenomenon can be due to the Si—OH groups and H,O molecules [118] in film
pores (FTIR bands in the range of 3600-3200 cm™). This leads to a certain capacitance
instability when the material is used in interconnects. In this stage of investigations we have
not yet performed annealing steps which might lead to the avoidance of moveable charges
inside the layers and, therefore, to an improved performance of the stack.

Besides the CV analysis the k-values were determined from the accumulation
capacitance measurements. At two of the contacts we calculate a relative dielectric constant in
the range of 2.3 to 2.5, on the other one it is about 20 % lower. Here the SiO, thickness of 100
nm and the thickness of 144 nm of the low-k layer as measured by AFM step measurements

(see above) are taken into account. This result demonstrates that our fullerene based material
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may exhibit desired values for ULK application, however the layer quality should be

improved by modified preparation methods.
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Fig. 111.6.5. CV measurement on a MIS stack consisting of Cgy derived compound. The
measurements were taken at a frequency of 100 kHz at different contacts of the sample. The

measurement direction is illustrated by the arrows.

111.6.4. Conclusions

Fullerene based low-k material has been obtained by means of the sol-gel method.
Spectroscopic investigations confirmed, that the produced SiO, network is functionalized by
the methyl and phenyl groups. For that reason the contributions to the carbon species existing
within the film comes not only from the fullerenes but mainly from the phenyl rings and
methyl groups. XPS analysis showed, that the overall amount of the carbon-like species
within the sample is relatively high and the ratio of carbon, oxygen and silicon atoms within
obtained film equals 2.7:1.9:1 respectively. One may presume that the low dielectric constant
is due to the high concentration of the organic groups (methyl and phenyl) and porosity of the
material. In order to reduce further the dielectric constant the concentration of the fullerene
molecules should be significantly increased. Nevertheless the homogeneity of the layer needs
further improvement. An outlook is to produce fullerene-based material while omitting the
sol-gel procedure. In order to obtain better distribution of the fullerene molecules within the
sample and its higher concentration as well the nitrogen containing siloxane precursor will be

applied.

75



I11.7. Investigations of the chemical and electrical properties of fullerene and 3-
aminopropyltrimethoxysilane based low-k materials

111.7.1. Introduction

The improvement of the microelectronic device performance has been achieved
mainly by the continuous miniaturization of the feature size what allows higher packing
density [10]. However, while scaling the microelectronic devices dimensions the overall
resistance-capacitance (RC) delay increases and becomes the limiting factor of the electrical
and functional performance. The challenge connected with the RC delay reduction has been
mitigated by the replacement of the AIl/SiO, on-chip interconnect stack by Cu and low
dielectric constant (low-k) materials. Introduction of the low-k materials and Cu interconnects
allows more over to reduce the power consumption and cross-talk of the microelectronic
devices [10,11,171].

Since fullerenes exhibit a number of unique properties that are valuable in many fields
of science, they attract a great scientists’ attention and big efforts have been made in order to
obtain fullerene containing nanocomposite materials [54,172]. The presence of the fullerenes
within the low-k material can improve its mechanical properties [60], and according to
theoretical calculations it can also significantly decrease the value of its dielectric constant
[61].

In this chapter the first step leading to the preparation of APTMS based ultra-low-k
material including fullerene cages is described. The main purpose of the first investigations
was to characterize the chemical stability of the material after exposure to the air and estimate
the influence of fullerenes replacement by its better soluble derivatives [6,6]-phenyl-Ce;-
butyric acid methyl ester (PCBM) on the dielectric constant of the films. Hence, | have
prepared fullerene based material consisting of 3-aminopropyltrimethoxysilane (APTMS) and
Cso molecules by spin coating. Afterwards another similar sample has been produced while
using PCBM instead of Cg in order to minimize the amount of the clusters within the low-k

film.

APTMS has been used as a basic material for the samples preparation. The fullerene

functionalization with this agent has already been reported in the literature [14,15]. The

>J. Klocek, K. Henkel, K. Kolanek, K. Broczkowska, D. SchmeiRer, M. Miller, E. Zschech, Studies of the
chemical and electrical properties of fullerene and 3-aminopropyltrimethoxysilane based low-k materials, Thin
Solid Films 520 (2012) 2498-2504
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reason for using APTMS in this experiment is not only its high affinity to the fullerene
molecules but also fact that this agent functionalizes effectively the silicon surface since
APTMS exhibits properties of forming self-assembled monolayer [119,134,173-176].
APTMS gives an opportunity to introduce aminopropyl groups into the framework of the
final material. Functionalization of the mesoporous silica structure with organic groups

originating from organosiloxanes opens a new horizons for many fields of science [177].

Silicon has been chosen as a substrate for this experiment because of its wide
applications in the field of microelectronics devices. For that reason, there is an obvious need
to understand the interactions between silicon single-crystalline substrates and the deposited
thin film material [12]. The knowledge of the electronic structure of the semiconductor-
organic interface is a fundamental factor that influences device performance improvement
[178].

The chapter is organized as follow: Based on the XPS the stability of the hybrid
material films composed of the fullerene species incorporated into the APTMS based siloxane
matrix spin-coated on the silicon substrate is discussed. Subsequently, the studies of the
similar material produced after the Cgo replacement by PCBM are described. In the next
section, we present and discuss an example of the prepared films’ thickness measurement by
means of atomic force microscopy (AFM). The final part describes samples’ electrical
characterization by capacitance-voltage (CV) method and obtained results. Finally, a

summary of the relevant conclusions is given.

111.7.2. Experimental

111.7.2.1. Materials and substrates
In this work Cg (99,5 %), PCBM (99,5 %) and APTMS (97 %) obtained from Sigma-
Aldrich have been used. A substrate for the samples preparation was Si (100).

111.7.2.2. Samples preparation

Fig. H1.7.1 illustrates schemes of all described in this chapter samples. The Cg and PCBM

concentrations within the films were calculated in weight percent.
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1% PCBM in APTMS the reference
spin-coated low-k material

Si Si

C D

Fig. 111.7.1. The schemes of the investigated samples: A) 2.4 % Cg solution in APTMS spin-
coated on the Si surface (referred in the text as sample A), B) 1 % Cgo solution in APTMS
spin-coated on the Si surface (sample B), C) 1 % PCBM solution in APTMS spin-coated on
the Si surface (sample C), D) low-k film obtained by the sol-gel method used as a reference

sample (sample D, see also chapter I11. 6).

After 10 minutes of the ultrasonification in isopropanol and then in distilled water, the
Si substrates were dried in nitrogen stream. The hydroxylation of the wafers was achieved by
the immersion in piranha solution (a mixture of 7 : 3 (v/v) 98 % H,SO,4 and 30 % H,0,) at
120°C for 1.5 h. The substrates were then rinsed with distilled water and isopropanol several
times and dried in nitrogen stream.

The materials including Cg and PCBM were produced by stirring with APTMS in
glove box under argon atmosphere for 24 h. Films were deposited onto the substrates by spin-
coating technique at a speed of 6000 rpm for 15 seconds inside glove-box. The Cg containing
sample designed for the stability measurements were prepared in the similar way but in
ambient conditions.

The reference film (sample D) was obtained by sol-gel method (see chapter I1l. 6). A
basic sol solution was prepared by mixing phenyl triethoxysilane : methyl trimethoxysilane :
ethanol : hydrochloric acid in molar ratio 1.00 : 1.22 : 7.77 : 1.03 x 10 respectively. The
detailed preparation procedure of this sample is reported in [179].

Additionally, samples B and C were used for CV measurements. Therefore, MIS
structures were prepared by evaporation of silver contacts on top of the samples using a
shadow mask. The diameters of the contact areas ranged between 400 um and 700 um. Two

stacks corresponding to sample B were prepared for electrical measurements.
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111.7.3. Results and discussion

111.7.3.1. XPS measurements

XPS is a common tool applicable to the determination of the materials chemical

composition. The peak positions in the XPS spectra in respect to the binding energy provide

information concerning the chemical state of the particular atoms within the measured films

[180]. The analysis of the peak intensities is used in order to perform quantitative

determination of the components in the material [27].

111.7.3.1.1 Investigations on the stability of sample A

In this part the influence of ambient conditions onto the material composed of APTMS

and Cgp is reported. Sample A was investigated twice: after 24 h of drying in the air (further

referred as sample A, Fig. 111.7.2(a-d)) and then after 10 days of the storage in the ambient

conditions (sample A°, Fig. 111.7.2(e-h)). The results of the detailed spectra analysis are

summarized in Table 111.7.1.
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Fig. 111.7.2. XPS spectra of the sample A. Top row (a-d) represents the sample A measured 24

h after the preparation (sample A), bottom row (e-g) depicts the same sample measured 10

days after the preparation (sample 4°).
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Table 111.7.1. Peak deconvolution of the XPS spectra of sample A: obtained after 24 h (sample

A) and ten days after the preparation (sample 4°) respectively.

Region Peak Position [eV] Percentage of the Assignment
Number main peak area
[%0]
Sample | Sample | Sample | Sample | Sample | Sample | Sample A | Sample 4’
A A A A A A
oxidized C NHCOO"
| | 2882 | 289.2 12 2.8 species
[119]
[63,121]
CN
Cls c-0[63],
I I 286.8 | 2874 | 87 159 1 spiao1), [63]
C-N[181]
C-N [63]
carbon carbon
I 1 2851 | 2853 | (93 | 813 ) ;
sp°[24] sp°[24]
-NH,* -NH,*
| | 4019 | 4019 | 94 218 1 12,119 | [12,119]
N 1s
-NH -NH
I I 400 | 4002 | 906 | 782 2 ?
[6,121] [6,121]
-C-0[127],
| I 533 | 5334 | 941 | 958 _ L1271 -C-0[71]
-Si-0 [128]
18 N-C=0 N-C=0
’ i £31 531.5 5.9 4.2 = =
[127] [127]
0-Si-O/Si- | 0-Si-O/Si-
Si 2p | | 1035 | 1035 | 100 100
OH[128] | OH[128]

The C 1s overall signal deconvolution shows that the main peak corresponding to the
sp® hybridized carbon species (signal 111 in Fig. 111.7.2a and 2e) appears at around 285.1 and
285.3 eV for sample A and A, respectively. For the pure APTMS the main feature exists at
around 286 eV and corresponds to the propyl chain of the molecule [119]. Therefore one may
presume that the carbon species of the fullerenes shifted the main carbon feature of the XPS
spectrum. In the C 1s spectrum of sample A (Fig. I11.7.2a) one observe two smaller features at
around 286.8 (peak Il) and 288.2 eV (peak I) that correspond to the C-N and C-O species,
respectively. The C 1s middle feature (signal I1) of the sample 4~ (Fig. 111.7.2e) is quite broad
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because it consists of two carbon states: C-N and C-O. In the C 1s spectrum of the sample 4’
we observe also an additional characteristic peak at around 289.2 eV (signal I) which is
assigned to the carbamate group (NHCOO") that is formed due to the reaction between —NH,
group and CO, from the ambient. This process is confirmed by the significant increase of the
corresponding feature of the -NH>* group in the N 1s spectrum recorded for the sample 4’
(Fig. 11.7.2f, signal 1) in comparison to sample A (Fig. 111.7.2b, signal 1). This observation
suggests that the APTMS and Cgo based films could be affected by CO; presence in ambient.
Details regarding the interactions of the APTMS based surface with the CO, from the air are
described by reactions 111.5.1 and 111.5.2 [119].

Since XPS spectroscopy enables a quantitative determination of the elements
contained in the measured sample [27] after the spectra evaluation the quantitative analysis of
the investigated films was performed. The spectra normalization was achieved by dividing the
observed relative peak areas by atomic and instrument sensitivity factors equal to 0.711,
0.296, 0.477, and 0.339 for O, C, N, and Si, respectively [25]. As a result of the analysis the
following composition in atomic percent has been obtained: C=52.3 %, N=9.7 %, 0=29.1 %,
Si=8.9 % (Cs9N11033Si) for the sample A and C=51 %, N=9.5 %, 0=29.8 %, Si=9.7 %
(C53NO31Si) for the sample 4°. The stoichiometry of an unhydrolyzed APTMS monomer
(excluding H atoms) corresponds to CgNO3Si, in comparison, the “ideal”
poly[(aminopropyl)siloxane] polymer has a stoichiometry of C3NO;5Si [119]. The decrease
of the overall C amount within the film A and 4" in comparison to the unhydrolized monomer
suggests that the APTMS monomers have partially undergone the condensation reactions
during the spin-coating and drying and some —CHg; species were removed from the material.
After ten days of the sample storage we observed further progress of the condensation
process. This could be a hint that in order to obtain films with more stable chemical
composition the samples ought to be annealed straight after the preparation. However, taking
into account that the atomic ratio of the Si and N within the described film remains close to 1
we can draw conclusions that the aminopropyl species were not removed from the siloxane

matrix.

111.7.3.1.2. Investigations of the samples B and C

The main aim of this part of the experiment was to estimate how the replacement of
Cso by PCBM influences the chemical composition of the final material. For this purpose
samples B [Fig. 111.7.3(a-d)] and C [Fig. I11.7.3(e-h)] have been investigated after 24 hours of
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the exposure to air. The results of the detailed spectra analysis are summarized in Table

11.7.2.
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Fig. 111.7.3. XPS spectra of the samples B and C. Top row (a-d) represents the sample B,
bottom row (e-g) depicts the sample C. The inset in (e) shows the magnified region I.

First of all, while analysing the C 1s XPS spectrum of sample C (Fig. 111.7.3e) one
may notice the characteristic fullerene feature attributed to the m-* electron transition (signal
I) [63,183]. In contrast, the C 1s spectrum of the sample B (Fig. 111.7.3a) reveals no
characteristic Cgo shake-up features, what is the proof of very low Cgy concentration within
that film. The C 1s spectrum of the sample C contains also, contrary to that of the sample B,
one small feature around 284.8 eV (signal V in Fig. 111.7.3a) which corresponds to the C-C
species within the Cgo cage [63]. The main feature of the sample B (signal 1V in Fig. 111.7.3¢)
appears around 285.4 eV. As described in section 3.1.1, the main APTMS feature coming
from the propyl group is normally placed at around 286 eV [121], what is fulfilled for the
sample C where the main C 1s peak is at around 286.1 eV (see Fig. I11.7.3¢, peak 1V). This
allows supposing that the carbon main signal of the sample B placed around 285.4 eV is
shifted to the lower binding energy direction due to the Cgo contribution which was too low to

distinguish a particular fullerene feature in deconvolution process.
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Table 111.7.2. Peak deconvolution of the XPS spectra of samples B and C.

Region Peak Position [eV] Percentage of the main Assignment
Number peak area [%0]
Sample B | Sample C | Sample B | Sample C | Sample B Sample C Sample B Sample C
1 C1s shake
------------- 1 2915 B up satellite
[12]
18 Oxidized C-
-NHCOO®
1 1 288.8 290.1 5.2 species
[119]
C=0[63]
C-N
Cls 1 1 286.9 287.5 201 4005 C-N [63] 5
sp°[121]
Carbon -(CHy)s-
v v 285.4 286.1 33 529 (CHa)s
sp[70] [119]
___________ C-C species
\% V2R [E— 284.8 38 P
from PCBM
___________ Si-C
AV IR — pL:% 1 R — S el I
[73][182]
N 1s -NH;* -NH;*
| | 402 400.9 96 234 ? )
[119,12] [119,12]
Il 1l 400.2 399.9 904 76.6 -NH_[6,121] | -NH,[6,121]
-C-0[127],
| I 533.2 533.7 89.5 o7 O
-Si-0[128]
O1s N
| e 5314 | T e e S —
C=0[127]
0-Si-O/Si- | 0O-Si-O/Si-
Si2p | | 1035 1035 100 100
OH[128] OH[128]

The quantitative analysis of the film B reveals following surface composition in
atomic percent: C=51.5 %, N=9.3 %, 0=29.2 %, Si=10 % (Cs9N11033Si). The atomic ratio
obtained for the sample B is in good agreement with those obtained for the sample A.
Although the concentration of the fullerenes used for the film preparation equalled 2.4 % and
1 % for the sample A and B, respectively, the quantitative XPS analysis revealed that after 24
h of the exposure to air the atomic ratios for both films were almost identical. This proves that
the Cgo-APTMS solutions used for the samples A and B preparation were already saturated
and it is not possible to increase the fullerene amount within these types of films. Following
our earlier expertise (described in chapter 111.6 sample D analysis), while increasing the
fullerene concentration the dielectric constant of the material ought decrease due to the higher
overall amount of pores and carbon species within the film. Sample D used in this

experiment as a reference contained high amount of carbon species and was porous what
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allowed to achieve its very low dielectric constant (from 2.3 to 2.5), although the Cgo amount
within the film was quite low (0.3 %). For that reason | decided to further increase the amount
of the fullerene species within the film by replacing Cgo by its better soluble derivative:
PCBM (sample C). XPS quantitative analysis revealed that after 24 h of exposure to the air
film’s C composition in atomic percent was following: C=69.4 %, N=5.2 %, 0=20.4 % and
Si=5 % (Cy139NO,4Si). Taking into account that in the preparation of samples B and C the
identical Cgo and PCBM concentration (1 %) was used one may conclude, that the purpose of
increasing the amount of the Cgo species within the film succeeded. For the sample C the
overall amount of the carbon species equalled 69.4 %. Sample C contained also higher
amount of the O species in comparison to the sample B since PCBM molecule is also a source
of this element.

111.7.3.2. Thickness measurements

We used AFM to determine thickness (d) of the deposited materials in order to
calculate dielectric constant from CV measurements (Eq. 111.7.3). As all investigated
materials were soft, to perform thickness measurements of the deposited films a part of the
investigated material was carefully removed by a scalpel in order to expose the Si/SiO;
substrate. We started the scan in the place where AFM tip sensed both the substrate and the
material which thickness was to be measured. A typical example of the thickness
measurement for the sample C is presented in Fig. 111.7.4(a). By setting the fast scanning
direction perpendicular to the vertical line dividing the two regions a clear step height
difference in every measurement line was recorded [Fig. I11.7.4(b)]. AFM thickness
investigations require precise surface leveling as a small misalignment between measuring
axis and sample axis increases the error in height measurements [184]. After correct surface
leveling the two regions are fitted by a least square line in which the slope is constrained to
zero. From the fit we rejected the edges of the image and the step as both are prone to AFM
artifacts [170,185]. After this procedure the difference between individual intercepts of the
lines equal to 65 nm is the thickness of the investigated material. The usage of this procedure
for step height measurements is however time consuming, as every line should be analyzed

independently. A good alternative for the reliable height measurements is the surface height
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Fig. 111.7.4. NC-AFM thickness measurements of the sample C at randomly chosen position.
(a) Surface topography of the two regions: Si/SiO, substrate (dark color), and 1 % PCBM in
APTMS spin-coated surface (light color). (b) Typical profile of the step with linear fits to the
two regions. (c) Surface height histogram from the whole image with two Gaussian fits.

histogram analysis [Fig. [11.7.4(c)] [186]. A height histogram has the advantage of a
simultaneous analysis of all the pixels of the image what in turn is manifested as an averaging
effect in which the influence of AFM distortions are not pronounced. For a stepped surface
two well pronounced peaks in the surface height histogram are observed. Each peak was fitted
using Levenberg—Marquardt least-square algorithm, with a Gauss function and the peaks
center positions were acquired from the fits. The step height equals the difference between the
peaks centre positions [187,188]. From the analysis of the Fig. 111.7.4(c) we found the height
of the deposited material to be equal to 65 nm. In general, the thickness of our films varied
between 53 nm and 74 nm. For all samples we measured the thickness at least at 3 different
positions distributed over the surface near the evaporated contacts prepared for CV
investigations. This allowed us to apply statistics and within each sample we estimate a height
percentage deviation to be of the order of + 10 %, which is in good agreement with

capacitance fluctuation of 9 %. This is an indication that spreading of capacitance in
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accumulation is mainly caused by material thickness deviation. The thickness measured by
AFM is the major source of error for the determination of the dielectric constant which error
we assume to be in the range of + 12 %

As the width of the Gaussian peaks is equal to the surface height standard deviations,
we may individually determine the RMS roughness of both materials [157,187]. We obtained
surface height standard deviations in the order of 3.3 nm and 1.4 nm for the substrate and 1 %
PCBM in APTMS material, respectively.

111.7.3.3. CV measurements

The CV measurements of samples B and C at three different contact areas at each
sample are shown in Fig. 111.7.5 (a) and (b). The area capacitance in accumulation shows a
relative constant value for the three contacts on both samples. Compared to former
investigations on sol-gel films with Cgo components (chapter 111.6) where a spreading of the
area capacitance of approximately 25 % was found we observe in these films prepared by spin
coating a spreading of only 9 %. This indicates that the film homogeneity of the spin coated

films seems to be better than that of the sol-gel film.
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Fig. 111.7.5. CV measurements recorded at 1 MHz on the samples B and C. Figure part ()
depicts the measurements on sample B at three different contacts with various diameters as
given in the legend, while the same is shown in figure part (b) for sample C. In part (c) the
hysteresis during the measurement on both samples is pictured. The arrows are used in order

to illustrate the measurement direction.

However, we still observe a huge hysteresis inside the CV loop as shown in Fig.I11.7.5
(c). This is much more pronounced in the PCBM film (sample C). At this stage of
investigations we have not yet performed annealing steps which might lead to the avoidance
of moveable charges inside the layers corresponding to the hysteresis in the CV loops.

86



Furthermore, a minuscule amount of impurities like absorbed water in the film may ruin the
effort of low-k integration [118] caused by the high polarity of water and consequently its
high dielectric constant in the range of 80 (at room temperature and 0.1 MPa) [189] pointing

out the necessity of post deposition annealing routine.

Nevertheless, the improved homogeneity of the spin coated films allows a plot of the
normalized capacitance taken in accumulation (Cacc) Versus the contact area (A) as depicted in
Fig 111.7.6. In order to determine the k-value of the films the plate capacitor approximation

was applied. Writing

Cacci = kA, (111.7.3)

€o

where d is the film thickness, and & is vacuum permittivity, it can be easily seen that the
dielectric constant k of the film can be directly determined by the slope of a linear fit to the
data. Here the thickness determined near each related contact used for the CV measurements
on the samples was applied in Equ. (111.7.3). The lower slope of the fit to the data of sample C
containing 1 % of PCBM shows that this sample exhibits a smaller k-value equal to 3.4, in
contrast to sample B where we obtained k = 4.1. Here we have to mention that on the Si
substrate a residual SiO, layer was still existent after the cleaning procedure as revealed in the
XPS investigations (not shown). Assuming a SiO, thickness of 1 nm to 2 nm the resulting
influence on the permittivity value of our layers is in the range of 1.6 % to 3.2 %. Therefore,

the SiO; layer was neglected in the calculations.
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Fig. 111.7.6. Normalized accumulation capacitance versus contact area of samples B and C and

linear fits performed according to Equ. (111.7.3).
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Concerning these results we can conclude that the usage of a film containing the better soluble
fullerene derivative PCBM is leading to lower k-values compared to films produced by

solutions of pure Cgo.

111.7.4. Conclusions

APTMS based low-k material including fullerene cages were synthesized and
investigated. With XPS spectroscopy, an analysis of the time-related chemical processes
within the prepared films exposed to the ambient conditions was performed. It was confirmed
that the fullerene containing APTMS monomer spin-coated on the substrate partially
undergoes the condensation reaction loosing —-OCH3 and —CHj3 species and forming Si-O-Si
network. However, quantitative XPS analysis of the described samples reveals that the ratio of
the N and Si atoms within the films remains close to 1. This result proves that the
aminopropyl groups are not removed from the siloxane matrix. The 1 % Cg APTMS solution
is already saturated, and films prepared by spin-coating contain about 51 % of the carbon
species. This value may be increased up to about 69 % by the replacement of the Cgo with
PCBM molecules. Electrical measurements showed that the increase of the overall carbon
species amount within the film reduces the dielectric constant of the prepared material. Large
hysteresis of the CV curve obtained for the PCBM containing sample suggests the presence of
the movable charges within the film that may be by-products of the chemical reactions
between the components. Adsorption of the small amount of water and other impurities that
could influence the hysteresis formation cannot be excluded. Summarizing, a significant
homogeneity improvement of the films was obtained due to the spin-coating preparation, in
comparison to films prepared previously by the sol-gel method (described in details in chapter
I11.6). At the same time, the fullerene species concentration was significantly increased. The
prepared thin film material has a low dielectric constant. Further improvement (water
elimination, replacing fullerenes by its derivatives, additional dopants application) will be

needed to obtain high quality ultra-low-k films.
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I111.8. Influence of the fullerene derivatives and cage polyhedral oligomeric
silsesgiuoxanes on 3-aminopropyltrimethoxysilane based hybrid nanocomposites
chemical, morphological and electrical properties®

111.8.1. Introduction

Hybrid nanocomposites are new functional compositions which, depending on the
manufacture route, may possess truly extraordinary properties. In general, they are a
dispersion of nanoparticulates into a macroscopic matrix while their structures include both
organic and inorganic groups. The nanoscale reinforcement results in new phenomena which
contribute to material properties [190]. Different types of the nanocomponents improve plenty
of the material attributes like optical, dielectric, electrical, mechanical etc. Since they can be
considered as a promising and attractive technological platform for electronic, optical,
magnetic, and biomedical applications, hybrid nonocomposites are of great interest of the

nanotechnology [57].

In the present chapter | used 3-aminopropyltrimethoxysilane (APTMS) as a
macroscopic matrix since, as it was proved in the previous chapter, it may be successfully

used for thin low-k film preparation in a spin-coating process.

Since fullerene molecules are very resistant both from physical and chemical point of
view, their incorporation into the matrix of the chosen material can significantly improve the
properties of the final material. However, there are some reasons such as ability to form
clusters and low fullerenes solubility that forces the replacement of Cgo by its better soluble
derivatives [107,191]. Thus, thin APTMS films were modified with the [6,6]-phenyl-Ce;-
butyric acid methyl ester (PCBM) molecules, regarding the experience described in chapter
I1.7.

In order to improve the properties of the final films for possible low-k application in
this work the nanocomposite materials were produced using not only PCBM nanodopants but
also incompletely condensed frameworks possessing a hybrid inorganic-organic, three-
dimensional structure cage polyhedral oligomeric silsesgiuoxanes (POSS). The very

®J. Klocek, K. Kolanek, K. Henkel, E. Zschech, D. Schmeisser, Influence of the fullerene derivatives and cage
polyhedral oligomeric silsesqiuoxanes on 3-aminopropyltrimethoxysilane based hybrid nanocomposites
chemical, morphological and electrical properties, (submitted).
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interesting feature of POSS is their hybrid architecture composed of the inner inorganic
framework (SiO15)x, covered externally by organic substituents what makes them compatible
with polymers [192]. Organic groups, that can be specially designed to be either nonreactive
or reactive [192], allow to control the dielectric constant of the material and its many other
properties ranging from the thermal stability, hydrophobicity, refractive index, oxidation
resistance, surface hardening to the optical clarity [57,193]. Moreover, organic substituents
may provide the opportunity to serve as spacer between Si-O; 5 linkages introducing a well-
modulated porosity within the material [57]. This is a strongly desired feature in the case of

ultra-low dielectric constant materials [61].

Since POSS incorporation into the polymeric material can lead to many substantial
varieties and improvements in final compositions, investigations regarding this topic has
attracted much research interest in the past few years [193-195]. The common approaches for
hybrid POSS consisting material manufacturing are blending or covalently bonding POSS to a
polymer matrix, which usually results in phase separated composites [196]. The present
chapter describes the first step leading to low-k material reinforced with POSS and PCBM.
Thus, the incorporation process was performed without using any external initiator in order to
estimate the compatibility of applied components and the influence of the POSS molecules on
the permittivity of the final composition. This chapter focuses on the chemical interactions
between the material components, on the particles and matrix morphology (particle size and
arrangement), and on the permittivity of the final compositions investigated by X-ray
photoelectron spectroscopy (XPS), atomic force microscopy (AFM), and capacitance-voltage
(CV) methods, respectively.

111.8.2. Experimental

111.8.2.1. Materials and substrates

In this work used PCBM (99.5 %), APTMS (97 %) and Tris(dimethylvinylsilyloxy)-
POSS (further referred as POSS in the text), obtained from Sigma-Aldrich have been used. As
a substrate for the samples preparation Si (100) has been chosen because of its fundamental
application in the field of microelectronic devices [12] and in order to build an appropriate for
the CV measurements MIS structure. The phosphorous doped n-type Si wafers with a

resistivity of 1-5 Qcm were purchased from Crystec (Berlin, Germany).
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111.8.2.2. Sample preparation
Fig. 111.8.1 presents the schemes of the investigated samples. The concentrations were
calculated in weight percent.

APTMS 0.2% PCBM in APTMS 1.7% PCBM in APTMS

spin-coated spin-coated spin-coated

Si Si Si

A B C

15% POSS in APTMS 1% POSS in APTMS 50/";(;’; ;‘?Bxpﬁms
spin-coated spin-coated D799 1N
spin-coated
Si Si Si
D E F

Fig. 111.8.1. The schemes of the investigated samples: A APTMS spin-coated on the Si surface
(referred in the text as sample A), B 0.2 % PCBM solution in APTMS spin-coated on the Si
surface (sample B), C 1.7 % PCBM solution in APTMS spin-coated on the Si surface (sample
C), D 1.5 % POSS solution in APTMS spin-coated on the Si surface (sample D), E 1 % POSS
solution in APTMS spin-coated on the Si surface (sample E), F APTMS solution containing
0.5 % PCBM and 0.5 % POSS spin-coated on the Si surface (sample F).

After the ultrasonification in isopropanol for 10 minutes and then in distilled water, the
Si substrates were dried in nitrogen stream. The surface of the wafers were hydroxylated by
the immersion in piranha solution (a mixture of 7 : 3 (v/v) 98 % H,SO,4 and 30 % H,0,) at
120 °C for 1.5 h. The substrates were then rinsed with distilled water and isopropanol several
times and were dried afterwards in nitrogen stream.

For the sample A preparation pure APTMS has been used. The materials of samples B,
C and E were produced from a dispersion of PCBM and POSS particles, respectively, in the
APTMS monomer. Sample D was obtained in a similar way like sample E, but the solution
has been further diluted in APTMS after one week of its storage under argon atmosphere. The
material of sample F was obtained by mixing solutions of 1 % POSS in APTMS and 1 %
PCBM in APTMS in a proper ratio. The samples were produced in the form of thin films by
spin-coating at a speed of 6000 rpm for 15 seconds in glove box conditions.

Additionally, the samples A, B, E and F were used for CV investigations. In order to
prepare MIS structures, silver contacts were evaporated on top of the layer stacks shown in
Fig. 111.8.1 using a shadow mask with diameters in the range of 400 um to 800 um. In the CV
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results a sample of 1 % PCBM in APTMS (sample C described in chapter 111.7) is added for
comparison, indexed in the following as sample G.

111.8.3. Results and discussion
111.8.3.1. XPS investigations on the dopant influence on the chemical properties of
APTMS films

The main motivation of this experimental part is the investigation on the strength of
the chemical interactions between APTMS, PCBM and POSS, depending on the doping

concentration.

111.8.3.1.1. PCBM nanodopants within the APTMS films

Here the influence of the PCBM nanodopants on the chemical properties of the
APTMS films will be discussed. The preparation of the samples composed of APTMS and
PCBM of different concentration proved that those nanodopants can be the crucial factor for
obtaining high quality spin coated films. This was already evident after the macroscopic
observation of the samples A, B and C. In the case of the sample C the concentration of the
PCBM was too high (1.7 %) to obtain a homogenous film of uniform thickness. Furthermore,
in this case the PCBM agglomerated into structures which were too large to investigate the
surface by AFM. On the other hand the APTMS solution containing 0.2 % of the PCBM
turned out to be excellent for the spin-coating process. Although the conditions of the coating
process were the same for each sample, only in the case of the sample B the film could not be
seen visually and the evidence of its existing could be proven only by XPS and AFM
investigations.

Here are report the investigations of the samples A (Fig. 111.8.2a-d), B (Fig. 111.8.2e-h),
and C (Fig. 111.8.2i-1), which were measured 24 h after the deposition and storage in ambient
conditions. The detailed peak analysis is given in Table 111.8.1. Corrections for the energy
shift were accomplished assuming a binding energy of 103.5 eV for the Si 2p peak of the Si**
species [119].
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Fig. 111.8.2. XPS spectra of the samples A, B and C. Top row (a-d) represents the sample A,
middle row (e-h) depicts sample B, bottom row (i-I) sample C, respectively. The following
core level spectra are drawn in the same order for every sample: C 1s, N 1s, O 1s, Si 2p. The

inset in plot (i) shows the magnified signals la and Ib.

First the C 1s core level spectra of the samples A, B, and C is discussed. Since the XPS
spectra consist of a mixture of a few chemical states of the investigated element, extracting
every particular chemical state in the decomposition process is a quite challenging task,
especially when the measured XPS spectra exhibit a low resolution. For example, the signals
corresponding to the NHCOO™ species of APTMS and the shake-up satellites from PCBM
overlap each other in the C 1s region of the XPS spectra (Peaks la and Ib in Fig. 111.8.2a, 2h,
and 2i). A similar situation occurs in the case of the peaks coming from the C—O and C—N
species (Peaks Il in Fig. 111.8.2a, 2e, and 2i). However, while analyzing shape and central
position of such hybrid peaks one may draw valuable conclusions concerning the contribution

of the particular species within the investigated surfaces.
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Table 111.8.1. Peak decomposition of the XPS spectra of samples A, B and C.

Region Peak Position [eV] Assignment
number A B C A B C
NHCOO [119] NHCOO [119]
A | T -290.2 | -2904 | @ - &n-n* shake- &m-n* shake-
a
up[120] up[120]
NHCOO ™ [119]
-289.7 | - -289.4 | NHCOO [119] |  ------mm- &n-m* shake-
C1ls Ib
up[120]
I C-N sp® C-N sp® C-N sp°
-287 -287.2 -287
[121]&C-0O[63] | [121]&C-O[63] | [121]&C-O[63]
Il
-286.1 | -286 | -285.9 | —(CH,)s[119] | — (CH,)s—[119] | - (CH,)s [119]
I
-402.3 | -401.6 | -402.5 ~NH*119] NHCOO [119] ~NH*T119]
N 1s T
-400.4 | -400.2 | -400.4 —NH,[119] —NH,[119] —NH,[119]
[ —C-0[127], —C-O[127], - —C-0[127],
-533.1 | -533.3 | -533.2 ] ) .
o1 -Si-0[128] Si-0[128] -Si-0[128]
s
I —-N-C=0[127]& | -N-C=0[127] | -N-C=0[127]&
-531.4 -531.4 -532
C=0[126] & C=0[126] C=0[126]
I O-Si-0/Si— O-Si-0/Si- O-Si-0/Si-
-103.5 | -103.5 | -1035
OH[128] OH[128] OH[128]
Si2p T
------- -995 | -99.4 Si’[197] Si’[197]

While analyzing the C 1s core level spectra of sample C one can notice weak but at the
same time characteristic PCBM satellite features in the range between -291 eV and -289 eV
(signal la at -290.4 eV and Ib at -289.4 eV in Fig. 111.8.2i). According to the literature, the
positions of the Cgo shake-up features are normally observed at -291.2 eV and -289 eV [120].
The center positions of those peaks are a bit shifted in the C 1s data of sample C. As it was
mentioned above, this is due to the presence of the carbamate species formed as a result of the
amine group interactions with ambient CO, molecules [119]. Nevertheless, the presence of
those characteristic fullerene cage shake-up features proves that a relative large number of z-
bonds of the PCBM molecules remained intact. Therefore one may suppose that the particular

PCBM molecules were not damaged by the interactions with the APTMS. For a very low
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PCBM concentration in the APTMS (sample B) it is very difficult to distinguish the particular
shake-up features in the C 1s XPS spectrum what may be explained by the low PCBM
concentration within the film (0.2 %) combined with the interactions of some of the n-bonds
of the fullerene cage with the amine group of the APTMS. In comparison, the C 1s XPS
spectrum of the pure APTMS (sample A, Fig. 111.8.2a) exhibits only one contribution in this

range, coming from the carbamate carbon signal at around -289.7 eV.

The main contributions to the features 11 within the C 1s data of the discussed samples
come from the C-N and C-O species. As mentioned above these contributions are
overlapping each other. Thus, those features centered at around -287 eV are quite broad
(FWHM equals 2.18, 2.16 and 2.00 for the samples A, B, C respectively).

The highest features obtained in the C 1s XPS spectra decomposition (signals I11) are
corresponding to the carbon atoms from the propyl groups of the APTMS molecules [119],
[198]. The peaks are centered at -286.1 eV, -286 eV and -285.9 eV for the samples A, B, C
respectively. However, also those signals contain the contribution of different carbon states.
For the samples B and C the slight shift (0.1 eV and 0.2 eV) of the main peaks to lower
binding energies is attributed to the contribution of the C-C of the PCBM molecules.

Next the N 1s XPS spectra of the samples A, B and C, which were decomposed into
two features (signals I and Il in Fig. 111.8.2b, 2f, and 2j) are discussed. The higher energy
signals (peak I) of the samples A and C are attributed to the positively charged nitrogen atom
[119], while the main contribution to the feature | of sample B is attributed to the carbamate
nitrogen originating from the NHCOO™ group [119]. Both species formed as a result of
APTMS interactions with the ambient CO, regarding the reactions I111.5.1 and 111.5.2 [119].

The low energy features of all samples presented in this part are attributed to the free
amine groups of the APTMS molecules [119]. The number of the amine groups that
underwent chemical interaction with the PCBM molecules was apparently very low.
Therefore, in the N 1s spectra we cannot observe significant features corresponding to the

secondary amine that would form as a result of the reaction with the fullerene cage.

In the O 1s core level spectra two features have been obtained (Fig. 111.8.2c, 2g, and
2k). While comparing the signals Il one can easily notice, that this feature is the most
pronounced in the case of the sample C. This fact is attributed to the contribution of the C=0
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species from the PCBM molecules as its content was the highest within film C. The signals of

the higher binding energies are attributed to the C—O and Si—O species.

While analyzing the XPS spectra of the samples B and C in the Si 2p region one
observe substrate related peaks that correspond to the Si° species (peak Il in Fig. 111.8.2h and
2l). For the sample B this fact can be explained by the very low thickness of the film (around
5 nm). In sample C the relatively high concentration of the PCBM molecules resulted in the
formation of large agglomerates, as revealed by AFM investigations, and therefore the final
film was not homogeneously distributed over the substrate. This discontinuity of the material
was probably the main reason for the existence of Si° signal in the Si 2p core level spectrum

of sample C.

Microscopic studies revealed high homogeneities of the films A and B (chapter IlI.
8.3.2.). Additionally, the thickness of the sample B did not exceed the sampling depth of the
XPS system, what is proven by the presence of the substrate related Si® feature in the Si 2p
core level signal. Therefore, one may suppose that the obtained spectra include the
information concerning the chemical composition of the film and the surface of the substrate
as well. The XPS quantity analysis [27] of these surfaces has been performed, excluding the
substrate information in order to draw conclusions concerning the chemical compositions of
the films A and B. The spectra normalization was achieved by dividing the observed relative
peak areas by the atomic and instrument sensitivity factors equal to 0.711, 0.296, 0.477, and
0.339 for O, C, N, and Si, respectively [25]. Table 2 lists the atomic ratios of the elements
within the analyzed surfaces. The signal coming from the Si° feature has not been taken into

account.

Table 111.8.2. Atomic ratio within the surfaces A and B.

Sample C N o) Si**
A 4.1 1.1 2.8 1
B 6 1 2.9 1
Unhydrolyzed APTMS 6 1 3 1
monomer
poly[(aminopropyl)siloxane] 3 1 1.5 1
polymer[119]
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Data summarized in the Table 111.8.2 indicate, that the APTMS monomers undergo the
hydrolysis and condensation reactions during the spin-coating and drying process when
exposed to ambient moisture, losing —OCH3; and —CHj3 species. The chemical composition of
the film B is very similar to that of the unhydrolyzed APTMS monomer, however also in this
situation the condensation reaction took place since the material hardened in ambient
conditions. The increase of the overall amount of carbon and oxygen species within the

sample B in comparison to the sample A is a result of the PCBM molecules contribution.

111.8.3.1.2. POSS dopants within the APTMS films
In this chapter the influence of the POSS dopants on the chemical properties of the
APTMS films is discussed. Samples D (Fig. 111.8.3a-d), E (Fig. 111.8.3e-h) and F (Fig.111.8.3i-

I) have been measured. The sample D was investigated after its storage in ambient conditions
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Fig. 111.8.3. XPS spectra of the samples D, E and F. Top row (a-d) represents the sample D,
middle row (e-h) depicts sample E, bottom row (i-1) sample F respectively. The following
core level spectra are drawn in the same order for every sample: C 1s, N 1s, O 1s, Si 2p. The

insets in plot (i) and (e) show the magnified signals I.
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for one week, while samples B and C were measured 24 h after the film deposition and

storage in ambient conditions. The detailed peak analysis is given in Table 111.8.3.

Table 111.8.3. Peak decomposition of the XPS spectra of samples D, E, and F.

Region Peak Position [eV] Assignment
number D E F D E F
NHCOO
Y [ 2893 | -289.3 |  —eeeeee- NHCOO [119]
[119]
C—N sp3
C-N sp3 [121]
I -287.6 | -287.3 | -286.6 [121] C-N[63]&C-0[199]
C1s &C-0[63]
&C-0[63]
1T —(CHy) — (CHy)s[119
286.1 | -285.9 | -285.6 | — (CH,)s[119] (CH)s (CHz)s{119]
[119] &C=C[12]
v | - -283.7 | -283.7 | - C-Si[124] C-Si[124]
[ -402 | -402.2 | -402.6 —NH¥119] —NH¥119] —NH*[119]
N 1s I -400.4 | -400.5 | -400.6 —NH,[119] —NH,[119] —NH,[119]
m | —- 3987 | -398.9 |  ---eeee- C-NH-C[127] C-NH-C[127]
[ 5333 | -533.8 | -533.8 —C-0[127] —C-0[127] —C-0[127]
O1s C=0& C- C=0& C-
I -531.7 | -531.8 | -531.8 C=0& C-NOOQ[127]
NOO[127] NOO[127]
[ O-Si-O/Si— O-Si-O/Si— -
-1035 | -103.5 | -103.5 O-Si-0/Si-OH[128]
Si2p OH[128] OH[128]
Il -99.5 - - Si’[197]

Again the peak decomposition of the C 1s core level spectra (Fig. 111.8.3a, 3e, and 3i)

is discussed. Due to the large structures formed as a result of the POSS condensation and

aggregation on the surface of sample D it was quite difficult to notice a C 1s XPS (Fig.

111.8.3a) signal corresponding to the carbamate species of the APTMS. However, the C 1s

spectra have been decomposed into two Gaussian peaks. The higher energy feature (II)

consists of the C-N and C-O species and the lower energy signal (I1I) corresponds to the

carbon atoms building the POSS functional groups (mainly cyclopentyl) and to the propyl
groups of the APTMS.

The C 1s spectra of the samples E and F have been split into four peaks centered at

different binding energies (Fig. 111.8.3e, 3i). Contrary to the sample D, for these two samples
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one can easily observe signals corresponding to the carbamate groups at around -298.3 eV
(peaks I). The sample F contains only 0.5 % of PCBM molecules. Hence, similarly to sample
B (compare to Fig. 111.8.2e), it is difficult to define well pronounced fullerene-cage shake-up
satellites in the decomposition process. However, the peak Il of the C 1s core level of sample
F is significantly higher in comparison to sample E indicating the presence of oxidized carbon
species of the PCBM molecules within the film F. An observable shift of the signals Il
towards lower binding energy in the data of the samples E and F in comparison to the surface
of the pure APTMS is probably caused by the presence of carbon originating from the
fullerene cages of PCBM species. The features IV found in the C 1s spectra of these samples

are assigned to the C-Si species of the POSS molecules.

Next the N 1s core level peak decomposition of the samples D, E, and F is described.
The peaks I and II in the N 1s signals of these samples are assigned to the —-NH*" and —NH,
groups respectively. Furthermore, very interesting is an appearance of a weak feature in the N
1s signals of the samples E and F that are attributed to the C-NH-C species (signal 111, [127]).
One should to point out that this feature exists in both samples E and F, where sample E
contains no PCBM molecules. Therefore, one may explain its appearance by interactions
between the POSS and APTMS molecules presumably via a nucleophilic attack of the amine
groups of APTMS to the vinylic methylene group of POSS [200,201]. This proposed reaction
is illustrated in Fig. 111.8.4. Since the environment of this reaction was free of external catalyst
only some of the vinyl double bonds have been affected by this process, what is proven by the
small areas of the signals 11l corresponding to the C-NH-C species. The N 1s signal of the

sample D was too noisy to state doubtless the existence of this weak feature.

The O 1s XPS spectra of the samples D, E, F (Fig. 111.8.3c, 3g, and 3k) have been
decomposed into two features corresponding to the —C—O groups [23] (peaks I) as well as to
C=0 and C-NOO [23] species (signals Il). One can easily observe, that the contribution of
the peak Il to the O 1s signal of sample D is significantly higher than to the signals of the
samples E and F. This is attributed to the longer storage of sample D in the ambient and thus

to higher exposition to CO..

The Si 2p core level spectrum of the sample D contains contrary to samples E and F,
where only Si** contributions are observed, a high and pronounced feature originating from
the Si° species of the substrate. This might be a proof of the film D inhomogeneity. Therefore

this sample was not used in the electrical investigations described below.
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Fig. 111.8.4. Scheme of the proposed reaction between APTMS and POSS molecules
involving a nucleophilic attack of the primary amine group to a vinylic methylene group.

Grey spheres indicate the POSS molecules.
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111.8.3.2. AFM investigations

The purpose of using AFM in our investigations was twofold. First, we applied AFM
in order to study the surface morphology of the samples A, B, D, E, and F. Sample C was not
investigated due to large PCBM aggregates with the mean height of the order of some
micrometers. Second, the AFM was used to determine the thickness (d) of the deposited
materials in order to calculate the dielectric constant from CV measurements (Eq. 111.7.3). The
thickness of the films was determined by averaging the height values obtained from the
surface height histogram analysis performed on different positions on the samples as we
described in [202]. The thicknesses of the samples are given in Tab. Ill. 8. 4.

For morphology investigation at least three images in different positions on the
samples were acquired and fluctuations of the root mean square (RMS) surface roughness
(Sq) of less than = 6 % were observed. Due to the fact that the APTMS based matrix was used
in all investigated films, we used sample A as the reference for the surface morphology (Fig.
[11.8.5a). The calculated Sq equal to 0.20 nm is comparable with the result reported in [147]
and is similar to the roughness of a Si(001) surface covered with native oxide [148,149]. The
surface roughness is very homogenous what is also confirmed by observing the profile
roughness Rq which is close to Sq for most of the analyzed line profiles. An example of a
typical APTMS profile with Rg equal to 0.21 nm is shown below the 3D image topography in
Fig. 111.8.5a. In general, the addition of dopants to the APTMS matrix radically altered the
surface morphology, e.g. 0.2 % PCBM increases the surface roughness to 0.63 nm (Fig.
111.8.5b, sample B). Small aggregates exhibiting a height of about 3 nm are present on the
surface. A typical profile with two aggregates within a length of 1um reveals a Rq value of

0.80 nm as shown in the lower part of Fig. 111.8.5b.

In order to obtain information about spatial properties of the surface we calculated the
height-height correlation function (HHCF) which is one of the most commonly used members
of the correlation functions [203]. For a surface height profile h(x, t) the HHCF is defined as
H(r,t) = ([h(x + 1, t) — h(x,t)]?), where the notation (---) symbolizes the averaging over
the whole profile, h indicates the surface height with respect to the substrate at a position x at
the time t, r is the lateral separation length between the two surface heights. For an isotropic
surface the HHCF is not dependent on the specific orientation and a new variable r = |r| can
be introduced to finally express the correlation function as H(r, t) [203]. Fig. 111.8.6 shows a
typical example of the HHCF calculated from a profile that was randomly selected on both

samples A and B. The shapes of the HHCF curves reveal typical behavior for self-affine
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fractal surfaces [203]. From the analysis of the HHCF plots two spatial parameters may be
calculated: the correlation length (&), and the wavelength (1). The lateral correlation length is
defined as the length beyond which the surface heights are not considerably correlated. Hence,
for a surface dominated by islands the lateral correlation length indicates the lateral size of the
islands. Additionally, in the region beyond the lateral correlation length (r > &) the HHCF
function for surfaces with islands is oscillatory. The period of the oscillations is characterized
by the wavelength corresponding to the average distance between the islands. The two spatial

parameters ¢ and A together with Sq deliver precise information about the surface texture.

Height [nm]

0.0 0.2 0.4 0.6 0.8 1.0
Position [um]

o—_20=_2NWw

Height [nm]

.0 0.2 0.4 0.6 0.8 1.0
Position [um]

Fig. 111.8.5. NC-AFM surface topography of: (a) sample A, color scale 2 nm, (b)
sample B, color scale 8 nm. Each image size is 1 um x 1 um. Below the 3D AFM images a
typical profile acquired at positions indicated by the arrows are shown. The values of the
RMS surface roughness Sq and of the RMS profile roughness Rq are also displayed.
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We calculated the HHCF at ten different positions on the samples in order to apply
statistics. We estimate the correlation length and wavelength deviations in the order of + 7 %
and + 8 %, respectively. The correlation length equals 15 nm and 19 nm for the samples A
(&4) and B (&p), respectively. The wavelength equals 35 nm and 44 nm for the sample A (1)
and B (/g), respectively (refer to Fig. 111.8.6). From these results it is obvious that a small
amount of PCBM in a thin APTMS matrix increases not only the surface roughness but also
the correlation length and the surface wavelength. We conclude that the AFM method is a
valuable supplement to the XPS technique for which the unambiguous verification of PCBM

within the sample B was difficult.
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Fig. 111.8.6. HHCF calculated for sample A and B. The correlation length ¢ and the

wavelength 4 acquisition positions are marked with arrows.

In the next step of the experiment we investigated the influence of the concentration of
the POSS cages in the APTMS matrix on the surface morphology (Fig. 111.8.7). In all the
samples (D, E, F) the surface topography reveal the existence of structures stimulated by the
POSS addition to the APTMS. The process of the inter-molecular POSS-POSS interactions
within a continuous medium is explained either by a physical aggregation via a phase
separation, or by a chemical POSS-POSS condensation reaction [194]. Since in our
preparation routine neither external catalyst nor solvent has been added we presume that the
phenomenon responsible for the formation of the observed clusters is dominated by the
physical aggregation. In the absence of a stabilizer the overloading of the POSS molecules
within the compositions favor the heterogeneous phase separation and the formation of
micron-sized inclusions [204]. However, basing on the XPS results, a contribution of the

chemical reactions to the POSS domains formation process is also feasible. Fig. 111.8.8
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illustrates one of the possible condensation reactions between the POSS functionalized

APTMS molecules after the hydrolysis reaction due to the ambient humidity.

For 1.5 % POSS concentration in APTMS (sample D, Fig. 111.8.7a) the surface is
covered by aggregates forming circular fractured patterns with typical diameters ranging from
1 um to 3 um. The average height of the aggregates is 10 nm. For lower POSS concentration
of 1 % (sample E, Fig. 111.8.7b) the POSS structures tend to form chained and filled patterns
with typical dimensions of one structure of 1 um and 20 nm for the diameter and the height,
respectively. Within the films containing 0.5 % POSS and 0.5 % PCBM (sample F, Fig.

[11.8.7¢) structures similar to that obtained for sample E with a decrease of the height to 10 nm

are observed.
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Fig. 111.8.7. NC-AFM surface topography and height profile of: (a) sample D, color scale 20
nm, (b) sample E, color scale 35 nm, (c) sample F, color scale 20 nm. Each image size is 10
um x 10 um. Horizontal white lines indicate the position where the height profiles were
taken.

In Fig. 111.8.9. we show 50 um x 50 um AFM surface scans of the samples E and F.
To quantitatively describe the obtained results we used fractal geometry as this approach is
extremely flexible in describing the variety of irregular objects and has been successfully
applied for studies of polymer molecules, Earth’s continents coastlines and galaxies in the
Universe [205]. The shapes of the bright structures which appear on the surface are similar to
that described by fractal diffusion-limited aggregates [206] and cluster-cluster aggregation

models [207]. We processed the AFM images (Fig. 111.8.9a and 9b) by a threshold function in
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order to expose only the aggregates (Fig. 111.8.9¢ and 9d). It is evident that the sample E (Fig.
111.8.9a and 9c) reveals a more compact network of aggregates in comparison to sample F
(Fig. 111.8.9b and 9d) what is explained by the difference in the POSS concentration between
the two samples. To quantitatively compare these two samples we calculated the fractal

dimension, which is an equivalent of the aggregate complexity, by using the box-counting
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Fig. 111.8.8. Scheme of the possible condensation reaction between POSS functionalized

APTMS molecules in the presence of ambient humidity. The upper species are formed
according to the reaction presented in Fig. 111.8.4, where the —OH groups are a product of the

—OCHg3; groups hydrolysis due to the ambient humidity.

method [208]. The obtained fractal dimension equals 1.11 and 1.29 for sample E and F,
respectively, confirming that a higher POSS concentration within the APTMS matrix
promotes the appearance of more complex aggregates on the surface. Additionally, on both

samples also pits with mean depth of 15 nm are found.
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Fig. 111.8.9. NC-AFM surface topography of: (a) sample E, and (b) sample F. The color scale
is the same for the topography images and equals 60 nm. The corresponding processed images
show only aggregates of POSS species of: (¢) sample E, and (d) sample F. Each image size is

50 um x 50 pm.

111.8.3.3. CV measurements

Next the CV measurements performed on the samples A, B, E and F are reported. As
described above the samples C and D were excluded for these measurements. Also for sample
B we do not present the CV results because this layer was very thin. AFM height analysis
[202] as well as XPS analysis of the signal attenuation of the substrate [209] delivered a
thickness in the range of 5 nm. Due to the small thickness of this layer we observed high
leakage currents which ruled out the permittivity calculation via the accumulation

capacitance.
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CV measurements of the chosen samples were carried out at least at three different
contacts distributed over the sample surface, i.e. different contact areas were used. In Fig.
111.8.10 the CV characteristics of pure (sample A) as well as of POSS (E) and PCBM/POSS
(F) incorporated APTMS films are shown. In order to compare these data easily, the
measured capacitance values (Cyys) were “normalized” to the thickness (d) of the low-k layer
and the vacuum permittivity (&) into the form Cys*d/g. The plotted CV curves in Fig.
[11.8.10 were recorded at the same contact, i.e. the contact area in all three shown
measurements was the same within a deviation of 6.5 %. This deviation was taken into
account in Fig. 111.8.10 by an area correction factor reflecting the contact area deviation of
every sample compared to sample A. In that way the reader can easily compare now the
accumulation capacitance of these three samples as an equivalent value of their permittivity
(refer to Eq. 111.7.3). We observe that the APTMS exhibits the highest permittivity which is
lowered by the incorporation of POSS and in particular of combined PCBM and POSS. This
will be further analyzed below.

In Fig. 111.8.10 we further realize distinct hysteresis in all three samples. In chapter IX
we have already reported about hysteresis in Cgo and PCBM incorporated APTMS films. In
the results of the present work we observe that the hysteresis is already strongly existent and
most prominent in the pure APTMS (sample A) films. The direction of the hysteresis suggests
the injections of charge carriers from the metal into trap centers of APTMS [134]. In the
literature nitrogen related defects [134] and oxygen vacancies [134] are for example discussed
as probable trap centers in APTMS based films. In our XPS C 1s and N 1s core level spectra
we found carbamate (NHCOO") and NH3" species, respectively, due to the interaction with
ambient CO,. These species might act as charge trapping centers. As in sample A the intensity
of the NHs" related signal in the N 1s spectra is much stronger compared to the signal
attributed to the carbamate in the C 1s signal, we argue that the mechanism of a filling and
defilling of NHs" proposed by Chauhan et al. [134] is most probable in our APTMS sample.
Furthermore, we have to note that we have not yet performed annealing steps during the
preparation of our layers. Therefore also moveable charges might correspond to the hysteresis
within the CV loops. Si—OH groups or water adsorbed at the Si surface might be responsible
for that [118,210]. Our APTMS layer was not fully hydrolyzed as reported in the XPS result
section, therefore —OH groups and water might still be present at the Si surface limiting the

silane group reaction on the substrate surface [210].
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In the POSS and PCBM/POSS incorporated films we found lower hysteresis, in
particular in the PCBM/POSS sample. Comparing the NH3" contributions in the N 1s core
level signals of these layers with that one of the pure APTMS we observe reduced signals for
the samples E and F. The contribution of the NH3" species to the signals I in the N 1s core
level equals 13 %, 12 % and 11.4 % for the samples A, E, F respectively. This fact supports
the idea of the filling/defilling of the NH3" traps discussed above. In addition we observe a
difference of the middle position of the CV curves (i.e. zero flat band voltage without mobile
charges or filled/defilled traps) in respect to the voltage axis in particular between the samples
A, E and the sample F. Assuming a vacuum work function of silver of 4.1-4.3 eV
[38,211,212], using an electron affinity in Si of 4.05 eV [38], and calculating a mean
difference between the conduction band minimum and the Fermi level of Si related to the
doping level of the Si wafer [38] in the range of 0.25 eV, a work function difference between
the silver metal and the Si substrate in the range of approximately -0.2 eV to 0 eV can be
proposed. In Fig. 111.8.10 we notice that the flat band voltage of sample F is within that range,
whereas those of the samples A and E are positively shifted along the voltage axis. Besides
possible interactions between the metal or the substrate with the low-k layer this might be due
to negative fixed charges within the low-k layer. Indeed, we realize higher contributions of the
NHCOO species in the N1s core levels of the samples A and E in comparison to sample F.

Now we return to the determination of the relative dielectric constant (k) of these
films. Therefore we took the normalized capacitance values like depicted in Fig. 111.8.10
(without the described area correction factor) in the accumulation regime (Cs,cc) and plotted
these values in Fig. 111.8.11 versus the contact area (A). Converting the plate capacitor
equation into Eq. 111.7.3 it can easily be seen, that corresponding to Eq. 111.7.3 the slope of a
linear fit to the data delivers the k-value of the films. In Fig. 111.8.11 the data of the sample of
1 % PCBM in APTMS (sample G) reported in chapter I11.7. are also shown for comparison.
The details of the samples and the fit results are listed in Table 111.8.4. Please note that
possible SiO, formations or residual SiO, at the Si surface has not been taken into account
during the permittivity determination as the investigated films are relatively thick and
therefore the influence of a probable additional interfacial capacitance can be neglected
(chapter 111.7.). Within this comparison we observe that by mixing PCBM into APTMS
(sample G) the permittivity of the film can be reduced. By adding a co-mixture of PCBM and
POSS into APTMS (sample F) this value can be further decreased, whereas the POSS
incorporation into APTMS (sample E) itself shows no distinct improvement compared to pure

APTMS. The determined dielectric constant of APTMS is relatively high compared to other
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literature values of APTMS based films [178,213]. However, we have to state again that we
have not yet performed any heat treatment. As discussed above due to the not complete
hydrolysis reaction and to the interactions with ambient CO, residual groups like —-OH, NH3",
and also water may remain at the surface or within the layer [134,210]. The high
polarizabilities of these species may strongly affect the overall polarizability and hence will
increase the permittivity of the layer [118,134,214]. Nevertheless our CV investigations
indicate that the overall permittivity of the APTMS layer can be reduced by co-adding PCBM
and POSS dopants into the polymer leading to hybrid nanocomposites with improved

properties.
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Fig. 111.8.10. CV characteristics of samples A (open squares), E (filled circles) and F (filled
triangles). The capacitance values are depicted in a normalized way as described in the text.

The measurement direction is indicated by the indexed arrows.
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Fig. 111.8.11. Normalized accumulation capacitance versus the contact area of samples A
(open squares), E (filled circles) and F (filled triangles). For comparison a sample consisting
of 1 % PCBM in APTMS (filled stars, sample G) taken from [202] is shown too. The
normalization is performed regarding Equ. Ill. 7.3, which was also used in order to apply
linear fits to the data (sample A: thin solid line, E: dashed line, F: thick solid line, G: dotted
line). The results of the fits are listed in Table 111.8.4.

Table 111.8.4. Initial compositions and thicknesses of the electrically investigated samples and

relative dielectric constant deduced by fits according to Eq. I11. 7. 3.

Sample |APTMS |PCBM | POSS | Thickness | g,
[%] | [%] | [%0] [nm]

A 100 0 0 138 4.1

E 99 0 1 219 4.0

F 99 0.5 0.5 185 3.0

G 99 1 0 57 35

111.8.4. Conclusions

The main goals of the described in this chapter experiment were the investigation of
the interactions between PCBM, POSS and APTMS within the produced hybrid low-k
material and the estimation of the influence of the PCBM and POSS molecules on its

properties. In order to realize this purpose the investigations by means of spectroscopic,
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microscopic and CV techniques have been performed. The combined application of these
methods opens the opportunity of gathering complementary information concerning chemical
and electrical properties of the analyzed material and its surface morphology as well.

The XPS spectra of the analyzed samples indicate that the POSS molecules more
likely undergo a chemical reaction with the APTMS than with the PCBM. Those interactions
proceed presumably via a nucleophilic attack of the amine groups of APTMS to the -C=C-
groups of POSS. The characteristic shake-up features of the fullerene cages that are present in
the C 1s core level XPS spectra of the PCBM containing samples suggest, that a relatively
large amount of —C=C- species building those molecules remained intact. However, for the
layer of very low PCBM concentration (0.2 %, sample B) an unambiguous verification of
PCBM is difficult. In this situation the AFM method is a valuable supplement to the XPS
technique since even a small amount of PCBM in a thin APTMS matrix increases not only the
surface roughness but also the correlation length and surface wavelength, as revealed by our
investigations. The XPS investigations reveal furthermore a significant influence of the
ambient humidity onto the chemical properties of the produced films. Due to the adsorbed
H,O molecules a series of chemical reactions within the deposited films take place, including
hydrolysis, condensation and nucleophilic attack as well. The influence of the ambient CO,
resulting, among others, in the formation of carbamate species, is also significant. The
substrate Si° features in the XPS spectra of the samples C and D are due to a large
agglomerate formation within the layers as revealed by the AFM investigations (not shown
for the sample C). Those cluster formation resulted in the discontinuity of material
distribution on the substrate prohibiting a detailed CV characterization. The film of the
sample B is homogenous and continuous, thus the existence of the Si° feature in the Si 2p core
level is related to the relatively low thickness of the deposited material (around 5 nm).
Summarizing the XPS data of all samples (A-F) one may draw the conclusion that the

information obtained by the spectroscopic and microscopic studies are complementary.

AFM investigations revealed, that the amount of the POSS monomers within the
produced layers was overloaded resulting in a fractal-shaped cluster formation due to the
aggregation process. In order to obtain well dispersed films the application of a significantly
lower POSS concentration in the presence of a stabilizer is needed. In particular this
improvement in the composition properties can often be found even at a relatively low filler
content [190].
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CV measurements pointed out that the dielectric constant of the pure APTMS films
obtained in our experimental conditions equals 4.1 and is not significantly influenced by
doping it with the pure POSS molecules, while at the same time the application of a mixture
of PCBM and POSS cages as nanodopants decreases this value to 3.0. The previous
experiment (chapter 1X) showed that the application of pure PCBM molecules decreases the
APTMS dielectric constant to 3.5. One should note, that the obtained values might be
overestimated due to the presence of the species possessing a high polarizability, as confirmed
by the XPS analysis (-OH, NH;", NHCOO", and H,0). The hysteresis in the CV
measurements was attributed to the NH** species within the films also confirmed by XPS

results.

In order to realize organo-funcionalized siloxane networks with incorporated fullerene
cages and POSS molecules an external catalyst would be required for the completion of the
addition, hydrolysis and condensation reactions within the composite. However, at the present
stage of investigations this work demonstrates that by the co-adding of PCBM and POSS
dopants into the APTMS matrix, hybrid nanocomposites with improved properties compared

to the pure matrix can be achieved.

I11.9. Spectroscopic and capacitance-voltage characterization of thin aminopropyl-
methoxysilane films doped with copper phthalocyanine, tris(dimethylvinylsilyloxy)-

POSS and fullerene cages’

111.9.1. Introduction

Phthalocyanines are conjugated molecules of outstanding optical and electrical
properties with high thermal and chemical stability. The wide range of possible applications
of this large family of compounds includes electrochemical devices, solar cells, gas sensors,
optical switches, data-storage media and many others [62]. Metallophthalocyanianes are
considered for various technological applications like organic transistors, chemical sensors,
and organic electroluminescent devices [58]. Thin organic films composed of MtPc such as

copper phthalocyanine (CuPc) attracted a great scientific attention in order to design potential

J. Klocek, K. Henkel, K. Kolanek, E. Zschech, D. SchmeiRer, Spectroscopic and capacitance-voltage
characterization of thin aminopropylmethoxysilane films doped with copper phthalocyanine,
tris(dimethylvinylsilyloxy)-POSS and fullerene cages, Applied Surface Science, 258 (2012) 4213-4221
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molecular devices [55]. The literature reports also about the application of CuPc oligomers as
high dielectric constant fillers in a polymer matrix [58,59]. According to Zhang et al. the
observed dielectric constant of CuPc oligomers has been as high as 10° [58]. However, the
work using the theory of the local dielectric permittivity performed by Shi and Ramprasada
[59] indicates, that CuPc monomers do not intrinsically have a high dielectric constant, as
values of arround 15 and 3.4 along and perpendicular, respectively, to the CuPs plane were
found. These authors attributed the high value of the CuPc systems to some other extrinsic
factors [59]. In our experiment CuPc has been applied as a filler into low-k
aminopropylsiloxane based thin films. As revealed by our CV investigations the presence of
the CuPc filler within the APTMS based thin films decreases the value of the effective
dielectric constant of the resulting matrix.

As an additional filler to some of the low-k composites described in this chapter [6,6]-
phenyl-Cg;-butyric acid methyl ester (PCBM) has been applied. PCBM has been used as a
source of fullerene cages that are known for its unique physicochemical properties [60]. In
this chapter PCBM has been incorporated into a siloxane matrix in order to decrease the
dielectric constant of the resulting material by increasing the porosity within the films [61].
Since the non-functionalized Cgq fullerene exhibits a low solubility and the tendency to form
agglomerates in solvents [107,191], the utilization of PCBM as its better soluble derivative
allows to obtain a better dispersion of the fullerene species within the films.

In order to further decrease the dielectric constant by introducing porosity on the one
hand [57,61] and to increase the oxidation resistance on the other hand some films have been
additionally reinforced with incompletely condensed frameworks possessing a hybrid
inorganic-organic, three-dimensional structure cage polyhedral oligomeric silsesquioxanes
(POSS). The incorporation of this kind of molecules into the polymeric material allows to
control the dielectric constant. Furthermore, this can lead to many substantial varieties and
improvements in final compositions ranging from the thermal stability, hydrophobicity,
refractive index, oxidation resistance, surface hardening to the optical clarity, what attracted a
great research interest in the past few years [57,193-195].

The chapter is organized as follows: Based on the results of X-Ray photoelectron
spectroscopy (XPS) the chemical composition and the resistance against ambient influences
of the hybrid material films composed of the CuPc, POSS and PCBM species incorporated in
various concentrations into the APTMS based siloxane matrix is discussed. The next section
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describes the electrical characterization of the samples by the capacitance-voltage (CV)

method. Finally, a summary of the relevant conclusions is given.

111.9.2. Experimental details

111.9.2.1. Materials and substrates

In this work PCBM (99.5 %), APTMS (97 %) and tris(dimethylvinylsilyloxy)-POSS
(further referred as POSS in the text), obtained from Sigma-Aldrich have been used. CuPc (95
%) has been delivered from Alfa Aesar. Phosphorous doped n-type silicon (100) wafers
having a resistivity of 1-5 Qcm delivered from Crystec (Berlin, Germany) were chosen as

substrates for our samples.

111.9.2.2. Sample preparation

The schemes of the investigated samples are illustrated in Fig. 111.9.1 (samples A, B, C
with higher dopant concentrations) and Fig. 111.9.5 (samples D, E, F with lower dopant
concentration). The dopant concentrations within the films were calculated in weight percent.

After 10 minutes of ultrasonification in isopropanol and then in distilled water, the Si
substrates were dried in nitrogen stream. The wafer surfaces were hydroxylated by the
immersion in piranha solution (a mixture of 7 : 3 (v/v) 98 % H,SO4 and 30 % H,0,) at 120°C
for 1.5 h. The substrates were then rinsed with distilled water and isopropanol several times
and were dried afterwards in nitrogen stream.

The hybrid materials were produced from a dispersion of PCBM, CuPc and POSS
particles in the APTMS monomer. The thin films were produced by spin-coating at a speed of
6000 rpm for 15 seconds in glove box conditions under argon atmosphere.

Additionally, CV investigations were performed on the samples A, B, D, and F as
these samples had very uniform thickness distributions. On top of these samples shown in Fig.
[11.9.1 and 4 silver contacts with diameters between 400 um and 800 um were evaporated
through a shadow mask in order to finalize the MIS structure of the samples. Results achieved
previously on a pure APTMS sample (chapter 111.8.) are appended for comparison in the CV
analysis section of this chapter.
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111.9.3. Results and discussion

111.9.3.1. XPS investigations on the samples with higher CuPc concentration (>=0.4 %)

In Fig.111.9.1 the schemes of the samples described in this part are presented. The sample
C has been additionally reinforced with POSS molecules. Corrections for the energy shift
were accomplished assuming a binding energy of 103.5 eV for the Si 2p peak of the Si**
species [119]. Fig. 111.9.2 represents the XPS results obtained for the samples A, B and C. The
detailed peak analysis is listed in Table 111.9.1.

0.7% CuPc &

1.3% CuPc in APTMS 0.5% PCBM in APTMS

Si Si
A B

0.4% CuPc &
0.3% PCBM & 0.3% POSS
in APTMS

Si

C

Fig. 111.9.1. The schemes of the investigated samples containing higher dopant concentration
prepared by spin coating onto the Si substrate: A 1.3 % CuPc solution in APTMS (referred in
the text as sample A), B 0.7 % CuPc and 0.5 % PCBM solution in APTMS (sample B), C
0.4 % CuPc, 0.3 % PCBM and 0.3 % POSS solution in APTMS (sample C).

The C 1s XPS spectra of the samples B and C contain the characteristic n-n* shake-up
peaks which confirm the presence of fullerene cages on the surface (peaks I’). These features
are absent in the data of the sample A where the APTMS matrix were doped only with the
CuPc molecules. Nevertheless, the presence of the —C=C- species coming from both CuPc
and PCBM molecules may also be confirmed during the observation of the shift of the main C
1s signals (peaks IIl). In general, these features represent simultaneously existing sp?
(graphite like) and sp*® (diamond like) carbon contributions. Since APTMS is the basic
component of the analyzed films one may presume, that the main C 1s signal of the XPS

spectra is dominated by propyl groups of this substance which signal contribution arises at a
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center position around 286 eV [119,123]. Thus, a shift of the center position of this feature
towards lower binding energy is an evidence of the increase of the sp® contribution to the C 1s
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Fig. 111.9.2. XPS spectra of the samples A (top row), B (middle) and C (bottom row). The
following core level spectra are drawn in the same order for every sample: C 1s, N 1s, O 1s,

Si 2p. The insets within the C1s spectra show the magnified signals I".

core-level spectra. The main feature in the C 1s spectra of pure fullerene and CuPc films
appears around 284.6 eV; 284.7 eV [63,65] suggesting a large contribution of the sp? species
within the films composed of these substances. The center positions of the main feature within
the C 1s data of the samples A and B are very similar (285.6 eV and 285.5 eV respectively).
These binding energies are lower than those corresponding to the C 1s main feature obtained
for the pure APTMS films [119,123]. It suggests, that the content of dopants including sp?
carbon species (CuPc, PCBM) was high enough to shift the center position of the main feature
towards lower binding energy. In contrast, the center position of the main C 1s feature of the
sample C is in a good agreement with the literature data concerning pure APTMS (286.1 eV).
Nevertheless, the fitting procedure delivered an additional feature at around 284 eV (peak 1V)
within the C 1s spectrum of this sample. This signal is assigned to a hybrid feature originating

to Si-C species of the POSS molecules and sp? carbon contributions from CuPc and PCBM.
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Table 111.9.1. Peak decomposition of the XPS spectra of the samples A, B, and C.

Region Peak Position Assignment
number A B C A B C
n-n* shake-up n-n* shake-
I -292.0 | -291.0 [138] up[120]
NHCOO [119]&
n-n* shake- NHCOO"
I -289.2 | -288.9 | -289.6 NHCOO [119]
up[120]& —-O- [119]
C1ls C=0[67]
C—N sp®
C-N[63]& C- C-N[63]& C-
I -286.4 | -286.4 | -287.4 [121]&C-
0O[199] 0O[199]
0o[63]
—CH,-[119] —CH,-[119]
i -285.6 | -285.5 | -286.1 —CH,—[119]
&C=CJ[12] &C=CJ[12]
v -284 C-Si[124]
N . NH;[119]&
| -402.5 | -402.8 | -401.9 NH; [119] NH;[119]
N 1s NHCOOT119]
T -400.5 | -400.6 | -400.1 —NH,[119] —NH,[119] —NH,[119]
C-0-C,C-0-O C-0-C,C-0-O0 | C-0-C,C-O-
I -533.7 | -533.8 | -533.0
,C-OH[67] ,C-OH[67] O',C-OHI67]
O 1s -C=0[126]& -
I -531.9 | -532.2 | -531.2 | C=0, 0-C=0[67] | C=0, 0-C=0[67] | N-C=0[127]
O-Si-O/Si- O-Si-O/Si- O-Si-0/Si-
Si2p I -103.5 | -103.5 | -103.5
OH[128] OH[128] OH[128]

While comparing the C 1s core level spectra of the discussed samples one notice, that
the feature 1l is the smallest in the data of sample C where POSS molecules have been
incorporated into the film. Taking into account that a significant contribution to these signals
has been attributed to the carbon oxidized states one may suppose that the surface of the film
doped with POSS molecules (sample C) was the most resistant against oxidation in ambient
conditions.

The conclusion regarding the higher resistant of the POSS containing sample against

the interactions with ambient components can be confirmed while analyzing decomposed
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XPS spectra in the N 1s core level. The area of the feature | corresponding to the NHs"
species is the smallest for sample C. This protonated amino group is a product of the reactions
[11.5.1 and I1l. 5. 1 between APTMS and ambient CO, [119]. Thus one may presume, that
the smallest area of the corresponding N 1s feature I in sample C may be a hint that this
surface was the least affected by the ambient.

Quantitative peak analysis [27] was carried out in order to determine the surface
element concentrations. The spectra normalization was achieved by dividing the observed
relative peak areas by the atomic and instrument sensitivity factors equal to 0.711, 0.296,
0.477, and 0.339 for O, C, N, and Si, respectively [25]. The resulting surface atomic

concentrations of the films A, B and C are given in the Table 111.9.2.

Table 111.9.2. Atomic concentrations of the samples A, B, and C.

sample % C % N % O % Si
A 45.8 13.1 29.5 11.6
B 45.5 14.5 28.5 115
C 56.2 8.9 24.2 10.7

The stoichiometry of an unhydrolyzed APTMS monomer (excluding hydrogen atoms)
corresponds to CgNSiOs, whereas the “ideal” poly[(aminopropyl)siloxane] polymer has a
composition of C3NSiO; 5 [119]. Thus, the content of carbon and the oxygen within the pure
APTMS film depends on the degree of the monomer condensation that takes place due to the
humidity in ambient conditions. Fig. 111.9.3 describes the possible hydrolysis (a) and
condensation (b) reactions of the APTMS monomer due to the ambient water.

Although the reactions presented in Fig. 111.9.3 lead to changes of the C and O amount
within the APTMS based film this process should not influence the Si: N ratio that equals 1.

While analyzing the quantitative surface compositions given in Table 111.9.2 one
notice very similar compositions for the samples A and B. Surprisingly, the surface oxygen
concentration of the sample A is slightly higher than this one of the sample B. However,
contrary to the sample B, sample A doesn’t consist of oxygen containing PCBM molecules.
Thus, one may attribute the highest amount of oxygen species within surface A to its
relatively strong oxidation in ambient conditions. Taking into account that film A contains the
highest CuPc concentration of all samples described in this chapter one may suppose, that this

dopant accelerates the surface oxidation process.
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Fig. 111.9.3. Scheme of the hydrolysis (a) and the condensation (b) reactions of the APTMS

molecule.

The surface elemental composition of sample C suggests, that the POSS molecules
incorporation increased the surface carbon concentration to 56 %. Taking into account that
this series of samples was produced and stored under the same conditions we do not attribute
this fact distinctly to the lower degree of the APTMS monomer condensation. In particular
this argument is supported by the lower oxygen content within this surface compared to the
samples A and B what on the other hand may also suggest the lower degree of the surface
oxidation of sample C. One may observe further that a relatively small amount of POSS
molecules incorporated into the film C (0.3 %) are sufficient to increase the atomic Si: N
ratio, which is about 1.20 in sample C whereas it is only 0.79 to 0.89 for sample B and A,
respectively. Additionally one may conclude that the surface C is the most resistant against
oxidation since the detected surface oxygen concentration is lower than for the samples A and

B although POSS cages are a source of oxygen (Fig. 111.9.4).

111.9.3.2. XPS investigations on the samples with lower CuPc concentration (<0.1 %)
After the aforementioned investigations of the CuPc, PCBM and POSS molecules
influence on the APTMS matrix properties similar APTMS based films but with lower

concentrations of CuPc and POSS dopants have been produced. On the other hand in this part
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Fig. 111.9.4. Scheme of the POSS molecule applied as a dopant into the APTMS matrix (R

are cyclopentyl groups).

of the experiment no oxygen-containing PCBM molecules have been used in order to
investigate the influence of the POSS molecules on the surface resistance against oxidation in
ambient conditions. The schemes of the samples described in this part are illustrated in Fig.
111.9.5; Fig. 111.9.6 represents the XPS results obtained for the samples D, E and F. The

detailed peak analysis is given in Table 111.9.3.

0.09% CuPc in APTMS 0.05% CuPc in APTMS
Si Si
0.04% CuPc &
0.12% POSS in APTMS
Si

F

Fig. 111.9.5. The schemes of the investigated samples containing lower dopant concentration
prepared by spin coating onto the Si substrate: D 0.09 % CuPc solution in APTMS (referred
in the text as sample D), E 0.05 % CuPc solution in APTMS (sample E), F 0.04 % and 0.12%
POSS solution in APTMS (sample F).
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Fig. 111.9.6. XPS spectra of the samples D (top row), E (middle) and F (bottom row). The
following core level spectra are drawn in the same order for every sample: C 1s, N 1s, O 1s,
Si 2p.

The application of dopants influenced the physical properties of the APTMS solutions
providing the possibility of the preparation of transparent and homogenous layers in the spin-
coating process (thickness in the range of 7-20 nm, see chapter 111.9.3.3). Its influence on the
chemical properties of the APTMS layers can be estimated with the help of the XPS
technique. The centre positions of the features Il in all C 1s XPS spectra of the samples
discussed in this part are in a good agreement with the literature value of the binding energy
corresponding to the propyl group of pure APTMS (286 eV, [119,123]). Because, contrary to
the samples A, B, C, no shift of these features towards lower binding energy is observed, we
suppose, that either the amount of the sp® species has not been detectable due to the low
doping concentration or it has been minimized by interactions with the APTMS matrix.

While comparing the features Il in the C 1s core levels, attributed to a considerable
extent of the carbon oxidized states, one observe also for this sample series that this signal is

the weakest for the data of the POSS reinforced film (sample F). One may attribute this fact
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Table 111.9.3. Peak decomposition of the XPS spectra of samples D, E, and F.

Region Peak Position Assignment
number D E F D E F
[ -289.4 | -289.3 | -289.4 | NHCOOT119] | NHCOOT119] | NHCOOT119]
C-N[121]& C-N[121]& C-N[121]&
1| -287.0 -287.4 -287.7
Cls C-0[63] C-0[63] C-0[63]
I 2859 | -286.0 | -286.0 —CH,[119] —CH,[119] —CH,-[119]
WY, -283.8 C-Si[124]
N1 [ -402.0 | -402.1 | -4023 —NH;[119] —NH,[119] —NH;[119]
s
I -400.4 | -400.4 | -400.4 —NH,[119] —NH,[119] —NH,[119]
-C-0[127], - -C-0[127], -C-0[127],
I -533.2 -533.1 -533.4 ) ) ]
Si-0[128] -Si-0[128] -Si-0[128]
O 1s —N- —N-
~N-C=0[127]&
1| -531.6 -531.4 -531.6 C=0[127]& C=0[127]&
C=0[126]
C=0[126] C=0[126]
O-Si-0/ 0O-Si-0/ 0O-Si-0/
| -1035 | -1035 | -1035 _ _ _
Si2p Si-OH[128] Si-OH[128] Si-OH[128]
I -99.2 -99.3 Si°[197] Si’[197]

likewise for the thicker film C to the smaller surface oxidation in comparison to the other
samples. Moreover, also the features | in the C 1s and N 1s of sample F corresponding to the
NHCOO and —NHs" species, respectively [119], are clearly smaller. Both species are formed
as a result of APTMS interactions with the ambient CO, regarding the reactions I11.5.1 and
1. 5.1[119].

The relatively weak signals corresponding to the by-products of the interactions
between the film surface and the ambient CO, suggest a higher chemical stability of the
surface of the sample F after air exposure. However, the decrease of the feature Il area in the
film F C 1s core level spectrum in comparison to the corresponding signals of samples D and
E may be also related to some extent to the smallest concentration of CuPc within sample F.

The Si 2p core level spectra of the samples E and F contain the substrate related
feature coming from the Si®at around 99 eV. This is attributed to the very low thickness of the
deposited material (in the range of 10 nm) that did not exceed the sampling depth of our XPS
system.

Also for this sample series a quantitative XPS analysis has been performed likewise as
122




done for the samples A, B, and C reported above. Observing the atomic ratios of the elements
within the particular films, the influence of dopants on the chemical composition of the
surface can be discussed more distinctly than it would be possible by a qualitative analysis.

The surface atomic concentrations of the films D, E, F are given in the Table 111.9.4.

Table 111.9.4. Atomic concentrations of the samples D, E, and F.

sample % C % N % O % Si
D 48.6 10.8 30.7 9.9
E 52.0 10.2 28.8 9.0
F 50.8 10.1 28.7 10.4

The stoichiometries obtained as results of the quantitative analysis are:
C4.91N1.00S103 10, C577N1.13S10320 and C4.88N0o.96S105 76 pointing out Si: N ratios of 0.92, 0.88
and 1.04 for the samples D, E, and F, respectively. For the samples D and E the slight
superiority of the N in comparison to the Si is obviously caused by the contribution of the
nitrogen species of CuPc, similar as it has been observed for the samples A and B. However,
due to the very low CuPc dopant concentration the difference of the Si: N ratios between the
pure APTMS and the analyzed films is small. For the film F reinforced additionally by Si
containing POSS a slight superiority of Si in comparison to N is observable, however the Si:

N ratio is lower than for sample C described above where this value equaled around 1.20.

The quite high amount of C atoms within the films D and E in comparison to the
thicker films with even higher doping concentrations aforementioned may be explained by the
adsorption and interactions with ambient CO,, that due to the small thickness of the films
could stronger affect the chemical compositions of the layers than in the samples A and B. A
lower degree of the APTMS condensation of the films D and E resulting in a higher C content
cannot be excluded. For the sample F we notice a lower atomic C concentration than for the
sample C. This may be attributed to the lower dopant concentration within the film F.
Comparing the atomic ratios obtained for the discussed films with those of the unhydrolysed
ATPMS monomer and the “ideal” poly[(aminopropyl)siloxane] polymer one may confirm the
conclusions drawn above that the POSS reinforced surfaces are more resistive against the
ambient oxidation. The oxygen atomic concentration within the film F in only slightly lower
than that calculated for the sample E but at the same time one should emphasize one more
time that the POSS molecule contains a considerable amount of oxygen bonded to silicon
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atoms (Fig. 111.9.4). The concentration of POSS cages within the film F (0.12 %) turned out to
be sufficient to increase the Si: N ratio within the APTMS matrix although this material
contains an additional source of nitrogen (0.04 % CuPc). Thus one may conclude that some
contribution to the oxygen atomic concentration within the film F originates from POSS

cages.

111.9.3.3. CV measurements

Next we discuss the CV investigations done on the CuPc (samples A and D),
CuPc/PCBM (B) and CuPc/POSS (F) incorporated APTMS films. On all samples the CV
measurements were performed at four to five contacts with different diameters distributed
over the surface of the sample, while the CV dependencies on one contact of each sample are
presented in Fig. 111.9.7a and 7b. The data are normalized to the contact area (Ac), the
measurements shown in Fig. 111.9.7 were performed on the smallest contact area of each
sample. The thickness (d) of the samples were determined on different positions on the
surface of the sample by AFM height histogram analysis as we described recently [202]
(chapter 111.7), where 167 nm, 190 nm, 20 nm, and 8 nm were evaluated as the thickness of
the samples A, B, D, and F, respectively (see table 111.9.5). In Fig. 111.9.7a the CV data of
thicker samples are compared. Although the sample B consists of a thicker dielectric it
exhibits a higher value of the accumulation capacitance (Cyc). Therefore, as according to the
plate capacitor approximation the capacitance depends inversely on the thickness, we can
conclude that the dielectric constant (k) of sample B should be higher compared to sample A.
In Fig. 111.9.7b the CV data of the thinner layers are depicted. Here, the thinner layer of the
sample F exhibits a higher C,.. value in comparison to the sample D (see Fig. 111.9.7b).
However, the thickness of the sample F is smaller by a factor of 2.5 than the thickness of
sample D. Hence, as the Ca value is not higher by this factor, a smaller k value of the layer F
compared to the film D can be concluded qualitatively. In order to determine the permittivity
of the films quantitatively we plotted the normalized C,.. values in dependence of the area
according to Eq. 111.7.3. Fitting the data in respect to Eq. I11.7.3 the permittivity can easily be
determined by the slope of the linear approximation. This is illustrated in Fig. 111.9.8 where
the normalized accumulation capacitance values of the samples A, B, D, and F as well as of a
pure APTMS reference sample (chapter 111.8.) are depicted. The results regarding the k values
of the samples investigated in this work are overviewed in Table 111.9.5. The error connected
to the k value determination via the linear approximation was in the range of 1 % to 8 %. A
probable additional interfacial SiO, capacitive contribution has not been taken into account.

The samples A and B are relatively thick, therefore an influence on the permittivity is below 1
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%, when a SiO; interfacial layer of 1 to 2 nm, as a typical value of the native oxide, is
assumed. However it should be pointed out, that in the samples D and F the deviation of the
permittivity is then in the range between 4 % and 13 %. Nevertheless, we observe a distinct
decrease of the dielectric constant compared to the pure APTMS layer in all samples. While
the dielectric constant of our pure APTMS film is 4.1 (chapter 111.8), it reaches values of 2.6,
3.4, 3.3, and 1.8 for the samples A, B, D, and F, respectively. Discussing first the thicker
layers we state that in particular the incorporation of CuPc of sufficient concentration into the
APTMS film is effective for the permittivity decrease. In sample A only CuPc is incorporated
into the APTMS and the CuPc content is higher (1.3 %) compared to sample B (0.7 %) where
also PCBM (0.5 %) was added. Moreover, we realized a dielectric constant in the same range
like for sample B when 1 % PCBM without CuPc was incorporated into APTMS (chapter
I11.7). But, if we include also the thinner layers into the discussion, we realize that an
incorporation of only CuPc with a concentration lower than 0.1 % into the APTMS (sample
D) matrix does not lead to such a strong decrease of the permittivity. However, the further
addition of POSS molecules in a relatively low concentration (0.12 %) into the matrix while
keeping the CuPc concentration in a similar range (sample F) delivers an outstanding value of
the dielectric constant of the resulting APTMS based film. We argue that the additional
incorporation of POSS molecules into the matrix induces the required porosity into the film.
In our previous experiments (described in chapters 111.7, 111.8) we observed a similar behavior
in the PCBM/POSS/APTMS system where also the combination of PCBM and POSS led to
the best results in terms of the dielectric constant. However, there the amount of POSS
monomers within the produced layers was overloaded leading to fractal patterns within the
films surface (chapter 111.8).

We have to note that we have not yet investigated heat treated films by CV. Products
formed due to the hydrolysis and condensation reactions of the APTMS like —OH residual
groups or water may still be present at the surface or within the film [134,202,210,215]. These
species have strong permanent dipoles which may contribute to a higher overall polarizability
of the final material and hence give rise to an increased dielectric constant [118,134,214].
Nevertheless, comparing the results of this work to our previous investigations (described in
chapters 111.7, 111.8) we conclude that a CuPc/POSS material combination in a range as used
in sample F in this work is most successful in order to reduce the final dielectric constant of
APTMS based films incorporated by PCBM and/or POSS and/or CuPc molecules and might

be a potential candidate for an ultra-low-k material.
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Interestingly we observe in the thick APTMS layers mixed with CuPc (samples A and
B, Fig. 111.9.7a) much lower hysteresis inside the CV measurements in comparison to our
former investigations, where Cgo, PCBM or POSS species were incorporated into siloxane
based films (chapters I11.6, 111.7, 111.8). In chapter I11.8 we have discussed a probable
mechanism related to a filling and defilling of NH3s" charge trapping centers within the
APTMS based films, where the trapping centers are caused by the interaction with ambient
CO;, (see also Equ. 111.5.2), which is in agreement with other findings in literature [134]. We
have further stated that these centers are mainly due to the APTMS itself (chapter 111.8). If we
compare the N 1s core level spectra in Fig. 111.9.2 with that one of our previous work we find
a clear reduction of the NHs" related contribution (peak I) within the signals of the samples A
and B. While the contribution of the NH3" species to the N 1s signal was over 11 % in our
previous experiment (chapter 111.8), in the samples A and B it equals around 4.1 % and 7.4 %
respectively. Although the CuPc molecule reveals an insignificant Lewis acidity [216], the
XPS spectra show, that CuPc in an adequate concentration (above or equal 0.7 %) within the
APTMS seem to interact with the NHs" centers, what results in a relatively low signal
contribution of NH3" species to the N 1s core level spectra. Contrary, the films with very low
concentrations of CuPc (below 0.1 %, samples D, E, F) exhibit much stronger NH3" signals
(see Fig. 111.9.6) which we observed also for the pure APTMS reference sample (chapter
[11.8). Moreover, the small remaining hysteresis in the CV data of the samples A and B is
observed in the opposite direction compared to our previous investigations in chapters 111.6,
111.7, 111.8. Therefore, we conclude that in the layers A and B NH3" trapping centers are not
the reason for the observed hysteresis. According to the direction of the hysteresis we propose
here a charge injection coming from the Si substrate [134]. Probably both mechanisms are
coexisting in all samples, but in the CuPc incorporated APTMS films the charge injection
from the substrate is more prominent in contrast to the pure APTMS films as well as to the
APTMS films mixed with Cgo, PCBM and/or POSS, where the charge injection into the NH3"
centers is dominating. This fact is further supported by the hysteresis found in CV data of the
thin layers D and F (Fig. 111.9.7b). As discussed above the NHs" contribution within the N 1s
signal is much higher for these samples compared to the samples A and B. In agreement with
this finding, we observe the same kind of hysteresis in the CV data of sample F like in the
pure APTMS films or in the APTMS films added with Cg9, PCBM or/and POSS molecules
[202,215], (chapters 111.7, 111.8). However, in the CV measurement of sample D, we found the
hysteresis in the other direction. But here we observed additionally a time dependence of the

hysteresis, where at the beginning it was appearing in the same direction like in sample F but
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then it changed to the opposite direction like it is shown in the example curve in Fig. I11. 9.
7b. This might be caused by a negative charging of the whole sample as we found a positive
shift of the CV curve with time (inset in Fig. 111.9.7b). This effect was not observed in all
other samples. Due to the fact that annealing steps have not yet been performed moveable

charges (Si—OH, water) might contribute to the hysteresis too [210,215].
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Fig. 111.9.7.CV characteristics of samples A (part a, open triangles, solid line), B (part a, filled
circles, dotted line), D (part b, open stars, gray line), and F (part b, filled rectangles, dashed
line). The capacitance values were normalized to the contact areas. The measurement
direction is indicated by indexed arrows. The inset in part b shows repeated measurements

from accumulation to inversion for sample D.

Additionally we observe a positive shift of the flatband voltage in respect to the
voltage axis for the samples A, B, and F (sample D is not further discussed here because of the
above mentioned charge injection with time). According to our previous report in chapter IlI.
8 the ideal flatband voltage originating from the work function difference between the silver
metal and the semiconductor should be in the range of -0.2 V to 0 V for these samples [215].
The measured flatband voltage of these samples is in the range between 0.74 V and 0.81 V for
the samples A and B and between 0.96 V and 1.01 V for sample F corresponding to negative
fixed oxide charges in the range of 5.7-7.7*10'° cm?, 7.2-9.7*10* cm?, and 1.2-1.5*10"
cm™ for the samples A, B, and F, respectively [38].

Recently, we discussed carbamate (NHCOO") species in our APTMS based films
originating from interactions with ambient CO, (chapters 111.7, 111.8) which might be
responsible for the flatband voltage shift in positive direction (chapter 111.8). Also here in the
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C 1s core level spectra of the samples A, B and F we observe NHCOO' species (peak | in the
related signals in Figs. 111.9.2 and 6). Because the film F is not exhibiting a higher NHCOO"
contribution inside the C 1s data compared to the samples A and B we propose that an
additional charge injection leading to negative fixed charges took place in the beginning of
the measurement due to the low thickness of the film.
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Fig. 111.9.8. Normalized accumulation capacitance versus the contact area of the samples A
(open triangle), B (filled circles), D (open stars), F (filled rectangles), and a reference sample
of pure APTMS taken from our previous investigation (open squares, chapter I11. 8). The data
are normalized corresponding to Eq. I11.7.3. Linear fits to the data are performed according to
Eq. 111.7.3 (A: thick solid line, B: dotted line, D: gray line, F: dashed line, reference sample:
thin solid line). The results of the fits are discussed in the text and displayed in Table 111.9.5.

Table 111.9.5. Initial compositions and thicknesses of the electrically investigated samples and
relative dielectric constant deduced by fits according to Equ. 111.7.3.

Sample | APTMS | CuPc | POSS |PCBM | Thickness | k
[%0] | [%] | [%0] | [%] [nm]

Ref. [215] 100 0 0 0 138 4.1

A 98.7 1.3 0 0 167 2.6

B 98.8 0.7 0 0.5 190 3.4

D 99.91 0.09 0 0 20 3.3

F 99.84 0.04 | 0.12 0 8 1.8
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111.9.4. Conclusions

Basing on the collected spectroscopic data one may observe, that even low
concentration of the CuPc and POSS dopants (in the range of 0.04 %-1.3 %) influences the Si:
N ratio within the APTMS layers sufficiently to be detected by XPS quantitative analysis.
XPS revealed that the POSS containing layers were the least affected by ambient influence

while at the same time the CuPc molecules accelerate the surface oxidation process.

The CV measurements indicated a distinct decrease of the dielectric constant of all
composite APTMS based films described in this chapter compared to the pure APTMS layer.
The incorporation of POSS and CuPc dopants in a proper concentration (in the range of 0.1
%-0.2 %) into the aminopropylsiloxane matrix allowed to obtain the dielectric constant value
of 1.8. Although up to now CuPc oligomers have been applied mainly as a high dielectric
constant fillers in a polymer matrix [58,59], our investigation demonstrates, that an
appropriate chosen CuPc/POSS dopant combination seems to deliver a successful reduction of
the final dielectric constant of APTMS based films. Moreover, CuPc molecules seem to
decrease the hysteresis inside the CV measurements of the investigated samples probably due

to an interaction with NHs" trapping centers.
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IVV. Conclusions and outlook

A complex investigation concerning the processing and the possible application of
thin, carbon species reach films has been performed. As the experiments revealed, the
combination of different, complementary investigation techniques is an indisputable
advantage allowing the gathering of a wide spectrum of information about material properties.
This leads consequently to the continuous improvements of the desired properties of the

produced material.

The combined spectroscopic methods (XPS, NEXAFS and FTIR) revealed the
possible changes within the fullerene structure upon processing in the laboratory conditions.
The stability of many sorts of the fullerene samples deposited by means of several techniques
has been intensively investigated. The data reported in this thesis regarding toluene treated
fullerene revealed the significant increase of the sp® hybridized carbon species in comparison
to the Cgo deposited by sublimation. In addition these data exhibited the presence of carbon
atoms attached to different oxygen-containing moieties, with the superiority of the C-O
species. The results of the experiments clearly indicated that the layers prepared and measured
in situ under vacuum conditions exhibit the best properties. This observation confirmed the
theory that in situ methods like ALD provide the opportunity to obtain layers of best quality.
On the other hand these techniques also have limitations, for instance they require a very
precise temperature control. This factor, as it has been confirmed in this thesis, is crucial in
the aminopropylsiloxane films processing while even relatively small temperature deviation
(in the range 50 °C ) may decide whether the deposition process succeed. Therefore the
majority of the investigated samples have been prepared by spin-coating.

As a curiosity, the stability of the low concentrated fullerol water solution in ambient
conditions has been investigated. XPS and NEXAFs revealed, that after one year of the
storage in the air without protection from the light the 0.01% solution still -C=C- species
which were not affected by the oxidation process. This phenomenon has been explained by
the occurrence of the kinetic limitation due to either a steric hindrance or the agglomerates

formation, what would promote the passivation process.

A considerable attention has been paid to the films obtained through the interactions of
APTMS functional groups with carbon species. The combination of these components opened
an opportunity to obtain a rich spectrum of hybrid composite materials possessing interesting

chemical, morphological and electrical properties. First, the properties of composites obtained
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by combined spin-coating and evaporation techniques have been investigated by means of
spectroscopic and microscopic methods. Spectroscopy measurements confirmed the high
affinity of the fullerene molecules to the amino groups while AFM revealed that fullerene
diameter is not affected by the interactions with APTMS upon performed procedure. However
also time-related significant changes within such layer structures related to the amine group

migrations have been observed.

The APTMS based composite films obtained by spin-coating revealed a significantly
higher stability against the ambient influence. Moreover, the films prepared while dispersing
the Cgo within the APTMS monomer exhibit higher homogeneity than the fullerene containing
layer prepared by sol-gel method and had a relatively low dielectric constant (below 4.0). This
observation gave the opportunity of further improvements of this kind of composite material
by varying the dopant species and concentration.

From this point, successive steps leading to the decreasing of the resulting permittivity
of the hybrid material and at the same time improving the films quality have been shown. The
replacement of Cgg by its derivative PCBM allowed the increase of the overall carbon species
concentration within the resulting material. The introduction of POSS molecules as an
additional dopant improved the surface resistance against the ambient influence and at the
same time decreased the permittivity of the deposited layer. When the POSS concentration
was too high, the films were too inhomogeneous to perform the CV investigation. However,
the resulting agglomeration process, explained either by a physical aggregation via a phase
separation or by a chemical POSS—POSS condensation reaction, led to the formation of an

original fractal-shaped cluster.

During the further researches aimed in the direction of the ultra-low k material
preparation, CuPc has been applied as an additional dopant of the produced material. After a
series of investigation of the APTMS based hybrid materials containing single and combined
dopants as well, the best quality revealed a film containing the properly chosen low
concentration of CuPc and POSS molecules dispersed within the siloxane matrix. The layer
obtained in this way revealed an ultra-low dielectric constant of 1.8, high homogeneity and a
lower hysteresis inside the CV measurements compared to the previously investigated films
what has been explained by an interaction between CuPc and NH3" trapping centers formed

as a result of ambient influence on APTMS based network. However, a series of additional
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investigations, including mechanical testing, would be necessary in order to verify the

possibility of the obtained material low k application.

The performed experiments open a wide range of possible improvements and
developments. First of all the homogeneity of the low-k layers could be further improved
while introducing the properly chosen solvent and surfactant to the spin-coated substance. An
external catalyst could enable a better control of the reactions taking place within the material.
Regarding this topic, it would be very useful to perform also wider CV investigation of the
dependence between surface roughness and the dielectric constant of the material.

As revealed by the investigations performed in chapter 111.4 the heat treatment of the
composite materials allows to obtain a silicon network enriched with carbon species coming
from the applied dopants. The properly chosen heat treatment factors (including time and
temperature) could lead to a carbon reach material of the desired porosity created by the
gaseous by-products of the process. The application of the surfactants and some external

catalyst could allow the control of such material homogeneity.

Finally, the experiment could be further developed with the support of the ALD
technique. The main problems to overcome in this situation would be a proper temperature

control. Also the solution leading to a sufficient deposition rate of the film ought to be found.
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Appendix

Frequently used abbreviations and symbols
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APTMS

CuPc
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Ex
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atomic force microscopy
3-aminopropyl-
trimethoxysilane

copper phthalocyanine
capacitance

accumulation capacitance
capacitance voltage
thickness

binding energy

Fermi energy

Kinetic energy

valence band energy
(maximum)

vacuum permittivity
Fourier Transform Infrared
Spectroscopy

hydrogen peroxide

highest occupied molecular
orbital

sulfuric acid

hv

7

k
LUMO

MIS
NEXAFS

PCBM
POSS

RMS
TEY
TFY
Sku
Sq
Ssk
viv
XPS

>

photon energy

intensity

relative dielectric constant
lowest unoccupied molecular
orbital
metal-insulator-semiconductor
near edge X-ray absorption
fine structure spectroscopy
[6,6]-phenyl-Cs;-butyric acid
tris(dimethylvinylsilyloxy)-
POSS

root mean square

total electron yield

total fluorescence yield
surface kurtosis

RMS surface roughness
surface skewness

volume per volume

X-ray photoelectron

spectroscopy
work function
mean free path
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