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Introduction

In this day and age, the technology landscape is undoubtedly dominated
by semiconductors and semiconductor devices. Their history starts in the
early-to-mid-1800s, with the discovery of an “extraordinary case” of elec-
trical conduction by Michael Faraday, who observed the increase of elec-
trical conduction with temperature in silver sulfide crystals [1]. This was
unexpected, since the opposite can be observed in metals like copper and
pure silver. Although these materials were initially classified as “bad con-
ductors” or “strange conductors”, they caught the interest of the scientific
community. After a century of studies, the first formal theory about them
was published, called “The theory of electronic semi-conductors” [2] by
Alan Wilson in 1931, which explains the observed phenomena in terms of
quantum mechanics. This enabled subsequent scientists to exploit these
systems critically. As a matter of fact, after the introduction of this theory,
many discoveries and inventions were made, including but not limited
to the semiconductor diodes [3] (Russel Ohls, 1940), the junction tran-
sistor [4] (William Shockley, 1948), the first all-semiconductor circuit [5]
(Jack Kilby, 1958), the tunnel diode [6] (Leo Esaki, 1958). In the following
years, these technologies became essential in the fabrication of miniatur-
ized electronic devices and were used to make microprocessors, ROMs,
RAMs and computer chips. The downscaling of the electronic compo-
nents became, itself, object of study. This prompted Gordon Moore first
and then Robert Dennard to give birth to the Moore’s law [7] and give it
a scientific foundation [8], respectively. While Moore understood that the
number of components per chip would double every 12 months (figure
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1a), thus enhancing their performance, Dennard noticed that the horizon-
tal dimensions of a transistor and the speed of the devices would scale by
the same factor (figure 1b).

(a)

(b)

Figure 1: (a) Number of components per integrated function vs years as per
Gordon Moore’s law [7]; (b) Robert Dennard’s results: as the device dimension
shrinks by a factor of k, the same factor is applied to other parameters [8]

Although Moore’s law was born with the purpose of describing the
relation between component downscaling and device performances over
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time, it quickly transformed into a roadmap for the industry to follow: by
abiding to this new, auto-imposed schedule, companies could predict the
future performances of electronic devices and design their own technolo-
gies accordingly. As a matter of fact, complying with the Moore’s law
wasn’t strictly related to competition, but also gave the whole industry -
especially the computer science and information technology related ones
- a steady pace of progress. This highlighted the importance of found-
ing these everchanging technology on an abundant, easy-to-manufacture
semiconductor with the necessary electrical and morphological proper-
ties. Silicon, with its high purity, robust electrical properties engineering
and, most of all, natural abundance, became the perfect candidate for
mass production and technology advancements, and has enabled the sci-
entific community and the industry to reach their current maturity.

The key feature that enabled semiconductors to be widely spread is
the possibility of modifying the semiconductor local electrical properties
with a process called “doping”, which is the act of artificially and control-
lably introducing particular atomic impurities that provide the material
with charge carriers. By doping adjacent areas of the same semiconduc-
tor sample and assembling building blocks of different materials, it is
possible to design and fabricate devices: solar cells, light emitting diodes
(LEDs), photodetectors and, most of all, metal oxide semiconductor field
effect transistors (MOSFETs). These devices are the main constituents of
current technology and are, mostly, bidimensional objects. These can be
as small as the building technology permits. While in the 1970s these
devices were 10 µm wide [9], the current technology allows for the pro-
duction of 5 to 10 nm sized MOSFETs [10, 11]. As the dimension of these
components approaches the single nanometer, an obvious question arises:
is the era of the Moore’s law coming to an end? As a matter of fact, the
general opinion skews towards the necessity of abandoning the "law of
shrinking" in favor of new 3D, nanostructure-based technologies - like
finFETs for the 5 nm FET technology - that will exploit the unique struc-
tural and electrical properties of nanometer-sized objects [12] and could
enable the industry to set aside the Moore’s law and evolve into a new
dimension. This Ph.D. thesis is focused on the investigation of some as-
pects of the Molecular Doping (MD) technique, introduced in 2008 by J.C.
Ho et al. [13] as an innovative conformal doping technique, as well as the
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application of it to SiC substrates.
In chapter 1, the general aspects of semiconductor properties and dop-

ing are recalled. A brief introduction on the process of doping and current
widespread doping techniques is presented.

In chapter 2, the literature on MD and its possible applications is
summarized and explained. After the presentation of the technique, the
aspects about the tuning of electrical properties of doped samples are
treated together some applications to micro- and nano- structured sys-
tems.

In chapter 3, elements of the nucleation theory are explained. These
are fundamental in order to understand the experimental work of this
thesis. The nucleation and growth thermodynamics is introduced and
the Avrami equation is demonstrated.

In chapter 4, the evaluation of nucleation and growth during the MD
molecule deposition step is performed both morphologically and with
computational methods, with a focus on the bond nature between the
precursor molecule and the substrate, together with the evaluation of the
final electrical properties of doped samples.

In chapter 5, the study of the influence of molecule deposition parame-
ters on final electrical properties of the samples is presented. Through the
comparison between electrical and morphological data, several aspects of
the molecular layer formation are highlighted.

In chapter 6, the possibility of applying the MD process to SiC sub-
strate is explored through the study of preliminary samples. The be-
haviour of Ni layers in the MD process is evaluated and some investiga-
tions proposed.

Finally, the results of this thesis are summarized in the conclusions,
together with the discussion of possible approaches in the understanding
of some unclear aspects of the experimental work presented so far.



Chapter 1
Semiconductors and doping

1.1 Doping

Understanding why semiconductors are such a great resource for mod-
ern electronics requires a dive into the physics of the conduction in these
materials. The term “semiconductor” refers to a class of materials with a
unique conductive behaviour, associated with their electronic band struc-
ture. These “bands” are formed by the interaction of quantum states for
electrons and, in order to observe charge transport, electrons must occupy
partially filled, delocalized states. A high conductivity material is char-
acterized by the presence of many partially filled electronic states, while
an insulator has very few. Two main bands, formed by bundles of elec-
tronic states, can be recognized in the electronic structure: the “valence
band” and the “conduction band”. These bundles of electronic states are
separated by a “gap”, energywise, and the extent of this gap is used as
a reference to roughly classify materials into three groups: insulators,
semiconductors, and metals. Although it’s not a hard classification, wide
band gap materials (> 4 eV) are considered insulators, while semiconduc-
tors are characterized by a smaller energy gap (< 4 eV). Table 1.1 shows
the band gap associated with widely used semiconductors. In contrast,
metals are characterized, respectively, by the contact and the overlap of
the energy bands. A simple schematic can be found in figure 1.1.

Undoped semiconductors are called “intrinsic” while doped semicon-

11
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(a) (b) (c)

Figure 1.1: Schematics of valence and conduction band of materials. (a) In-
sulators have a wide bandgap, the conduction band is empty while the valence
band is full; (b) Semiconductors have a small semiconductors and electrons can
jump between bands more easily; (c) Metals do not have an energy gap, there’s
an overlap between electron bands.

Name Symbol Eg (eV)

Silicon Si 1.12
Germanium Ge 0.66

Gallium Arsenide GaAs 1.43
Gallium Nitride GaN 3.4

Indium Phosphide InP 1.35

Table 1.1: Widely used semiconductor energy gaps. Data taken from [14].

ductor are called “extrinsic”. The mechanism taking part into semicon-
ductor doping involves the substitution of a native atom with different
elements: for example, silicon - a group IV element in the periodic table
- is usually doped with group III and V elements, which will provide,
respectively, positive and negative charge carriers. In bulk silicon, each
valence electron will bind to other neighbour atoms’ valence electrons.
By adding an atom with three or five valence electrons into the lattice,
a "hole" or an extra, weakly-bound electron is also introduced into the
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semiconductor. An atom that, when introduced into a lattice, provides
electrons is called "donor", while one that provides holes is called "accep-
tor". A schematic of the process can be found in figure 1.2.

(a) (b) (c)

Figure 1.2: Silicon lattice schematics: (a) intrinsic lattice, (b) n-type lattice
doped with phosphorus, (c) p-type lattice doped with boron. While n-type doping
provides the lattice with free electrons, p-type doping allows charge carriers to
move by removing electrons, leaving a "hole".

The act of doping typically modifies their electrical conductivity by a
factor of several thousands. For example, 1 cm3 of metal contains 1022

free electrons, while the same volume of Silicon at 20 °C contains carriers
by the order of 1010 [15]: the addition of 0.001 % of phosphorus (an elec-
trically active impurity of silicon) introduces about 1017 electrons, which
increases the electrical conductivity of the material accordingly. It must
be said that, in order for this to happen, the doping atoms must occupy
a "substitutional" spot in the semiconductor lattice - i.e. a position in the
crystal that is normally occupied by a native atom - otherwise it won’t be
electrically active. Doping can be achieved in several ways with a plethora
of techniques, the most widespread of which will be presented in the next
paragraphs.

1.2 Doping methods

In this section, some of the most used doping techniques will be described
and their main strengths and issues will be briefly highlighted, in order
to have a frame of reference of the current landscape on doping methods.
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Ion implantation, Epitaxial doping and Diffusion based methods will be
presented.

1.2.1 Ion implantation

Ion implantation is the act of driving impurities into a substrate by ac-
celerating ionized impurity atoms towards its surface. It finds applica-
tions in metal surface finishing, nanoparticle formation and the doping
of semiconductors. Its setup, shown in figure 1.3, typically consists in an
ion source, where the species to be implanted are ionized, an ion acceler-
ator, where ions are accelerated, collimated and directed through the use
of electromagnetic fields and a target chamber where the material to be
implanted is set. The whole process is performed in vacuum.

Figure 1.3: Ion implantation set up [16].

In addition to the fundamental components, implanters usually have
some functional components like current integrators (to calculate the im-
planted dose), mass and charge selectors for ions - usually consisting in
electric and magnetic fields that can separate particles with specific mass-
charge ratios - and slits, which allow only particular species to reach the
target and block the rest. A thermal process is necessary to let the im-
planted impurity become electrically active. Although it is vastly used in
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semiconductor industry, ion implantation presents various issues, like:
- Damage and recovery: to be implanted, ions have to penetrate the sur-

face of the samples. This inevitably introduces defects like point defects
and dislocations in the lattice. These can be responsible for device failure
or leakage currents. Thermal processes usually - but not always - regen-
erate the damage. This is especially important for nanostructures, which
can be heavily modified by the process;

- Amorphization: since ions force their way to the aimed depth, they
usually modify the periodicity of the lattice they enter. Enough modi-
fications lead to amorphization, i.e. a complete loss of periodicity, that
changes electrical and optical properties of the interested areas;

- Sputtering: the ion-surface impacts can slowly etch the sample sur-
face by ejecting its atoms. In addition, ejected atoms can also deposit on
other areas of the sample, where they could act as unwanted defects.

1.2.2 Epitaxial doping

Epitaxy (from epi meaning "upon" and taxis meaning "ordered") is a term
indicating the growth of thin crystalline layers on a crystalline substrate.
The substrate is used as a "seed" onto which deposited atoms can ad-
just, to follow its crystal lattice orientations. While "Homoepitaxy" refers
to the growth of crystalline layers of the same species as the seed sub-
strate, "heteroepitaxy" is a kind of epitaxy performed between different
materials. By introducing doping impurities along with the material to be
deposited, doped layers can be grown. Chemical Vapor Deposition (CVD)
and Molecular Beam Epitaxy (MBE) are two of the most used set-ups for
epitaxial growth:

- Chemical Vapor Deposition: A form of epitaxial growth characterized
by the use of molecules that, by reacting with the substrate surface, re-
lease the atom to be deposited. A simplified set up is shown in figure 1.4.
It is used to create atom layers on a substrate and the doping is achieved
by introducing dopant precursors alongside other precursors species.

The process, which requires an ultra-high vacuum, involves the intro-
duction of the reactant into the substrate chamber, its adsorption on the
substrate surface, the release of the atom to be deposited. The residual
reactants and byproducts have to be removed from the chamber contin-
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Figure 1.4: Schematics of a CVD chamber. The precursor molecules, here gen-
eralized as AX2, get adsorbed on the sample surface and release the atoms to be
deposited (species A). Byproducts, indicated as X2, are either removed from the
chamber or re-deposited on the sample, acting as defects. [17]

uously for the process to be efficient. CVD allows for a high growth
rate, but it is based on the use of potentially dangerous precursors in
gas phase. In addition, residues of the surface chemical reaction could
remain on the substrate and act as defects [17]. - Molecular Beam Epitaxy:
MBE utilizes evaporation of the atomic species to be deposited and there-
fore doesn’t involve chemical reactions between precursor species and the
substrate surface. The setup is shown in figure 1.5.

In its essence, the process involves the evaporation of atoms from solid
phase, vaporized inside heat-resistant containers called effusion cells,
and deposited on the substrate kept at high temperature, typically be-
tween 400°C and 800°C. The growth rate is monitored through in-situ
systems like Quartz-Crystal Microbalance (QCM) and Reflection High-
Energy Electron Diffraction (RHEED), making the technique very precise
in this regard. Although the technique allows for a precise control of layer
growing and doping, it involves the use of very expensive equipment and
needs to be heavily maintained [18].

Regardless of the set-up, epitaxial doping incurs in two main issues:
outdiffusion and autodoping. The high temperatures at which the sub-
strates have to be kept in order for the techniques to achieve the desired



1.2. DOPING METHODS 17

Figure 1.5: Representation of a MBE set up. Species to be deposited are stored
into effusion cells, they are vaporized and allowed to reach the substrate as
"beams". Shutters may be used to interrupt the flow. The RHEED monitor-
ing lets the user recognize the formation of complete layers [18].

result allow for the inter-mixing of doping impurities between differ-
ent grown layers (outdiffusion) and the penetration of dopant impurities
from the epitaxial layer into the substrate and vice-versa (autodoping).
Both of these phenomena modify the electrical properties of the substrates
in an unwanted fashion.

1.2.3 Diffusion based methods

These methods are all based on the phenomenon of diffusion, i.e. the net
transport of atoms from a region of higher concentration to a region of
lower concentration. The result is a gradual mixing of materials. In semi-
conductors, this is usually achieved by raising the sample temperature
after creating an impurity concentration imbalance between the surface
and the bulk of the sample. The diffusion phenomenon is mostly delin-
eated by the unidimensional first and second Fick’s laws, which describe
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the flux of the diffusing atoms with the expressions:

F = −D
δC
δx

(1.1)

δC(x, t)
δt

= D
δ2C
δx2 (1.2)

where F is the atoms flux, D is the diffusion coefficient, C (expressed
in atoms/cm3) is the concentration as a function of x, the depth of the
surface and t, time. Moreover, the diffusion coefficient D is defined as:

D = D0exp(− Ea

kT
) (1.3)

where D0 is a pre-exponential parameter, Ea is the activation energy of
the process, k is the Boltzmann constant and T is temperature expressed
in Kelvin. There are two most frequently used solutions for equations 1.1
and 1.2 depending on the boundary conditions: fixed surface concentra-
tion and fixed diffusing amount.

1. Fixed surface concentration: if the concentration of the impurity at
the surface is kept constant, the boundary conditions can be expressed as
C(0, t) = const and C(∞, t) = 0. In this case, the solution is given by:

C(x, t) = Cser f c(
x√
4Dt

) (1.4)

Where er f c is the complementary error function (Appendix E). It is
worth noting that, while C(0, t) is considered constant, the total amount
of incorporated dopant Q will be a function of time, as it is shown in the
following equation:

Q(t) =
∫︂ ∞

0
Cser f c(

x√
4Dt

)dx =
2
√

Dt√
π

Cs (1.5)

2. Fixed diffusing amount Q: in this case, the boundary conditions can
be expressed as ∫︂ ∞

0
C(x, t)dx = Q = const. (1.6)

C(∞, t) = 0 (1.7)
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The solution for such a system takes the form of a Gaussian function
of depth x:

C(x, t) =
Q√
πDt

exp(− x2

4Dt
) (1.8)

As a consequence, the concentration at the surface can be expressed
by the following:

C(0, t) =
Q√
πDt

(1.9)

This demonstrates that, with these boundary conditions, the dopant
surface concentration tends to decrease as a function of time. This solu-
tion can be applied to doping techniques in which the impurity source
is pre-deposited on the samples prior to the diffusion step and, since
the dopant species is not replenished continuously during the process,
C(0, t) can’t be considered constant. Regardless of the applied boundary
conditions, the quantity

√
Dt plays a fundamental role in the diffusion

phenomenon and, with it, the parameters that govern the diffusion co-
efficient: the activation energy Ea and the temperature of the diffusion
process T, as expressed by equation 1.3. An applicative example of the
solution described in equation 1.4 is the diffusion from gas phase, in
which a chamber is filled with a carrier gas (nitrogen, argon, etc.) that,
enriched with the desired dopant in gaseus form (for example PH3 or
B2H6), is brought to the samples, onto which the concentration balance
can take place. If, inside the chamber, the concentration of doping chem-
ical species is kept constant, C(0, t) can be considered constant, and this
solution applies. An example technique in which equation 1.8 can be
applied is the Spin On Dopant (SOD) method, which consists in the de-
position of a uniform dopant-containing layer on the substrate using a
spin coating method and the diffusion of the dopant through a subse-
quent thermal annealing.
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1.3 Drawbacks of conventional methods

As it has been already mentioned, the semiconductor industry advance-
ments have been based on the incremental scaling of device dimensions,
in order to fit more into the same surface area, thus improving perfor-
mances [19]. The main advantage into applying this principle is an eco-
nomical one: this approach represents a sort of schedule that the industry
can follow in order to invest in future products by having a prediction
on how the future technology will be able to accomodate for it. How-
ever, even though the device scaling has been a steady process in the last
five decades, a dramatic adjustment had to be made recently in order to
maintain its linearity: the introduction of three dimensional geometries
in semiconductor devices [20]. Among the most used doping techniques
introduced in chapter one, none has been designed with the scope of
nanostructure doping. Epitaxial doping and CVD methods fail to pro-
vide a conformal doping and are typically in-situ doping techniques, i.e.
doping is achieved at the same time as the fabrication of the nanoarchitec-
ture; ion implantation is instead an ex-situ doping technique but, as it is
demonstrated in the work of R. Duffy et al. [21], it is especially unsuited
for the conformal doping of high surface-to-volume ratio structures. The
simulation is reported in figure 1.6.

Figure 1.6: Ion implantation simulation on densely packed nanowires at three
different angles. (a) A 0 degree angle produces a heavy level of doping on the
nanowires tip, leaving the rest undoped; (b) a double, half-dose doping with a 10
degrees angle on both sides results in a low sidewall doping and lacks uniformity
with the nanowires tips; (c) a double, half-dose doping at 45 degrees from both
sides suffers from shadowing effects between nanowires. Image taken from [21].

In the figure, the researchers show how, in a close-packeted nanowire
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array, the achievement of conformal and uniform doping profiles is hin-
dered by the geometry of the system itself. As a matter of fact, in figure
1.6a, the doping from 0 degree angle results in the enrichment of the
nanowires tips and in the absence of impurity atoms on the sides; in fig-
ure 1.6b, with a left and right 10 degree angle doping, the nanowires are
doped in a non-uniform fashion; finally, figure 1.6c shows the case of a
left and right 45 degrees doping, in which central nanowires are shielded
by the lateral ones, and the resulting doping profile is hampered by shad-
owing effects. Since the semiconductor industry approach, as mentioned
before, is shifting towards the exploitation of nanoarchitecture-based de-
vices, the adaptation of existing doping techniques to these systems may
answer to the needs of current technology, but the introduction of new,
more versatile and more suited doping strategies like MD will allow for
a better exploitation of new nanostructures designs and their doping.
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Chapter 2
Literature review on Molecular
Doping

2.1 Introduction to Molecular Doping

Recently, the improvement of device performances had to be based on
new, innovative strategies, involving the use of nanostructures with unique
optical, physical and electrical properties. This can be seen in a plethora
of attempts and successes on the fabrication of nanostructured devices
like nanowire-based solar cells [22] and MOSFETS [23], carbon nanotubes
sensing devices [24] and fin- structured FETs [10]. The greater the shift
towards these technologies, the more important becomes the need for
new doping methodologies with two fundamental characteristics: con-
formality of the doping profile and precise control of the dopant dose.
A new doping method with these two characteristics has been presented
by Javey and his group in 2008 [13] in the article "Controlled nanoscale
doping of semiconductors via molecular monolayers", called MonoLayer
Doping (MLD) or, more recently, Molecular Doping (MD). The method
consists in the deposition of dopant-containing molecules from liquid
phase. The substrates are immersed into a solution, kept at its boiling
point, made of a molecular precursor and a solvent. During this step,
usually of 150 minutes, precursor molecules form a self assembled layer
on top of the sample surfaces. The samples are then subjected to an an-

23
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nealing process in which the deposited molecules decompose and release
the dopant atoms to be diffused into the substrates lattice, with kinetics
typical of the diffusion phenomenon, introduced in chapter 1.2.3. The
whole process is summarized in figure 2.1.

(a) (b)

(c)(d)

Figure 2.1: Diagram of the doping process presented by Javey and his group
[13]. The technique starts with the cleaning the sample surface (a), the molecular
precursor is deposited on it and forms a self assembled layer (b), the sample can
then be covered by an oxide layer cap (c). Afterwards, the thermal annealing al-
lows the dopant to be released and diffused into the sample, and a doped substrate
is obtained (d).

In the same article, Ho et al. demonstrate how the final results of the
process can be modeled by tuning the process parameters. Results are
shown in figure 2.2. In particular, while figure 2.2a and 2.2b show the
modification of electrical properties by the tuning of annealing tempera-
ture and time, figure 2.2c shows how the resulting sheet resistance can be
controlled by mixing the molecular precursor, during the deposition step,
with a "blank" molecule (i.e. a molecule without dopant atoms).

Since its first appearance in 2008, the technique has been applied to
many materials such as indium arsenide, oxidized silicon, alumina and
mica [25, 26, 27, 28]. Metallurgical, 5-to-10 nm deep junctions with a dop-
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(a) (b) (c)

Figure 2.2: [13] Secondary Ion Mass Spectrometry profiles (a) and sheet resis-
tance vs annealing time (b) of MD-doped samples at different annealing temper-
atures. Figure (c) shows the possibility of modifying final sheet resistance of the
samples by mixing the molecular precursor with "blank" molecules at different
ratios during the deposition step.

ing concentration of 1020 have been realized, both for the n and p-type
doping [29, 30]. It has also been used for the doping of 4-inches silicon
wafers [30], demonstrating its scaling capabilities for industry applica-
tions. These characteristics, along with the conformality of the doping
profile and the control of the dopant dose will be discussed in the next
sections, together with a few MD application examples.

2.2 Control of the doping properties

In silicon technology, doping concentrations range from 1015 to 1021 cm−3,
roughly corresponding to doses in the range between 1012 and 1018 cm−2.
The distribution of dopants is of fundamental importance for the func-
tioning of the silicon-based devices. The wide range of applications of
semiconductor doping requires a sharp control of the obtainable doping
properties such as dopant diffusion depth, dopant concentration, dose
and activation efficiency. In the MD process, the possibility of control-
ling such properties has been extensively explored. In particular, these
characteristics can be tuned by modifying the MD process conditions:
deposition time, temperature, solution parameters, choice of precursor
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molecule and annealing parameters. By its first introduction in 2008, the
studies on the influence of annealing and solution characteristics had al-
ready been started, as shown in figure 2.2. Since then, other approaches
have been explored which will be described in the following examples.

Mixed Self-Assembled monolayer strategy: Mixed Self-Assembled Mono-
layer (mSAM), which is obtained by the simultaneous adsorption from
a mixed solution of two or more solutes and a solvent, a heterogeneous
layer of two or more species of molecules can be obtained [31, 32, 33, 34].
Since the maximum avaiable dose in the molecular doping process is de-
termined by the presence of the precursor molecule on the sample prior
to the annealing step, the modification of its population leads to modi-
fied final electrical results of the doping itself. In the article in which MD
has been introduced for the first time [13], the possibility of controlling
the doping properties by a mSAM had been already explored. In this ex-
ample, boron-doped Si substrates have been obtained by the use of Allyl
Boronic Acid Pinacol Ester (ABAPE) as dopant source. To demonstrate
the doping properties modulation by the use of mSAMs, Si substrates
were put through MD deposition steps into solutions with a mixture of
ABAPE (precursor molecule) and Dodecene ("blank" molecule) in dif-
ferent ratios: 1:0 (blank-free solution), 1:5 and 1:20 in volume. Electrical
results, shown in figure 2.2c in section 2.1, confirm that resistivity is heav-
ily dependent on the precursor/blank molecule concentration ratio and
is further influenced by the annealing parameters, with the 1:0 case hav-
ing the lowest sheet resistance and the 1:20 one having the highest of
the three. This idea has been further explored in the work of Ye L. et
al. [35]. In this work, the precursor molecules of choice (either ABAPE
or Diethyl Vynil Phosphonate) were mixed with 1-undecene at various
proportions, ranging from 100% (pure precursor molecule) to 0.1%. This
mixture was then diluted in mesitylene at a volume ratio of 1:19 to be
used as a MD deposition solution. In both cases, the surface presence
of the precursor-molecule was investigated by XPS and Auger Electron
Spectroscopy (AES), revealing that the ratio of precursor/blank molecules
of the obtained monolayer depends on the initial mixing ratio. After the
annealing process, dopant dose with a variation of 1 order of magnitude
could be obtained, demonstrating how it can be controlled by the use of
mSAMs.



2.2. CONTROL OF THE DOPING PROPERTIES 27

Molecule chemistry and design choice: Precursor molecules occupy a re-
gion of space on a sample surface, corresponding to their steric footprint.
The main consequence of this is that, since the samples represent a fixed
surface area, a given amount of molecules can be packed together creating
a SAM, dependent on their size. Since the introduction of MD, molecular
footprint has been demonstrated to be a major factor in the determina-
tion of the final electrical properties of samples, with higher footprint
resulting in lower dose [13]. The difference has been initially studied by
the comparison of doped samples by using Diethyl-propyl-phosphonate
(DPP) or Tri-Octyl-Phosphate (TOP). While DPP has a molecular foot-
print of 0.1 nm2, TOP has 0.6 nm2. The resulting dopant dose, estimated
from the sheet resistance data were 7.9 × 1014 and 1.3 × 1014 respectively,
demonstrating how the choice of the molecular footprint is a key aspect
of the dopant dose control. Another molecular footprint comparison ex-
ample can be found in the work of Caccamo S. and Puglisi R. A. [36], in
which a Phosphoric Acid (PA), a carbon-free molecule, has been used in
the process of MD for Si substrates. Results are shown in figure 2.3.

(a) (b)

Figure 2.3: Spreading Resistance Profiling data of (a) DPP [37] and (b) PA [36]
MD-doped samples. Even though samples have been similarly made, their carrier
concentration reaches different peaks and junction depths: 1019 and 1020, with
a depth of around 300 and 1400 nm, respectively. This is due to the different
molecular footprint of the deposited molecules.
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In both cases, the Si samples were kept inside a 20% concentrated so-
lution of the precursor molecule in a solvent, and kept at the solution
boiling point for 150 minutes. The annealing processes were then per-
formed at 1050°C in N2 environment for 500s and 1000s for the DPP case
(figure 2.3a) and for 500s for the PA case (figure 2.3b). The maximum
carrier concentration reached is of the order of 1019 with a junction depth
of 300 nm by using DPP, while it reaches 1020 with a junction depth of
1400 nm by using PA as the precursor molecule. The simulated molecu-
lar structure of the PA molecule is shown in figure 2.4 (image taken from
[36]). As it is shown, the PA molecule bond extensions are 0.25 nm for the
single P-O bonds and 0.14 nm for the double P=O bond. In comparison,
the DPP molecule exhibits a maximum lateral extension of 0.9 nm and a
minimum lateral extension of 0.7 nm [38]. This is a paramount aspect of
molecular design choice in MD, because it ensures a denser packing dur-
ing the molecule self-assembling process of the PA molecule, thus leading
to a higher molecular/dopant density on the Si surface prior to the an-
nealing step, effectively raising the dopant atom dose at the start - and at
the end - of the diffusion process.

It is important to notice that molecule design affects also other as-
pects of the process. Firstly, the molecule-substrate interaction depends
entirely on the nature of both: different substrates can be doped by MD
with the right choice of the precursor molecule. Moreover, in Si sub-
strates, the presence of carbon atoms has been demonstrated to reduce
the doping efficiency of phosphorus [39], which can be avoided with the
use of carbon-free molecules.

2.3 Examples of applications

In chapter 1.4, some of the bottlenecks of current doping techniques have
been presented. The main issues are related to the doping of small nanos-
tructures in a conform and uniform fashion and keep their functional
shape during the process. In literature, examples of similar systems be-
ing doped with the MD technique can be found [22, 13, 40, 41, 42]. In
particular, in the work of J. Veerbeek et al. [40], three doping methods
have been tested in order to achieve the doping of porous-nanowires ar-
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Figure 2.4: Evaluation of molecular footprints of PA [36] showing profiles of the
single bonds (a) and the double bond (b) between phosphorus and oxygen atoms.
Simulation data indicates that the maximum extension of the PA molecule is 0.25
nm.

rays: MD, contact MD and a combination of the two. The use of either
MD or contact MD is succesful in providing a dose between 1014 and 1015

atoms/cm2, while the combination of the two led to a doping dose of
1017 atoms/cm2 in a highly porous nanowires system, while leaving the
nanoarchitectures intact. Moreover, the precursor molecules have been
observed while attached to the sidewalls of nanowires after treating them
with the MD deposition process [38].

Hollow structures can also be doped by MD. R.A. Puglisi et al. report
on microhole-patterned structured silicon being doped with boron atoms
by AllylBoronic Acid Pinacol Ester (ABAPE) molecules through the MD
process [37]. Afterwards, the samples have been subjected to a beveling
process in order to be analyzed in cross section. Images are shown in
figure 2.5.

The figure shows (a) the FIB section SEM images of the prepared sam-
ples and (b) the Scanning Capacitance Microscopy map of the cross sec-
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(a) (b)

Figure 2.5: (a) Cross section SEM image of the microhole patterned sample.
The image shows the hole Si structures after the MD doping process has been
completed and the holes have been filled with a SiO2 layer. (b) SCM map of the
micro patterned sample. In this image, the bright lines correspond to the doped
regions of the Si. The image demonstrates that the doping profile follows the
shape of the micropattern [37]

.

tion in which the conform doping of the hollow structures is demon-
strated.

The capability of MD in the doping of nonplanar architectures can be
exploited in device design and production. Shortly after its introduction
to the scientific community, reports of ultra-shallow doping of substrates
have been made, together with the demonstration of its scalability to in-
dustrial applications [30]. Subsequently MD has been recognized by the
scientific community as a candidate doping method for the manufacture
of modern FET and CMOS devices based on fins, nanowires and other
nanoarchitectures [28, 43], even more so since the damage-free doping
of a finFET structure was achieved [44], while similarly made structures
were heavily damaged by an equivalent ion implantation process.

By combining its conformality with its ability to dope nanostructures,
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the conformal shell doping of nano-fin structures has been also achieved
[45]. Solar cells have also been fabricated by MD. The use of micro- to
nanometer-scale structures has been demonstrated as a way to achieve
a higher harvesting efficiency of p-n junction solar cells, by dramatically
increasing their surface-to-volume ratio and thus, as a consequence, their
photon capture capability [41]. Examples of this can be found in the work
of Garozzo et al. [46, 47], in which microhole-patterned solar cells were
fabricated and subsequently doped with MD, and Puglisi et al. [22], in
which Si-NWs have been produced on a p-doped substrate samples and
a p-n radial junction has been fabricated with the use of a phosphorus-
containing precursor molecule in the MD process.
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Chapter 3
Literature on the molecular
nucleation processes

The MD process is based on the properties of the interface between the
molecules and the substrate, but also on the characteristics of the molecules
arrangement and clustering on the target surface. In particular, the pre-
cursor molecule deposition step occurs via the nucleation and growth of
the molecule clusters on the sample to be doped. The process of nucle-
ation and the related phenomena are then an important aspect in the MD
process. For this reason, in this chapter the nucleation free energy, the
critical radius and the nucleus growth process will be explained through
the classical nucleation theory.

3.1 General nucleation theory

3.1.1 Homo- and hetero-geneous processes

The process through which a new phase of a given monomer (atoms,
molecules, molecular assemblies, ions, etc. . . ) forms within an initial,
different phase of the same monomer, called phase change, starts with
the phenomenon of nucleation. This phenomenon begins when two or
more monomers stick together in clusters of the new phase, called nu-
clei embryos. If the phase transition is thermodynamically favoured, the

33
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embryos will grow in size into the new phase, which will be represented
by a configuration with lower free energy than they had before the phase
change. Since the change into the new phase (from here on called phase
β) happens within the initial phase of the monomer (from here on called
phase α), the smallest possible cluster of phase β into phase α will nec-
essarily be formed by monomers mostly at the interface between the two
phases. These surface monomers are in a higher energy state then the oth-
ers and thus, energy is needed to form a new phase β nucleus: it requires
work (W). Bigger clusters with a higher number of monomers (which
will be called n) have a smaller fraction of monomers at the interface,
and require less work to be formed. The relation between work needed
to form a nucleus, the surface energy of the nucleus and the number of
monomers that constitutes it can be derived by thermodynamics fluctu-
ations first described by Gibbs [48]. In this perspective, the probability
of a relevant fluctuation (i.e. random deviations of a system from its state,
that occur in a system at equilibrium) is proportional to the entropy asso-
ciated with the change in available states for a small volume of monomer
medium δS:

P = Cexp(
δS
kb

) (3.1)

∆S = kb ln
wβ

wα
(3.2)

In which C is a constant, kB is the Boltzmann constant, wβ and wα

are the number of available states in phase β and α respectively. If Wmin
represents the minimum work required for the formation of a nucleus,
equation 3.1 can be rewritten as:

P = Cexp(
Wmin

kBT
) (3.3)

With T temperature in absolute units. An expression of Wmin can be
derived by calculating the energy change ∆U between phase α and the
formation of a cluster of phase β within phase α. Consider the formation
of a droplet in a gaseous medium without external interactions, in an
isothermic system. Let the gaseous medium be enclosed inside a friction-
less adiabatic piston, shown in figure 3.1.
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Figure 3.1: Representation of the creation of a phase β nucleus within phase α.
Energy (∆Gr) is required in order to form the nucleus and its surface.

With the subscript ’0’ describing the system in the initial state and the
subscript ’1’ describing the system after the formation of the droplet. Let
the pressure p0 acting on the piston be constant. If Nij, Vij and pij are,
respectively, the number of monomers, the volume and the pressure of
the phase j in the system i, the energy difference of the system associated
with the formation of the droplet can be written as:

∆U = U(S1, V1, N1)− U(S0, V0, N0) (3.4)

Which, by expanding the internal energy into their single contribu-
tions becomes:

∆U = ((−p0V1α + TS1α + µ1αN1α) + (−p0V1β + TS1β+

µ1βN1β + σA)− (−p0V0 + TS0 + µ0N0)
(3.5)

Where µij is the chemical potential, introduced because there’s an ex-
change of monomers between phases, pi, Ni, Si, Vi and µi are the total
parameters of the system i (constituted by the sum of their phases’ pa-
rameters), A is the surface area of the interface between the phases. Note
that µij is a function of pressure and temperature of the phase j in system
i and, for the sake of the ease of reading, it will not be specified unless
necessary. Assuming the total number of atoms is conserved, ∆U can be
rewritten as:

∆U = (−p1β + p0)V1β − p0∆V+

T∆S + σA + N1β(µ1β − µ1)
(3.6)
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With ∆V = V1 − V0. Given this, the change in Gibbs free energy
between the systems can be described as:

∆G = ∆U + p0∆V − T∆S =

(−p1β + p0)V1β + N1β(µ1β − µ1α) + σA
(3.7)

Since it has been assumed that the formation of the cluster is a re-
versible transformation of the system, S0 = S1α + S1β. By introducing the
two following equations:

Laplace equation : p1β − p0 =
2σ

r
Gibbs − Duhem equation : SdT − Vdp + Ndµ = 0

(3.8)

And by noting that at a constant temperature SdT = 0, these results
can be derived:

N1β(µ1β(p1β, T)− 1β(p0, T) =
2σ

r
V1β

∆G = N1β(µ1β(p0, T)− µ1α(p0, T)) + σA = N1β∆µ + σA
(3.9)

In this equation, ∆µ represents the change in chemical potential re-
lated to a single molecule changing phase from phase α to β. For this
system we can then identify the minimum work needed for cluster of n
monomers to be formed:

W(n) = n∆µ + σA (3.10)

While the second term of this equation is always positive, since it’s the
energy needed for a surface between phases to form, the first one, which
is a volume term, might not be. As a matter of fact, when ∆µ is negative,
the phase transition is favoured: the surface energy scales with n

2
3 , while

the volume of the cluster scales with n. For a sufficiently large cluster,
the minimum work required for cluster formation becomes negative. The
energy barrier for the formation of a cluster in shown in figure 3.2.

If we call ∆GV = n∆µ, the energy required for the cluster’s smallest
volume change dV, and ∆GS = σA, the energy required for the cluster’s
smallest surface change, both obtained by the addition or subtraction of
a monomer, the equation 3.10 can be rewritten into:

W(n) = ∆GV + ∆GS = ∆G (3.11)
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Figure 3.2: Free energy of a nucleus during its formation. Critical free energy
of nucleation ∆G∗ and critical radius r∗ are indicated.

For a spherical cluster of radius r, the terms can be written as:

∆G = 4πr2σ +
4πr3

3
∆Gv (3.12)

Where ∆Gv is the free energy change per unit volume without the sur-
face energy, the relationship between W(n) and the radius of the cluster
r can be expressed. With this notation, the value r∗, shown in figure 3.2
can be identified as the radius beyond which the magnitude of the two
energy terms is exchanged, called the critical radius. By minimizing ∆G
of the system with respect to the number of forming clusters, the equi-
librium concentration of the clusters of size r (the number of clusters per
unit volume that contain n molecules) can be written as:

Neq
r = N0exp(−∆Gr

kbT
)

N∗ = N0exp(−∆G∗

kbT
)

(3.13)
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With Neq
r , N∗,∆Gr and ∆G∗ being, respectively, the number of clusters

of size r and r∗ and the free formation energy of a cluster of radius r and
r∗, N0 being the number of monomers per unit volume. Moreover, since
r∗ can be obtained by minimizing ∆G, these expressions can be obtained:

δ(∆G)

δr
= 0; r∗ = | 2σ

∆Gv
| ∆G∗ =

16πσ3

3(∆Gv)2 (3.14)

Nucleation rate, defined as the number of formed nuclei per unit vol-
ume and unit time can be written down as follows:

I = νN∗ (3.15)

Where ν is the frequency with which an additional adjacent monomer
adds on to a critical nucleus by a diffusive jump at the α − β interface. By
considering the system at a fixed temperature T, we can expand ν and
thus, I as follows:

ν = ν0exp(
−Q
kbT

)

I = N0exp(
−∆G∗

kbT
)ν0exp(

−Q
kbT

)

(3.16)

Where N∗ is expressed as in eq 3.13, where Q is activation energy for
diffusion.

Since the phase β is formed within the phase α, this process is called
homogeneous nucleation. Heterogeneous nucleation refers instead to the phe-
nomenon of nucleation in presence of a catalyzing element, an inhomo-
geneity, usually represented by a surface or an extraneous grain onto
which monomers can form the new phase. The phase change energy bar-
rier is usually easier to overcome than in the homogeneous case. From an
experimental point of view, nucleation is almost always realized though
inhomogeneities: free surfaces, container walls, sample surfaces and oth-
ers which act as favorable sites of nucleation. The critical work for het-
erogeneous nucleation will be expressed as ∆G∗

h . The contribution of the
interface onto which the nucleation occurs will be mostly seen into the
energy required for the nucleus formation, since the interface will intro-
duce a positive free energy. To demonstrate so, let us consider an inert
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γαζ γβζ γβζ γαζ

γαβ γαβ

ϕ ϕ

Figure 3.3: Surface orientations γαβ, γαζ and γβζ which define the contact
angles between phase α, β and the substrate ζ in two different examples. Image
adapted from [49].

interface ζ that will act as the nucleant inhomogeneity, while the phases
in contact with ζ will be phase α and β as mentioned in previous sec-
tions. Surface contact energies can be defined for each pair: σαβ, σαζ and
σβζ . When σαβ is greater or equal to the difference between the other two,
both α and β phases can be simultaneously in contact with ζ, and the
contact angle ϕ can be calculated:

σαβ ≥ |σαζ − σβζ |
σαβ cos ϕ = σαζ − σβζ

(3.17)

In general, at equilibrium, the more stable phase nucleates as a spheri-
cal cap, but it is not the only possible shape. Any anisotropy of interfacial
energy can modify the ideal spherical cap shape producing, for example,
lenticular shapes at the interface between two liquids [50]. If the con-
tact angle is small, the spherical cap might not be the best description
of the nuclei shape, while the "pill" shape is a much better approxima-
tion. Regardless of particular cases, let us consider spherical cap nuclei
of the phase β growing on ζ from phase α. If the curvature radius of the
spherical cap is r, its volume and its interface surface with phase α can be
calculated as follows:
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Vsc = π(2 − 3 cos ϕ + cos ϕ3)
r3

3
Asc = 2π(1 − cos ϕ)r2

(3.18)

Which can be written, respectively, as the volume of a sphere with
radius r multiplied by a factor f (ϕ) = 1

4(2 − 3 cos ϕ + cos ϕ3) and the
surface of the same sphere multiplied by a factor a(ϕ) = 1

2(1 − cos ϕ).
The area between ζ and phase α is the area of the circle delimited by the
spherical cap cluster. α − β and β − ζ interfaces are created at the cost of
the α− ζ interface. With the use of equation 3.17, we can write the energy
required for this exchange:

∆G = (
4π

3
r3∆g + 4πr2σαβ) f (ϕ) (3.19)

where ∆g is the α-to-β Gibbs free energy change per unit volume of the
nucleus. By minimizing ∆G, an expression for r∗ similar to the homoge-
neous case can be derived which in turn lets us derive an expression for
∆G∗

h :

r∗ = −
2σαβ

∆g
∆G∗

h = ∆G∗ f (ϕ)
(3.20)

Since 0 < f (ϕ) < 1, the ∆G∗
h is reduced with respect to his homogeneous

counterpart, which means that nucleation is favoured in the heteroge-
neous case with respect to the previous case. The contact angle is very
influenced by phase β interaction with the surface. For example, ϕ = 0
if the surface is made of the same phase as the nucleating monomer, and
the nucleation barrier is reduced to a minimum.

If a solution is supersaturated, it eventually will nucleate regardless
of the critical nucleus size or the presence of a surface. To understand
how supersaturation influences the nucleation rate, the following rela-
tions must be taken into consideration:

∆µ = kbTc

∆Gv =
∆µ

Ω
= kbT

c
Ω

(3.21)
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where c is the degree of supersaturation and Ω is the unit volume per
molecule. As a consequence, we can express ∆G∗ as follows:

∆G∗ =
16πσ3

3
(

Ω
kbTc

)2 (3.22)

which highlights the importance of the degree of supersaturation in the
determination of the nucleation rate. In particular, the critical Gibbs free
energy is proportional to c−2.

3.1.2 Incubation time, growth and coalescence

In this section, two aspects pertaining to the phenomenon of nucleation
will be introduced: the nuclei incubation time and the nuclei growth.

Nuclei incubation time: The time required to be able to experimentally
observe the first nucleus, usually referred to as incubation time or lag-
time, can be expressed as follows:

τinc = τ + τg (3.23)

where τ is the time required for the formation of a stable nucleus, while
τg is the time required for a stable nucleus to be of detectable size. While
only τg is influenced by the instrument used for the nucleus detection,
both of the terms are influenced by the nucleation thermodynamic pa-
rameters like temperature, pressure, whether the nucleation is hetero- or
homo-geneous, degree of supersaturation, etc. In the case of steady state
nucleation (eq. 3.16), the dependency of τ from these parameters can be
easily be expressed by the relation:

τ ∝
1
I

(3.24)

It is worth mentioning that in the case of time-dependent regimes, the
nucleation rate must be expressed as I(t, T), both a function of time and
temperature. In this case, the induction period can be extracted by evalu-
ating the integral of the nucleation rate over time to 1:

N(τ) =
∫︂ τ

0
I(t, T)dt = 1 (3.25)



42CHAPTER 3. LITERATURE ON THE MOLECULAR NUCLEATION PROCESSES

In-depth analyses with explicit time-dependent forms of I(t, T) can be
found in the works of F.C. Collins, D. Kashchiev, H. Wakeshima and J.W.P.
Schmelzer [51, 52, 53, 54].
Nuclei growth: After the nucleus formation, the nucleus can grow in size.
The growth rate of a nucleus depends on its dimensionality (2D or 3D),
on the degree of supersaturation and other thermodynamic parameters.
For a generic phase transformation α to β, two main regimes are rec-
ognized: the interface controlled growth and the diffusion controlled
growth. In the first case, the growth is controlled by the rate at which
the monomers can attach at its interface. Approximately, the growth
rate gr is proportional to the monomer interface diffusion coefficient as
gr ∝ D = D0exp(− Q

kbT ), and the nucleus radius increases linearly with
time. This is often the case of the same monomers arranging into differ-
ent phases of the same material (example: α − γ phase changes in poly-
morphic iron). In the second case the transformation requires a change
in monomer composition as well as an adaptation to the new phase’s
crystal structure. This regime is called diffusion controlled because the
nucleus growth rate depends on the diffusion of the α phase monomers
within itself in order to reach the interface. In this case, the nucleus radius
increases parabolically with time. It is worth noting that if there is a dif-
ference in monomer orientation between phases, anisotropic growth can
be observed, leading to the formation of one-, two- or three-dimensional
structures. In the case of liquid droplets on a substrate, the growth be-
haviour is also affected by the wetting behaviour of the nucleating species
on the surface which, in turn, is determined by the difference in liquid-
liquid and liquid-solid chemical and physical interactions. If the cohesive
forces between the nucleating monomers are stronger than the adhesive
force with the surface the growth tends to develop in 3-D (island growth),
while if the surface adhesive forces are stronger, the growth tends to de-
velop in 2-D (layer by layer).
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3.2 Molecule nucleation from liquid phase

3.2.1 Physisorption and chemisorption of species

In figure 3.4 the most elementary processes that happen during molecule
deposition on a surface are represented, which can be summarized in:
i) Adsorption; ii) Diffusion; iii) Desorption. In this paragraph, general
notions on these processes are introduced.

Figure 3.4: Representation of the elementary processes involved in the deposition
of monomers on a substrate.

Adsorption: The adhesion of a monomer (atoms, ions or molecules)
onto a surface from a gas or liquid phase is called adsorption. When the
monomer approaches the substrate surface it is influenced by the mutual
interaction, which depends on the specific nature of the adsorbate and the
substrate. In the MD process, the adsorption of the precursor molecules
on the surface sample results in the formation of the SAM, prior to the
annealing step. If the molecules arrive to the surface with a rate R and
χ represents the percentage of molecules from the impinging flux to be
adsorbed, then the adsorption probability can be expressed as p = Rχ.
While the adsorption of gases on a solid usually involves the interaction
of one species with the substrate surface, the adsorption from solution
always includes a competition between the solvent and the solute at the
interface. Adsorption can result from physical interactions or chemical
ones, and, as a consequence, is broadly classified into two categories -
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physisorption and chemisorption. To summarize, the most distinguishing
factors between physisorption and chemisorption are [55]:

• Physisorption is a general phenomenon with a relatively low degree
of specificity.

• Chemisorbed molecules are linked to reactive parts of the surface
and the adsorption is necessarily confined to a monolayer. At high
relative pressures, physisorption generally occurs as a multilayer.

• A physisorbed molecule usually keeps its identity and, after des-
orption occurs, returns to the fluid phase in the same state as the
initial one. Instead, the chemisorption must provoke a chemical re-
action with the substrate and thus a chemisorbed molecule usually
loses its identity and can hardly desorb from the surface.

• Chemisorption requires an activation energy: low temperature sys-
tems may not have enough thermal energy to stimulate the chemical
reaction. Physisorption systems generally do not require energy to
overcome a barrier.

In figure 3.5, the simplest case of potential energy of a adsorbed
species in relation to its distance to the surface is presented. In the pic-
ture, the physisorbed state and the chemisorbed state are separated by a
conversion energy barrier Econv, and the adsorption states potential wells
have depths Ep and Ec, respectively. Generally speaking, the molecule-
substrate distance is typically around 1-3 Å in the chemisorbed case and
3-10 Å in the physisorbed one.

Diffusion and Desorption: Once on the substrate surface, the molecule
can either move on it by jump to neighboring adsorption sites, if avail-
able (diffusion), or reach the free state again (desorption). Both of these
processes have an activation energy, since the molecule has to overcome
the potential wall of physi- or chemi-sorption. A simplified potential di-
agram is shown in figure 3.6.

The characteristic time of both processes can be described as follows:
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Free state

Figure 3.5: Chemisorption and physisorption potential energy diagram. Poten-
tial wells have a depth of Ec and Ep, respectively, and are separated by an energy
barrier of hight Econv. Adapted from [56].

τdi f f = ν−1
di f f exp(

Edi f f

kbT
)

τdes = ν−1
desexp(

Edes
kbT

)

(3.26)

Where Ei and νi are the activation energy and the pre-exponential fac-
tor of the respective processes. While τdi f f can be interpreted as the aver-
age time a molecule takes to hop from an adsorption site to another, τdes
can be interpreted as the average surface residence time of an adsorbed
molecule, and the inverse of these quantities are the molecule diffusion
and desorption frequencies per unit time. With these two quantities, the
diffusion coefficient D and the average molecule walk distance λ can be
evaluated:

D ∝
l2
di f f

τdi f f

λ =
√︁

Dτdes

(3.27)



46CHAPTER 3. LITERATURE ON THE MOLECULAR NUCLEATION PROCESSES

4

321
Edes

Edi f f

∆E

Figure 3.6: Potential diagram of a molecule on a solid surface. Elementary
processes and their activation energies are represented: 1) Adsorption; 2) Escape
from an adsorption site; 3) Diffusion jump; 4) Desorption. Modified from [49].

With l2
di f f being the length of the diffusion jump. The diffusion length

λ represents the average distance passed by the molecule on the sub-
strate before it desorbs. It is worth mentioning that the characteristics of
the substrate are a fundamental aspect for the evaluation of the rates of
adsorption: irregularities, kinks, steps or boundaries of growing islands
represent preferred adsorption sites and reduce the values of τdi f f and λ.

3.2.2 Transient and direct molecular nucleation

In the previous section, the elementary phenomena occurring at the molecule-
surface interface during nucleation have been presented. Each process
(chemi- or physi-sorption, diffusion and desorption) can be described by
characteristic quantities as time constants and activation energies. If n0
is the total number of surface physisorption sites and np is the num-
ber of physisorbed precursors, then Θ = np/n0 can be defined as the
coverage of available physisorption states. By taking into consideration
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the processes of physisorption and desorption, the surface density of ph-
ysisorbed molecules np can be derived by the following [57, 58]:

dnp

dt
= Rχn0(1 − Θ)− n0Θ

τdes
(3.28)

Where p = Rχp is the probability of physisorption and the term n0Θ
τdes

defines the desorption rate of physically-bound molecules. If we also take
the possibility of chemisorption and its time constant τchem into consider-
ation, the previous relation can be modified into:

dnp

dt
= Rχn0(1 − Θ)− n0Θ

τdes
− n0Θ

τchem
(3.29)

This simple model already highlights a feature of the adsorption pro-
cess: the population of physisorbed molecules depends on the balance
between the time constants τdes and τchem. If τchem is very short, the pop-
ulation of physisorbed molecules decreases rapidly with time in favor of
the chemisorbed state, and the molecule adsorption process can be con-
sidered as a direct chemisorption from the free state. If τchem is long, then
the physisorbed molecule may not be able to thermalize to a bound state
immediately, and can diffuse on the surface as a ’hot precursor’ [57]. In
this case, the total probability of chemisorption can be expressed as:

p(Θ) = p0(1 +
Θ

1 − Θ
κ)−1 (3.30)

in which κ−1 corresponds to the average number of surface sites jumps
made by a molecule prior to its chemisorption. A thorough demonstra-
tion of the equation can be found in the work of A. von Keudell [58].
The hot precursor state can thus be described as a short lifetime species
that resides on the substrate surface which can either change state into
chemisorption or desorb, and is, as a consequence, a transient state.

Precursor states in the molecular adsorption have been studied exten-
sively in literature, and the effects of their presence have been demon-
strated in many system such as CO adsorption on transition metals [59,
60, 61], formic acid on Cu(110) [62, 63] and others [64, 65, 66, 67].
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3.2.3 Avrami equation

The isothermal phase transformation, from phase α to phase β, can be
described by the Avrami model, also called the Johnson-Mehl-Avrami-
Kolmogorov equation. The derivation of this model starts with two as-
sumptions: (1) nuclei form randomically throughout the phase-changing
material, with a nucleation rate I and (2) nuclei grow isotropically, i.e.
uniformally in all directions, with a constant growth rate g. It is neces-
sary to mention that two important factors are being ignored at this stage
of the derivation: (i) the nuclei cannot form where the phase change has
already happened and (ii) that, after some time, nuclei will impinge with
each other, preventing further growth. These two factors will be imple-
mented later in the derivation of the model. Given the volume of the ma-
terial V, by taking into account these assumptions, the number of spherical
nuclei dN∗ forming during an infinitesimal time dt∗ can be expressed as:

dN∗ = IVdt∗ (3.31)

After a period of time t, the formed nuclei will have a radius r and a
volume v as follows, which can be used for the evaluation of the total
transformed volume of phase α into phase β during the infinitesimal time
dt∗ as follows:

v =
4
3

πr3 =
4
3

πg3(t − t∗)3

dV∗ = vdN∗ =
4
3

πg3(t − t∗)3 IVdt∗
(3.32)

By integrating dV∗ over the time variable, the total transformed vol-
ume over time can be obtained:

V∗ =
∫︂ t

0
dV∗ =

1
3

πg3iVt4 (3.33)

The quantity V∗ is called ’extended volume’, i.e. the total transformed
volume over time ignoring conditions (i) and (ii). The ’extended fraction’
of transformed volume can then be written as:

f ∗ =
V∗

V
=

1
3

πg3it4 (3.34)
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It must be noted that this quantity is an overestimation of the trans-
formed fraction, since conditions (i) and (ii) are not yet included in the
calculations. At this stage, the overestimation can be corrected simply by
noting that the fraction of volume in phase α, i.e. available for the phase
transformation, can be expressed as (1 − f ). As a consequence, the ’real’
infinitesimal transformed fraction d f can be calculated as follows:

d f ∗ =
d f

(1 − f )

f ∗ =
∫︂ t

0

d f
(1 − f )

= − ln (1 − f )

f = 1 − exp (− f ∗) = 1 − exp (−1
3

πg3it4)

⇒ f = 1 − exp (−kt4)

(3.35)

Which is the Avrami equation with a rate constant k and exponent 4.
Note that this exponent actually derives from the assumption of spheri-
cal nuclei, which defines their volume as proportional to r3 and, thus, t3.
Moreover, the growth rate of the nuclei is considered constant, which is
a verified condition in most interface-controlled phase changes. Since the
nuclei shape of a given phase β depend on the characteristics of the phase
itself, the Avrami equation can be adapted to these cases by changing the
initial expression of their volume in eq. 3.32. Simple examples include
the 2 dimensional disc-shaped nuclei case and the 1-D nuclei growth for
which the time exponents are 3 and 2, respectively. In the diffusion con-
trolled growth regime, the Avrami exponent takes the values of 2.5, 2 and
1.5 for spherical, plate-like and needle-like nuclei formation and growth
[68]. In general, this exponent is a pure number, independent of tem-
perature, that describes the overall dimensionality of the phase change
process. By generalizing eq. 3.35, the following can be written:

f = 1 − exp (−ktn) = 1 − exp (−(
t
τ
)n) (3.36)

With n called the Avrami exponent, k called the rate constant, and τ =

k−
1
n is called the time constant which is the time corresponding to a trans-

formed fraction f = 1 − exp (−(1n)) = 0.37. Since it first was demon-
strated and presented to the scientific community, the Avrami equation
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has been used extensively for the deduction of phase transformations
mechanisms that occur via nucleation and growth. However, the assumed
conditions at the base of the theory are rarely fulfilled experimentally [69].
As a matter of fact, unusual values of n can be found widely in scientific
literature [70, 71, 72, 73]. For example, transient nucleation and hetero-
geneous nucleation conditions give rise to modifications of the classical
Avrami exponent values, with n > 4 associated to transient behaviours
and 3 < n < 4 owing to heterogeneous nucleation. An in depth study
of the relation between the non-classical values of n and the underlying
nucleation mechanisms can be found in the work of I. Sinha and R. K.
Mandal [73]. Moreover, the incubation time τinc, introduced in section
3.1.2, can be implemented in the Avrami equation as follows:

f = 1 − exp (−k(t − τinc)
n) (3.37)

in which the time origin is shifted by an amount proportional to the
incubation time [74].



Chapter 4
Experimental studies on the
molecule adsorption

In chapter 2, MD has been described as a doping technique involving
roughly three steps: (i) the sample surface cleaning, (ii) the precursor
molecule SAM formation and (iii) the thermal treatment to stimulate
the dopant diffusion. These three steps are performed in sequence but
separately from each other. This gives the possibility to investigate, un-
derstand and improve each the MD steps, taken singularly. Since the
MD deposition step defines the dopant reservoir from which the dopant
impurities can diffuse in the semiconductor, its mechanisms are an im-
portant aspect to be addressed, especially if in relation to the obtained
semiconductor electrical properties. In this work the molecule deposition
step is evaluated through morphological, computational and electrical
considerations. The recognition and study of the first and second layer
of molecules is performed. Although the investigation of molecular mul-
tilayer formation during the deposition has been performed in the past
[75, 76], however, a systematic study on their formation has not been
presented so far. Direct observation at high-resolution of the deposited
molecular layers has not been done. This work shows the direct obser-
vation of the molecules morphology over time, the multilayer formation,
and the effects of post-deposition treatments on them. We study the sur-
face coverage of Diethyl-Propyl Phosphonate (DPP) at 10 % dilution and
the morphology of the aggregates over the Si substrate by Scanning Elec-

51
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tron Microscopy (SEM). We corroborate these results with Density Func-
tional Theory (DFT) simulations of the grafted molecule over Si, which
has been observed in a previous work [38]. We present these data to-
gether with electrical measurements of carrier concentration depth pro-
files produced with the MD process at different synthesis conditions by
Spreading Resistance Profiling (SRP).

4.1 Experimental methods

Si samples, 1 × 1 cm2 1-10 ohm/sq <111> p-type, have been employed
for this study. Prior to the molecule deposition, the samples have been
cleaned in HF. The molecule deposition step has been carried out in a
10 % concentrated (v/v) DPP (Abcr, 95 %) and Mesitylene (Abcr, 98+%),
kept at the solution boiling temperature for the desired time, ranging
from 7 to 150 minutes. The samples have been divided into two groups,
one to be analyzed right after the deposition (as-deposited samples), the
other to be cleaned with a surface treatment consisting in rinsing in ace-
tone, ethanol, water, and stirring in acetone with a magnetic stirrer for 15
minutes (cleaned samples).

Scanning Electron Microscope (SEM) analysis was performed by a
Zeiss Supra 35 FE-SEM (Oberkochen, Germany), with a primary energy
beam of 3keV. The SEM images extracted the surface coverage data by
calculating fast fourier transforms (FFT) of the images, applying a proper
bandpass filter mask on it, and calculating the inverse FFT of the filtered
transforms obtained [77]. This method ensures a noise reduction of the
images and allows for the recognition of the areas to be measured by
determining a threshold in the electron intensity spectrum distribution
over which the areas are recognized and measured. All measurements
and calculations have been done with Digital Micrograph 3. The images
resolution allowed for the recognition of clusters down to 32 nm2 (6.4 nm
diameter, assuming clusters as circular).

Spreading Resistance Profile (SRP) data were collected to calculate the
carrier dose of a few samples after a rapid annealing process at 1050°C
for 500 s in N2 environment. The technique consists in using two metallic
probes to measure a resistance profile of a beveled sample with an electric
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potential of 5 mV. Resistance is converted into resistivity and, with the
use of calibration curves, carrier concentration and carrier dose can be
calculated. SRP measurements have been carried out by a SSM150 tool.

4.2 Computational Methods

The simulations have been performed using density functional theory
(DFT) implemented in the SIESTA code [78]. We employed the gener-
alized gradient approximation (GGA) as formulated by Perdew-Burke-
Ernzerhof (PBE) to approximate the exchange-correlation functional [79].
We applied the Monkhorst-Pack scheme [80] with 7 × 7 × 1 k-points for
sampling the Brillouin zone and a mech cut-off 300 Ry for the calcula-
tions. The atomic positions were optimized until the Hellmann-Feynman
forces on the atoms were less than 0.05 eV/Å and the energy convergence
threshold was 1× 10−4 eV. We have modeled a silicon (111) surface with a
2× 1 reconstruction using a slab of 24 atoms with 6.60 Å and 7.70 Å lattice
parameters and 18.06 Å of the vacuum region to avoid interlayer interac-
tion. The dangling bonds on the bottom surface have been passivated
with hydrogen to prevent charge migration.

4.3 Results and Discussion

The investigation of the deposition step has been conducted in a 10 % con-
centrated (v/v) solution of DPP and Mesitylene, kept at its boiling point.
The samples were immersed inside the solution and taken out after 7, 15,
25, 45, 60, 75, 120 and 150 minutes. After the deposition step, some of the
samples did not undergo any other treatment («as-deposited» samples),
while the others went through a surface cleaning process («cleaned» sam-
ples) consisting in rinsing with acetone, alcohol, and water, and 15 min-
utes magnetic stirring in acetone. SEM has analyzed both sample groups.
Figure 4.1 shows the SEM plan images of the as-deposited samples with
a deposition time of 7 (a), 15 (b), 25 (c), 45 (d), 75 (e), 150 (f) minutes.
The surface coverage of each of these samples was measured over several
images,and a mean value was calculated.
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(a)
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Figure 4.1: SEM plan images of the as-deposited samples with a deposition
time of 7 (a), 15 (b), 25 (c), 45 (d), 75 (e), 150 (f) minutes. Image (e) shows
the molecular layer next to completion, while image (f) exhibits the presence of
molecular terraces

As it can be seen in Figures 1a, 1b, 1c, and 1d, the molecule cluster
surface density grows as deposition time increases. The calculated sur-
face coverage is 2.2 % (7 minutes sample), 5 % (15 min), 4.9 % (25 min),
and 15.4 % (45 min), showing a significant increase between 25 and 45
minutes. At the 75 minutes mark (figure 4.1e), only a few dark areas can
be seen. The measured surface coverage is 88.3 %. From this data, we can
estimate a 100 % coverage value at about 100-120 minutes. The surface
of the sample dip-coated for 150 minutes can be seen in figure 4.1f. The
sample presents bright terraces, which could be seen as the first layer of
DPP molecules, and the second layer of molecule terraces on top of the
first. The surface coverage of this sample is then 149 %, indicating that
there is a full, 100 % coverage first layer of molecules directly over the
Si surface and the second layer of molecules covering 49 % of the first
layer surface area. This data will be discussed later, together with the
carrier concentration profile measurements. While the presence of multi-
layers and their removal from the top of the sample has been mentioned
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in many previous works [13, 81, 82], a deep investigation of the cleaning
process effects on the molecule layers has not been done yet. In this work,
the effects of surface cleaning on the molecule surface coverage have been
investigated by cleaning a group of the produced samples right after the
deposition step. Figure 4.2 shows the SEM plan images of the cleaned
samples with a deposition time of (a), 15 (b), 25 (c), 45 (d), 75 (e), 150 (f)
minutes. Again, the molecule surface coverage has been evaluated.

(a)
100 nm

7min

(b)
100 nm

15min

(c)

25min

100 nm

(d)100 nm

45min

(e)100 nm

75min

(f)100 nm

150min

Figure 4.2: SEM plan images of the cleaned samples at (a), 15 (b), 25 (c), 45
(d), 75 (e), 150 (f) minutes. The image contrast has been optimized to increase
the signal-to-noise ratio.

Despite the cleaning process, from the analysis, we observe that all the
samples present the molecules on their surface, even though the surface
density is lower with respect to the as-deposited samples, especially for
the lower deposition times. Evidently, these molecules have not been re-
moved by the surface cleaning process, which can probably be attributed
to the chemical nature of their bonds with the Si surface. The sample dip-
coated for 7 minutes (figure 4.2a) presents a surface coverage of 0.3 %.
Figures 4.2b (15 min) and 4.2c (25 min) have a very similar morphology:
both of these samples present sparse molecule nucleation spots, covering
3 % and 2 %, respectively. Figures 2d and 2e show a SEM plan image of
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a dip-coated sample for 45 and 75 minutes, respectively. The calculated
surface coverage is 15 % (45 min) and 86.2 % (75 min), values in accor-
dance with the same timestamp as-deposited samples (figure 4.1d and
4.1e) within experimental errors. This, together with the surface coverage
data of other samples, will be discussed later on. Figure 4.2f shows the
surface morphology of a 150 minutes dip-coated and cleaned sample. In
this image, we can see that the surface appears mostly flat, with some
molecule clusters with a bright appearance. The surface coverage of this
sample is 103 %, accounting for a 100 % coverage molecule layer, plus a
3 % coverage of the molecule clusters over the first layer. This data will
be discussed and confirmed later by discussing the carrier concentration
profile data in figure 4.6. Surface coverage data from both sets of samples
are represented in the graph of figure 4.3. In this image, blue dots repre-
sent data from the as-deposited samples, while orange squares represent
coverage of the cleaned samples. Coverage over 100 % indicates the com-
pletion of the first layer and the deposition of a second layer on top of the
first.

From the data in figure 4.3, it can be deduced that at the beginning of
the deposition process, in particular up to the 25th minute, the deposition
develops slowly. During these early stages, the surface coverage barely
changes and, within experimental errors, tends to slightly increase, be-
tween 7 and 25 minutes. At 45 minutes, we can see that the curve starts to
rise. The growth rate dramatically escalates between 45 and 75 minutes.
From the comparison between the as-deposited and the cleaned samples,
blue and orange data, we can deduce information on the bond type be-
tween the aggregates and the substrate. As it is evident, after the surface
cleaning, the coverage dramatically drops, which could be representative
of these bond types: chemical (thus strong) bonds and Van der Waals
(thus weak) forces. Aggregates can be observed in both as-deposited and
cleaned samples, even for low deposition times. Since simple cleaning
processes hardly remove chemically bonded molecules, we can take these
surface coverage measurements as an indirect quantitative evaluation of
existing chemical bonds at the investigated deposition times. The data
at 45 minutes shows that both the as-deposited and the cleaned samples
present similar surface coverage within experimental errors. This could
be an indicator of the fact that most of the present molecules in the as-
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Figure 4.3: Molecule surface coverage vs deposition time. Coverage values over
100 % indicate the completion of the first molecular layer and the growth of a
second layer on top of the first one. Inset: log-log chart of the same data. Blue
and orange lines are a guide to the eye. Coverage higher than 100 % indicates
that a second molecular layer has been deposited on top of the first, which covers
100 % of the observed areas.

deposited sample are chemically bonded. Regarding the bond formation
mechanism, since the diffusion coefficient of a molecule depends on its
mass [83] we start with the assumption that an aggregate of two or more
molecules, independently on the forces keeping them together, could dif-
fuse along the surface and that its diffusion coefficient diminishes as size
increases, which has been thoroughly demonstrated for atomic clusters
[84]. When this aggregate grows, its diffusion coefficient drops until the
probability of a molecule group hopping from a bonding site to another
reaches a minimum, and the chemical bond can be formed. A similar
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phenomenon involving the trapping of molecules into potential wells of
temporary and long-lasting bonding sites is proposed in the work of R.
Moiraghi et al. and its citations [85]. This explains the early stage of the
deposition, in both cleaned and as-deposited conditions. The rapid in-
crease in coverage, from the 45th minute on, is probably due to a switch
in growth regime: in the first phases of the deposition, the creation of new
molecular clusters occurs (nucleation phase), and the coverage increases
slowly, while in the second part the created clusters tend to grow (growth
phase) as described by the Avrami model [86]. When the second growth
regime starts, molecules will have a significant chance to merge into an
already existing cluster, come to a stop and form chemical bonds with the
substrate since they are not diffusing anymore. The ratio between chemi-
cally bonded and physically bonded molecules becomes larger, hence the
shrinkage of the difference in surface coverage between as-deposited and
cleaned samples. As the first layer becomes complete, a second molecule
layer starts to form on top of it. These newly deposited molecules will not
be able to bond with the Si surface and will be physisorbed instead. The
subsequent surface treatment removes the new layers: this explains the
difference between cleaned and as-deposited samples in the latter parts
of the investigated growth time. Nevertheless, further data and investi-
gation are needed to understand more about the second layer formation.
The inset in figure 4.3 shows the log-log chart of surface coverage data,
with the lines drawn as a guide to the eye. The data of the as-deposited
and cleaned data are systematically slightly different, with the cleaned
ones lower than the as-deposited cases.

Figure 4.4 reports an example of the molecular complexes formed
on the samples obtained after 15 minutes deposition and cleaning treat-
ment. These structures are observable as well in the 45 min samples,
after cleaning. The surface cleaning has probably uncovered the shape of
these structures since physisorbed material could have deposited on top
of them in an unshapely fashion, making it very difficult for the instru-
ments to catch the detailed morphology underneath. We then speculate
that, as described before, these structures are chemically bonded to the
substrate. In figure 4.4a, two types of structure can be distinguished: ter-
races and linear branches. The minimum measured thickness of the linear
branches is 8 nm, as indicated in figure 4.4b.
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(a)
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Figure 4.4: SEM plan images of the samples dip-coated in a 10 % concentrated
DPP solution for 15 minutes and cleaned after the deposition step. (a) Molecular
branch and terrace, the inset shows a detail of the linear branch. (b) A thin,
developed branch.

To better understand these features and how the molecules are ar-
ranged inside them, we performed DFT calculations (see Methods section
for technical details), providing information on the possible bond config-
urations. We covered the Si (111) 2 × 1 reconstructed surface by four bro-
ken DPP molecules in a way that three oxygens of the molecules initially
bond with silicon atoms. The DPP molecule has been modeled without
the aliphatic chains (-CH2-CH3) because we expect such a decomposition
from previous Raman measurements performed on the samples after the
molecule deposition [37]. It is not clear when the molecule loses these
chains: it could happen either inside the solution or due to the interac-
tion between the molecule and the substrate.

Figure 4.5 shows the optimized geometry of the molecules grafted on
a Si (111) surface. As shown in the figure, the molecule assembles itself in
packeted groups, which are chemically bonded with each other through
P-O-P bonds and with the Si substrate through P-O-Si bonds, with an
oxygen atom embedded into the Si surface. In principle, after the opti-
mization process, the molecules located at the valley of the silicon surface
were lifted to bond to the next molecules through oxygen. Our calcula-
tions reveal that the Si (111) surface structure was deformed due to the
strain induced by the significant difference in atomic radius between em-
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Figure 4.5: Adsorption model of the grafted DPP molecules (without the
aliphatic chains) on a Si (111) 2 × 1 reconstructed surface after DFT geome-
try optimization.

bedded O (48 pm) and Si (111 pm) atoms. The longest Si-O bond forms
with a length of only 1.78 Å, suggesting strong chemical bonds forming.
Because of the strong adsorption between broken DPPs and Si atoms, the
Si atoms were forced to move away from their initial positions. By com-
paring the DFT simulation results with the thinnest part of the branches
in figure 4.4, we can estimate the number of molecules arranged in the
thickness of the branch: since the simulated Si cell is 6.60 Å wide and
there are two molecules per Si cell side, the thinnest part of the branch
(8 nm thick) is made of about 24 molecules in a row. To evaluate the
formation of the second molecule layer, we put the entire DPP molecule
(28 atoms) on top of the first layer. The optimization process was carried
out for positions with different vertical distances between DPP and the
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first layer (Figure 4.6). As shown in figure 4.6, the shortest distance be-
tween the second layer and first layer is 2.26 Å which is a relatively large
distance indicating a weak interaction between DPP and the first layer.
All the bond lengths of the DPP molecule show negligible changes be-
fore and after adsorption, revealing that a small charge transfer occurs
between DPP and the first layer. These results demonstrate the weak
physical adsorption of the DPP molecule as the second layer.

2.26 Å

1.87 Å

2.79 Å

(a) (b)

Figure 4.6: (a) The initial DPP positions including shorter (top panel) and
longer (bottom panel) vertical distances from the first layer and (b) the most
stable structure of physisorbed DPP on a Si (111) 2 × 1 reconstructed surface
covered by a broken DPP layer.

After studying the molecules deposition process, we wanted to inves-
tigate the electrical properties of the samples. It is already known that
by increasing the deposition time, in the 20 % as-deposited samples, i.e.
without cleaning, the carrier dose and the junction depth increase mono-
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tonically, until a saturation condition is reached (at 100-150 min) [37]. In
this paper, we present the electrical measurements of carrier concentra-
tion profiles at 150 min, i.e. in the saturation conditions where the full
layer is deposited and the complete coverage is obtained, both for the
as-deposited and cleaned conditions and compare the two cases.

Figure 4.7: Carrier concentration profile of the as-deposited (blue line) and
cleaned (red line) samples with 150 minutes deposition in a 10 % concentrated
solution.

After the molecules deposition, we treated the samples with a thermal
annealing at 1050°C for 500 seconds to diffuse the dopant inside the Si
substrate. Figure 4.7 shows the electrically active carrier concentration
profiles, obtained by SRP, of <111> Si substrates dip-coated into a 10 %
concentrated solution for 150 minutes, i.e. in the saturation conditions,
where the full layer is deposited, and the complete coverage is obtained,
in two cases: as-deposited (blue line) and cleaned (red line). The graph
shows that both the peak carrier concentration values reach 1019 cm−3
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with a junction depth of about 300 nm for the as-deposited case and of
about 230 nm for the cleaned one. The carrier dose is 2 × 1014#/cm2

(with a sheet resistance of 272 Ω/sq) for the former, and 1.2 × 1014#/cm2

(with a sheet resistance of 430 Ω/sq) for the latter. The reason behind
these results could reside in the role of physisorbed molecules in the
diffusion process. Since the only difference between the preparation of
the two samples is whether or not the samples surfaces have been cleaned,
it can be deduced that not only the chemisorbed layer participates in
the diffusion phenomenon, but also the physisorbed material. Since a
richer dopant source is present on the surface of the as-deposited sample,
the dopant dose is higher, and the resulting doping profile is deeper, as
per the finite-source impurity diffusion behaviour [86]. By observing the
electrical properties of these samples, we can confirm the presence of the
molecular over-layers on the sample shown in figure 4.1f and of a single
layer of chemisorbed molecules on the sample shown in figure 4.2f.

4.4 Conclusions

We investigated the behaviour of the DPP molecule at several stages of
the deposition time during the MD process. The high resolution mor-
phological data on the DPP surface coverage show that: i) the molecules
form a full layer on top of the Si substrate after about 100-120 minutes
of deposition; ii) a further layer of molecules starts to form over the first
one. After cleaning the samples, the coverage decreases and this becomes
more evident at long deposition times. By comparing the two sets of cov-
erage data, the cleaned and the treated ones, we understand that there are
chemical, thus strong, bonds between the first layer of molecules and the
substrate, while the second layer is attached by weak bonds. To support
these understandings, DFT calculations of the first layer of molecules on
Si, and of the second layer over the first one have been performed. The
simulations show that the DPP molecules of the first layer bond with
the substrate through P-O-Si bonds, and with each other through P-O-
P bonds. The simulations also indicate the weak nature of the forces
between the second and first molecular layer. Electrical measurements
performed on the cleaned sample with a full monolayer of molecules on
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top, demonstrate the efficiency of the doping method, even after clean-
ing. The comparison between as-deposited and cleaned samples electrical
characteristics demonstrate how physisorbed molecules participate in the
doping process, and how, with the use of a surface cleaning step, the
dopant dose and doping profile can be further controlled, allowing for a
finer tuning of the electrical properties of MD-based devices.



Chapter 5
Experimental study of the
transient/direct molecular
nucleation

As it has already been mentioned, MD involves the precursor molecule
Swlf Assembled Monolayer (SAM) formation on the sample surface and
the thermal treatment to stimulate the dopant diffusion. The literature
on SAMs is very vast, and the applications, at the laboratory level, have
been demonstrated in many cases, such as Li-batteries [87], transparent
conductive oxides [88], for non-linear optics [89] and more extensively in
biofunctionalized systems [90]. SAMs have also been applied to modify
surfaces’ electronic properties, where the SAM element represents the ac-
tive dopant component [91, 92, 93]. In contrast to the last case, in the
MD process the molecules represent the carrier for the dopant atom, not
the active dopant element itself. For this reason, many of the technical
requirements to give MD an industrial potentiality are relaxed with re-
spect to the previously cited approach. Since the deposition step is made
in liquid solutions, the resulting doping profile is conformal, i.e., it fol-
lows the shape of the sample surfaces from micro-sized systems, [94] to
nano-sized ones [95, 96], with respective curvature radii of roughly 1.75
µm, 50 nm, and 5nm. Moreover, the possibility to produce highly doped
(1020 cm−3) metallurgical junctions with a thickness of 5-to-10 nm has
been demonstrated, which makes the technique versatile and applicable
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to many geometries [97, 98, 44, 99]. Depending on the application, the
desired doping dose in the Si industry spans within the wide range of
1012 - 1018 cm−2. For this reason, the control on the MD efficiency has
been explored thoroughly in the literature. Several studies have then
been conducted on the dopant dose control, through the coating time
[13, 37], the molecules footprint [13, 100, 101], the post-deposition sur-
face cleaning process [102] or by diluting the deposition solution with
a neutral molecule [103], i.e. not participating in the doping process.
Studies of self-assembled molecular layer nucleation have observed how
molecules can diffuse on the surface and tend to form ordered structures
[104, 105, 106]. And this is further supported by the study on how the
molecule sticks to the substrate, through which bonds and which orien-
tation have the bonded molecules [96, 102].

Although the kinetics of molecule deposition and its relation to the
deposition solution parameters have been studied in the past [40, 107,
108, 109, 110, 111, 100, 37], an in-depth study of the effects of the solution
concentration on the final electrical properties of samples has not been
done yet. The present work shows the morphological evolution of the
diethyl-propyl-phosphonate (DPP) deposition on Si over time at several
solution concentrations, the monolayer formation, and their comparison
with the electrical performance of doped samples. We present these data
together with a study of the monolayer formation evolution by analyzing
surface coverage data with the Avrami function, which describes the tem-
poral behavior of phase changes, and providing curve fitting on collected
data, which will give insight into the behavior of the DPP-Si system at a
molecular level [112, 113, 114].

5.1 Experimental methods

The employed substrates are 1x1 cm2 1-10 ohm/sq p-type <111> Si sam-
ples. The molecule deposition was performed right after the substrates
were sonicated in acetone, alcohol, and milli-Q water for 5 minutes each,
then cleaned in HF for 1 minute. The deposition step has been carried
out in 5%, 10%, and 15% concentrated (v/v) solutions of DPP (Abcr, 95%)
and mesitylene (Abcr, 98%+). Samples and solution have been kept at the
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solution’s boiling point temperature for the desired time. Samples were
divided into two groups: one was treated with a surface cleaning pro-
cess consisting in rinsing in acetone, ethanol, and water and stirring in
acetone with a magnetic stirrer for 15 min ("cleaned" samples), while the
other group ("as-deposited" samples) has been analyzed right after the
deposition.

SEM images were taken with a Zeiss Supra 35 FE-SEM (Oberkochen,
Germany) with a primary energy beam of 3 keV. The surface coverage has
been extracted from these images using a noise reduction strategy based
on the fast Fourier transform (FFT) filtering through an applied bandpass
mask [77]. The inverses of the filtered FFTs were then transformed back
by an inverse FFT. The application of a brightness threshold resulted in
the identification of the interesting areas and the measure of surface cov-
erage. Measurements and calculations were done with the Digital Micro-
graph 3 software. The contrast has been optimized to increase the signal-
to-noise ratio. The image resolution allowed the evaluation of objects
down to 32 nm2 (or 6.4 nm in diameter if we assume circular cluster im-
ages). The developed image recognition process described above allows
for noise identification and treatment, the proper choice of the object-
identification threshold, and the image transformation from grayscale to
black-and-white.

Thermal diffusion processes were performed in N2 environment brought
to 1050 °C for 500 s, with an initial ramp of 10 °C per minute, starting from
600°C. No oxide layer has been deposited on the sample surfaces before
the annealing process.

Four-point probe sheet resistance measurements were performed us-
ing a Keithley 237 source-measure unit. Measurements were done in a
dark environment to eliminate light-induced conductivity modifications
on the samples. No metallic contacts have been deposited on the speci-
mens to improve the electrical Ohmic contact between the probe and the
semiconductor, so despite the measurements being consistent among the
samples, they might present a systematic difference with respect to the
results obtained with other electrical testing methods.

The Avrami function fits were performed by minimizing the least-
squares errors between the Avrami equation (5.1) and the experimentally
obtained surface coverage data, that is, we minimized the least squares
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error:

(t0,opt, kopt, nopt) = argmin
(t0,k,n)

K

∑
k=1

[︃
y(tk)− F(tk; t0, k, n)

σ(tk)

]︃2

,

where y(tk) denote the experimental values at measurement times tk, K is
the number of temporal snapshots, σ(tk) are the corresponding measure-
ment uncertainties (depicted as error bars in Fig. 5.4), and F(tk; t0, k, n)
denote the Avrami function values at times tk, with respect to the param-
eters (t0, k, n), as defined in (5.1). The overall fitness is represented by the
(minimized) least-squares error, as stated in the last column of Tab. 5.1.

5.2 Results

We carried out the deposition step in a solution of DPP and mesitylene
at different concentrations: 5%, 10%, and 15% (v/v). We kept the sam-
ples inside the solution at a constant temperature for times between 7
and 120 minutes. The samples were then divided into two groups: one
group was subjected to a surface cleaning process consisting of a rinse
in acetone, alcohol, and water, and 15 minutes of stirring in acetone (the
“cleaned” samples), while the other group was not (the “as-deposited”
samples). We analyzed the last ones by Scanning electron microscope
(SEM) imaging. We selected SEM microscopy, which, in our case, ex-
ploited a field emission gun-based instrument providing high-resolution
images because other techniques were not able to provide high-resolution
morphological information on how the molecules are arranged and clus-
tered. Figure 1 shows several SEM micrographs of the as-deposited sam-
ples for each series at different deposition times: figures (a) - (e) refer to
samples produced in a 5% concentrated solution (5% samples), figures
(f) - (j) are of samples obtained with a 10% concentrated solution (10%
samples), figures (k) - (o) show samples dip-coated in a 15% concentrated
solution (15% samples).

As can be seen from the images in figure 5.1, the molecular surface
coverage of the three series of samples increases over time for all three
solution concentrations explored. A nucleation phenomenon can be ob-
served in figures 5.1a to 5.1d, 5.1f to 5.1h, and 5.1k to 5.1l, before the
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5% 30 min

(a)

45 min

(b)

50 min

(c)

60 min

(d)

75 min

(e) 100 nm

10% 15 min

(f)

45 min

(g)

50 min

(h)

75 min

(i)

120 min

(j) 100 nm

15% 5 min

(k)

22 min

(l)

30 min

(m)

45 min

(n)

50 min

(o) 100 nm

Figure 5.1: SEM images of the samples at different deposition times. Each row
of images refers to samples dip-coated in solutions of different concentrations:
figures (a) - (e), 5%; figures (f) - (j), 10%; figures (k) - (o), 15%.

impingement between the clusters and full coverage occurs. From a pre-
liminary observation of the images, it is clear that the nucleation and the
impingement appear to be heavily influenced by the concentration of the
solution in which the deposition happens.

To be quantitative, we measured the surface coverage using the image
analysis method described in the Materials and Methods section. We re-
port the results in figure 5.2a), as a function of the deposition time. For
the 5% samples, green symbols, the surface coverage goes from 0.9% after
a 30-minute deposition to 63.8% after a deposition of 75 minutes; for the
10% samples, blue symbols, the measured surface coverage is between
2.2% at 7 minutes to a complete monolayer for deposition of 120 minutes;
while for the 15% samples, red data, the surface coverage is 0.4% at 5
minutes and rises to an almost complete layer at 50 minutes. The dashed
line indicates the 100% coverage. Coverage higher than 100% refers to a
full monolayer coverage plus an additional coverage deriving from form-
ing a second layer on top of the first. From the same image analysis, we
also measured the nuclei surface density. We collected the results in the
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graph of figure 5.2b, where the molecular nuclei areal density vs. depo-
sition time is represented for the 5% (green), 10% (blue), and 15% (red
data) concentration. The arrows indicate the apparent decrease in nuclei
density due to the impingement effect.

For the successive part of the discussion, it is essential to note that:
i) the surface coverage increases more rapidly when the concentration
increases; ii) for the high concentrations, the rate decreases at long de-
position time, i.e., when the surface coverage reaches values larger than
80%; iii) the nucleation density and rate strongly depend on the solu-
tion concentration and iv) they increase with this parameter. Once the
nuclei density behavior for several solution conditions was investigated,
we intended to study the electrical properties of the final doped sam-
ples. For a deep comparison between the morphological characteristics
and the sheet resistance results, however, it is essential to recall the previ-
ous knowledge on the interface between the molecules and the substrate.
In previous work, we demonstrated how the molecular layers are con-
stituted by molecules chemically and physically bonded to the substrate
through, respectively, covalent and Van der Waals bonds [102]. In par-
ticular, at the end of the process, molecules of the first assembled layer
are mostly chemically bonded to the Si surface. In contrast, molecules of
the second layer are physically bonded to the first. Both molecules’ lay-
ers contribute to the samples’ electrical properties, but the last ones are
easily removed from the surface after chemical treatment. It is then es-
sential to evaluate how the changes in chemically and physically bonded
molecules population reflect in the electrical properties of the samples.
Consequently, it is necessary to study the samples’ properties by remov-
ing the physisorbed molecules and compare the results with the physi-
and chemisorbed cases. For this reason, we investigated the samples after
the chemical treatment to remove the physisorbed component.

The data on the treated samples are reported in figure 3, showing
the sheet resistance for the 15% (red), 10% (blue), and 5% (green) cases.
The data evidence that the sheet resistance (Rs) systematically decreases
with the deposition time, as expected, but also when the concentration
decreases, i.e., the samples grown with diluted solutions exhibit better
electrical conductivity. This contrasts the morphological data, showing
a faster molecule coverage growth for the high solution concentrations.
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(a)

(b)

Figure 5.2: (a) Surface coverage as a function of the deposition time. The dashed
line indicates the 100% coverage. Coverage higher than 100% refers to a full
monolayer coverage plus an additional coverage deriving from forming a second
layer on top of the first. (b) Nuclei areal density of the samples vs. deposition
time. The arrows indicate the nuclei density maximum value, after which there
is a decrease due to the coalescence effect.

Always in apparent contrast with the morphological data is the fact that
at deposition times corresponding to the full or almost full coverage of
the surface with the molecules (120min for the 5%, 80min for the 10%,
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Figure 5.3: Sheet resistance data of the samples of the 15% (red), 10% (blue)
and 5% (green) sample series.

and 30 min for the 15%), the Rs is still in the decreasing trend. Another
aspect is that the sheet resistance difference among the three curves de-
creases as the deposition time increases, tending roughly to a common
saturation value for the three solutions. Nevertheless, it should be noted
that, at prolonged deposition times, there are still measurable differences
between Rs values, with the diluted solution still showing the lowest re-
sistance among the three. These results show that the solution concentra-
tion affects the electrical properties counter-intuitively, and the way the
molecules interact with the sample surface must be deeply understood.

5.3 Fit to the data through the Avrami theory

To shed further light on the deposition process in the three cases, we use
the Avrami function because it provides information on the dimensional-
ity of the nucleation process of the molecule clusters.

We fit the surface coverage data to the Avrami function [112, 113, 114],
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defined by

F(t; t0, k, n) = 1 − exp
(︃
−

(︃
t − t0

k

)︃n)︃
, (5.1)

where t > 0 is the incubation time, k is related to the activation en-
ergy, and n is the Avrami exponent, associated with the dimensionality
of the nucleation process [112, 113, 114]. The n exponent in the classi-
cal Avrami theory is an important parameter and represents the reason
why we chose to use this theory to fit our data: n is equal to d+1, where
d is the dimensionality of the phenomenon, so the 2Dimensional phase
changes have an exponent of 3, and 3D ones have n = 4 [115]. When n
is larger than 4, the literature refers to transient and nonlinear behaviors
[70, 71, 72, 73], which represent the key element to understand the data
and that will be discussed below. We used the weighted least-squares
fitting for this task. We summarize the resulting parameters in Table 5.1
and showcase the functional fits in Figure 5.4. The very low value of t0
in the 10% case could result from the process fluctuations at the early
deposition stages. Moreover, despite the use of a high-resolution field
emission gun - SEM microscope to acquire the images, the data collected
through microscopy could not be accurate at the initial deposition stages
for the following reasons: i) image resolution; (ii) in-homogeneity of the
sample surface; (iii) Noise in the imaging process.

Table 5.1: Weighted least-squares fitting parameters.

Percentage
[%]

t0 [min] k [1] n [1] LS Error [1]

5 6.53 68.18 3.86 9.70e-05
10 0.00 64.45 4.94 8.59e-04
15 11.50 15.73 6.66 5.99e-04

5.4 Discussion

The n’s trend for the three series suggests a modification in the MD de-
position nature. As said, the n exponent predicts the phenomenon di-
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Figure 5.4: Graph of the Avrami fits for the three sets of data: 5% in green, 10%
in blue, and 15% in orange.

mensionality. For n larger than 4, we know that we are in the case of
transient nonlinear processes. In our case, n ranges between 3.86 and
6.66, increasing with the concentration, suggesting that these transient
behaviors are more prevalent at high solution concentrations. In the case
of nonlinear behaviors, two main types of deposition mechanisms have
been evidenced in literature [57, 58]: the growth by direct adsorption,
in which the deposited species directly develop a strong chemical bond
with the deposited surface upon impinging on it, and growth via an ad-
sorbed layer, in which an intermediate state of physisorption is involved
between the desorbed and chemisorbed state. Our previous study shows
that both sticking mechanisms are possible at the surface. But this study
was experimentally performed at a specific solution concentration, and
the simulations were performed on a small number of molecules [96, 102].
Nothing is known so far when the concentration varies and how large
numbers of molecules aggregate. By considering these possible depo-
sition and bonding mechanisms, an interpretation of the morphological
data of figure 2 and their relation to the sheet resistance of figure 3 can
be given. With a 5% solution concentration, the resulting Avrami expo-



5.4. DISCUSSION 75

nent roughly matches the classical prediction of n = 3 for a 2-dimensional
growth: even though the surface coverage is relatively low compared to
the other cases at the same deposition time, the molecules develop chem-
ical bonds upon impingement. They are not rinsed away by the surface
treatment. In the 10 and 15% cases, the surface coverage follows a much
steeper curve, with n = 4.94 and 6.66, respectively, indicating a change
in how the molecules are deposited. The sheet resistance data for the
15% cleaned sample series, higher than the other cases, suggests that the
physisorption is the bonding mechanism prevailing in this case. This
is attributed to the high nucleation rate, which allows the physisorbed
molecules to cover the surface with faster dynamics compared to those
needed for the chemisorption. So at high concentrations, physisorption
is the dominant mechanism in the physi-/chemi-sorption competition.

To understand why, with high molecular coverage, the 80% and above
cases in Fig.s 1) and 2a), the sheet resistance at the corresponding depo-
sition times is still decreasing, we have to take into account the spatial
distribution of the molecule clusters and how the new molecules adhere
to the substrate in the vicinity of a grown cluster. At high deposition
times, when the coverage is large, another mechanism takes place, which
can be explained by introducing the concept of the nucleus capture zone
[77, 116, 117, 118, 119, 120, 121, 122]: molecules impinging on the surface
around one nucleus are most likely to be captured by that nucleus and,
thus, contribute to its growth. Each capture zone is approximated by the
surface points closer to the nucleus center of mass than to other nuclei.
Each nucleus capture zone depends as a consequence on the nuclei popu-
lation around it [123]. This means that the faster the nucleation rate (high
concentrations), the larger the total perimeter of the clusters formed on
the substrate.

By nucleation and successive growth, molecular clusters keep form-
ing on the sample surface. During the growth, the areas enclosed be-
tween the edges of these molecular clusters can present bonding sites in
which the following deposited DPP molecule will not be chemisorbed
but physisorbed. Figure 5.5 shows a process schematic. In the figure, a
chemisorbed molecule is represented by a full-colored polygon. In con-
trast, the empty structures represent the surface areas where the deposit-
ing molecules can potentially be captured by a nucleus, identified by the
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(a) (b)

(c) (d)

Figure 5.5: A schematic of the relation between nuclei surface density and the
surface zones available for chemisorption. In the picture, a chemisorbed molecule
is represented by a fully colored shape. In contrast, an empty structure represents
the surface spots where the depositing molecules could chemisorb when captured
by a nucleus, identified by its color. Marked areas are either overlaps between
incompatible chemisorption sites or unavailable for developing a chemical bond
with a depositing molecule. The schematic shows that the available surface di-
minishes with more nuclei occupying the same surface portion. Examples with
(a) two, (b) three, (c) four, and (d) five nuclei.

same color, through chemisorption. The areas marked with the crosses
are either overlaps between incompatible chemisorption sites or unavail-
able for developing a chemical bond with a depositing molecule. The
schematic shows that the available surface decreases with the nuclei den-
sity increment - and then with a larger perimeter - occupying the same
surface portion, i.e., for high nuclei density. Examples with (a) two, (b)
three, (c) four, and (d) five nuclei are shown in the figure. The available
space for chemisorption of the DPP molecules on the Si surface then de-
pends on the nuclei surface density. The transient molecules’ physisorbed
state during the deposition from the concentrated solutions then has an
impact on the sheet resistance through the capture zone role: at high so-
lution concentrations, and thus, high nucleation rates, the surface areas
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available for chemisorption are reduced and, as a consequence, the sheet
resistance of the cleaned samples increases. The density of molecules in
the solution and arriving on the Si surface has an impact on the bonding
mechanisms, changing the local minimum energy configuration, as pre-
dicted in our previous work: the most stable energy configuration has a
minimum for the covalent bond, but an unstable Van der Walls bond can
be formed too [109, 102]. In this frame, the apparent discrepancy between
the morphological and electrical data is explained: when the nucleation
rate is high, i.e., for high concentrations, the physisorption is more fa-
vored than the chemisorption, and the molecules are rinsed away through
the chemical treatment. And this happens consistently for all the depo-
sition times, although a complete monolayer is expected to be reached at
different times for the different dilutions. When the coverage reaches a
level where the spatial distribution plays a role (around 80% and above),
the perimeter of the formed nuclei is high, and the capture zone plays a
role in impeding/retarding the covalent bonding mechanism. This leads
to a decrease in the chemisorption nucleation rate at high concentrations
and a corresponding reduction in the electrical efficiency. Together with a
scientific understanding, these results allow for better tuning of the dop-
ing process and a surface functionalization controlled at nm sizes, which
is vital for the applications, specifically for device scaling.

5.5 Conclusions

We investigated the changes caused by different conditions in the DPP
deposition mechanisms on Si during the MD process by changing the so-
lution concentration. The morphological data show that: (i) the molecule
is deposited on the samples at different rates, higher solution concentra-
tions lead to a faster rise in the sample surface coverage; (ii) nucleation
rate shows the same behavior, as it is higher with increasing solution
concentrations. Despite the higher deposition rate, the hierarchy of the
sheet resistance of the cleaned samples at any given time is inverted with
respect to the surface coverage: higher solution concentrations are asso-
ciated with higher resistances. This behavior has been linked to the ratio
of physisorbed vs. chemisorbed molecules present on the samples be-
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fore the applied surface cleaning. By fitting the Avrami function onto
the surface coverage data, the values of n have been calculated, which
suggests that the solution concentration influences the dynamics of the
DPP deposition. These values of n are associated with the presence of a
transient, physisorbed state of the molecules during deposition by using
more concentrated deposition solutions. An explanation of the Rs be-
havior has been proposed. The available space for chemisorption of the
DPP molecules on the Si surface depends on the nuclei surface density
at any given time. With a higher nucleation rate (and thus, higher so-
lution concentrations), the surface areas available for chemisorption are
reduced, and, as a consequence, the sheet resistance of the cleaned sam-
ples increases. These results will give a better insight into solution-based
molecular deposition processes, as well as allow for a better understand-
ing of the MD process, as well as other technological processes based
on molecule-surface interactions like molecular electronics and molecular
contact doping, especially for nano-architectures, hollow structures and
devices based on nanoscale doped structures. A future work foresees the
investigation of the role of the molecule’s chemical and physical proper-
ties (molecular structure, steric footprint, etc.), substrate orientation, and
- when applied to high-density nanostructures - their surface density.



Chapter 6
MD for Silicon Carbide

6.1 Introduction on Silicon Carbide doping

Silicon Carbide (SiC) is a semiconductor with excellent physical, chemical
and electronic properties. With its wide band gap, high thermal conduc-
tivity, high chemical stability and critical electric field is especially suited
for the fabrication of devices with superior characteristics with respect to
the current silicon industry standard [124, 125, 126]. Among these advan-
tages, SiC devices can also be operated at high temperature [127]. The SiC
crystal exists in several crystalline structures called polytypes, each with a
different arrangement of Si and C atoms within its lattice. Each polytype
electrical and optical properties is different. For example, 3C-SiC (cubic
lattice) has the lowest band gap (2.3 eV) and the highest electron mobil-
ity, while 6H-SiC is composed of two-thirds cubic bonds and one-third
hexagonal bonds and has larger bandgap (3 eV). The 4H-SiC polytype is
known for its large bandgap (3.2 eV), its high electron mobility along the
crystal axes and has been extensively used for power electronics appli-
cations in the last decades [128]. One of the main characteristics of the
doping in SiC is the reduced diffusion coefficients of dopant impurities
with respect to the Si counterpart. This is both an advantage and an issue:
on one hand, once the incorporation of dopants is achieved, the strong
Si-C bonds don’t allow the further diffusion of dopants even at high oper-
ation temperature, while on the other hand, the incorporation of dopants
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itself is hindered by the high temperatures needed in order to observe
the dopant diffusion and activation through the SiC crystal. A graph of
common dopant diffusion coefficients in SiC can be seen in figure 6.1.

Figure 6.1: (a) Diffusion coefficients of dopant species in SiC over temperature.
To observe the impurity diffusion in SiC, high temperatures must be reached
[129]. P diffusion coefficient is shown in pink; (b) Diffusion coefficients of dopant
species in Si over temperature. Diffusion coefficients are orders of magnitude
higher than in SiC at lower temperatures [130]. P diffusion coefficient is shown
in red.

For example, in order to achieve the diffusion of phosphorus - shown
as a pink line in figure 6.1 - the temperature of at least 2000°C must be
reached and, even at these high temperatures, it is still orders of magni-
tude lower than the phosphorus diffusion coefficient in Si at 1000°C [131].
Since impurity diffusion is heavily reduced in SiC crystals, the most used
doping method in order to achieve acceptable levels of incorporation is
ion implantation. Although it has been already demonstrated as a valid
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choice to fabricate simple devices and p-n junctions, some open issues are
still to be solved: the high temperature needed for the dopant activation
[129], partial activation of high-dose implantation regions [132], incom-
plete ionization of Aluminum dopants at room temperature [133, 134]
and, most of all, the crystal lattice damage induced by the implantation
and the difficulties in regenerating defects [135]. The last aspect is espe-
cially important because SiC nanoarchitectures have already shown the
potentiality to be exploited in many different fields of science and tech-
nology [136]: bio-imaging, chemotherapy, photocatalysis, gas sensing and
more. Since ion implantation doping can not be achieved without damag-
ing the doped species and since, as already mentioned, damage is hardly
recovered in SiC structures, it is especially unsuited for the doping of
high surface-to-volume ratio SiC nanostructures. The application of the
MD to SiC would allow the ex-situ, conformal doping of nanostructures
and may open many possibilities in the field of SiC device fabrication.
For this reason, in this thesis, the possibility to apply MD to SiC has been
explored, starting with a preliminary study on the possible approaches.

6.2 MD on SiC: feasibility study

As introduced in chapter 2, the fundamental steps of the MD process
are (i) the formation of the precursor molecule SAM and (ii) the thermal
process needed for the dopant diffusion. To apply the MD to a new
substrate, both of these aspects must be studied and adapted to the new
system.

The choice of the precursor molecule is paramount in order to meet
the needs of point (i). Indeed, the formation of molecular SAMs has
been demonstrated in 3C-, 4H-, 6H- and other SiC polytypes by using
organophosphonate, silane and organic molecules [137, 138, 139]. For
example, the DPP molecule, as well as other organophosphonate com-
pounds, is both a molecule containing a dopant atom for SiC (phospho-
rus) and capable of self-assembly on the SiC surface.

The requirements of point (ii), as mentioned in the previous section,
include a very high temperature thermal process, depending on the dif-
fusing dopant species. As an example, to observe the diffusion of phos-
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phorus in SiC, temperatures between 1800 and 2000 °C must be reached
(figure 6.1). The extremely high temperatures could be challenging in the
MD process because the deposited precursor molecules could evaporate
before being able to release the dopant atom into the substrate. In addi-
tion, an eventual SiO2 capping layer would be exposed to temperatures
well above its fusion temperature (1710°C). To tackle this issue, the low-
temperature SiC doping approach, found in the work of C. Tin et al. [140],
could be integrated into the MD process. The general concept of the ap-
proach is to induce the out-diffusion of silicon atoms from the SiC crystal
in order to create vacancies into the substrate that, in turn, facilitate the
in-diffusion of phosphorus at low temperatures. The creation of vacan-
cies can be obtained by oxidation or silicidation processes. The oxidation-
assisted doped samples were fabricated by spinning and curing a layer of
silicon-free spin-on phosphorus dopant source on top of the SiC sample.
In these conditions, the diffusion of phosphorus was obtained by anneal-
ing the samples at 1200-1400°C in O2 for 1 hour. The silicidation-assisted

Figure 6.2: Schematization of the vacancies creation and dopant diffusion in
the silicidation-assisted doping. (a) The phosphorus spin-on dopant and the Ni
layer are deposited on the SiC sample; (b) the annealing causes the creation of Si-
vacancies in the substrate; (c) The presence of Si-vacancies facilitates P diffusion
in the SiC lattice.

doped samples were fabricated by depositing and curing the same phos-



6.3. STUDIES OF MD ON SI-SIO2-NI SYSTEMS 83

phorus spin-on dopant layer on the SiC surface and adding a thin Ni layer
on top of it. The annealing step was carried out at 900°C in Ar gas for 1
hour. A schematization of this process can be found in figure 6.2. In both
cases, the diffusion profiles were evaluated by Rutherford Backscattering
Spectroscopy and Secondary Ion Mass Spectroscopy, revealing the pres-
ence of P atoms as deep as 100 nm for the oxidation-assisted case and
300 nm for the silicidation-assisted one, with a concentration peak over
1019cm−3. By combining the silicidation approach with the conformal
properties of the MD technique, the conformal doping of SiC nanostruc-
tures at low temperatures could be achieved. For this reason, the study
of the Ni and Si behaviour during the MD process was carried out, and it
will be presented in the next section.

6.3 Studies of MD on Si-SiO2-Ni systems

6.3.1 Preliminary investigation on DPP on Si effects

The study of the effects of the DPP molecule on the Si surface were
conducted in order to understand how the Si surface properties might
change during the MD annealing process, after molecule deposition. The
substrates were 1-10 ohm/sq p-type <111> Si samples cut into 1x1 cm2

squares. The molecule deposition was performed after the substrates
sonication in acetone, alcohol, and milli-Q water for 5 minutes each, then
cleaned in HF for 1 minute. The deposition step has been carried out
in 20% concentrated (v/v) solutions of DPP (Abcr, 95%) and mesitylene
(Abcr, 98%+) for 150 minutes and kept at the solution’s boiling point
temperature for the entire time. The thermal diffusion process was per-
formed in N2 environment. Samples were brought to 900°C for 500 s,
starting from 600°C, with an initial ramp of 10°C per minute. After the
thermal process, the samples were analyzed by Transmission Electron
Microscopy (TEM) and Electron Energy Loss Spectroscopy (EELS) in or-
der to evaluate the morphological results of the process. Cross-sectional
TEM samples were prepared out of the doped substrates as explained
in appendix D. Figure 6.3a shows the TEM image of the sample profile
in which the formation of a 2 nm amorphous layer on top of the sub-
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Figure 6.3: (a) TEM image of the DPP-doped Si substrate after the MD thermal
diffusion process; (b) STEM image of the area highlighted by the red dotted line;
(c) Si and (d) O signals of the EELS map of the same area. The yellow dashed
line indicate the 2 nm layer, composed by Si and O atoms.

strate can be seen. Figure 6.3b, c and d show the STEM image of the area
highlighted in red, and the EELS Si and O signals, respectively.

The comparison between the two EELS signals allows for the recog-
nition of the composition of the 2 nm layer, indicated by the two yellow
dashed lines. By recalling the simulations of the DPP-Si interface in figure
4.4, it can be speculated that, during the P diffusion, the decomposition
of the molecule leaves the O atoms available for the formation of the SiO2
layer on the substrate surface.

6.3.2 Effects of the Ni top layer during the DPP-MD pro-
cess

After the evaluation of the effects of the MD process on the Si surface, the
influence of the Ni layer on the system has been investigated. In litera-
ture, Ni is known to form several complexes when diffusing within the
Si substrate [141]. In order to avoid the formation of nickel silicides that
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would hinder the doping results during the MD process, we used a bar-
rier layer between the Ni layer and the Si surface. Since the SiO2 layer is
used as a barrier layer in many semiconductor processes, we explored the
use of this material in our experiments Sample preparation started with
the same procedure described in the previous section (6.3.1). After DPP
deposition on the Si samples, a 200nm-thick Ni layer has been deposited
on them by sputtering. Samples were then annealed at 900°C for 500 s,
starting from 600°C, with an initial ramp of 10°C per minute and were
analyzed by TEM and EELS.

Figure 6.4: (a) Cross section TEM image of the samples: the image shows the
clusterization of the Ni layer and the formation of an overlayer on top of it,
indicated by the coloured arrows. (b) Detail of a surface cluster with a 15nm-
thick overlayer on the top.

The cross section TEM image of the samples are shown in figure 6.4a.
As it can be seen the Ni layer formed clusters on top of the samples and
the Si layer remained uniform. The coloured arrows indicate a thin layer
on top of the clusters, following their shape. Figure 6.4b shows a detail of
a surface cluster, onto which the overlayer can be clearly distinguished,
with a uniform thickness of 15 nm. Again, the EELS analysis, will give
information about the distribution profiles of the atom species.

Figure 6.5a shows the STEM detailed image of a surface cluster with
the visible overlayer indicated by the coloured arrows. The area surveyed
by the EELS is highlighted within the dotted red line. Figure 6.5b, c, d
and e contain the detail of the surveyed area and the Si, Ni ad O sig-
nal within the surveyed area, respectively. By the EELS signal spectrum
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Figure 6.5: (a) Cross sectional STEM image of a surface cluster. The overlayer
is underlined by the coloured arrows. (b) EELS full-spectrum image of the high-
lighted area within the red dotted line. (c) Si signal, (d) Ni signal and (e) O
signal of the collected EELS spectrum in the same area.

images, it can be deduced that while the Ni and Si signal are confined,
respectively, within and outside the shapes of the surface clusters, the
O signal is not. As a matter of fact, the Si signal is generated both by
the Si substrate and the space within the clusters, while the O signal is
generated by the surface layers of the Si substrate, the clusters area and
the space between them. From these chemical analysis coupled in situ
to the morphological data it can be speculated that, during the annealing
process, (i) there’s been outdiffusion of silicon from the substrate through
the Ni layer towards the surface of the stacked layers, (ii) the Ni layer has
undergone clusterization and oxidation and (iii) the O atoms contained
in the DPP molecular layer have contributed to the oxidation of the Si
surface, the Ni layer and the outdiffused Si. Although this is an ongoing
preliminary experiment, it already shows the potential of the Ni layer to
stimulate the outdiffusion of Si in the MD process. Future continuation
to this investigation will be:
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• The removal of the top cluster layer and the evaluation of the elec-
trical and chemical properties of the remaining Si substrate;

• he process characterization in terms of Ni layer thickness and an-
nealing parameters such as temperature, ambient and time;

• The deposition of a SiO2 layer before the Ni sputtering as an addi-
tional barrier between the Si surface and the Ni layer;

• The continuation of the feasibility study with the application of nu-
merical methods to simulate the Si outdiffusion behaviour.
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Conclusions

The research activity of this thesis has been focused on the study of the
innovative conformal doping technique called Molecular Doping.

The first part of this work has been focused on the study of the
molecule layers formation on top of the sample after the MD molecule
deposition step. The investigation involved the morphological evaluation
of the samples at several stages of the deposition process through SEM
analysis. The surface coverage data shows that the molecules self assem-
ble into a full monolayer after 100-120 minutes of deposition and that
after the formation of the first layer, a second layer of molecules starts
to form on top of it. By treating the samples with a surface cleaning
process, the surface coverage drops, especially at prolonged deposition
times. This indicates that the first layer of DPP molecules develop mostly
chemical, thus strong, bonds with the Si surface while the molecules of
the second layer are attached by physical forces to the first. To corroborate
these results, DFT calculations of the system have been made. The simu-
lations show that the first layer molecules bond through P-O-Si chains to
the substrate and through P-0-P chains among themselves. Moreover, the
DFT confirms the weak nature of the forces between the second and first
layer of the DPP. The electrical measurements, made by the SRP tech-
nique, demonstrate the efficacy of the MD process in both the cleaned
and the as-deposited cases, with a higher dopant dose, dopant concen-
tration peak and junction depth in the case of the as-deposited samples,
demonstrating the role of physisorbed molecules in the MD deposition
step.
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The successive experiments are presented in the second part of the
thesis and were focused on the deposition mechanism changes caused
by the DPP concentration in the deposition solution. Again, the mor-
phological data were extracted by the SEM analysis. The results show
that the solution concentration influences both the rate of deposition and
the rate of nucleation. Both rates are higher with increasing deposition
solution concentrations. The electrical measurements of the cleaned sam-
ples sheet resistance show us an inverted hierarchy instead: higher re-
sistances are associated with the higher solution concentration samples.
This aspect can be linked to the nature of the physisorbed vs chemisorbed
molecules at the end of the deposition process, right before the applica-
tion of the surface cleaning. As a matter of fact, by fitting the surface
coverage data with the Avrami function, the values of the exponent n
have been calculated for each sample series. These values are associ-
ated with the presence of a transient, physisorbed state of the molecules,
which is more present with he use of higher concentrated deposition so-
lutions. By combining these results, it can be deduced that the surface
concentration influences the dynamics of the DPP deposition. An expla-
nation of the behaviour of the cleaned samples sheet resistance can also
be proposed based on the morphological nucleation data. The available
sites for chemisorption of the DPP molecule on Si depend on the fraction
of uncovered surface. With higher deposition solution concentration, a
higher nucleation rate has been measured and thus the chemisorption-
available sites are reduced. As a consequence, the sheet resistance of the
cleaned samples has a reversed hierarchy with respect to the presented
surface coverage data.

These investigations on the DPP-Si system and MD process will add
to the comprehension of how the DPP molecule interacts with the Si sur-
face during the MD deposition process and, with this understanding,
will give insights into solution-based molecular deposition processes as
well as other technological applications based on molecule-surface inter-
actions.

In the third part of the thesis, the feasibility study for the application
of the MD process in SiC substrate has been presented. Among the as-
pects to be studied, the possibility of reducing the thermal budget for the
diffusion of dopants in the SiC lattice has been presented. The approach
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is based on the interaction between a thin Ni layer with the SOD phos-
phorus dopant on SiC complex, which causes the outdiffusion of Si from
the SiC lattice. In order to evaluate the possibility of incorporating this
approach into the MD process, Si samples have been prepared by includ-
ing the deposition of a Ni layer on top of the DPP molecule layer after
the MD deposition step. The samples have been examined by TEM and
EELS, which show (i) the formation of a SiO2 layer on the Si surface, (ii)
the clusterization of the Ni layer, (iii) the oxidation of the Ni layer and
(iv) the formation of a SiO2 overlayer on top of the surface clusters. These
results show that the presence of the Ni layer stimulated the outdiffusion
of Si from its lattice, and that the formation of the SiO2 layer is capable
of preventing the formation of Ni-Si complexes in the substrate. This is
a preliminary study and further investigation on the introduction of Ni
into the DPP-MD process will allow both further understanding of the
MD in Si and the possibility of applying the MD to SiC substrates and
nanostructures.
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Appendix A
Spreading Resistance Profiling

Spreading Resistance Profiling is a Two-Point Probe system for the mea-
surements that provides resistivity vs depth profiles of samples, which is
used for the extrapolation of the dopant profile in semiconductors. The
two probes are lowered on a previously beveled sample with a 50mum
spacing between them. Additional sample surface preparation can be
implemented to improve the probe-surface contact. The application of
a known current between the electrodes, and the measurement of the
voltage drop between the probes, allows for the measurement of the re-
sistance.

The spreading resistance profile is obtained by moving the two probes
along the bevel and to make a series of I-V measurements as shown in
figure A.1. The profile depth is adjusted as the probes move by a factor
depending on the bevel angle. Resistance measurements are then con-
verted to carrier concentration levels by the use of calibration curves. In-
formation on the dopant dose can also be extrapolated by the integration
of the depth profiles.

In this thesis, SRP measurements have been collected with a SSM150
tool. They have been used to analyze the carrier concentration profile
of doped samples. The samples have been prepared with a low bevel
angle in order to achieve high accuracy of the measurements depth and
resolutions of about 3 nm have been achieved.
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Figure A.1: Spreading Resistance Profiling measurements on a beveled
sample.



Appendix B
Four-Point Probe

The Four-Point Probe characterization is used to determine the sheet re-
sistivity of a homogeneous layer, which can be represented by the follow-
ing equation:

ρS =
ρ

t
(B.1)

With t being the thickness of the layer to be electrically evaluated. In
the case of semiconductor p-n juctions, the thickness t is equal to the
junction depth. The four probes are arranged in a line as shown in figure
B.1.

Usually, the two outer probes are used to carry the current while the
two inner probes are used to measure the voltage drop between them.
The choice of the probe distances influences the results of the measure-
ment. If the spacings between the probes are equal, sheet resistivity can
be expressed as follows:

ρS = (
π

ln 2
)Ra ≈ 4.532Ra (B.2)

Where Ra is the resistance value obtained by reversing the polarity of
the current. The measurements are affected by the probe and the sample
geometry effects, which can be minimized by (i) maximizing the average
distance of the probes from the edges of the sample and (ii) applying a
correction factor based on the sample shape and surface area.
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Figure B.1: Conventional configuration of the four-point probe measure-
ment system.

In this thesis, the 4PP measurements have been employed to evaluate
the electrical properties of doped samples. Samples have been cut to 1x1
cm2 squares in order to standardize the size and geometry among the
various samples examined. I-V characteristics have been collected with
a Keithley 237 source-measure unit. Measurements were done in a dark
environment to eliminate light-induced conductivity modifications on the
samples.



Appendix C
Scanning Electron Microscopy

Conventional optical microscopy is capable of a magnification of 1000x by
using photons as probes for the samples investigation. Scanning Electron
Microscopy (SEM) uses electrons instead, which can be accelerated to
high energies (usually between 2 and 1000 keV) in order to poduce a
small wavelength beam with a higher resolution. Electron wavelengths
are usually contained within 0.027 and 0.0009 nm. A schematic of SEM
parts can be found in figure C.1.

After the electrons are emitted from the electron gun, on top, they pass
through three sets of electromagnetic lenses before reaching the sample:
the condenser lenses, the deflection coil and the final lens. The condenser
lenses purpose is to collimate the beam in order to make it as narrow as
possible. After collimation, the electron beam passes through the deflec-
tion coils, which bend the beam in order to direct it towards a specific spot
of the sample. The last beam adjustments are made by a system of final
lenses. The electrons then interact with the sample surface which, in turn,
will respond to the interaction with secondary electrons, photons and so
on. These particles are collected by detectors, either electron or photon
detectors, they are converted into electrical signals and, with the aid of
an amplifier, transmitted to an electronic interface. The electron beam is
directed towards subsequent spots and the image is built pixel-by-pixel,
hence the ’scanning’ characteristic of the technique.

There are many possible interaction between the electron beam and
the sample to be analyzed: low-angle and high-angle scattering, emission
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Figure C.1: Scanning Electron Microscope schematics.
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of a secondary electron, characteristic x-ray emission and Auger electron
emission. Each one of these interactions products can give information
about the observed sample: by combining these signals, details about
morphology, chemical composition and electrical behaviour of sample
surfaces can be provided.

1. Secondary electrons (SE): These electrons are those that escape from
the sample surface at low energy (≈ 50eV). These provide a signal with
very high spatial resolution since they come from the shallower parts of
the surface, usually by a depth comparable to the size of the electron
probe. They primarily give morphological information although contrast
is also slighty influenced by the atomic number of the probed zones.

2. BackScattered Electrons (BSE): Backscattered electrons are the inci-
dent ones that are scattered through a larger angle and re-emerge from
the surface. They have a much higher energy than te SE, and can give
information wiht a lower resolution, since they interact with a deeper
part of the surface. They give mostly compositional information, since
elements with a higher atomic number also give a higher contrast. Some
crystallographic information can be deduced too by the analysis of elec-
tron channeling through crystal planes.

3. Electron Beam Induced Current (EBIC): The electron interaction usu-
ally produces many electron-hole pairs which then recombine almost in-
stantly. If an electric field is applied on the sample, the electron-hole pair
will not recombine and the induced current can be measured. This cur-
rent gives information about the conductivity of the sample, the lifetime
of charge carriers inside the material and their mobilities. It is often used
to determine electrically active defect maps of semiconductor surfaces.

4. Cathodoluminescence (CL): The recombination of induced electron-
hole pairs generates photons. Their wavelength depends on the charac-
teristics of the explored surface (semiconductor bandgap, composition,
etc.). The addition of specifc detectors must be accomplished before a
SEM setup can evaluate this kind of signal. Resolutions are not optimal,
but still under the microns domain.

5. Voltage-contrast imaging: By applying a voltage across the semicon-
ductor, the interaction of the electron beam with the surface is modified
and a higher number of secondary electrons can be collected. This tech-
nique is often used in circuit failure analysis by comparing images of the
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circuit without and with applied voltage across each region of the device.
6. Auger electrons and x-rays: Auger electrons give information about

the chemistry of the surface. The energies at which they are generated
are atom-specific and, by the evaluation of these energy, the species con-
tained in the probed beam-spot and their surroundings can be recog-
nized. Emitted x-rays give information about the electronic states of the
electron shells of atoms and, thus, can be interpreted to understand de-
tails about the nature of the surface sample species. They are usually
collected by an Energy Dispersive X-ray spectroscope (EDX). By using
calibration curves, limited quantitative information can be also obtained.

In this thesis, SEM is used to evaluate the presence, the morphology
and the evolution of precursor-molecule SAMs on Si <111> samples. The
data were collected by employing a Field Emission Gun (FEG-SEM). The
FEG, also known as ’cold cathode’ emitter, provide the brightest beam
among the available electron guns while maintaining very small devia-
tions in the electron beam energy. This is accomplished by the use of
finely tuned high electrical fields to the gun tip, until the quantum tun-
neling of electrons towards the free state occurs. In order to preserve the
tip, the vacuum level requirement for the use of a FEG is quite high (10−10

Torr), which dramatically increases the cost of FEG-SEM microscopes.



Appendix D
Transmission Electron Microscopy

In Transmission Electron Microscopy (TEM) the sample is thinned to a
few hundreds of nm at most and is then subjected to a beam of high-
energy electrons. The image is then formed by the electron that have
passed through the sample, interacting with it. Image contrast depend
on three contributes: absorption, diffraction and phase contrast. Absorp-
tion contrast depends on the fraction of energy lost by an electron that
interacts with a sample atom. The higher the atomic mass of the element,
the higher the contrast. This kind of contrast is also influenced by the
sample thickness, since the electron transmission is modified by it. An
image obtained by absorption contrast is called a "bright-field" image.
Diffraction contrast image, or "dark-field" image, is obtained by the sig-
nal coming from the electron diffracted by the specimen. If the sample is
crystalline, a spot pattern will be obtained depending on the orientation
of crystal planes. Phase contrast is obtained by letting more than one elec-
tron beam pass through the specimen and is extrated by the interference
between these beams. The technique is also known as high-resolution
electron microscopy (HREM).

TEM can also be used as a Scanning Transmission Electron Microscope
(STEM), in which a high-brightness beam of electron is directed through
the specimen by scanning coils in a sub-nm sized spot. The transmitted
electrons produce signals that are collected by sensors in order to con-
struct an image in the pixel-by-pixel configuration, similarly to a SEM
image.
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With the use of the STEM configuration, the Electron Energy Loss
Spectroscopy (EELS) spectra can be collected. The technique involves the
evaluation of the electron energy loss through specific spots of the sam-
ple. The energy loss heavily depends on the targeted atom species and
its bonds. This technique enables the determination of chemical compo-
sition, electronic band structure, defects and grain boundary maps of the
analyzed sample.



Appendix E
Error function

The error function, denoted as erf(x), is a mathematical funcion that finds
applications through various branches of science and engineering. It is
commonly used in statistics, probability theory and the analysis of Gaus-
sian distributions. It is given by the following expression:

er f (x) = (
2√
π
)
∫︂ x

0
e(−t2)dt (E.1)

The integral is not expressible in terms of elementary functions and
is usually computed through numerical methods. The error function is
widely used in Probability theory and Statistics to compute cumulative
distribution functions for normal distributions, in Signal Processing, to
analyze digital modulation schemes in communications systems, in Math-
ematical Analysis to solve integral and partial differential equations and
in Physics, as a tool to study diffusion processes and heat conduction
phenomena.

In this thesis, it has been included in the study of the atomistic diffu-
sion processes related to the doping of semiconductor materials.
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