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Preface
Silicon is the leading semiconductor material and dominates
current micro/nanoelectronics industry.
A fundamental aspect in the development of semiconductor
materials and devices is the control of electrically active
contaminants (dopants). Over the years the reduction in size and
progress in system design of a semiconductor devices required a
development of techniques and chemical and physical processes
for control of doping on the ever-smaller scale. These have posed
constraints for the conventional doping methods (ion implantation
and diffusion based method). These methods, indeed, present cost
and safety issues, not to count the difficulty to obtain abrupt
doping profiles, conformal doping, when the technology requires
the dopant atoms to follow 3-D nano-structured surfaces,
channelling, charging and crystal damage.
In 2008 a new and low cost technique for controlled and
conformal silicon doping for both bulk and nanostructures was
reported: Molecular doping (MD)1,2. It consists in a monolayer
formation during the immersion of the sample in a solution
containing dopant precursors and successive annealing to diffuse
the dopant.
This Ph.D. thesis is intended to provide a contribution to
understanding some aspects of doping by MD through systematic
experimental work.
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In chapter 1, in order to better understand this work, the main
aspects of semiconductor properties, the techniques commonly
used for doping these materials and the MD are briefly recalled.
In chapter 2 some aspects of MD are discussed. In particular a
physico-chemical characterization of molecular precursors in
standard conditions, the role of the surface treatments and the role
of the dilution of the precursor solution was examined.
In chapter 3, the results about the role of the deposition
parameters in MD are discussed, focusing on the role of coating
time and sampling time and on the role of the solvent and the
molecular precursor.
Chapter 4 examines the results obtained by studying the effects of
the post-deposition treatments. The following aspects are
discussed in detail: the role of the annealing parameters:
Temperature and time, the competition between evaporation and
diffusion and the role of the cap layer.
In chapter 5 an example of application of MD to Si nanowires are
investigated.
Finally, the results of this work and the perspectives of this
activity are discussed and possible experimental approaches for
the study of some unclear aspects in this thesis work are
proposed.
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These aspects were studied by atomic force microscopy (AFM),
X-ray photoelectron spectroscopy (XPS), transmission electronic
microscopy

(TEM)

and

Raman

Spectroscopy,

electrical

measurements were performed by spreading resistance profiles
(SRP).
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1 Doping of semiconductors
In this chapter in order to better understand this thesis, a brief
introduction about the semiconductors, the common doping
techniques and the MD method will be discussed.

1.1 Intrinsic Semiconductors and Doping
Semiconductors have a monumental impact on our society.
Is possible to find it at the heart of microprocessor chips as well
as transistors. Anything that's computerized or uses radio waves
depends on semiconductors.
The history of semiconductors is long and complicated and begins
in 1782 when Alessandro Volta used the term "semiconductor"
for the first time.
The first documented observation of a semiconductor effect is
related to Michael Faraday in 1833.
In

1839

Alexander

Edmund

Becquerel

discovered

the

photovoltaic effect at a junction between a semiconductor and an
electrolyte3. During the following 100 years many scientists were
involved in semiconductor study but it is possible to say that the
semiconductors have started to assume an important role in the
field of optoelectronics and microelectronics only in 1953, when
it was demonstrated that in the p-n junctions if the applied voltage
is sufficiently high, there is the multiplication of electrons.
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In 1974 the so-called "Law of Moore" was enunciated, in the
semiconductor industry, from its creator (at the time head of the
Fairchild Semiconductor R&D division and successively founder
of Intel) that states that the complexity of micro circuits (which
can be measured in the number of chip transistors or unit area)
doubled periodically, specifically stated that it did in cycles of
about 12 months 4. The two major factors that made this growth
possible were the invention of an integrated circuit that marks the
beginning of microelectronics and the benefits that the scaling
process can bring to solid state devices. From the '80s to today the
technology used mainly to produce microelectronic circuits is
provided by the complementary-MOS (CMOS), which is based
on devices called the metal-oxide-semiconductor-field-effect
transistor (MOSFET). The latter, having a layer of oxide before
the gate contact, give at the device the very important feature of
isolating the channel from the gate, thus avoiding unwanted
current passes. They are produced in planar geometry, meaning
that the source, drain and gate contacts are all placed on the same
plane and the various areas of different doping are created step by
step by a complex process of etching, masking, growth treatments
oxides, dopant additions and finally deposition of metals for
contacts. Currently, the technology on the market involves
choosing a change of geometry from a planar geometry to a threedimensional type. These new devices have the advantages of
scaling, mainly because multi-gate devices allow for greater
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channel control. In fact, one of the main problems associated with
scaling MOSFET devices is the short channel effect that is caused
by the difficulty of controlling the potential, and therefore the
current flow in the channel near the gate and the source.
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However, the production of these devices expects an increase in
manufacturing complexity and a greater difficulty in doping. If
the planar geometry allowed conventional doping methods in the
case of three-dimensional geometries this is no longer possible.
The evolution of semiconductor technologies was determined
both by the chemical properties of available materials and by the
electrical properties. In the field of solid state physics,
semiconductors are defined as solids in which 0 K (and no
external excitation) valence band is completely full. It is well
known that electrical conduction in solids occurs only when there
is a non-fully-fledged electronic state band, so conduction in pure
semiconductors occurs only when the electrons have been excited
(thermally, optically, etc.) and brought to the bands at Higher
energy.
At room temperature, a portion of electrons (generally very small
but not negligible) in a semiconductor are thermally excited and
carried by the "bandwidth" to the "conduction band". The ease
with which electrons can be carried from the band to the
conduction band depend on the energy gap between the bands,
and is the magnitude of this energy gap serving as a parameter to
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divide the semiconductors from the insulators. The energy to
break a bond and release an electron is 0.75 eV in the germanium,
1.12 eV in the silicon, while, by comparison, for the electrons of
an insulator we will need about 10 eV to free one. In this regard,
the temperature plays a very important role since increasing of the
thermal agitation of the atoms and therefore of valence electrons,
which are therefore able to better cross the threshold of the energy
gap.
When electrons are carried by the valence band to the conduction
band in a semiconductor, both bands contribute to conduction,
because conduction can occur in every non-full energy band.
Electrons in the conduction band are called "free electrons",
although they are often simply called "electrons" if the context
allows them to be clear. Free energy states in the valence band are
called "holes".
Solid energy bands are a set of energy levels accessible or not by
the electrons within the lattice, and mainly result in two: the
valence band and the conduction band. In Errore. L'origine
riferimento non è stata trovata. we can see the possible
situations of the bands in the insulators (a), in the Semiconductors
(b) and conductors (c, d).
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Figure 1-1 Model bands in solid state
One of the main reasons why semiconductors are used in
electronics is due to the ability to modify their electronic
properties in a highly controlled manner by adding small amounts
of impurities called dopant, which can be classified into two
types: those that provide an excess of electrons to the conduction
band, and those that provide an excess of holes to the valence
band. A semiconductor with excess electrons is called
semiconductor n-type, while a semiconductor with an excess of
gaps is called semiconductor p-type. The band structure is
therefore modified and energy levels are introduced in the gap.
Silicon and germanium are both tetravalent semiconductors and
share their four valence electrons with the first four neighbors
(Errore. L'origine riferimento non è stata trovata.Errore.
L'origine riferimento non è stata trovata.(a)). The purpose of
n-type doping is to produce excess electrons in the material. To
understand how to do n-type doping, consider the case of silicon
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(Si). The atoms of Si have four valence electrons, each of which is
covalently linked to one of the four adjacent Si's atoms. If an atom
with five valence electrons, as one of the group VA of the
periodic table (i.e. phosphorus (P), Arsenic (As), or antimony
(Sb)) is incorporated into the crystalline lattice instead of a Si
atom, then that atom will have four covalent bonds and a noncovalently bonded electron. (Errore. L'origine riferimento non
è stata trovata.(b)). This extra electron is only weakly bound to
the atom and can easily be brought into the conduction band.
Already at normal temperatures practically these electrons in the
conduction band. Since the excitation of these electrons does not
create holes in the valence band, the number of electrons in these
materials is higher than that of the holes. In this case, electrons are
the major charge carriers and gaps the minority carriers. Because
the atoms to five outer electrons have an electron from "donate",
these atoms are indicated with the name of atoms "donor". The
purpose of p-type doping is to produce an excess of holes in the
material. In the case of silicon, a trivalent atom, such as boron,
replaces an atom of Si in the crystalline lattice. The result is that
an electron of silicon is missing from one of the possible four
covalent bonds. In this way, the atom dopant (boron) can accept
an electron from the valence band to complete the fourth bond:
this generates the formation of a gap. These dopants are called
"acceptors". When a sufficiently large number of acceptor is
added, the gaps become more numerous free electrons. Thus, the
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gaps are the majority charge carriers, while electrons are the
minority charge carriers in p-type materials. (Errore. L'origine
riferimento non è stata trovata. (c)).

Figure 1-2 Three types of silicon: (a) intrinsic without impurities,
(b) n-type silicon doped with phosphorus, (c) p-type silicon
doped with boron

1.2 Existing Doping Techniques
In this subsection, the common doping techniques, Ion
Implantation (I.I) and plasma immersion ion implantation,
diffusion based method, and Spin on Dopant (SOD), with the
relative advantages and defects are described.
1.2.1 Ion implantation (II) and Plasma Immersion Ion
implantation (PIII)
Ion implantation is the main semiconductor doping method since
the 1970s6–8. Is a low-temperature process for injecting ions of
any element into any solid material, resulting in desirable
modification in its chemical, electrical, optical and mechanical
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properties. For semiconductor applications, it is extensively used
for selectively doping silicon wafers in precise control and for
depth profiles of specific impurities. Operating at low temperature
the lateral diffusion is negligible and is compatible with
conventional lithographic processes, so small regions can be
doped. Figure 1-3 Ion implantation systemshowed an Ion
implantation system. In this system the precursor of the dopant
wanted is introduced into the ionization chamber in which the free
electrons, which are generated by thermionic effect, are
accelerated under the influence of an electric field, by bombarding
the molecules of the gas that is ionized by generating the desired
ions.

Figure 1-3 Ion implantation system
The dopant ions irradiating the sample are accelerated with high
energies ranging from a few tens of eV to the MeV. Using this
type of doping, the maximum dopant concentration is found
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within the semiconductor and the profile of the dopant
distribution is mainly determined by the mass and energy of the
implanted ions, the plant angle, the rigidity and the atomic density
of the matrix undergoing the implant. In ion implantation, since
the wafer surface is impacted by high energy ions, it can cause
damage by knocking Si atoms from their position, causing local
structural damage. This needs a post thermal annealing treatment
to repair the damage.
There are two ways of doing this:
1. Tube furnace - low temperature annealing (600-1000 ◦C). To
minimize lateral diffusion.
2. Rapid thermal annealing - higher temperatures are possible but
for shorter times.
This technique shows a several issues:
Crystallographic damage: Each individual ion produces many
point defects in the target crystal on the impact such as vacancies
and interstitials.
Amorphization: The amount of crystallographic damage can be
enough to completely amorphize the surface of the target.
Sputtering: Some of the collision events result in atoms being
ejected (sputtered) from the surface, and thus ion implantation
will slowly etch away a surface. The effect is only appreciable for
very large doses.
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Ion channeling: Crystallographic directions offer much lower
stopping than other directions. The result is that the range of an
ion can be much longer if the ion travels exactly along a particular
direction. For this reason, most implantation is carried out a few
degrees off-axis, where tiny alignment errors will have more
predictable effects.
Plasma immersion ion implantation (PIII) 9–11is an upgrade of ion
implantation technique in which the ions were extracted and
accelerated from the plasma by applying a high voltage pulsed or
pure DC power supply and targeting them into a suitable substrate
or electrode with a semiconductor wafer placed over it, so as to
implant it with suitable dopants. The electrode is a cathode for an
electropositive plasma, while it is an anode for an electronegative
plasma. Plasma can be generated in a suitably designed vacuum
chamber with the help of various plasma sources. Figure 1-4
shows a PIII system. During the PIII process a component is
immersed in a processing plasma discharge containing the desired
species, and negative high-voltage pulses are applied directly to
the component. Ions are extracted from the plasma and are
implanted into the material’s surface.
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Figure 1-4 Plasma immersion ion implantation system
The ion beam current density depends both on the plasma
parameters and the bias voltage and is of the order of 1 – 10
mA/cm2. A pulsed high voltage is used to reduce substrate heating
as well as to control charging. Typical pulse lengths are in the
range of 2 to 100 µs at frequencies of a few 100 Hz up to 3 kHz.
The substrate temperature can be controlled by varying the
implant parameters, and may range from room temperature to
600°C without additional heating. Self-regulating charge control
achieved by the alternating attraction of ions and electrons
enables one to process not only conductive, but also insulating
surfaces. PIII technique has been developed in an effort to obtain
increased ion current densities and to reduce both the implant time
and the line-of-sight inherent to the conventional beam line ion
implantation process. PIII efficiency is superior compared to the
standard implantation process, particularly for Low-temperature
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process, low energy, Less Hazardous System and high dose
implants. Despite these advantages, this technique shows the
following drawbacks:
- Possible unwanted impurities present in the plasma into the
target can be implanted in addition to the desired dopants.
- Secondary electrons limit the efficiency and generate x-rays.
- Limitation to check dose in situ
- Implant energy distribution is inhomogeneous.
1.2.2 Diffusion based methods
In the diffusion process semiconductor wafers are kept in a high
temperature quartz tube furnace, and an appropriate gas mixture is
passed.
Thermal diffusion is a two-step process:
1. Deposition - dopant atoms are introduced at the wafer surface.
2. Drive-in - the dopant atoms then diffuse into the wafer to create
the required concentration gradient.
Boron is the most common p-type impurity in silicon, whereas
arsenic and phosphorus are used extensively as n-type dopant.
These three elements are highly soluble in silicon with solubility
exceeding 5 x 1020 atoms / cm3 in the diffusion temperature range
(between 800° C and 1200° C). These dopants can be introduced
via several means, including solid sources (BN for B, As2O3 for
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As, and P2O5 for P), liquid sources (BBr3, AsCl3, and POCl3), and
gaseous sources (B2H6, AsH3, and PH3). For liquid and gaseous
sources, a concentration of the dopant vapor should be established
at the surface. In a liquid source case, a carrier gas is usually used
to transport the vapors to the diffusion furnace (e.g. N2) and is
then reduced at the surface. In solid sources case, wafer sized
“slugs” are packed into the furnace along with the product wafers
(e.g. for boron, boron nitride slugs can be used as solid sources),
this is called a solid neighbor source. The number of dopant
atoms diffusing in the wafer are proportional to the partial
pressure of dopant impurity in the gas mixture. The doping
concentration decreases monotonically from the surface, and the
in-depth distribution of the dopant is determined mainly by the
temperature and diffusion time12,13. The pros of this technique are:
the lack of damage in the crystal lattice and can be used to batch
fabrication. The cons related at this techniques are: Diffusion is
bonded to solid solubility, the process needed high temperature, s
difficult to create shallow junctions.
1.2.3 Spin on Dopant (SOD)
Spin-on dopants (SOD) provide an impurity source for
semiconductor junction fabrication. This method permits a precise
control of dopant entering the silicon through application of a
homogeneous solution to the substrate using a spin coating
method. In this process, no storage of source wafers or use of
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costly ion implant equipment is used. After the film deposition
over the substrate a diffusion step is performed at high
temperature to yield desired sheet resistance and junction depth14–
16

. The cons of this technique are: diffusion of unwanted materials

together the desired dopants, difficult to cover not-linear surface
and like in the diffusion technique also this case suffer of the
limitation to solid solubility and needed high temperature.

1.3 Molecular Doping (MD)
Recently an alternative, easy and low cost strategy to out match
the standard doping methods has been proposed: the Molecular
Doping (MD) 1. It is based on the interaction between a molecular
precursor containing the dopant atom and the Si surface. The
substrate is immersed in a solution containing the molecular
precursor. After the deposition time, typically 2.5 hours, on the
substrate surface a layer of molecules was formed, with a final
surface density strictly correlated to the molecular footprint, i.e.
through a self-limiting process 1. After this step the sample is
covered by silicon oxide for protection and annealed in order to
decompose the molecule and diffuse the dopant atoms inside Si,
with kinetics driven by the diffusion phenomena. The MD is
based on a process that involves the use of liquid precursors, this
is an advantage which can be exploited for example in the doping
of the nanostructures. MD can provide n- and p-type doping and a
range of dopant doses, diffusion depths and resistivity controlled
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by the molecular structure and design, the deposition conditions
and the thermal budget 1,2,17–21. Metallurgical junctions as small as
5 nm and 10 nm have been demonstrated respectively for n+ and
p+ doping, and electrical resistivity maps have shown that the
wafer-scale uniformity bottle-neck is represented by the annealing
process homogeneity22,23. The molecular precursor has been
applied on planar, micro- and nano-structured surfaces and
subjected to the diffusion thermal treatment

21,24–26

demonstrating

the absence of crystal damage. The MD layer can also performed
using a sacrificial target which is then put in contact with the
substrate to be doped, in the so called contact doping method,
where the molecules volatize upon annealing and then interact
with Si in a fashion similar to the classic gas source methods 27,28.
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2 Study

of

the

interface

between

the

molecule and Si in MD
Silicon has undoubtedly been for decades the leading actor among
the other semiconductor materials thanks to its abundance,
stability and non-toxicity, and the projections confirm this
supremacy also for the next years. In addition, the semiconductor
roadmap miniaturization objectives are low cost and sustainable
production. These have posed constraints for the doping process,
i.e. the introduction of the dopant impurities into the intrinsic
semiconductor with the function to modulate its electrical
properties. Conventional doping methods (ion implantation or
diffusion based method) present cost and safety issues, not to
count the difficulty to obtain abrupt doping profiles, conformal
doping, when the technology requires the dopant atoms to follow
3-D nano-structured surfaces, channelling, charging and crystal
damage. MD was showed for the first time in 2008 as an
alternative and low cost method in a work of professor Javey and
his group1. Is based on the interaction between a molecular
precursor containing the dopant atom and the Si surface. The
substrate is immersed in a solution containing the molecular
precursor for a typically deposition time of 2.5 hours and on the
substrate surface a layer of molecules was formed. After this step,
the sample is covered by silicon oxide for protection and annealed
in order to decompose the molecule and diffuse the dopant atoms
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inside Si, with kinetics driven by the diffusion phenomena. The
MD is based on a process that involves the use of liquid
precursors, this is an advantage which can be exploited for
example in the doping of the nanostructures. MD can provide nand p-type doping and a range of dopant doses, diffusion depths
and resistivity controlled by the molecular structure and design,
the deposition conditions and the thermal budget

1,2,17–21

. MD has

been applied on planar, micro- and nano-structured surfaces
demonstrating the absence of crystal damage. The MD process
can also performed using a sacrificial target which is then put in
contact with the substrate to be doped, in the so called contact
doping method. The interaction between the molecule and Si in
the solution-based MD approach is the crucial point to be studied
to deeply understand the mechanisms associated with the MD
process.
In particular in this chapter, the following points are discussed in
detail:
• study of the physics-chemical characteristics of the
molecules in the standard synthesis conditions
• study of the bond after different surface treatments
• study about the dependence of MD on the concentration of
the molecular precursor in the solution.
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2.1 Physical-chemist

characterization

of

the

molecules in the standard synthesis conditions
Semiconductor doping through solution-based self-assembling
provides a simple, scalable, and cost-effective alternative to
standard methods and additionally allows conformality on
structured surfaces. Among the several solution-based deposition
techniques, dip coating is the most promising. It consists in
immersing the target to be doped inside a solution containing the
dopant precursor. During this process, the molecule bonds to the
target surface with a self-limiting process ruled by its steric
properties. Successive annealing leads to layer decomposition and
diffusion of dopant atoms inside the substrate. Most of the work
on molecular doping lacks information on the molecule/Si
interface chemical properties, on the mechanisms of the molecule
evolution during the coating, and of its decomposition after the
diffusion step. Moreover, it has so far been devoted to the
molecules design to tune the final dopant dose and distribution. In
this paragraph, new findings on the interface characteristics in
terms of mono and multilayers formation are presented. A
systematic study by varying the coating conditions was carried
out, demonstrating that the main parameters such as carrier dose,
junction depth and sheet resistance can be controlled precisely
and that uniformity can be achieved at the nanometer level.
The substrate mostly used in this kind of process is Si
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29,30

25,31–33

.

but

in literature are present work that involved the use of several
substrates such as InAs, InGaAs oxidized silicon, alumina, and
mica to study the molecule anchoring mechanisms

29,30,34,35

. The

dopant atoms typically injected in the MD are phosphorus, boron,
sulfur and in recent work nitrogen arsenic or antimony was used
too.

The

precursor

source

molecules

are

several.

Octadecylphosphonic acid (OPA) molecules were deposited by
dip coating

36–38

or drop casting

39

on a Si surface. In these work,

the drop lateral diffusion over the surface during the days after the
drop casting was studied by changing the substrate temperature.
The result showed a surface redistribution of the molecules and it
has been attributed to their amphiphilic nature

40

. The authors

found that the molecules were organized in bi- or multiple layers
containing always an odd number of it (3,5,7. . .). This behavior is
due to the polar nature of the molecules, bonded to the substrate
thanks to the polar head, and with the nonpolar tails attached to
the successive molecule. Another study on OPA molecules
showed the important role of the solvent in the formation of selfassembled monolayers of OPA on oxide surfaces 40. Changing the
solvent polarity, it is possible to determine a total coverage of
OPA on substrate surface (using non-polar solvent) or not at all
(using a polar solvent). Self-assembled monolayers OPA have
also been obtained by T-BAG method on oxide-covered silicon
samples

41,42

. The characterization of this T-BAG process was

performed by X-ray photoelectron spectroscopy (XPS) 41. A bulk
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film of OPA is deposited after the T-BAG process, performed at
room temperature and after baking at 140°C, the layer is
converted to a multilayer, with a first one chemically bonded to
the substrate and the rest only weakly bonded. The not chemically
bonded multi layers are removed after rinsing and a total coverage
of single monolayer is obtained after three cycles of deposition,
baking, and rinsing. The identification of a tridentate bond
between the P atom and three oxygen atoms is deduced from the
single component of the P signal. All of these studies evidence the
possibility of the formation of mono- or multilayers of molecules
through MD, and this controls the amount of initial dose of
dopant and of the final incorporated dopant in the substrate, and
the importance of the synthesis conditions. In this part of my
work, an experimental investigation of MD by focusing on the
chemical surface properties and on the coating process conditions
will be presented. The morphological and chemical characteristics
of the as-deposited molecule and its interactions with the substrate
are obtained by performing atomic force microscopy (AFM) and
XPS with the goal to demonstrate the presence of the selfassembled monolayers and the molecule modification after the dip
coating deposition and after the activation annealing.
The MD procedures found in literature usually start with the
dipping of the samples in a 16% HF solution for 60 second to
remove the native silicon oxide followed by immersion in 20%
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v/v solution of diethyl 1-propylphosphonate and mesitylene at the
solution boiling temperature, about 160 °C, for 2.5 h

1,2,25,34

. This

step creates layers of phosphorus-containing molecules all over
the sample surface (Figure 2-1a). In case of p-type doping, a
boron precursor, such as the allylboronic acid pinacol ester
(ABAPE), mixed in mesitylene is used at its boiling temperature
of about 120 °C 24.
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Figure 2-1 Schematic model representing the steps for the
molecular doping based on the self-assembling coating process
The samples, after the reaction, are immediately capped with a
SiO2 layer deposited by spin on glass (SOG) procedure

2,24,25

(Figure 2-1b). In particular the samples after the molecular
deposition have been baked at 80 °C for 60 s on a hot plate, and
then covered by SOG oxide deposited by spin coating at 3000
rpm for 20 s. A subsequent baking step at 250 °C for 60 s in air
and a last annealing step in the furnace to compact the SOG layer
at 425 °C for 1h under 2l/min flow of N2 were then performed.
This process is indicated in the literature as a protection of the
dopant molecules and the sample surface from air exposure and
from the “escape” of the dopant during the subsequent activation
annealing step. A furnace or RTA annealing at temperatures
ranging between 900 and 1100 °C for times between 5 and 500 s
is then performed to diffuse and activate the dopant (Figure 2-1c).
The aspect related to the surface morphology after the deposition
of the precursor molecules, especially in terms of formation of
mono- or multilayers, has been investigated and debated in the
literature. The results present so far, as discussed in the
introduction, essentially show that the surface morphology
strongly depends on the deposition methodology used. The
morphology of the Si substrate after the molecules deposition has
been tested also for the dip coating technique.
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Figure 2-2 AFM micrographs of Si substrates after dip coating in
the solution composed of the molecule and mesitylene (a) and
only the mesitylene (b). Map of the deposited layer in the
region subjected to scratch test by AFM tip (c).
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AFM maps have been acquired, by using a DI3100 atomic force
microscope, on a sample “as-deposited” (Figure 2-2 a), i.e., after
the coating process and without any further treatment such as
deposition of the cap layer or annealing process. The
topographical map shows that, besides a small roughness that can
be correlated to the deposited molecules circular agglomerates
with variable size are present. To attribute the presence of the
agglomerates to the molecules or to possible other contaminants,
such as solvent residuals or decomposition products, AFM
measurements were performed on samples immersed in a solution
containing only the solvent and by using the same coating
conditions. The data are shown in Figure 2-2 b and as can be seen
also, in this case, the agglomerates are present while the
roughness has disappeared. So, it is possible to attribute their
presence to some solvent residuals. This can be expected since the
solvent used presents a degree of purity of 98 %. Electronic grade
chemicals should be used to overcome this issue. To investigate
the thickness of the deposited layer, a scratch with the AFM tip
was performed by impressing a force onto the surface by the
movement of the AFM tip in contact mode on a restricted area of
the sample (Figure 2-2 c). The height of the step formed,
corresponding to the thickness of the deposited layer, was
measured and resulted in being less than 2 nm, which coincides
with the value of the expected thickness of a monolayer of
diethyl-1-propylphosphonate

43

. To further investigate the
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formation of the self-assembled monolayer and its chemical
bonding with the substrate, XPS measurements on the asdeposited samples with a base pressure of 2×10-10 torr were
performed. A monochromatic Al Ka radiation was employed as
the excitation source. XPS spectra at 108 photoelectron angles
(relative to the sample surface) were collected, to increase the
surface sensitivity of the analysis. In Figure 2-3, the spectra of the
C1s (a) and P2p (b) are displayed. The C1s spectra can be
deconvoluted in 4 components: the main peak is centered at about
285.4 eV and is attributed to the presence of monolayers
chemically bonded to the Si surface
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, a second component at

higher binding energy, 286.5 eV, indicate the presence of some
residual non-chemically bonded multilayers, while the peaks at
287.5 and 289 eV are attributed to oxidation species such as C–O
and C=O, respectively. Figure 2-3 b shows that the P2p signal is
constituted by a single component centered at 135 eV. The
literature data reports the signal for not oxidized P species at 130
eV

44,45

, while our experimental peak position indicates that the P

is bonded to an electronegative atom in this case oxygen. It is
possible to propose a hypothesis for the anchoring of the
molecule. In fact, observing the P2p peak, it is symmetrical. The
fact that the peak is symmetric indicates that it consists of a single
contribution and suggests that there is only one type of bond
between O and P, presumably due to the breakup of the double
bond P = O and the simultaneous breaking of the C-O-P bonds. In
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the literature, a tridentate model for similar molecules is proposed
41

. If so, the aliphatic portion of the molecule detaches during the

coating process, forming some compounds, and the remainder of
the phosphorus molecule is bound via oxygen to the substrate.

Figure 2-3 XPS spectra relative to the C1s (a) and to the P2p (b)
signals acquired on the as-deposited sample.
To investigate the decomposition of the molecule, Raman analysis
in the as-deposited samples and after the activation step has been
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performed. The relative spectra are shown in Fig. 4. The results
display vibrational features in two well different regions: the first
one, between 1000 and 1500 cm-1, associated to the deformations
of methylene (CH2) chain and to terminal methyl (CH3), and the
second one in the wavelength region of 2800–3000 cm-1 where
symmetric and asymmetric stretching modes of the CH2 and CH3
units are visible. Note that unfortunately deformations, twisting
and rocking modes of alkyl groups overlap the P=O and P–O–
C2H5 vibrational bands which fall between 1000 and 1300 cm-1.
Therefore, it was not possible to evidence the molecule structural
changes after anchoring to the Si substrate by exploiting
vibrational features of phosphorus containing groups. Moreover,
at higher frequencies four prominent bands can be assigned to the
C–H stretching modes of the CH2 and CH3 groups. In the asdeposited sample (red curve), the symmetric and asymmetric
stretching modes of the methylene groups are positioned,
respectively, at 2846 and 2912 cm-1, while the symmetric and
anti-symmetric stretching modes of the methyl groups were
observed at 2879 and 2958 cm-1, respectively. After the hightemperature thermal treatment, i.e., the activation step (black
curve), CH2 stretching mode shifts in the positions toward higher
frequency while CH3 remains almost invariant. Moreover, a
change of overall relative intensities was also observed. The CH2
stretching modes in the alkyl chains are conformational order
dependent shifting to higher frequencies at higher conformational
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disorder

38–40

. In addition, a mode at 1735 cm-1 was observed in

both samples. This frequency is correlated to the stretching
vibration of C=O of alkyl propionates species, so we can
hypothesize that during the 150 °C dip coating process, a partial
pyrolysis takes place leading to a transformation of the diethyl
propyl phosphonate. Such compounds might be associated with
the transformation of the aliphatic portion of the molecule
detached during the dip coating, observed during the XPS
analysis. If the appearance of the C=O bond induces to speculate
a partial pyrolysis of the molecule during the dip coating process,
during the activation step this phenomenon further proceeds, as
demonstrated by the frequency shifts and by the relative intensity
variation of the CH stretching modes in the range of 2800–3000
cm-1.
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Figure 2-4 Raman spectra acquired on the as deposited sample
(red line) and after the activation step in furnace at 1050 °C for
500 s in N2 (black line).
The results of the Raman analysis confirm the results obtained by
XPS analysis on the fresh sample, indicating that the molecule
starts to break and loss the lateral aliphatic chains during the
coating process.

Figure 2-5 Hypothesis of a possible bond between the DPP and
Silicon substrate
Figure 2-5 shows a hypothesis of the possible bond between the
DPP molecule and the silicon substrate. From the results obtained
by the XPS and Raman analysis and from the literature works it is
possible to hypothesize that the molecule during the deposition
process form a tridentate type bond with the substrate. In
particular the dopant atom is bonded to the substrate via oxygen
following simultaneous rupture of the C-O-P and the P = O
bonds.
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2.2 Role of the surface treatments
In the previous section it was found that during the deposition
process for MD there is the formation of both the monolayer
chemically bonded to the substrate and of the multilayers
physically linked to it. In order to obtain more control on the MD
process, it is important to limit the formation of the layers
physically

bonded

to

the

substrate

or

removing

them

subsequently. For this reason, a series of experiments have been
conducted in these two directions to remove or restrict the
formation of the physi-sorbed layers.
In the literature, a study on TBAG and the possibility of removing
the fused adsorbents by THF was performed with the focus of
identifying multilayer vs. monolayer films
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In MD process

cleaning was applied for the first time in a work of 201118 in
which authors removed the physi-sorbed material by rinsing the
sample in

ethanol, acetone, and MilliQ water and then

ultrasonicated it for 15 min in acetone. In this work, no
experimental evidence about the role of the cleaning on MD are
present. For this reason, different cleanings were performed on
the samples to fine-tune an effective removal method. Preliminary
tests of cleaning in mesitylene, with increasing times from 2
minutes to 8 minutes and in water for 8 minutes were carried out.
Then the samples were annealed at 1050°C for 500s and
characterized by SRP to obtain an electrical measurement that can
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be correlated to an indirect indication about the removal physisorbed materials. In Figure 2-6 the dose value of the samples
rinsed in water and mesitylene has been plotted.

Figure 2-6 Dose obtained from SRP profiles after annealing of
standard samples (no clean) and cleaned in mesitylene or water
at various times.
The samples after the cleaning processes were observed with an
optical microscope in order to detect the possible presence of
macroaggregates (images not shown). Samples cleaned with
mesitylene showed the presence of aggregates on the surface,
probably due to the presence of contaminants in the solvent itself.
Samples cleaned with water did not show the presence of this
aggregates and for this reason it was chosen as one of the cleaning
methods preferring it to the one in mesitylene. In addition to this,
another method chosen was that already present in the literature
and used in the MD and it consists in rinsing the sample in
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ethanol, acetone, and MilliQ water and then ultrasonicated it for
15 min in acetone. Finally, the last method presents in literature
where the sonication cleaning was substituted with magnetic
stirring. So the samples for found a better method to remove the
physi-sorbed layers were prepared in the following way: No
cleaning (A), cleaning in ethanol, acetone, MilliQ water and then
sonicated in acetone for 15 min (B) , cleaning in water through
magnetic stirrer (C) and cleaning in acetone, isopropanol, water
and 15 min in acetone under magnetic stirrer (D). After the
cleaning the samples, also in this case, were annealed at 1050°C
for 500s and characterized by SRP. In Figure 2-7 it is possible to
note how the most effective removal method of the layers not
chemically bonded to the substrate is the D case that undergone
the samples to magnetic stirring.

Figure 2-7 shows the plot of dose values, calculated from SRP
profiles, of the various samples: no cleaning (A), cleaning in
ethanol, acetone and water and sonicated in acetone (B),
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cleaning with water using magnetic stirrer (C) and cleaning in
acetone, isopropanol and water and then in acetone under
magnetic stirrer (D).
Once the most effective removal method was found, this was
chosen

as

a

removal

method

for

the

morphological

characterization of the samples. A second step was to analyze the
morphological characteristic of the cleaned samples and
compared it with the no cleaned samples. For this reason, the “as
deposited" samples, after the cleaning cycle, was immediately
characterized by morphological point of view through AFM to
have an indication about the removal of the non-chemically
bonded layers. In Figure 2-8 AFM microscopes are shown. The
RMS was calculated for both samples to have an index of the
roughness of the surface before and after the removal treatment.
In Figure 2-8 a) the RMS value was of 0.740 nm while for the
samples in Figure 2-8 b) the value was 0.374 nm. The RMS value
in the case of the cleaned sample is considerably lower (about
half), suggesting an effective removal of the physi-sorbed layers.
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Figure 2-8 AFM micrograph of the samples no clean (a) and
cleaned with acetone, isopropanol, water and acetone under
magnetic stirrer (b)
The no-cleaned sample shows a total coverage of the substrate but
there is the appearance of aggregates of the order of a few
hundred nm. The presence of these aggregate could be caused by
an increase of dopant concentration during the coating process
due to the different boiling temperature between solvent and DPP.
Indeed, the boiling temperature of mesitylene is about 160 °C
while that of the DPP is about 280 °C. This could lead to
formation of dopant aggregates on the surface during the process.
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2.3 Role of the dilution of the precursor solution
In order to investigate the presence of the aggregates described in
the previous paragragh a further approach consisted to decrease
the concentration of DPP in mesitylene at 20,10 and 5%
respectively. In this case, a systematic study was performed both
morphologically and electrically at various concentrations.
The AFM images are shown in Figure 2-9 and it is seen that the
surface roughness increases from the sample to 5% to 20%
respectively. Specifically, the 5% sample has a Root Mean Square
(RMS) of 0.250 nm. This value doubled in the case of the 10%
sample (RMS 0.500 nm). Also in this sample, it is possible to note
the presence of "voids" during the formation of the monolayer.
The RMS value in the "voids" is different from the silicon value
(0.130 nm) but very like the measured value for the sample at 5%
(0.230 nm) indicating the presence of a layer already formed and
that of a second layer in formation. In this case the vertical
distance of the second layer was measured and the results show
how the distance between the two layers is about 1 nm. In the
third case, RMS was 0.740 nm. In this case there are no terraces
indicating a total coverage of the substrate but there is the
appearance of circular shaped aggregates the order of the hundred
nm. Results from AFM images show a strong evidence about the
role that DPP concentration plays in monolayer formation.
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Figure 2-9 AFM microscopies carried out on samples, varying
the concentration of the DPP a) 5%, b) 10% and c) 20%
Successively a set of samples processed in the same manner was
characterized by SRP in order to understand the possible
differences in terms of dose between the samples. Figure 2-10

45

shows how the dose values, calculated from the SRP profiles, are
similar in the range of 5 % and 20 %, while the value of the
samples at 10 % is higher. Probably because of the formation of
2nd layer that was found in AFM images. In this case the lack of
formation of macromolecular aggregates allows better adhesion of

Carrier dose (cm -2)

the molecule to the substrate and consequently to a higher dose.

Figure 2-10 Carrier Dose value obtained by SRP profiles of the
samples at various diluition of DPP
Finally, to study the removal of the physically bonded layers to
vary the concentration of the molecular precursor, 2 sets of
samples were prepared. The first set was prepared as deposited,
cleaned with acetone, alcohol and water and then again in acetone
using a magnetic stirrer and then morphologically analyzed using
AFM. The second set of samples, equal to the one being analyzed
AFM, was annealed after the cleaning process to get feedback
from the electrical point of view.
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Figure 2-11 show the AFM

micrograph obtained for the cleaned samples at 5% (a), 10% (b)
and 20% (c) dilution of DPP in mesitylene solution.

Figure 2-11 AFM microscopies carried out on "cleaned"
samples, varying the concentration of the DPP a) 5%, b) 10%
and c) 20%
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In the first case of the sample after treatment the RMS has the
same value as that of the 5% untreated sample (0.250 nm). In the
second case, it becomes apparent that cleaning is effective in
removing the layers physically bonded, there are no terraces
indicating a total coverage of the substrate and the RMS value is
equal to 5% (0.250 nm). Finally, in the third case the RMS has a
value of 0.374 nm which is about half compared to that of the
untreated samples. Results from AFM images strongly suggest the
role that the concentration of DPP plays in the formation of the
monolayer and that the subsequent dip coating treatment removes
the physically attached layers. Then the second set of samples
was prepared as the previous case but was annealed a 1050°C for
500 s to obtain an indirect indication about the removal of physisorbed layers.

Figure 2-12 Carrier dose obtained by SRP profiles of the samples
at various dilution of DPP and cleaned with acetone, alcohol
and water and then again in acetone using a magnetic stirrer
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Figure 2-12 show the carrier dose of the annealed samples after
the MD and cleaning. In this case the value of samples at 5% and
10% was comparable and this trend confirmed the result obtained
by the AFM micrograph and both cases showed a higher value
than the sample at 20. This trend is due to the contribution of 2
phenomena: the first is the formation of macromolecules during
the deposition phase which does not allow the best adhesion of
the molecules and the second is the subsequent evaporation of the
molecules itself during the annealing process.
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3 Role of the deposition parameters
This chapter discusses about the role of the main deposition
parameters in MD technique. The ability to modulate the main
parameters corresponds to have a control over the MD deposition
technique and then to have an ability to design and to prepare a
sample with the desired characteristics.
In the first part of this chapter the role of coating time and
sampling time will be reported. In the second part, the role of the
solvent and the molecular precursor will be discussed.

3.1 Role of the coating time and sampling time
The literature on the MD doping technique shows that it is
possible to modify and control the doping profile by changing the
molecule design. Specifically, the molecular footprint of the
precursor directly governs the surface concentration of the
dopants with larger molecules resulting in a lower dose

1,34

.

Starting from the results obtained in the previous chapter, where
the samples show the presence of multilayers physiosorbed on the
surface, a further approach was to change the immersion time of
the samples in the precursor solution. For this reason, the samples
were dipped first in a HF solution to remove the native oxide
layer and then in a 20% v/v of DPP in mesitylene solution from 5
to 150 min. In Figure 3-1 a, the results of the SRP profiles are
reported as carrier concentration versus depth for the several
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coating times, all activated at 1050 °C for 500 s. As it is possible
to see the profiles show a continuous increment in the junction
depth until a saturation is obtained for the 100–150 min coating
time. Figure 3-1 b and c show, respectively, the carrier dose and
the junction depth calculated from the SRP profiles, as a function
of the coating time. The trend of the charge carrier concentration
and of the junction depth, as a function of dip-coating time, is
monotonous. From the obtained data, it can be stated that the
concentration of charge carriers and the junction depth can be
precisely controlled by varying the time of coating. The results
discussed above led to ask how thermal activation time affects the
carrier concentration and the junction depth.
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Figure 3-1 (a) Carrier concentration profiles as a function of the
depth for several dip-coating times, carrier dose (b) and
junction depth (c) as a function of dip-coating time.
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Then the variation of DPP concentration during the process and if
this variation can be responsible for the formation of the
agglomerates described in the previous chapter (see Figure 2-11)
is investigated. In this case the dilution is not changed by purpose
but is modified during the process due to the evaporation of the
solvent. For this reason, an experimental set up was carried out by
processing 3 different types of samples. The samples were divided
in two group for AFM and SRP characterization. All the samples
were immersed in HF for the removal of native oxide and then
were inserted for 25 min each, two samples were inserted at time
= 0 min until time = 25 min, other two samples from time 50 min
to time 75 min and finally the third group of samples was inserted
at 125 min up to 150 min. One sample of each group was
analyzed morphologically via AFM. (Figure 3-2) and the other
one was annealed at 1050°c for 500s and then characterized by
SRP. By comparing the three images (Figure 3-2 a, b and c), the
formation of aggregates becomes a evident phenomenon only in
the latter. This trend is even more clear by comparing the RMS
numeric values: in case a) the value is 0.25 nm, in case b) it has a
value of 0.550 nm while in the last case (c) the value is 0.970 nm.
This phenomenon may be due to an increase in the concentration
of DPP in the solution due to solvent evaporation at increasing dip
coating time and consequently to its aggregation in macromicelles depositing on the substrate.
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Figure 3-2 AFM micrograph performed on samples processed
for the same duration of 25 min but inserted at later times in
the solution.

54

Figure

3-3

shows

the

carrier

dose

obtained

by

SRP

characterization of the sample immersed at different time. As can
be seen, the carrier dose changes in the 3 samples. This indicates
that the concentration of solution changes during the process. In
particular, the trend is decreasing and this indicates a decreased
ability of the molecules to adhere to the substrate surface. This
result fits with those obtained through morphological analysis
where we saw the appearance of macro aggregates in the sample
immersed for last. These macroaggregates seem to be formed by
dopant precursors, which due to micellar assembly, fail to form
chemical bonds with the surface and bind to this through weak
physical bonds.

Figure 3-3 Carrier Dose from the SRP characterization of the
sample after different immersion times
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3.2 Role

of

the

solvent

and

the

molecular

precursor
Another aspect investigated in this thesis was the role of the
solvent and the molecular precursor at the MD. In the literature,
an aspect not yet investigated concerns the variation of solvent in
this type of processes. For this reason, a first aspect investigated
was to replace the common solvent used in MD, mesitylene,
which is an organic solvent, potentially toxic for fish and
polluting for marine environments. The solvent selected to replace
mesitylene should have the following characteristics: non-toxic,
non-polluting, easily available, cheap, carbon-free: For this
reason, we explored water as a solvent for the DPP.
Samples of Si p type with <111> crystallographic orientation was
processed by MD after a brief dipping in a 16% HF solution for
60 second to remove the native oxide. After the samples were
immersed in a 20% solution of DPP in water at its boiling
temperature, about 120 °C for 2.5h. Then one sample before the
activation thermal step was cleaned in acetone isopropanol and
water and then in acetone under magnetic stirrer and finally all the
samples were annealed at 1050°C for 500s. After the activation
process the samples were characterized by SRP in order to obtain
information about the electrical properties. Figure 3-4 shows the
Carrier dose of the samples at different dilution in mesitylene
(described below) cleaned or not cleaned and compared with the
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samples processed using water as a solvent and also in this case
undergone or not at the cleaning process.

Figure 3-4 Carrier dose of the samples at different dilution in
mesitylene: no cleaned (black dot), cleaned(red dot), and in
water: no cleaned (black square) and cleaned (red square)
In the case of no cleaned sample the dose value is 5.3
in the case of the cleaned sample is 2.9

12

13

while

. The value of the

sample no cleaned compared to the conventional MD is about half
while it is about 2 orders of inferior magnitude in the case of the
cleaned sample. The cause can be attributed to the formation of a
layer of oxide at the interface between the solution and the
substrate before the molecule binds to this. This oxide layer limits
the diffusion of molecules due to the different diffusion
coefficient.
A second aspect was related to the necessity to not introduce
unwanted contaminants inside the substrate during the annealing
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process. In literature, any works are focused on the use of further
molecular precursor but in all cases, the molecular precursors
used were complex molecules in which the ratio of carbon/dopant
atoms was higher than in DPP precursor20,46. For this reason, an
innovative molecular precursor was choice to reduce the carbon
atoms constituting the molecular precursor to zero. Phosphoric
acid (PA) was chosen because his molecular structure is
composed only of oxygen, hydrogen and phosphorus, no carbon
atom is present. Also in this case, like the DPP, the phosphorus is
bonded to an oxygen atom through a double bond. It is known in
microelectronics because it is used in the removal of silicon
nitride but which has not been, until now, as a dopant. In this
case, the samples were cleaned in the following manner. Firstly,
were sonicated for 5 minutes in acetone, then for 5 min in alcohol
and finally for 5 min in water to remove the physical
contaminants. Successively were dipped in HF solution, and then
immersed in a 20% solution of Phosphoric Acid in water at 120°C
for 2.5 h. Then the samples were annealed at 1050°C for 500s and
then characterized by SRP. Figure 3-5 show the SRP profiles of
the samples doped by Phosphoric Acid.
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Figure 3-5 SRP profiles of samples doped by Phosphoric Acid
In this case the dose is about 6.5×1015 at/cm2 and the junction
depth reaches more than 1.4 microns. The differences are
remarkable by comparing these samples with those doped with
DPP in mesitylene (Figure 3-6).

Figure 3-6 Carrier dose calculated of the samples doped by PA
and DPP
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Indeed, in this case the dose values are more than one order of
magnitude greater, the junction depth values are about 5-6 times
larger and the Rs is less than one order of magnitude. Moreover,
as can be seen in the Figure 3-6, the samples doped with
phosphoric acid have a lower error bar than DPP-doped samples.
In order to investigate whether the spreading length of charge
carriers observed in doped samples with PA can be modulated
through the annealing time, a second process was performed by
changing the annealing time from 500 s to 20 s. Also in this case
the samples were characterized by SRP and the profiles were
reported in Figure 3-7.

Figure 3-7 SRP profile of the samples doped by Phosphoric Acid
and annealed at 1050°C for 20s.
In this case, the profiles obtained are slightly different from those
scored for 500s. In fact, the dose is about half that obtained in the
previous case (3×1015), as well as the Rs (about 20 ohm / sq) and
also the junction depth value is less (about 1 micron). Despite the
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same processing conditions (temperature, time and ambient),
different dose, sheet resistance and diffusion lengths have been
observed compared the samples doped by PA and the samples
doped by DPP. These differences could be ascribed both to the
change of the molecular precursor, anomalous diffusion effects
and/or to the nonlinear diffusivity at high concentrations. In order
to get a qualitatively frame of the data the ideal theoretical
diffusion length was evaluated (Figure 3-8 red line and dots)
using the following equation:
L= 2 D x t

(Eq.1)

using the extrinsic non-linear diffusion coefficient of P in Si:
Dx = D0+ D- -(n/ni)2

where D0 = 3.85 e

(Eq. 2)

– 3.66/kT

, D-- = 44.2 e

-4.37/kT

, where n is

approximately evaluated as the maximum carrier concentration
peak in the SRP profiles and ni is the carrier concentration of
intrinsic substrate at 1050 °C[10].
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Figure 3-8 Sheet resistance results obtained by the SRP profiles
as a function of the sample annealed both at 1050°C for a) 500s
and b) 20s, in red the calculated diffusion length
The comparison in Figure 3-8 demonstrates that the qualitative
trend of the junction depths for the different cases is remarkable.
The causes could be due to several factors: first, the different
dimensions of the phosphoric acid molecule compared to the
DPP, second point is correlated to the concentration of molecular
precursor in solution, indeed the solution was prepared using the
same volume percentage of the DPP case, but in this case the
number of molecules present in the solution is about 3 times
greater. Finally, a further contribution probably due to the Si
surface oxidation during the MD deposition and also during the
annealing process, in spite to the nominally inert annealing
conditions. The oxidation in fact produces a super-saturation of
interstitial defects within the substrate that is responsible for a
greater diffusion length [11-12].
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4 Effects of the post-deposition treatments
This chapter shows the effects of the post deposition thermal
process in MD.
In particular the chapter is divided in 3 parts: in the first one the
role of the annealing parameters with particular attention on
temperature and time was performed, in a second part an
investigation about the chemical-physical properties on the
surface of silicon samples after doping through molecular doping
(MD) method and successive annealing is carried out.
Furthermore, a study about the atomic structure of the first layers
of silicon after the doping procedure in order to evaluate the
possible intermixing between the carbon atoms constituting the
precursor molecule and the Si atoms of the substrate is performed.
Moreover, the role of this intermixed layer on the electrical
characteristics of the semiconductor is also studied.
In the third part of the chapter the role on the cap layer on the MD
process is discussed.
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4.1 Role of the annealing parameters: Temperature
and time
A route to change the doping profile characteristics is based on
the modification of the thermal budget used for the dopant
diffusion and activation, such as the results shown in Figure 4-1.
In this figure, it reports the results of the SRP analysis performed
on the Si samples after the doping procedure by using the
phosphorus (Figure 4-1 a) and the boron precursor (Figure 4-1b),
after the RTA diffusion step at 950 °C (red line) and 1000 °C
(blue line), both for 500 s. The deposition procedure start with a
brief dipping of the sample in HF, to remove the silicon native
layer and then the samples were immersed in solution containing
DPP or ABAPE for n or p-type doping respectively. As it is
possible to see the profiles show peaks of about 1x1019 cm-3 of
carrier concentration centered at about 10–12 nm in the first case
and at 5 nm in the second case. The n+ profile depth in the P case
is ≈30 and ≈80 nm after the 950 °C and 1000 °C annealing
processes, respectively, while in the B case it is at ≈20 and ≈70
nm, respectively. By focusing on the boron case (Figure 4-1 b),
the electrically active boron dose diffused in the bulk, as
estimated by integrating the SRP profiles, is different for the two
investigated cases. In the 950 °C case is found to be equal to
5×1012 cm-2, while in the 1000 °C case is 1.5×1013 cm-2. This
difference depends on both the total dose available at the surface
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in the as-prepared samples and the solid solubility of boron in
silicon at that temperature, as for a standard pre-deposition
process followed by a drive-in diffusion step. From the SRP
measurements the sheet resistance Rs was calculated and in these
cases obtained values of 3900ohm sq-1 for the sample annealed at
1000°C and 9400ohm sq-1 for the sample annealed at 950 °C.
Concerning the diffusion depth, if we compare these data to the
standard boron diffusion from finite sources in Si with atomically
clean surfaces, i.e., without any diffusion barrier, it has been
found that at such temperatures profile depths should be larger
than those measured 1. By comparing the results on the depth and
on the sheet resistance to those present in the literature relative to
the same chemical doping method, we find that similar values are
obtained in literature for shorter annealing times than ours 1.
Many reasons have been associated with these differences:
formation of a SiOx layer before the chemical bath producing a
barrier

for

the

boron

diffusion,

the

physico-chemical

characteristics of the deposited oxide capping layer after the
doping, a small penetration, up to 10 nm, of the SRP tips inside
the sample that can affect the measurement, and a possible time
offset due to the molecule breakage and successive boron release.
These cited reasons still actually represent open issues of the
molecular doping method and must be addressed by studying the
chemical properties of the surface during and after the process.

65

Figure 4-1 Spreading resistance profiles relative to the Si
samples doped with DPP (a) and ABAPE (b) annealed at 950 °C
(red ) and 1000 °C (blue) for 500 s.
Finally, the contribution of the activation time on the MD was
studied. In particular the activation time on samples synthesized
with coating time of 150 min, was varied. The samples were
subjected to a thermal activation at 1050 °C for 500 s, in a single
annealing step, and 1000 s, in two steps of 500 s each, and SRP
analysis were carried out. In Figure 4-2, the comparison between
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the results of the two experiments are reported. The dose of the
charge carriers and the junction depth, obtained by SRP profile,
show that: (i) the dose of the charge carriers remains the same in
both case (Φ = 1.6×1014 atom/ cm3), (ii) the junction depth
increases from d

500 s

= 250 nm to d1000 s= 330 nm, (iii) the sheet

resistance remains unchanged, Rs =300Ω/sq. The results show
that after 150 min of coating time, the dose of dopant atoms
diffused inside the Si substrate remains constant after increasing
the diffusion time, i.e., the maximum number of P atoms has been
released by the molecular layer over the Si and has diffused inside
the substrate. The depth increases with time by following the
diffusion process as expected.

Figure 4-2 Carrier concentration profiles obtained by SRP
measurements for samples coated at 150 8C for 150 min and
activated at 1050 8C for 500 s (diamonds) and 1000 s (circles).
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4.2 Competition between evaporation and diffusion
One very important aspect of MD is related to the role of the
surface characteristics on the final electrical properties of the
doped Si. It is not clear how the dose, sheet resistance and
junction depth are correlated to the chemical bonds present at the
surface between the Si and the atoms constituting the molecular
precursor. In the literature, it was found that the atoms
constituting the molecular precursor can be diffused together with
the dopant atoms within the first layer of the substrate and to form
a thin layer of 2-3 nm of Si-C.47
In this paragraph XPS has been combined with SRP analysis to
understand the nature of the surface layer after the doping
procedures and its role on the electrical properties. A chemical
wet etch has been also performed on some samples after the
doping procedure to investigate the electrical properties after the
removal of a portion of surface layer 48,49
The substrates used were p-type Si samples <111> of 1 x 1 cm2 in
size, with a R = 1-10 ohm/cm. The MD doping procedures started
with a brief HF dip, immediately followed by immersion in a
solution of DPP and mesitylene (20% v/v) at the solution boiling
temperature, about 160 °C, for 2.5 h. This step creates a layer of
phosphorus-containing molecules all over the sample surface. A
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furnace annealing at 1050°C for 500sec in N2 is then performed to
diffuse and activate the dopant. In order to investigate the surface
properties no cap layer has been deposited over the molecular
monolayer before the annealing process. A chemical wet etch is
performed to remove a portion of the surface doped layer after the
diffusion step. The wet oxidation/etching process consists of 3
steps: 1) HF (16% v/v) etch is performed; 2) chemical oxidation
by immersion in pure HNO3 (63% v/v) at its boiling temperature
for 10 min

48,49

3) HF (16% v/v) dip for 120s to remove the SiO2

layer formed during the chemical oxidation. The literature
indicates that with this process the total Si etched depth
corresponds to 1.6 nm. In the experiments reported in the paper,
some samples have been subjected to two cycles of the
oxidation/etching process to reach a nominal total etched depth of
3.2 nm.
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Figure 4-3 Schematic diagram of the process: a) Si p- type
sample is doped by MD and annealed at 1050°C for 500 s, b) HF
etching is performed for 60 sec, c) then the sample is immersed
in HNO3 at 120°C for 10 min, d) HF 16% for 60 sec.
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Figure 4-4: XPS spectrum relative to the signal of the Si 2p
acquired on a sample after the doping and annealing process
Figure 4-4 shows the XPS spectra acquired on the sample after
the MD and annealing process. The signal of the oxidized
component after annealing is increased in intensity and shift to
lower binding energy. The post annealing sample is also
characterized by a signal at 103.5 eV due to a silicon oxide
component and a multi-component band in the range of 101-104
eV that indicate the presence of different oxidation states of
silicon. This behavior indicates that a silicon oxide layer is
formed during the annealing process despite the process is
performed in N2 flux. By making an appropriate XPS spectrum
deconvolution, it can be noted that in addition to the Si 2 p
doubles (3/2 and 1/2 with values of about 0.6-0.8 FWHM eV)
centered at 99.4 eV and 100 eV respectively, there is a wide band
in the region of oxidized silicon species (SiO2, SiOx, etc.)

71

centered to 103.7 eV. In addition, a peak of about 100.7 eV,
centered into the overlapping region, between the main peaks of
silicon and oxidized species, may indicate the presence of the SiC bond. In literature44, the nominal position of this bond is
typically between 100.6 and 101.2 eV, so this peak can be
attributed to the presence of a thin layer of Si mixed with C,
although it is necessary to be careful because it overlaps partially
with the signal of elemental silicon at 100 eV and the energy
range 101-104 eV relative to silicon oxide and substechiometric
oxide species. This thin layer of Si mixed with C formed near the
surface is probably due to the diffusion of the carbon atoms
present in the molecular precursor during the diffusion process
and in literature this literature the thickness of this layer is about
2-3 nm. This difference with the literature data is due to the
processes acting on the molecular monolayer and their atomic
components during the annealing process and in absence of the
protective layer. In this case, they are essentially two: diffusion of
the atoms constituting the precursor inside the substrate and their
evaporation. In the experiments reported in the literature, the
capping layer impedes the evaporation of molecular components,
phosphorus, carbon and oxygen, from the surface and ensures
their diffusion towards both the silicon and towards the layer of
capping same. In this case, the evaporation is suppressed and the
diffusion phenomenon prevails. Instead,

in the

reported

experiments, without the protective layer, the two phenomena
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become competitive. This explains the low intensity of the peak
found at 100.7eV.
Figure 4-5 shows the results of SRP analysis performed after MD
doping and annealing and after two cycles of oxidation/removal
step. The inaccuracy of the concentration of local carrier
concentration was quantified by carrying out several SRP
measurements in different sample regions and a variation of about
20% was estimated. This value takes into consideration both the
intrinsic value of the instrument that the irregularities of the
treated sample on the surface. As can be seen, the two SRP profile
show almost the same junction depth due to the limited thickness
of silicon layer removed. In fact, the layer removed after the
chemical processes should only be 3.2 nm thick, which is
comparable to the depth of oxide removed resolution difference of
the SRP analysis. The difference between the local concentration
of SRP charge carriers in the two curves, in the range 0-100 nm,
is at least 17%. This could be attributed to the deactivation of P
induced by defective point formation during the oxidation
process. Regarding the dose of charge carriers, it was calculated
from the SRP profile in the pre-etch case and corresponds to a
value of 1.14 ×014 cm-2, while the calculated value eliminating the
first 3.2 nm of doped layer from the profile after chemical attack,
corresponds to 1.09 ×1014 cm-2 which is 5% lower than the initial
value.
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Figure 4-5 : Carrier Concentration Profiles obtained by SRP
measurements on a sample after the process of doping and
annealing (black curve) and on a sample after the doping
process, annealing and 2 oxidation / removal cycles (red curve)
Figure 4-6 a) shows RS values obtained by performing 4-point
measurements on the sample after the doping process and after the
first and second cycle of oxidation / removal process. The result
indicated that after the treatments RS increases linearly, and the
variation between as doped and after the second cycle is about
7%.
Considering SRP and 4PP data, the layer removed should
correspond to a few nm. In fact, as can be seen in Figure 4-6 b)
TEM analysis carried out on a cross-sectional sample after the
first chemical oxidation phase using HNO3 and before removal
from HF shows a thickness of oxide grown equal to 1.4-1.7 nm.
This indicates that the rate of oxidation is like that expected in a
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sample of pure silicon, not bound to carbon. This is in accordance
with our XPS results of a low carbon content in the superficial
layer. Indeed, it is known in the literature that the presence of
carbon decreases the oxidation rate of Si. It should be noted that
the oxidation experiment shown in Figure 4-6 b), was performed
on a Si sample that was not subjected to the MD process.

(a)

1st cycle

2nd cycle

as doped

(b)

Si
SiO2 1.4 – 1.7 nm
10 nm

Figure 4-6 (a) Rs values obtained by 4PP measurements on
samples, respectively, after the doping process and annealing
(as doped), after the first cycle (1st cycle) and after the second
oxidation cycle / removal (2nd cycle), (b) TEM image in cross
view of the sample after the chemical oxidation process
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4.3 Role of the cap layer
A further aspect investigated was the influence of cap layer on
diffusion of dopant. Starting from the preliminary result obtained
in the previous paragraph about the role of the cap layer. In order
to thoroughly investigate which is the influence of the cap layer in
MD process, a set of 4 different types of samples were prepared.
The samples of Si p-type with orientation <111>, were immersed
in a 16% HF solution to remove native oxide and then immersed
in a 20% mesylate-based DPP solution. Then the samples were
divided in 4 groups depending on the type of cap layer conditions,
and named as: no cap, external cap, SOG cap and CVD cap.
‘External Cap’ samples correspond to samples which after the
deposition of the phosphonate precursor were covered with an
oxidized Si sample, placed on top of them in contact with their
surface. The oxidized specimens were prepared from a Si
substrate of 1cm2 area, cleaned in acetone, alcohol, water and HF,
and then thermally oxidized in a tubular furnace at 1100 °C for 46
min under 2L/min of O2 flow. A 108 nm thick silicon oxide layer
was obtained. The oxidized specimens were then placed over the
MD doped layers, with the oxidized surface in contact with the
precursor layer, for the annealing diffusion treatment. Regarding
the ‘SOG’ case, after the molecular phosphonate precursor
deposition, the samples have been baked at 80 °C for 60 s on a hot
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plate, and then covered by SOG oxide deposited by spin coating
at 3000 rpm for 20 s. A subsequent baking step at 250 °C for 60 s
in air and a last annealing step in the furnace to compact the SOG
layer at 425 °C for 1h under 2l/min flow of N2 were then
performed. The ‘CVD’ samples were transferred to a CVD
chamber where a silicon oxide layer with a thickness of about 500
nm was deposited at using the following parameters 500W, 70°C,
10mT and 10/100sccm of a SiH4/N2O gas mixture. A Sentech SE
500 Ellipsometer equipped with a helium neon laser was used to
measure the thickness of the several oxide layers grown or
deposited on test samples. Figure 4-7 reports a schematic diagram
summarizing the main processing steps for the cap layers
formation after the phosphonate precursor deposition, as detailed
above: Figure 4-7 a) reports the procedure for the samples
annealed without cap layer; Figure 4-7 b) illustrates the steps for
the ‘external cap’ samples, covered by an oxidized Si specimen
obtained by thermal oxidation; in Figure 4-7 c) it is shown the
procedure for the ‘SOG samples’ coated with a layer of spin on
glass oxide deposited by spin coating and annealed; Figure 4-7d)
details the steps for the ‘CVD’ case: the samples were coated with
a 500 nm thick film of SiO2 obtained in a plasma CVD chamber
at room temperature.
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Figure 4-7 Schematic diagram of the process in which the
samples after the MD deposition are covered by cap layers
before the diffusion annealing: a) No Cap, b) External Cap, c)
SOG Cap and d) CVD Cap
Finally, all the samples, were annealed in a furnace at 1050 °C for
500 s in N2 flux (2 l/min) to decompose the precursor and diffuse
and activate the dopant. Since the Si substrate was p-type, the
diffusion process created a n+/p junction in the final samples.
Spreading resistance measurements have been performed on a
SSM150 tool to analyse the carrier concentration profiles in the
doped samples and after the chemical processes. Depth
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information is obtained by stepping down the probes along a
bevelled surface of the sample. The analyses have been conducted
in the high-resolution configuration, to guarantee the best
accuracy for the extraction of the electrically active dopant
profiles from the acquired raw data. The samples have been
prepared with very small bevel angles and depth resolutions of
about 3 nm have been achieved. Figure 4-8 illustrates the typical
SRP profiles obtained from the samples after the diffusion step.
The samples without cap layer (green curve, “No Cap”) show a
peak value of the electrically active dopant concentration of ~
1.29 ×1019 at/cm3, in those capped by External cap the maximum
concentration is ~ 1.05 ×1019 at/cm3 (magenta curve), those coated
by SOG caps show a concentration peak of ~1.49 ×1019 at/cm3
(black curve) and finally those coated by SiO2 obtained in CVD
chamber shows a maximum concentration of ~ 2.62×1019 at/cm3
(red profile). The last value is higher compared to the others.
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Figure 4-8 SRP profiles of samples annealed at 1050 °C for 500 s:
No Cap (green curve), External Cap (magenta curve), SOG Cap
(black curve) and CVD Cap (red curve)
From these profiles, we calculated the carrier dose, sheet
resistance and junction depth and they are reported in fig. 3 and 4.
As shown in fig 3a), the samples without cap layer show a value
of carrier dose of 1.8×1014 at/cm2, in the External cap samples this
value is 1.1×1014, in the SOG samples is 1.2×1014 at/cm2, and
finally the value of the CVD samples is 5.1×1014 at/cm2. The
reported error bars represent the standard deviation calculated on
several samples treated in the same conditions. The CVD dose
value is about three times larger compared to that obtained in the
samples without cap layer and about five times higher than those
of External cap and SOG.

In Figure 4-9 b) we show the

comparison among the sheet resistance average values of the four
cases, calculated from the SRP dose data.
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Figure 4-9 Carrier Dose (a) and Sheet Resistance (b) results
obtained by the SRP profiles for the several capping conditions
The No Cap samples present a value of sheet resistance of about
3.3 × 102 ohm /sq, the External Cap samples show 5.4 × 102
ohm/sq, the value for the sample covered with SOG caps is 5.0 ×
102 ohm/sq and finally for the CVD cap case is 1.3 × 102 ohm/sq.
It should be noted that the sheet resistance in the samples coated
by SOG oxide exhibits a larger error bar with respect to the other
cases.
Also in these cases, despite the same processing conditions,
different dose, sheet resistance and diffusion lengths have been
observed (see Figure 4-9). These differences could be ascribed to
both anomalous diffusion effects and/or to the non-linear
diffusivity at high concentrations. In order to get a qualitatively
frame of the data we have evaluated the ideal theoretical diffusion
length (Figure 4-10 red line and dots)
L= 2 D x t

(Eq.1)

using the extrinsic non-linear diffusion coefficient of P in Si:
Dx = D0+ D- -(n/ni)2

where D0 = 3.85 e

– 3.66/kT

(Eq. 2)

, D-- = 44.2 e

-4.37/kT

, where n is

approximately evaluated as the maximum carrier concentration
peak in the SRP profiles and ni is the carrier concentration of
intrinsic substrate at 1050 °C50.
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Figure 4-10 Sheet resistance results obtained by the SRP
profiles as a function of the several capping conditions and
calculated diffusion length
The comparison in Figure 4-10 demonstrates that the calculated
qualitative trend of the junction depths for the different cases
follow the trend of experimental data. The larger discrepancies are
observed for the "No Cap" and "Ext Cap" cases in which show
deeper diffuse profiles. In particular, the "Ext Cap" has a
significantly larger diffusion than the CVD, which, in turn, shows
4 times larger active dose. This is probably due some limited Si
surface oxidation during the annealing process, in spite to the
nominally inert annealing conditions. The oxidation in fact
produces a super-saturation of interstitial defects within the
substrate that is responsible for a greater diffusion length 51,52. For
the sample covered with an outer cap layer, the non-perfect
adhesion of the oxidized substrate and doped sample could make
the reactivity of the Si surface more similar the no cap case.
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To understand all the above results, the competition between the
diffusion of the dopant towards the Si substrate and other possible
loss processes which can incur during the annealing step should
be considered. In the case without cap, the dopant atoms can
diffuse towards the Si or evaporate in the annealing environment.
The presence of the cap layer in the SOG and CVD cases makes
the diffusion, both towards the substrate or the cap layer, the only
possible phenomenon. The P diffusion coefficient into thermal
SiO2 is about 3 orders of magnitude less than the P diffusion
coefficient in Si13, so the P migration process towards the Si
substrate is more efficient. From this, one would expect to find
better electrical results in the SOG samples with respect to the ‘no
cap’ case, which is not the experimentally observed, because
depending on the density of the cap layer this process might be
more efficient than the evaporation. In addition, in the case of
SOG samples the molecule migration, not yet chemically bonded
to the Si substrate, towards the SOG oxide precursor, still in the
liquid phase before the baking steps, can be even more favoured.
The large error bar exhibited in these SOG covered samples can
be correlated to the non-uniform capture mechanism of the
phosphonate molecules inside the liquid SOG oxide. In the case
of the External cap samples evidently the non-perfect physical
contact between the oxidized cap and the phosphonate covered Si
samples makes loss processes active. Finally, for the CVD
samples, the dopant diffusion towards the Si substrate is the
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preferential process and the dopant loss processes are limited by
the density of the oxide cap. This behaviour is probably due to the
perfect adhesion of the cap layer on the samples that strongly
restricts the out diffusion of the precursor during the annealing
process.
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5 Example of application to Si nanowires
Silicon nanowires (Si-NWs) have been largely recognized as
promising alternative to the standard planar configuration in
photodiodes, like solar cells, because they can be exploited as
novel architectures to build radial junctions or as light-trapping
layer for the fabrication of efficient devices

42–47

. In this case the

control of the doping protocols is the difficult challenge because
the common doping method need more steps to ensure conformal
doping. For this reason, MD has been successfully applied to
SiNWs1,23,26. In this section, an innovative study about the bond
between the molecular precursor, DPP and the SiNWs is carried
out.
SiNWs array was grown on a six inches silicon wafer, with
crystallographic orientation <100>, p type 1-5 ohm cm, etched
with HF solution at 16% for 60 s. After this step the wafer was
introduced into sputter coater to deposit a gold catalyst by using
15 mA for 20s, at a working pressure of 5×10-3 mbar. A layer of
1.1×1016 at/cm2 of gold was deposited in these conditions, with an
equivalent layer thickness of 1.9 nm, a surface coverage of about
20% and a Au dot density in the order of 1011 cm2. The wafer was
then etched again by HF solution at 3% for 60 s and immediately
loaded into an Inductively Coupled Plasma Chemical Vapor
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Deposition (ICPCVD). The wafer holder temperature was raised
up to 395°C and hold for 1h. The deposition was performed at
20W, with a chamber pressure of 20 mTorr, by using SiH4 as Si
precursor gas, with a flux of 30 sccm, and Argon as transport gas
with a flux of 1sccm. The deposition time was 30 min. The wafer
was then taken out of the CVD chamber and immediately
subjected to a gold etch process and blow dry. After the SiNWs
growth, the Si wafer was cut into pieces of 1 × 1 cm2 in size and
the samples were firstly morphological analyzed by scanning
electron microscopy (SEM). Figure 5-1 show a SEM micrograph
of the SiNWs, in planar (a) and in cross view (b). It is possible to
notice that the SiNWs array show a cone shape probably due to
the modification of the CVD chamber in order to obtained a better
performance in terms of density of SiNWs, further investigations
are needed to understand the reason and the mechanisms involved
in the growth of SiNWs with this shape.
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Figure 5-1 SEM micrograph of the SiNWs array a) in planar view
and b) in cross view
After the morphological characterization of the SiNWs array,
monolayer was created on SINWs by MD method, starting with a
brief dip of the samples in a HF 16% for 60 second to remove
native silicon oxide, followed by immersion in a solution of DPP
and mesitylene (20% v/v) at the solution boiling temperature,
about 160 °C, for 2.5 h. This step created a uniform layer of
molecular precursor all over the sample surface. After the layer
deposition on SiNWs array, the sample was scraped on a TEM
grid and observed for morphological analysis (Figure 5-2 ).
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Figure 5-2 a)TEM image of DPP drpg on TEM grid and b) EDX
spectrum of liquid molecule deposited on TEM grid
Figure 5-2 a) show a TEM image of a drop of a DPP deposited on
TEM grid, in Figure 5-2 b) was shown the relative spectrum
EDX. From the EDX spectra it is possible to note that the drop is
composed mainly of phosphorus and oxygen and in this case the
ratio it is not the same of the molecular precursor. The copper
residues are due to the TEM grid itself.

At this stage of

preliminary study, a second stage of sample preparation was
performed (the scheme always involves the dipping of samples in
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HF to remove native oxide and subsequent immersion of the
samples in the DPP solution at 20% in mesitylene for 150
minutes).
Morphological characterization and 2-dimensional chemical
mapping were performed by using Transmission Electron
Microscopy (TEM) in standard and scanning modes.

Figure 5-3 (a) Bright field TEM micrograph of a NW after the
molecules deposition; (b) EFTEM image taken at 16 eV; (c) and
(d) O and C maps acquired on the same region.
Figure 5-3 a) reports the low magnification bright field TEM of a
NW after the molecules deposition. The EFTEM image taken at
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16 eV, reported in Figure 5-3 b), indicates the Si phase inside the
nanostructure. In this micrograph, the NW appears thinner than in
the corresponding bright field image. Figure 5-3 c) and (d) shows
the O and C maps acquired on the same region. It is evident, from
the filtered images, that the C and O signals are broader than the
Si one, thus suggesting the presence of layers surrounding the
SiNW. EFTEM images at 16 eV were acquired by selecting in the
electron energy loss spectrum (EELS) the energy window
characteristic of bulk Si plasmon loss. Chemical maps for Si, C
and O elements were acquired at 100, 285 and 535 eV
respectively.
This type of analysis provides a low signal-to-noise ratio, not
sufficient to distinguish with sub-nm accuracy the position of the
different species, neither the presence of single molecules over the
NW surface.
For this reason, a spectrum imaging in the scanning mode
(STEM) was taken simultaneously with EELS and EDX spectra,
all collected in a single multi-dimensional data matrix. The RGB
image consists in the superposition of 3 chemical maps of Si, O
and C, obtained from the same EELS spectrum image data-cube.
This methodology allowed to extract also the low intensity EDX
phosphorous signal.
Figure 5-4 a), show the results of this investigation in the region of

a NW close to its tip. Due to the 3-dimensional geometry of the
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analyzed nanostructure, the signal increases in correspondence of
the lateral curvature, for the integration effect. The resulting
image clearly evidences the separation between the two layers of
O and C, red and green respectively in the image, revealing that
they form two different shells. The oxygen layer is placed
between Si and C and appears continuous with a thickness of
about 1.2 nm. Its presence may be attributed to a native oxide
regrowth after the air exposure and to a contribution from the
molecular oxygen atoms. On the contrary the C signal is not
continuous thus demonstrating the presence of C agglomerates of
nm size (white arrows in the figure). This result is more evident in
Figure 5-4 b) showing the C map of the same NW. These

agglomerates (green circles in the figure) are dimensionally
compatible to the size of the single molecules.
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Figure 5-4 (a) RGB image extracted from the EELS spectrum image
data-cube. (b) C map where the presence of the single molecule on the
NW is empathized, (c) Elemental profiles extracted by the RGB spectra
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6 Conclusions and future perspectives
The research activity subject of this PhD thesis has been focused
on the study of innovative techniques for conformal doping of
semiconductors

for

applications

in

micro-

and

nano-

electronics.
The first part of this work was focused on the study of the
interaction between the dopant molecules and Si in the solutionbased MD approach because is the crucial point to be studied to
deeply understand the mechanisms associated with the MD
process. In the first part, an experimental investigation of MD by
focusing on the chemical surface properties and on the coating
process conditions was presented. The morphological and
chemical characteristics of the as-deposited molecule and its
interactions with the substrate are obtained by performing AFM,
XPS and Raman spectroscopy with the goal to demonstrate the
presence of the self-assembled monolayers and the molecule
modification after the dip coating deposition and after the
activation annealing. From the AFM XPS and Raman analysis it
was observed that after the coating process there are both
chemically bonded monolayers and non-chemically bonded
multilayers. It was found that the dopant molecules are linked to
the substrate with the phosphorus via an oxygen atom, probably
via a tridentate-type bond. The analyses also indicated that the
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molecule starts to break and loss the lateral aliphatic chains during
the coating process.
Successively a series of experiments was focused on two
directions: remove or restrict the formation of the physi-sorbed
layers. In particular a preliminary work on different cleanings
were performed on the samples to fine-tune an effective removal
method and comparing two different solvents. After the
deposition step, the samples processed without cleaning were
directly annealed at 1050°C for 500s while the cleaned samples
were cleaned before the annealing in a tubular furnace at 1050°C
for 500s. Also in this case, SRP measurements were performed on
all the samples and from the SRP result it is possible to note how
the most effective removal method of the layers not chemically
bonded to the substrate is the D case. Once the most effective
removal method was found, this was chosen as a removal method
for the morphological characterization of the samples. A second
step was to analyze the samples after the MD coating without and
with cleaning process and then were immediately characterized by
AFM to have an indication about the removal of the nonchemically bonded layers. From the AFM results, RMS value was
calculated in both cases. In the case of the cleaned sample is
considerably lower (approximately half of the value) than the no
cleaned samples, suggesting an effective removal of the physisorbed layers. The no cleaned samples show the presence of
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aggregates of about 100 nm. To investigate this presence a further
approach consisted to decrease the concentration of DPP in
mesitylene at 20,10 and 5% respectively.
In

this

case,

a

systematic

study

was

performed

both

morphologically and electrically at various concentrations and
without or with the cleaning step. Results from AFM images
strongly suggest the role that the concentration of DPP plays in
the formation of the mono and multilayer and that the multilayer
can be removed by the subsequent dip coating treatments.
Electrical measurements indicate that the multi-layer plays an
important role on the dose value. Indeed, the dose values,
calculated from the SRP profiles in no cleaning samples, are
similar in the range of 5 % and 20 %, while the value of the
samples at 10 % is higher. Probably because of the formation of
2nd layer that was found in AFM images. The dose values in the
cleaned sample are lower than the no cleaning samples and in this
case the value of samples at 5% and 10% was comparable and this
trend confirmed the result obtained by the AFM micrograph and
both cases showed a higher value than the sample at 20. This
trend is due to the contribution of 2 phenomena: the first is the
formation of macromolecules during the deposition phase which
does not allow the best adhesion of the molecules and the second
is the subsequent evaporation of the molecules itself during the
annealing process.
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The second part of this work discusses about the role of the main
deposition parameters in MD technique. The ability to modulate
the main parameters corresponds to have a control over the MD
deposition technique and then to have an ability to design and to
prepare a sample with the desired characteristics.
In particular, the immersion time of the samples in the precursor
solution was changed from 5 to 150 min. Then the samples were
covered by SOG, annealed at 1050°C for 500s and analyzed by
SRP. The trend of the charge carrier concentration and of the
junction depth, as a function of dip-coating time, is monotonous.
From the obtained data, it can be stated that the concentration of
charge carriers and the junction depth can be precisely controlled
by varying the time of coating. A second aspect about the
variation of DPP concentration during the process and if this
variation can be responsible for the formation of the agglomerates
was investigated. In this case the dilution is not changed by
purpose but is modified during the process due to the evaporation
of the solvent. For this reason, an experimental set up was carried
out by processing 3 different types of samples. All the samples
were immersed in HF for the removal of native oxide and then
were inserted for 25 min each, two samples were inserted at time
= 0 min until time = 25 min, other two samples from time 50 min
to time 75 min and finally the third group of samples was inserted
at 125 min up to 150 min. Finally the samples were characterized
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by AFM and SRP. From the AFM images on the as deposited
samples the formation of aggregates becomes a evident
phenomenon only in the last samples. This phenomenon may be
due to an increase in the concentration of DPP in the solution due
to solvent evaporation at increasing dip coating time and
consequently to its aggregation in macro-micelles depositing on
the substrate. The SRP trend of annealed samples is decreasing
from the first to the last immersion and this indicates a decreased
ability of the molecules to adhere to the substrate surface. This
result fits with those obtained through morphological analysis
where we saw the appearance of macro aggregates in the sample
immersed for last. These macroaggregates seem to be formed by
dopant precursors, which due to micellar assembly, fail to form
chemical bonds with the surface and bind to this through weak
physical bonds.
Another aspect investigated in this thesis was the role of the
solvent and the molecular precursor at the MD. In the literature,
an aspect not yet investigated concerns the variation of solvent in
this type of processes. For this reason, a first aspect investigated
was to replace the common solvent used in MD, mesitylene,
which is an organic solvent, potentially toxic for fish and
polluting for marine environments. The solvent selected to replace
mesitylene should have the following characteristics: non-toxic,
non-polluting, easily available, cheap, carbon-free: For this
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reason, we explored water as a solvent for the DPP. In particular
the samples were processed in a 20% solution of DPP in water at
its boiling temperature, about 120 °C for 2.5h. Then one sample
before the activation thermal step was cleaned and finally all the
samples were annealed at 1050°C for 500s. After the activation
process the samples were characterized by SRP. The SRP results
show that the value of the sample no cleaned compared to the
conventional MD is about half while it is about 2 orders of
magnitude lower in the case of the cleaned sample. The cause can
be attributed to the formation of a layer of oxide at the interface
between the solution and the substrate before the molecules are
bonded to this. This oxide layer limits the diffusion of molecules
due to the different diffusion coefficient.
A second aspect was related to the necessity to not introduce
unwanted contaminants inside the substrate during the annealing
process. For this reason, an innovative molecular precursor was
chosen to reduce the carbon atoms constituting the molecular
precursor to zero. PA was chosen because his molecular structure
is composed only of oxygen, hydrogen and phosphorus, no carbon
atom is present. Despite the same processing conditions
(temperature, time and ambient), different dose, sheet resistance
and diffusion lengths have been observed compared the samples
doped by PA and the samples doped by DPP. The causes could be
due to several factors: first, the different dimensions of the
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phosphoric acid molecule compared to the DPP, second point is
correlated to the concentration of molecular precursor in solution,
indeed the solution was prepared using the same volume
percentage of the DPP case, but in this case the number of
molecules present in the solution is about 3 times greater. Finally,
a further contribution probably due to the Si surface oxidation
during the MD deposition and also during the annealing process,
in spite to the nominally inert annealing conditions. The oxidation
in fact produces a super-saturation of interstitial defects within the
substrate that is responsible for a greater diffusion length.
These are preliminary studies and will definitely require further
studies to be able to control this very interesting process.
The third part of experimental results shows the effects of the post
deposition thermal process in MD.
In particular the chapter is divided in 3 parts: in the first one the
role of the annealing parameters with particular attention on
temperature and time was performed. Si samples after the doping
procedure by using the phosphorus or the boron precursor were
annealed in RTA 950 °C and 1000 °C both for 500 s. The samples
were analyzed by SRP and show that the n+ profile depth in the P
case is ≈30 and ≈80 nm after the 950 °C and 1000 °C annealing
processes, respectively, while in the B case it is at ≈20 and ≈70
nm, respectively. By focusing on the boron case if we compare
the Rs data (3900 ohm/sq for the sample annealed at 1000°C and
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9400 ohm/sq at 950 °C) to the standard boron diffusion from
finite sources in Si with atomically clean surfaces, it has been
found that at such temperatures profile depths should be larger
than those measured. Many reasons have been associated with
these differences: formation of a SiOx layer before the chemical
bath producing a barrier for the boron diffusion, the physicochemical characteristics of the deposited oxide capping layer after
the doping, a small penetration, up to 10 nm, of the SRP tips
inside the sample that can affect the measurement, and a possible
time offset due to the molecule breakage and successive boron
release.
In a second part a study about the atomic structure of the first
layers of silicon after the doping procedure was investigated in
order to evaluate the possible intermixing between the carbon
atoms constituting the precursor molecule and the Si atoms of the
substrate.
In this case XPS has been combined with SRP analysis to
understand the nature of the surface layer after the doping
procedures and its role on the electrical properties. A chemical
wet etch has been also performed on some samples after the
doping procedure to investigate the electrical properties after the
removal of a portion of surface layer. The result indicated that the
presence of unwanted carbon contaminants is lower than in
literature data due the absence of cap layer, after the
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oxidation/etching treatments RS increases linearly, and the
variation between as doped and after the second cycle is about
7%.
In the third part a further aspect investigated was the influence of
cap layer on diffusion of dopant. The samples were divided in 4
groups depending on the type of cap layer conditions, and named
as: no cap, external cap, SOG cap and CVD cap. The better value
in terms of carrier dose and sheet resistance was reported in the
CVD sample cases. To understand all the results, the competition
between the diffusion of the dopant towards the Si substrate and
other possible loss processes which can incur during the annealing
step should be considered. In the case without cap, the dopant
atoms can diffuse towards the Si or evaporate in the annealing
environment. The presence of the cap layer in the SOG and CVD
cases makes the diffusion, both towards the substrate or the cap
layer, the only possible phenomenon. In the case of SOG samples
the molecule migration, not yet chemically bonded to the Si
substrate, towards the SOG oxide precursor, still in the liquid
phase before the baking steps, can be even more favoured. The
large error bar exhibited in these SOG covered samples can be
correlated to the non-uniform capture mechanism of the
phosphonate molecules inside the liquid SOG oxide. In the case
of the External cap samples evidently the non-perfect physical
contact between the oxidized cap and the phosphonate covered Si
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samples makes loss processes active. Finally, for the CVD
samples, the dopant diffusion towards the Si substrate is the
preferential process and the dopant loss processes are limited by
the density of the oxide cap. This behaviour is probably due to the
perfect adhesion of the cap layer on the samples that strongly
restricts the out diffusion of the precursor during the annealing
process.
Finally an innovative study about the bond between the molecular
precursor, DPP, and the SiNWs is carried out. The SiNWs was
growth by VLS method using gold as a catalyst, then the MD was
performed on it and successively a morphological characterization
was performed. The RGB image extracted from the EELS
spectrum image clearly evidences the separation between the
layers of O and C revealing that they form two different shells.
The oxygen layer is placed between Si and C and appears
continuous with a thickness of about 1.2 nm. Its presence may be
attributed to a native oxide regrowth after the air exposure and to
a contribution from the molecular oxygen atoms. On the contrary
the C signal is not continuous thus demonstrating the presence of
C agglomerates of nm size. These agglomerates are dimensionally
compatible to the size of the single molecules.
Further investigations on SiNWs samples doped with MD after
the annealing step are needed to better understand the process.
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Appendix
X-Ray Photoelectron Spectroscopy: XPS
XPS is a chemical analysis technique of solid state materials: it is
based on the analysis of the energy of secondary electrons emitted
by a material following an excitation promoted by energy photons
in the X-ray range. Technique allows to obtain information about
the type, amount and state of oxidation of elements present in the
first surface nanometers of a material. The photoemission can be
summarized in three main phases: first, incident X-rays interact
with the solid electronic shells by generating both photoelectrons
emitted for either photoelectric or electrons emitted by Auger slit.
Part of these electrons will be able to get out of the material and
be emitted into the vacuum of the room of the apparatus, along
with a harmful component, generated by anaelastic scattering
processes to which the electrons have taken part in the path of exit
from the material. Therefore, the main information that the
technique will provide us will be the kinetic energy of electrons
emitted by the material that is analyzed by an "electronic energy
analyzer", in particular a semisphere concentric analyzer.
The process is described by the Einstein relation:
hν= BE + KE + ϕS
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where ν is the frequency of the incident irradiation, BE the
Binding Energy of the electron, with respect to the vacuum level,
ϕS work function and KE the Kinetic Energy of the photoelectron.
Considering that the analyst's work function is experimentally
determined through a reference sample, the only amount to be
determined for each experiment is the kinetic energy of the
photoelectric electron, as the energy of the incident photon is
known. In fact, the instrument uses two sources for X-rays: they
are the MgKα emission lines (with energy equal to hν = 1253.6
eV, with a peak width of 0.70 eV) and AlKα (with energy equal to
hν = 1486.6 eV, With a peak width of 0.85 eV). Electrons that are
analyzed have a "Binding Energy" of just a few hundred eV and
therefore cannot penetrate a solid for long walks due to their
energy loss, which is described by their "Inelastic mean free
path". This implies that the electrons emerging from the surface of
the sample will come from layers near the surface and that the
detected signal will be composed mostly of surface components.
The photoelectron peaks appear to specific BE values for each
element, however, it is also function of the chemical around of the
atom and its oxidation state, hence, it is possible to identify also
more complex chemical species.
In this thesis, the XPS analysis were obtained by a K-Alpha
system from Thermo Scientific, equipped with a monochromatic
Al Kα source (1486.6 eV), and operating in constant analyser
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energy (CAE) mode with a pass energy of 200 and 50 eV for
survey and high-resolution spectra, respectively. A spot size
diameter of about 400 µm was adopted. The binding energy was
calibrated by the elemental Si2p peak centered at 99.3 eV for
silicon substrate. Measurements were carried out at 90° take-off
angles between the sample surface and the direction of
photoelectrons detected by the analyzer. Curve fitting of the corelevel XPS lines was carried out using XPSpeak41 software with a
Gaussian–Lorentzian

product

function

and

linear

Shirley

background subtraction. A Gaussian–Lorentzian mixing ratio was
taken as 0.15 for all lines.

106

Spreading Resistance Profiling: SRP
Spreading Resistance Profiling (SRP) retains its popularity in the
semiconductor industry by an inexpensive means of capturing
dopant profile information. SRP is a method to measure the
resistivity of semiconducting samples as a function of position.
Two metal needles spaced about 50 µm apart are pressed with a
force of about 100 µN (10 mg) against the surface of the
semiconductor and the resistance between these two needles is
measured. Spreading resistance (SR) is the resistance associated
with a divergent current passing between electrodes on the surface
of a semiconductor material. This quantity is determined by
applying a known current between the electrodes on the surface of
the sample and measuring the voltage drop between the probes.

Figure 0-1 Schematic of a SRP measurements
Figure 0-1 shows a simple two-probe spreading resistance
measurement system. A structure’s carrier concentration profile is
measured by angle lapping the sample and making a series of SRP
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measurements along the bevel. Profile depth is calculated as a
function of the bevel angle. Correction factors are used to convert
the spreading resistance values to carrier concentration levels. The
technique of using spreading resistance to measure the thickness
of diffused layers and impurity profiles was originally proposed
by Mazur and Dickey in 1966.
In this thesis SRP measurements have been performed by a
SSM150 tool to analyse the carrier concentration profiles in the
doped samples. The analyses have been conducted in the highresolution configuration, to guarantee the best accuracy for the
extraction of the electrically active dopant profiles from the
acquired raw data. The samples have been prepared with very
small bevel angles and depth resolutions of about 3 nm have been
achieved.
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Atomic Force Microscopy: AFM
AFM is a technique to obtain images and other information from
a wide variety of samples, at extremely high (nanometer)
resolution. AFM works by scanning a very sharp (end radius ca.
10 nm) probe along the sample surface, carefully maintaining the
force between the probe and surface at a set, low level. Usually,
the probe is formed by a silicon or silicon nitride cantilever with a
sharp integrated tip, and the vertical bending (deflection) of the
cantilever due to forces acting on the tip is detected by a laser
focused on the back of the cantilever. The laser is reflected by the
cantilever onto a distant photodetector. The movement of the laser
spot

on

the

photodetector

gives

a

greatly exaggerated

measurement of the movement of the probe. This set-up is known
as an optical lever. The probe is moved over the sample by a
scanner, typically a piezoelectric element, which can make
extremely precise movements. The combination of the sharp tip,
the very sensitive optical lever, and the highly precise movements
by the scanner, combined with the careful control of probe-sample
forces allow the extremely high resolution of AFM. The basic
principle of AFM is that a probe is maintained in close contact
with the sample surface by a feedback mechanism as it scans over
the surface, and the movement of the probe to stay at the same
probe-sample distance is taken to be the sample topography. A
variety of probes have been used but the most commonly used are
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microfabricated silicon (Si) or silicon nitride (Si3N4) cantilevers
with integrated tips. Typically, probe radius varies from 5 to 20
nm. The bending of the cantilever normal to the sample surface is
usually monitored by an optical lever, although other methods
have been investigated. This system magnifies the normal
bending of the cantilever greatly, and is sensitive to Angstromlevel movements. There are a variety of modes of scanning but in
the simplest mode, the probes gently touch the sample as it moves
over the surface. The movement of the probe over the surface is
controlled by a scanner. This is normally made from a
piezoelectric material, which can move the probe very precisely in
the x, y, and z axes, although other types of actuator are also used.
The signal from the photodetector passes through a feedback
circuit, and into the z movement part of the scanner, in order to
maintain the probe-sample distance at a set value. Because the
cantilever acts as a spring, this fixed cantilever deflection means a
fixed probe-sample force is maintained. The amount by which the
scanner must move in the z axis to maintain the cantilever
deflection is taken to be equivalent to the sample topography.
In this thesis, the AFM technique was used in order to obtain a
morphological information of the samples as prepared.
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Raman Spectroscopy
Raman spectroscopy is a molecular spectroscopy, which is
observed as inelasticaly scattered light and enables the
interrogation and identification of vibrational (phonon) states of
molecules. Therefore, Raman spectroscopy provides an invaluable
analytical tool for molecular finger printing and for monitoring
changes in molecular bond structure, for example, state changes
and stresses and strains. Raman spectroscopy has several major
advantages over vibrational spectroscopy techniques, such as FTIR and NIR. These advantages stem from the fact that the Raman
effect manifests itself in the light scattered off of a sample as
opposed to the light absorbed by a sample. Therefore, Raman
spectroscopy is insensitive to aqueous absorption bands and
requires little sample preparation. This characteristic of Raman
spectroscopy enables the measurement of gases, liquids, and
solids not only directly, but also through transparent containers
such as plastic, glass, and quartz. Similar to FT-IR, Raman is
highly selective, allowing it to detect and distinguish between
molecules and chemical species that are very similar. When
considering Raman scattering, the physics can be thought about in
one of two ways: the classical wave interpretation or the quantum
particle interpretation. In the classical wave interpretation, light is
considered as electromagnetic radiation, which consists of an
oscillating electric field that interacts with a molecule through its
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polarizability. Polarizability is measured by the ability of an
electron cloud to interact with an electric field. For example, soft
molecules such as benzene have the tendency to be strong Raman
scatterers, whereas harder molecules like water tend to be fairly
weak Raman scatterers. When considering the quantum particle
interpretation, light is considered a photon, which strikes the
molecule and then inelasticaly scatters. In this interpretation, the
number of scattered photons is proportional to the size of the
bond. For instance, molecules with large Pi bonds such as
benzene have the tendency to scatter lots of photons, while water
with small single bonds is often a very weak Raman scattered.
In this thesis Raman analysis were performed by using the 514.5
nm radiation of an Ar ion laser. Scattered light has been
confocally collected and analysed by a Jobin–Yvon 450mm
monochromator equipped with a CCD detector cooled at 77 K.
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Transmission Electron Microscopy
The transmission electron microscopy is a commonly used
technique to study the structural properties of materials at atomic
level resolution. A high energy beam of electrons is shone
through a very thin sample, and the interactions between the
electrons and the atoms can be used to observe features such as
the crystal structure and features in the structure like dislocations
and grain boundaries. Chemical analysis can also be performed.
TEM can be used to study the growth of layers, their composition
and defects in semiconductors. High resolution can be used to
analyze the quality, shape, size and density of quantum wells,
wires and dots. The TEM operates on the same basic principles as
the light microscope but uses electrons instead of light (Figure 02a). Because the wavelength of electrons is much smaller than
that of light, the optimal resolution attainable for TEM images is
many orders of magnitude better than that from an optical
microscope. Thus, TEM can reveal the finest details of internal
structure - in some cases as small as individual atoms. The beam
of electrons from the electron gun is focused into a small, thin,
coherent beam by the use of the condenser lens. This beam is
restricted by the condenser aperture, which excludes high angle
electrons. The beam strikes the specimen and part of it is
transmitted

depending

upon

the

thickness

and

electron

transparency of the specimen. This transmitted portion is focused
by the objective lens into an image on phosphor screen or charge
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coupled device (CCD) camera. Optional objective apertures can
be used to enhance the contrast by blocking out high-angle
diffracted electrons. The image then passed down the column
through the intermediate and projector lenses, is enlarged all the
way.
The image strikes the phosphor screen and light is generated,
allowing the user to see the image. The darker areas of the image
represent those areas of the sample that fewer electrons are
transmitted through, while
the lighter areas of the image represent those areas of the sample
that more electrons were transmitted through.

Figure 0-2 a) General layout of a TEM describing the path of
electron beam in a TEM, b) a ray diagram for the diffraction
mechanism in TEM.
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Figure 0-2 b shows a simple sketch of the path of a beam of
electrons in a TEM from just above the specimen and down the
column to the phosphor screen. As the electrons pass through the
sample, they are scattered by the electrostatic potential set up by
the constituent elements in the specimen. After passing through
the specimen they pass through the electromagnetic objective
lens, which focuses all the electrons scattered from one point of
the specimen into one point in the image plane. Also, shown in
Figure 0-2 b is a dotted line where the electrons scattered in the
same direction by the sample are collected into a single point.
This is the back focal plane of the objective lens and is where the
diffraction pattern is formed.
In this thesis, TEM characterization was performed by a FEGTEM JEOL 2010F microscope and JEOL ARM 200, equipped
with a cold FEG, aberration corrected condenser lens, JEOL 100
mm2 Energy Dispersive X-ray (EDX) detector and Gatan
Quantum Spectrometer. The instrument provides during a single
scan a dark field image with High Angle Annular Dark Field
(HAADF) detector, simultaneously with EELS and EDX spectra,
all collected in a single multi-dimensional data matrix.
This technique was used to obtain morphological information on
SiNWs samples after the monolayer deposition.
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