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ABSTRACT

Graphene and MoS, monolayers are materials with promising applications in
the electronics and semiconductors industries and the study of how the metals
are growing on them is a topic of great interest for both cost-effective surface-
supported catalysis applications and contacts improvement, that translates into
better devices performances. In particular, copper is a standard material for fab-
rication of conductive contacts and it exhibits a Volmer-Weber growth dynamics
on both graphene and MoS,. This mode is characterized by the formation of 3D
islands and considerable differences in the growth kinetics may arise from different
copper adatom adsorption and diffusion energies. The real space in-situ studies of-
ten include sophisticated experimental setups having metal evaporators combined
with transmission electron microscope or scanning probe microscopes. The real
space techniques are particularly efficient in the characterization of the early stages
of thin film growth, especially in the nucleation stage, but their employment in-
situ is complex and not always feasible, while performing these techniques ex-situ
implies the end of the deposition process. Instead, the measurements in reciprocal
space rely on the scattering of X-ray photons or electrons, they are non destruct-
ive and can be performed in-situ during the deposition process. For this reason,
herein it is presented a unique laboratory-based grazing-incidence small-angle X-
ray scattering (GISAXS) technique which allows to track the temporal evolution
of the copper thin film growth on graphene and MoS, surfaces. The influence of
the substrate temperature is studied for both the set of experiments performed on
graphene and on MoS,;. The geometry of the graphene samples allowed a com-
parison of the GISAXS results with the in-situ ellipsometric measurements. In all
the GISAXS datasets collected at various temperatures, it is possible to recognize
three main growth stages, namely nucleation and cluster growth, dynamic coales-
cence and early stage of percolation. An analysis of the nucleation density and

how the temperature affects it, enhancing the mobility of the copper adatoms,



is presented for both the sets of experiments. The experimental results achieved
show the importance of in-situ GISAXS studies for a real-time growth monitoring
of copper and other noble metals on 2D materials and this work demonstrates the
potential of laboratory-based in situ GISAXS as a vital diagnostic tool for tailor-
ing a large variety of Cu nanostructures on graphene and MoS; monolayer based

materials.

Contents

1. INTRODUCTION 3
2. THEORY 4
3. EXPERIMENTAL SETUP: DESIGN AND DEVELOPMENT 7
4. RESULTS AND CONCLUSIONS 9

4.1 Thermal evaporation deposition on graphene . . . . . . . . . 9

4.2 Thermal evaporation deposition on molybdenum disulphide 14

5. LIST OF PUBLICATIONS 18
5.1 Publications in CC journals . . . . .. ... ... ... ..... 18
5.2 Publications in book’s chapters . . . . . . . ... ... ... .. 19

5.3 Conference’s contributions . . . . . . . . . ... ... ... ... 19



1. INTRODUCTION

The discovery of graphene in 2004 [1] constituted a turning point for the mod-
ern experimental physics. This material granted the Nobel prizes to Novoselov
and Geim for its discovery and thanks to its multiple properties it became ob-
ject of study leading to the creation of a global market around it for the value of
$12 million by 2013 [2]. Moreover, this discovery led to address novel attention
to the properties, attributes and employment possibility of other 2D materials as
the MoS, and to the surface science in general. The modern electronics widely
employs semiconductor devices in order to create logic doors as well as sensors or
amplifiers in the circuitry. For their optimal performances a fine control over the
charge carriers and their flow is needed. This can be partially achieved thanks to
a good quality of the electrical contacts, in fact, the lower their resistivity is, the
better they are able to transfer the carriers injected in them to the semiconducting
material. Creating contacts on 2D semiconductors is a task that poses different
challenges, conceptual as well as practical, but, achieving low contact resistance
in devices based on 2D semiconductor is necessary in order to have large photore-
sponse [3], high ’on’ current and high-frequency operations [4]. In order to achieve
these results, as pointed out by other authors [5, 6], the investigations on metals
nucleation even at the single monomer level can provide important insights for
metals/2D materials contacts and still remain an open field of study. There exists
a quantum limit for the contact resistance (R7™) which is given by the number
of conducting modes that the semiconductor channel can sustain [7, 8] and is con-
nected to the 2D charge carrier density (nyp) but, nowadays, we are still far from
this limit.



2. THEORY

The growth of thin films occurs in three processes:

e Firstly the material to be deposited is separated from the source through the

heating of the target, as in our case, or for high voltage extraction.

e Then the extracted particles ejected form the target travel toward the pre-
fixed substrate.

e Eventually the particles reach the substrate surface where they are adsorbed.

This last process can be further decomposed in various steps:

— Thermal accommodation is the first passage that the imping particles
must fulfil in order to be adsorbed on the sample surface, in particular,
they must thermally lose enough of their kinetics energy in order to
adhere to the surface.

— After the particles are accommodated on the substrate the binding fol-
lows. This may happens through physisorption, when the particles form
weak Van der Waals bonds, typically of the order of 0.01 eV., with the
atoms of the bulk, as in our case, or through chemisorption, when the
particles form strong chemical bonds, typically of a magnitude com-
prised between 1 and 10 eV., with the atoms of the bulk.

— Once that the particles incoming on the sample have formed the bonds
with the most external atoms of the bulk, there occurs the phenomenon

of surface diffusion.

— Nucleation is the method through which the clusters form and is char-
acterized by two competitive processes, when the clusters have a con-
densation energy per unit volume AGy which lowers the desorption

rate their growth is encouraged, while, when they have a surface energy
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higher than the one of individual atoms the breaking up of the clusters

is encouraged, in order to minimize energy.

— Subsequently to a successful nucleation the formed islands experience
a growth. Experimentally have been observed three different modes of

islands growth:

x In the case of a Volmer - Weber kinetics the clusters grow separately
on the substrate forming three dimensional islands. This situation
typically occurs when the atoms are more strongly bound to each
others than to the substrate and/or in conditions of slow diffusion

on the substrate surface [9], as in our case.

x In the case of a Frank - van der Merwe kinetics the clusters merge
together in wide planar structures determining a layer by layer
growth. This situation typically occurs when the atoms are more
strongly bound to the substrate than to each other and/or in con-

ditions of fast diffusion.

* In the case of a Stranski - Krastanov kinetics some of the clusters
merge together while others grow separately determining a mixed
growth in which islands are emerging from a coalesced layer. This
growth process is typically divided into two phases, initially due to
the fact that the atoms are more strongly bound to the substrate
than to each other and /or there occurs a fast diffusion phenomenon,
a layer by layer growth is encouraged, then, after one or more layers
are formed, a change in the energetics, that determines a decrease
of the diffusion on the structure, verifies and the imping particles
tend now to set when they reach the deposited layer not changing
their landing positions, therefore, three dimensional islands start

to emerge [9].
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Fig. 2.1: Schematic of the three different types of growth that can follow a thin film [10]

— Once sufficiently big islands are formed, they undergo to the coalescence

process, where smaller clusters merge together in bigger islands.

— Finally the structures formed till this point can experience percolation
and continued growth depending on parameters as the bulk or the sur-
face diffusion, the desorption, the geometry of the merged structures,
in fact, the presence of shadowing effects limits the possibility of a fur-
ther homogeneous growth of the deposited layer because the successive
impinging particles will find, already formed, irregular islands on their
trajectories [9].



3. EXPERIMENTAL SETUP: DESIGN AND DEVELOPMENT

The growths are performed inside a deposition chamber customly designed
that has a vacuum pressure in working conditions of 2 * 10~® mbar and a partial
oxygen pressure of 4 x 107 mbar. The pressure is kept constant thanks to the
combination of a scroll pump and a turbopump. This deposition chamber presents
two beryllium windows for X-Rays to allow in-situ GISAXS measurements, one
at the bottom where the X-Rays are going to enter in the chamber and the other
at the top, before the detector. Furthermore, other two transparent windows are
present, one in the lower emisphere of the chamber and the other in the upper
one, in order to allow ellypsometric in-situ measurements. These configurations
are depicted in the schematic of fig. 3.1.

The X-Ray beam employed to per-
T AT KD form the GISAXS measurements has a
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Fig. 3.1: Schematic drawing of the GISAXS the stage where the sample is placed,
and ellipsometry set-ups in the de- 11 order to remove the parasitic X-Ray

position chamber. scattering from the multilayer Montel

optics and define the beam size. An

X-Ray detector made of 2D complementary metal oxide semiconductor (CMOS)-
based hybrid is used to integrate the radiation scattered by the sample and the
integration time defined for the acquisition of every frame is set to 5 seconds, dur-

ing which the intensity is integrated in a continuous loop without interrupting the



Cu deposition process. The intensity collected from each pixel 1(q) = |F(q)|*S(q)
is the result of the product between the interference function, given by the Fourier
transform of the pair correlation function of the nanostructures position S(§) =
[ C(¥)e"dr and the square modulus of the mean nanostructure form factor, given
by the Fourier transform of electron density F(§) ~ [ [ [ p(F)e~@¢rdV. The
sample is positioned on a holder in the center of the chamber in a geometry
that allows both the deposition process and the characterization by GISAXS and
ellypsometry. The deposition chamber is connected to a load-lock chamber that
permits the introduction of a new sample and the extraction of a deposited one
without compromising the vacuum and the environment inside the main chamber.
To perform the deposition through thermal evaporation we inserted a crucible in
the chamber and an ultra pure copper ball obtained from the cutting and the
folding of a copper foil was positioned in the basket of the crucible. The crucible
extremities were connected to the two internal wires of a flange connector. Its two
external conductive pins were successively plugged to a power supply. A pneumatic
shutter is placed between the evaporator and the sample holder and can be used to
inhibit the deposition in order to define the duration of the deposition process and
the thickness of the deposited film. Some testing on silicon and then on graphene
samples helped to find the best experimental parameters. The depositions were
performed on samples heated and kept at constant different temperatures. After
an initial annealing at 250°C for two hours common to all the samples, each one
was heated at a constant predefined temperature for all the duration of the de-
position process. In-situ GISAXS and ellipsometric measurement were acquired
for the experiments performed on the graphene substrate, while, for geometry con-
straints, only GISAXS measurements were acquired for the experiments performed
on MoS,. The final films thicknesses after the Cu depositions were measured ex-
situ using a stylus profilometer in order to retrieve the deposition rate for which
we found an almost constant value of 0.25 A/s for all the experiments. Further
depositions were performed at the constant temperatures of 50°C and 200°C for
graphene and at 60°C, 100°C and 150°C for MoS, in order to permit an ex-situ
analysis by real-space techniques, namely the AFM, and for all the samples a Cu

layer with an equivalent thickness of 4 nm was grown.



4. RESULTS AND CONCLUSIONS

4.1 Thermal evaporation deposition on graphene

The purpose of this sets of experiments was to characterize the growth of
the Cu deposited by thermal evaporation and the kinetics dependence on the
substrate temperature. I developed a model based on the Drude one, to describe
the behaviour of the mobile electrons in the outern shells, and on three Lorentz
oscillators, two focused on the optical transition of the copper 3d band and a
smaller one to describe higher energy transitions, in accordance with the density
of states diagram of copper [11], in order to fit the ellipsometric data. The growing
of clusters during the deposition strongly depends on the surface free energy and
on the binding energy of the incoming material. If we limit our attention to the
surfaces free energies and consider the adsorbed material as a liquid drop on a solid
substrate it is possible to define a spreading parameter S [12], able to describe the

wetting phenomenon, with the formula:

S = — Y — Vsei (4.1)

Where 7, is the surface energy of the substrate, 7; is the one of the liquid and
vs—; is the interfacial energy between the substrate and the liquid. When S > 0 the
liquid completely wets the substrate, while when S < 0 the liquid partially wets
the substrate. Considering now the case of the graphene substrate, the value of the
surface energy for graphene is 100 %‘2], while for copper this value rises to 1830 :’;—;’,
that is more than one order of magnitude higher respect to the first one [13]. From
these values it is immediate to relize that the spreading parameter is negative,
leading to a partial wetting of the copper on the graphene surface and determining
a growing mechanism of type Volmer-Weber, with the formation of big islands
instead of a continuous layer. The same occurs for the MoS; and both behaviours

were confirmed by the AFM measurements. Considering the GISAXS patterns



recorded for the depositions on graphene for each frame belonging to a constant
deposition temperature it is possible to extract the intensity profile of a cut along
the ¢, direction at the critical exit angle. The interference function starts to arise
and become well defined in the X-Ray scattering profiles for a copper deposited
thickness of around 1 nm, anyway, it results hard to find the maximum of the initial
streak with precision, leading to data with high uncertainty, until a better defined
peak appears. In order to retrieve quantitative peak parameters, the extracted
profiles were fitted with the combination of a Gaussian and an exponential decaying
function. The position of the maximum of the Gaussian in the reciprocal space
qy,maz 15 shown in fig. 4.1 as a function of the deposited copper thickness.
The horizontal dashed line marks
the resolution limit of our GISAXS

setup that imposes an upper resolu-
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copper thickness for various depos- 0.55 nm~! and Qymaz ~ 0.5 nm L
ition temperatures. for 50°C, 60°C and 100°C respectively,

while for 150°C, 200°C and 300°C there
are little deviations respect to the value gy ma. ~ 0.4 nm~'. These measurements
show that to a decrease of the constant temperature at which was run the de-
position corresponds an increase of the value along the g, vector of the reciprocal
space at which the interference peak maximum arise and since 150°C it is possible
to assist to a sort of saturation effect with the appearence of the scattering maxima
at a more or less constant value of ~ 0.4 nm~!. Considering the GISAXS data
relative to the nucleation stages for our set of experiments it is possible to retrieve

the value of the density of the nucleation centers through the formula:

n— (‘-’va)z (4.2)
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Conducting a statistical analysis, for every temperature, on the density of the
forming clusters during the nucleation stage it is possible to derive their average
nucleation density and the nucleation energy for the material can be calculated
thanks to the formula proposed by Kowarik [14] in his work:

Enuc
Noaw = F%xp(K T) (4.3)
B

In this formula N,,,, represents the maximum nucleation density of the nano-
clusters over the sample surface, while ', Kg and T are the atomic flux impinging
on the sample, the Boltzmann constant and the substrate temperature respectively.
In fig. 4.2 are shown the nucleation density data in an Arrhenius plot, where the
maximum nucleation density of the nanoclusters over the sample surface N, is
fitted for the data emerging from the minimum N,,,, background, corresponding
to the lattice defect density of the substrate. From the fitting and, more precisely,
from the value of the slope of the linear function employed to perform the fit, it
is possible to directly extract the nucleation energy F,,. for which we retrieved a
value of 303 meV £+ 172.
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coalescence stage in the real space, the ex-situ AFM images, shown in fig. 4.3,
of two samples, produced stopping the depositions at an equivalent thicknesses
of the deposited film of 4 nm, have been acquired for the constant deposition
temperatures of 50°C and 200°C.
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(a) AFM image of copper clusters on (b) AFM image of copper -clusters on
graphene deposited at 50°C equivalent graphene deposited at 200°C equivalent

to a 4 nm thick continuous layer. to a 4 nm thick continuous layer.

Fig. 4.3: AFM images of samples where a layer with an equivalent thickness of 4nm was
deposited. The depositions were stopped during the coalescence stage for two
different temperatures.

2and n =~

Estimations gave a nanoclusters surface density of n ~ 102 em~
3x10* em~2 with an average nanoclusters distance of A ~ 10 nm and A ~ 18 nm
for 50°C and 200°C respectively. The nanoclusters have a uniform emispherical
shape, with the diameter steadily increasing with the temperature. Comparing
these results with the ones retrieved from the GISAXS at the same equivalent
deposited thickness we find n ~ 2 x 10?2 em=2 and n ~ 4.5 x 10"' ¢m =2 with an
average nanoclusters distance of A ~ 6 nm and A = 15 nm respectively. The
presented results are in good agreement with only slight deviations the ones from
the others. Furthermore, they show that to higher temperatures correspond lower
surface densities of the nanoclusters and that during the growth they join into
bigger islands reducing their surface density at the onset of the coalescence. A

careful inspection of the plot in fig. 4.1 suggests two major changes in the rate
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of the shift of the interference peak position towards lower values of gy pa, for
every deposition. This may be connected with the transition from the nucleation
stage to the dynamic coalescence one and with the transition from the coalescence
to the percolation stage [15]. At the percolation stage, nanoclusters merge into
larger clusters of irregular shapes that are displayed in the GISAXS pattern by
two well-resolved maxima closer to the primary beam. From the analysis of the
rate shift of the g, 4, position in function of the deposited thickness and from the
ellipsometric measuremens was possible to provide an estimation of thicknesses
at which the transitions from the nucleation stage to the dynamic coalescence
and from the dynamic coalescence to the percolation occurred. These results are

compared in fig. 4.4.
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Fig. 4.4: Final comparison of the extracted values for the beginning of the coalescence
and of the percolation stages for different temperatures. The box plots indicate
the values of the centers of the beginning of a new growing stage with the
rescpective uncertainty based on the GISAXS data, while the simple points

with their relative error bars indicate the ones based on the ellipsometry data.
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The results obtained from the two analysis are in good agreement, especially
for what concern the beginning of the coalescence stage that occurs at around 2
nm of Cu equivalent deposited thickness for all the depositing temperatures. More
uncertainty surrounds the beginning of the percolation stage that, anyway, can be
assumed to occur around 10 nm of Cu equivalent deposited thickness for all the
depositing temperatures. Another intersting result is that the beginning of the
dynamic coalescence and of the percolation stages are not affected by the temper-
ature as the cluster density or size and occur at the same equivalent thickness of

the deposited layer for all the deposition temperatures.

4.2 Thermal evaporation deposition on molybdenum disulphide

This set of experiments was performed with the same goal of the previous one.
From the GISAXS intensity maps we can notice that the peaks of interference
appear at lower thicknesses for higher temperatures and if at the equivalent layer
thickness of 4 nm at 60°C is visible only an intensity streak, for the same thick-
ness the GISAXS pattern shows broad side peaks located at ¢, ~ +0.35 nm™*
and ¢, ~ +0.15 nm~" in the case of the depositions performed at 100°C and
150°C respectively. This difference decrease at the increase of the equivalent de-
posited thickness, at 12 nm it is possible to see a reduction in the distances of the
lateral side peaks that are located at ¢, ~ +£0.25 nm™!, ¢, = £0.21 nm~" and
q, ~ £0.12 nm™! for 60°C, 100°C and 150°C respectively, while at 24 nm the
distance between the lateral side maxima in the ¢, direction becomes negligible.
As previously stated, this phenomenon is due to the fact that the interference
effects intensify with the growth of the nanoclusters and their coalescence in big-
ger islands cause a long range modulation of the electronic density seen from the
impinging X-Ray that get scattered towards lower values in the g, direction. Even-
tually, after the percolation and the formation of a continuous layer of deposited
material, it is no longer possible to distinguish clearly the nucleated islands and for
all the samples the morphology of the surfaces look similar and so do the GISAXS
patterns. In order to track quantitatively the kinetics of copper growth on MoS,,
we employed the same analysis performed for the depositions on graphene and the
position of the gaussian center gy mq. is plotted in fig. 4.5 respect to the equivalent

Cu deposited thickness. Even for this analysis were expressed with an horizontal
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dashed line marks the resolution limit of our GISAXS setup, that imposes an
upper resolution limit to the average nanoclusters distances, and with a vertical
continuous line the border before which the uncertainty forbids to consider the
fitted data acceptables.

From fig. 4.5 it is possible to no-

tice that the interference peaks maxima
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emerge from the X-Ray scattering pro-
files at gy max ~ £0.55 N1, @y max
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ively. To an increase of the constant
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value along ¢, at which the interfer-

Fig. 4.5: Plot of the ¢ymqes vs. deposited ence peak maximum arises. This trend
copper thickness for various depos- is once again correlated to the mobil-

ition temperatures. ity over the surface of the adsorbed
particles, to the density of defects act-

ing as nucleation centres and to the fact that to a higher temperature corresponds
a larger attraction basin of the defects and, therefore, a lower density of nucleating
islands, with the ones that favour a more energetic stable configuration acting as
major attractor. These islands tend to attract more material because the higher
temperature increase the diffusion coefficient along the surface and the mobil-
ity of the adsorbed particles, that find bonding to other cluster more energetically
favourable, results enhanced. For this reason, the size of the islands is directly pro-
portional to the temperature of the substrate surface and, thank to their volume
and their vast number, they introduce a modulation of the electronic density that
can be statistically tracked from the scattering pattern detected from the GISAXS.
Employing the previously defined equation 4.3 it is possible to calculate the nuc-
leation energy F,.,. for the copper particles nucleating over the MoS,.In fig. 4.6
it is shown the linear relation that fits our nucleation data in an Arrhenius plot,
where the In(N) is represented versus the inverse of the temperature [14]. From the
fitting and more precisely from the value of slope of the linear function employed

to perform the fit, was calculated a nucleation energy value of 377.7 meV 4+ 6.6.
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Fig. 4.6: Plot of the natural logarithm of the
density of stable islands vs. the in-

verse of the temperature.

As already found in the case of
the depositions on graphene, even the
fast nucleation process of copper nano-
clusters on MoS, following from our
GISAXS analysis suggests a high sur-
face density of nucleation centres, typ-
ical for heterogeneous nucleation at
surface defects and impurities. The co-
alescence stage was studied even in the
real space frame stopping the depos-
itions at a constant thicknesses of 4
nm and acquiring an AFM image for
every previously considered temperat-

ure. These images are displayed in fig.

4.7 and, from their further elaboration and analysis, was possible to estimate the

pair correlation functions of the nanoclusters showed in fig. 4.8 corresponding to

the inquired temperatures.

12 nm

10

(a) AFM image of copper (b) AFM image of copper (¢) AFM image of copper

clusters on MoSs depos- clusters on MoSy depos- clusters on MoSy depos-
ited at 60°C equivalent ited at 100°C equivalent ited at 150°C equivalent
to a 4 nm thick continu- to a 4 nm thick continu- to a 4 nm thick continu-
ous layer. ous layer. ous layer.

Fig. 4.7: AFM images of samples where a layer with an equivalent thickness of 4nm was

deposited. The depositions were stopped during the coalescence stage for all

the different temperatures.
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Fig. 4.8: Pair correlation function with the fitting of their first maxima retrieved from
the AFM images of the samples where a layer with an equivalent thickness of

4nm was deposited.

The first maximum of each one of these functions represent the average distance
between first neighbours and their fittings return the values of A ~ 8 nm, A =
14 nm and A ~ 16 nm that correspond to a nanoclusters surface density of n &~
1.5%10'2 em™2, n ~ 5x10" em =2 and n ~ 4x10' em =2 for 60°C, 100°C and 150°C
respectively. This is perfectly coherent with the fact that a wider range of values
for the dimension of the particle corresponds to a faster dynamics. Anyway, if we
now compare these results with the ones retrieved from the GISAXS measurements
corresponding to the same equivalent deposited thickness, it is possible to notice a
huge divergence even in the ratio between the results in the set obtained with the
same measurement. After an analysis similar to the one performed on the grapene
samples, the temperature seems to affect the thickness at which the nucleation is
occurring, around 2 nm, 4 nm and 5 nm for 150°C, 100°C and 60°C respectively.
While, from these data it is hard to identify a threshold for the onset of the
percolation stage but a further changing in the slope of the nanoclusters average
distances versus the deposited thickness of copper around 17 nm for the depositions
at 60°C and 100°C suggests that at this thickness the percolation must have already

taken place for all the temperatures.
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