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Introduction

This thesis reports the research work on the development of a sensitive atomically
flat gold film thermometer which exploits mica as a substrate. Besides being an
insulator, this mineral boasts a low thermal conductivity that allows an improved
thermal decoupling of the sensor from its substrate, if compared to the largely
utilized silicon (Si thermal conductivity is about 300 times higher). It is also me-
chanically soft and elastic, useful for applications in flexible electronics. Moreover,
a mica substrate allows the gold re-crystallization, thus permitting the investiga-
tion of the processes which can affect the structure of the sensor itself, or of a
sample, with atomic resolution, by the use of the Scanning Tunneling Microscope
(STM).

This entire investigation has been realized at the facilities of Laboratorio NEST of
Scuola Normale Superiore. The sample preparation has been performed in clean
and controlled conditions (clean room), and the measurements have been taken in
an Ultra-High Vacuum environment (UHV chamber of a RHK Technology Scan-
ning Tunneling Microscope).

This study is inserted in the framework of calorimetric techniques, which are use-
ful means to investigate the properties of matter by measuring the heat exchange
during a system evolution. Indeed, an energy flux accompanies any evolution of
a system, giving invaluable information on the processes underlying the evolution
itself. A large number of commercial calorimeters can be found, specialized in stu-
dying solid or liquid samples, phase transitions and chemical reactions generally.
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However, typical commercial calorimeters require a sample mass in the mg range
and have a quite limited sensitivity in energy (~ mJ). Very sensitive thermometric
techniques have been successfully developed to measure milli-Kelvin temperature
differences in nano-scale devices, mainly in thermoelectric ones. Such thermome-
ters, however, can operate only at low temperatures (below a few Kelvin) or at
least their sensitivity drops to tenths of Kelvin at room temperature.

In this context we present the improvement of a recently reported thermometric
technique, which has been utilized to monitor the hydrogen storage in titanium-
functionalized mono-layer graphene [1]. The actual focus of our upgrade is the
substrate of the sensor: mica has been chosen to replace silicon in order to gain
in terms of sensitivity but mostly to exploit its atomically flat surface. Indeed it
allows the gold re-crystallization, thus permitting to take advantage of the STM
potentiality to investigate the surface of the sample after an experiment of hydro-
gen adsorption, for example, or any other process which could affect the structure
of the sensor/sample. For testing the new sensor, an experiment of atomic hy-
drogen adsorption on the gold film itself has been performed. The old sensor has
been subjected to the same experiment, as well, in order to compare the perfor-
mances of the two. This testing has highlighted the potentiality of our sensor:
indeed it allowed to study a change in the gold surface reconstruction that only
an atomically flat surface could reveal.

A summary description of the thesis chapters is briefly listed below:

e In Chapter 1 we present the state of the art of the current research. The
motivation of this research and its starting point (first prototype of the gold
film thermometer), with focus on mica as new substrate for the sensor, are
discussed.

e In Chapter 2 we describe the experimental setup and the measuring princi-
ples utilized for the measurements.

e In Chapter 3 we present the sample fabrication and calibration, with the
related issues. These procedures are fundamental in order to get the best
possible gold reconstructed surface to exploit in the STM analysis of the
sensor surface, but also to extract the calibration parameters necessary to
derive a quantitative analysis from our experiments.
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e In Chapter 4 we discuss the testing of the thermometer and we compare its
performance with that of the first prototype of the sensor.

e In Chapter 5 the final conclusions are drawn and an outlook of future
improvements is discussed.



State Of The Art

The measurement of energy /heat exchange between a system and its environment
is an important issue in many chemical and physical problems. Therefore, calori-
metry has been widely utilized to investigate the properties of matter, especially
in the presence of processes affecting the sample structure or inducing changes
in the sample’s thermodynamic conditions (chemical reactions, phase transitions,
etc.). In the following a brief survey of calorimetry and an original improvement
to study very small samples will be presented.

1.1 Calorimetry

Calorimetry is the science of measuring changes in state variables of a body, for
the purpose of deriving the heat transfer associated with changes of its state, due
to chemical reactions, physical changes, or phase transitions under specified con-
straints. The word calorimetry is derived from the Latin word calor, meaning heat
and the Greek word pérpov (metron), meaning measure. The Scottish physician
and scientist Joseph Black is said to be the founder of the science of calorimetry,
and he was the first to recognize the distinction between heat and temperature [2].
Indeed, temperature is the measure of the average kinetic energy of the molecules
in a substance, while heat is the total energy that these moving molecules have.

Any calorimeter (an object which allows to measure the heat transfer) is basical-
ly made of a thermal bath and a measuring chamber which accommodates the
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sample. While the sample’s temperature varies during the process under investi-
gation, the thermal bath acts as a heat sink (or source) with a fixed temperature,
and allows to measure AT = Tsqmpie — Tharn as a function of time.

The arrangement of calorimeters in a classification system should be based on
a simple and sensible order structure, suitable for practical application. Several
classification criteria have been suggested but with modest results. A particular
difficulty in the classification of calorimeters arises from the fact that many calori-
meters can be operated in various modes, so that a certain instrument must often
be classified in different ways, depending on the mode of operation. Often, the
same applies to the measuring principle, which can be changed in certain calori-
meters. Three primary groups of criteria are taken as a basis of classification: the
principles of measurement, the mode of operation, and the construction principle.
On the basis of the measuring principle, calorimeters can be classified in three
groups (see Ref. [3]):

e heat compensating calorimeters
e heat accumulating calorimeters

e heat exchanging calorimeters

In heat compensating calorimeters, the effect of the heat to be measured is compen-
sated, either passively by the phase transition of a suitable calorimeter substance
(e.g. ice), or with the aid of an active control system, which compensates the
temperature change in the sample (or the sample container) through electrical
heating/cooling or other suitable heat sources/sinks. The compensation energy is
determined from the mass of the transformed calorimeter substance or from the
electrical heating/cooling energy.

Advantages of the compensation method are that the measurement is carried
out under quasi-isothermal conditions and thus heat leaks remain unchanged to
a first approximation. Examples of heat compensating calorimeters are: ice ca-
lorimeters, adiabatic scanning calorimeters and power compensating Differential
Scanning Calorimeters (DSC) (see Ref. [3] for details).

In heat accumulating calorimeters, the effect (for example an increase in tempera-
ture) of the heat to be measured is not minimized by any compensation, but leads
to a temperature change in the sample and the calorimeter substance with which
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the sample is thermally connected. This temperature change is the quantity to
be measured and is proportional to the amount of heat exchanged between the
sample and the calorimeter substance. Examples of heat accumulating calorime-
ters are drop calorimeters, adiabatic bomb calorimeters and flow calorimeters (see
Ref. [3] for details).

In heat exchanging calorimeters, a defined exchange of heat takes place bet-
ween the sample (sample container/crucible/support) and the surroundings. The
amount of flowing heat is determined on the basis of the temperature difference
along a “thermal resistance” between sample and surroundings. By recording the
dependence of the heat flow rate on time, it is possible to carry out kinetic inve-
stigations. An example of heat-exchanging calorimeter is the heatflux DSC (see
Ref. [3] for details).

For what concerns the construction principles, heat accumulation and heat
compensation calorimeters are usually built up with single vessels, whereas the
twin arrangement, first introduced by Joule in 1845, is often used with heat-
exchanging calorimeters. In the latter case, the vessels are arranged as perfect
twins with the detection units being in opposition to give a differential signal.
Thus, extraneous disturbances are canceled, giving long-term stability and high
precision for determination of slow processes. It is also possible to allow a reaction
to proceed in one vessel, while running a control (or blank) measurement in the
second vessel [3].

In the last decades, the research community has developed a growing num-
ber of devices at the micro- or nano-scale. Increasingly, sensors, catalyzers, and
energy storage systems are designed as nano-devices which represent the building
blocks for commercial "macroscopic” objects. However commercial calorimeters
involve the use of macroscopic amount of material (of the order of milligrams
or millimoles of substances) and have a limited sensivity in energy (~mJ). Re-
cently, very sensitive thermometric techniques have been successfully developed
to measure milli-Kelvin temperature differences in nano-scale devices, mainly in
thermoelectric ones [4]. Such thermometers, however, can operate only at low
temperatures (below a few Kelvin) or at least their sensitivity drops to tenths of
Kelvin at room temperature.
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In this context, an original thermometric technique has been presented in
Ref. [1], and has been utilized to monitor the hydrogen storage in titanium-
functionalized mono-layer graphene. The enthalpy variation AH due to an adsorp-
tion process (in this case hydrogen adsorption) consists in the change in internal
energy of the system (AU) plus the work needed to change the system’s volume
(L):

AH=AU+L=C,-AT+V -AP (1.1)

where C), is the heat capacity at constant pressure, AT is the temperature change
consequent to the heat exchange and AP is the pressure variation. For processes
under constant pressure, AH is equivalent to the total heat exchanged by the
system in the exothermic (or endothermic) reaction:

AH = 5Q (1.2)
where d() can be written as [5]:
0Q =C,- AT (1.3)

The system heat capacity at constant pressure C), can be written as C, = c-m,
where ¢ is the specific heat capacity and m is the mass of the system/sample. As-
suming time-independent sample mass and specific heat capacity, in case of exo-
thermic heat release H,., equation (1.3) can be written in the following differential

form: SH SA
—=0C,- 08T (1.4)

ot ot
Therefore, knowing the heat capacity of the system it is possible to extract the
heat release from the recording of the temperature variation. In the (real) case
of thermal losses, by introducing the heat transfer coefficient A, it is possible to

describe the losses through the sample of interest and its substrate:

0H, OAT
—L=0C,- —— + \-AT 1.5
ot T (1.5)
In order to analyse the calorimetric data that will be recorded, our system can be

described as in [1], by a simple thermal model in which the thermometer is heated
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by the adsorption of a thermal power P(t) (so its temperature increases) while at
the same time it releases energy by heat losses towards the substrate. The losses
are described by the heat transfer coefficient A and it is possible to assume that
the mica substrate acts as a thermal bath at fixed temperature Ti, because of its
very high heat capacity with respect to that of the sensor. Moreover, assuming
that the heat capacity of the sensor remains constant during the time interval of
the measurement we can write (from equation (1.5)):

Csensor : dir%stor(t) = P(t) —A- AT(t) (16)

with AT (t) = Tsensor(t) — To [6,7], where Ty = T(t = 0). Ciensor is the heat
capacity at constant pressure but from now on we will omit the subscript p.

If we supply a constant power P and consider dTsepsor(t) = d(Tsensor(t) — To) =
dAT(t) equation (1.6) can be rewritten as:

Clomsor - %7;“) =P\ AT() (1.7)

By imposing the initial condition AT(t = 0) = 0, this first-order constant-
coefficient linear differential equation in AT (t) can be solved, giving the solution:

AT(8) = T(t) — Ty = § - [1 —eap (—é)} (1.8)

where 7 = Cyepsor/A. In order to extract the unknown heat release which will
heat the sensor during the exothermic adsorption of hydrogen, equation (1.6) can
be adapted as:

0H, IAT(t)

= — - AT 1.
(St Csensor 5t + A (t) ( 9)

where H, is the total heat released [8].

In Ref. [1] the exothermic reaction that binds hydrogen to graphene has been
detected and analysed, in order to extract the total heat released H,., as explained
in the following section.
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1.2 Nano-scale calorimetry

An original development of the calorimetric technique, which extends the applica-
tion of calorimetry to microscopic devices, is reported in [1]. The presented experi-
mental setup allows to detect the enthalpy released during the adsorption process
of ~ 1071% mol of Dy on titanium-functionalized monolayer graphene (Ti-MLG),
by using a sensor having physical dimensions of ~5x5 mm?. This thermometer
can, in principle, operate in the temperature range from 50 to 900 K. Operating
in the temperature range 300-600 K, a Noise Equivalent Temperature Difference
of 10 mK has been achieved. The calorimetric technique described in [1] has the
advantage of scalability of sample dimensions and permits the direct measurement
of the adsorption energy, without relying on a destructive measurement such as
the Thermal Desorption Spectroscopy (TDS) (described in the following chapter).
The work of Ref. [1] is briefly summarized in the following,.

The sensor in question is a gold film thermometer which acts as temperature pro-
be and holder for the Ti-MLG. The electrical resistance of the Au film increases
with temperature, following the linear relation [9]: R(T) = Ry[l + (T — Tp)],
where Ry is the resistance at the reference temperature 7j (room temperature)
and « is the resistance temperature coefficient. The temperature increase of the
sensor causes a resistance increase of the gold layer, that can be measured with a
Wheatstone Bridge cascaded to a high quality PreAmplifier.

The thermometer has been subjected to a careful calibration through several hea-
ting cycles, in order to obtain the coefficient o of the sensor, from the recorded
Resistance vs. Temperature curves (via linear fit), and the electrical resistivity.
After this initial characterization, MLG has been transferred on the gold film and
the sensor has been calibrated again. Finally, graphene has been functionalized
with titanium via evaporation in situ, inside the UHV chamber which hosted all
the performed measurements. 6.5 ML of titanium have been deposited, in order
to ensure a 100% coverage of the graphene layer ( because Ti tends to cluster).
After the deposition, the thermometer calibration has been repeated, thus produ-
cing the final calibration parameters.

About 20 minutes after the Ti deposition, the sample has been exposed to mo-
lecular deuterium (D) for 5 minutes at a pressure of 1.0 x 10~7 mbar, while
recording the sensor resistance. After subtracting the thermalization background,
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the sensor temperature variation due to Dy adsorption can be obtained, as shown
in Figure 1.1, adapted from Ref. [1].

Finally, a TDS measurement has been performed, and from the detected desorp-
tion temperature (7, ~ 469 K), extracted from the TDS spectrum vs. tempera-
ture, the desorption energy barrier E; has been estimated. E,; corresponds to the
average binding energy for the adsorption of deuterium molecules on titanium,
which turns out to be Ej, ~ 1.3 eV /molecule. The amount of desorbed (and the-
refore stored) Dy has been estimated from the TDS spectra (vs. time) as well:
n~1.7x 1071 mol or N ~ 1 x 10'* Dy molecules. The heat released during the
adsorption process has been estimated: H, = n - E, ~ 22 £+ 1 uJ. This value is
in good agreement with that obtained from the analysis of the calorimetric data:
H, ~23+5uJ [1].
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Figura 1.1: Figure adapted from [1]. Sensor temperature variation during Do exposure to the
Ti layer (Red line: smoothing). AT = 0.065 K is clearly detected.

In conclusion, the developed sensor turned out to have a sensitivity of ~
0.03 m{2 for the resistance variation, which corresponds to a sensitivity of ~ 10 mK
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for the temperature variation and ~ 5 puJ for the energy release. Besides that,
because of its non-destructive, real-time and scalable characteristics, this original
technique introduces a useful and reliable new way to measure the amount of
adsorbed gas in a solid-state system. Moreover, such a sensor can be used to
investigate, besides graphene, novel 2D materials, but is also suitable for use in
several other applications where small resistance or temperature variations need
to be detected.

The weak spot of this gold film thermometer is its substrate: indeed the Au film
(20 nm-thick) has been deposited on an amorphous SiO, layer (280 nm-thick),
which covers the top surface of a silicon wafer of ~ 300 um. The STM analysis of
the sample (before the graphene transfer and the titanium deposition) reveals an
atomically rough gold surface (see Ref. [1]), which prevents the user from taking
advantage of the STM capability. For this reason, in this thesis a new substrate is
studied: a muscovite mica substrate would improve the sensor sensitivity (because
its thermal conductivity is about 300 times lower than silicon one) and would
allow to fully exploit the STM capability.

1.3 Muscovite Mica

Mica, the well-known layered silicate mineral, was once regarded as a natural
resource of tremendous importance. In 1945, researchers for the (then) National
Bureau of Standards declared it “one of the most important strategic minerals in
time of war, and indispensable in some modern applications in time of peace” [10].
While it has largely been replaced by other materials in its former applications
in industry, such as dielectric in capacitors, and as insulator in home electrical
appliances (as hot plates, toasters, and irons), it continues to be used in ceramic
composites, electrical components, and as an electrical insulator. Moreover, mica
products are very stable at high temperatures (over 450°C).

Mica is also used as substrate for evaporated thin films. The following features
make it suitable for flexible device applications:

e 2D structure: mica exhibits strong intra-layer but weak inter-layer inte-
ractions. Due to the weak van der Waals interaction between layers, it is
possible to peel off overlayer from mica creating an unconstrained or free-
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standing like overlayer thin film;

e Transparent: a thin mica sheet (~ 100 um) exhibits extraordinary tran-
smittance in the ultraviolet—visible-infrared range of the electromagnetic
spectrum. Therefore mica can serve as very attractive template for a wide
range of optoelectronic applications;

e Elastic: its high Young’s modulus (~ 200 GPa in suspended mica nano-
sheets reported in [11]) validates mica applicability as dielectric substrate in
highly demanding mechanical applications. This feature is extremely useful
in flexitronics-paper electronics, wearable electronics, conformal electronics
and so on;

e Flexible: mica possesses a very high yield strain, and the thickness of a
single cleaved mica sheet can be controlled down to few microns by splitting
manually or using a scotch tape;

e Chemically inert: the absence of dangling bonds at the surface makes atoms
incapable of forming chemical bonds;

e Non-toxic: beneficial in biomedical and wearable applications;

e CTE matched with Si: coefficient of thermal expansion (CTE) of mica
matches that of Si;

e Atomically flat surface: this is the key reason for using mica in TEM and
AFM. Moreover, epilayers on mica are ideal systems for investigating mole-
cular surface phenomena like adhesion, friction, and colloidal interactions.

Mica is additionally inexpensive and abundant, light-weight and biocompatible:
this can have significant impact on bioinspired applications [12] as artificial skin
and muscles, prosthetic limbs, soft and humanoid robots, smart clothing and elec-
tronic textiles. All these features qualify mica as an optimal substrate for flexible
electronics [13].

The continuing interest in mica is primarily based on its characteristics as a highly
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anisotropic crystal. Like other layered materials, its properties are governed by
the contrast between the strong intraplanar bonding and the much weaker inter-
planar forces. The anisotropy governs the mechanical properties as well as the
optical and electrical characteristics, and is reflected most obviously in the easy
cleavage parallel to the basal plane.

The many minerals under the general classification “mica” consist of negatively
charged silicate layers, bonded together by interlayer cations. Each layer consists
of two tetrahedral (T) sheets sandwiching one octahedral (O) sheet, with apical
oxygen atoms shared between the tetrahedral and octahedral sheets. The basal
oxygens of the tetrahedral sheets form a hexagonal mesh on the outer surface of
the layer, and the interlayer cations sit in the cavities at the centres of the six-
membered rings.

Muscovite is a dioctahedral mica, i.e. of the three octahedra which form a
repeat unit within the layer, two have octahedral cations (Al13") at their centres.
The repulsion of the cations in adjacent octahedra leads to shifts and twists in the
anion bonds, which break the biaxial symmetry of the layer. One fourth of the
tetrahedral cations are AI>* rather than Si**, which gives a net negative charge to
the layer and also expands the tetrahedral sheets, forcing the tetrahedra to rotate
in the (001) plane to accommodate the smaller dimensions of the octahedral sheet.
Potassium cations reside between the layers and bind them together, leading to
the chemical formula [15]:

KAl (AlSis)O10(OH),.

The cations in this formula are written in the order: interlayer cation-octahedral
cation-tetrahedral cations. In the most common form of muscovite, successive
layers are shifted laterally in alternating directions separated by 120°, leading to
a monoclinic crystal structure with two layers per unit cell.

The TOT sandwich units are separated from each other by the van der Waals-gap.
These sandwich units have a very strong covalent bonding within them while the
sandwich units are weakly held together by K+ ions along the crystallographic
c-axis. Cleavage of mica along this van der Waals gap layer produces two large,
atomically flat surfaces, with each surface occupied by equal but randomly distri-
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=—  Tetrahedral layer: (Si, Al)O,

-— Octahedral layer: (Al, Mg, Fe, Li)O,(0H),
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Figura 1.2: (a) The layered mica structural unit (~1 nm) comprises of two tetrahedral (T)
sheets on either sides of an octahedral (O) sheet and these (2:1) layer stacks are bound toge-
ther by interlayer cations. (b) Basal plane [001] of the cleaved muscovite mica surface with a
hexagonally arrayed pattern of oxygen atoms, with the in-plane lattice parameters marked (a=
5.17A, b=8.94 A). (c) [100] projection of muscovite mica where the TOT sandwich units are
separated from each other by the van der Waals-gap (¢=20.01 A) Figure adapted from [14].
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buted KT cations to preserve charge neutrality.
The mica properties we are most interested in are essentially two:

e thermal conductivity, which shows an anisotropic behaviour as well: 4.05 W/m-K
parallel to the cleavage planes, and 0.46 W/m-K perpendicular to the clea-
vage planes [16] (to be compared with silicon one, 156 W/m-K [17]);

e its capability to allow gold surface re-crystallization, in order to exploit
the STM potentiality to investigate the sensor surface after an adsorption
process, for example.

1.4 Au[111] herringbone reconstruction

Above their melting point, metals are liquids, and their atoms are randomly arran-
ged and relatively free to move. However, when cooled below their melting point,
metals rearrange to form ordered, crystalline structures. To form the strongest
metallic bonds, metals are packed together as closely as possible.

Several packing arrangements are possible. Instead of atoms, we can imagine
marbles that need to be packed in a box. The marbles would be placed on the
bottom of the box in neat orderly rows and then a second layer begun. The second
layer of marbles cannot be placed directly on top of the other marbles and so the
rows of marbles in this layer move into the spaces between marbles in the first
layer. The first layer of marbles can be designated as A and the second layer as
B, giving the two layers a designation of AB. Packing marbles in the third layer
requires a decision. Again rows of atoms will nest in the hollows between atoms
in the second layer but two possibilities exist. If the rows of marbles are packed so
they are directly over the first layer (A) then the arrangement could be described
as ABA. Such a packing arrangement with alternating layers (ABAB) is called
hezagonal close packing (hep). If the rows of atoms are packed in the third layer
so that they do not lie over atoms in either A or B layer, then the third layer is
called C. This packing ABCABC is also known as face-centered cubic (fcc). Both
arrangements give the closest possible packing of spheres, leaving only about a
fourth of the available space empty.

The face centred cubic structure, shown in Fig. 1.3, has atoms located at each
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of the corners and the centres of all the cubic faces. Each of the corner atoms is
the corner of another cube so the corner atoms are shared among eight unit cells.
Additionally, each of the six face centred atoms is shared with an adjacent atom.
The fce unit cell consists of a net total of four atoms; eight eighths from corners
atoms and six halves of the face atoms.

Figura 1.3: (a) Face centred cubic structure, (b) fcc unit cell and (¢) a unit cell in a larger
section of the lattice.

By contrast, the hexagonal close packed structure of alternating layers is shif-

ted, so its atoms are aligned to the gaps of the preceding layer. The atoms from
one layer nest themselves in the empty space between the atoms of the adjacent
layer just like in the fcc structure. However, instead of being a cubic structure,
the pattern is hexagonal.
The hcp structure has three layers of atoms. In each the top and bottom layer,
there are six atoms that arrange themselves in the shape of a hexagon and a se-
venth atom that sits in the middle of the hexagon. The middle layer has three
atoms nestle in the triangular ”grooves” of the top and bottom plane. Note that
there are six of these "grooves” surrounding each atom in the hexagonal plane,
but only three of them can be filled by atoms. As shown in Fig. 1.4(b), there are
six atoms in the hep unit cell. Each of the 12 atoms in the corners of the top and
bottom layers contribute 1/6 atom to the unit cell, the two atoms in the center of
the hexagon of both the top and bottom layers each contribute 1/2 atom and each
of the three atom in the middle layer contribute 1 atom. Fig. 1.4(c) attempts to
show several hcp unit cells in a larger lattice.
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The packing factor (the volume of atoms in a cell per the total volume of a cell)
is 0.74 for both the fcc and hep structure.

Figura 1.4: (a) Hexagonal close packed structure, (b) hcp unit cell and (¢) a unit cell in a
larger section of the lattice.

In summary, the face-centered-cubic and the hexagonal-close-packed structu-

res represent two different ways of arranging hard spheres in a regular array to
minimize the interstitial volume. The fcc structure corresponds to an ABC: -
packing of hexagonal layers of atoms, while the hcp structure corresponds to an
ABA. - packing. For the Au(111) surface, if a continuation of the bulk structure
occurs, an ABC stacking is expected (Au is an fcc metal). However, the Au(111)
surface reconstructs to the so-called herringbone reconstruction.
The intrinsic tendency for the Au surface layer to contract to higher surface den-
sity is opposed by the substrate potential, which tries to keep the top layer in
registry (ABC stacking) with the underlying atomic layers. However, if the ener-
gy required to occupy the hep sites ( ABA stacking) is close to the energy required
to occupy the fcc sites, the energy cost in losing registry is expected to be small
and a contraction of the top layer can be favourable, as shown in Fig. 1.5.
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Figura 1.5: One row of surface atoms on the reconstructed Au(111) surface in the [110]
direction. The scale in the [112] direction has been exaggerated. Filled circles denote the
position of the reconstructed top layer, open circles at the top denote the positions of fcc sites,
and open circles at the bottom denote the position of the hep sites. C and A mark the regions
of ABC and ABA stacking, respectively. Image from [18].

The different widths of the two domains (fcc and hep) reflect the difference

in energy of the stacking sites. Indeed, as expected from the bulk lattice, the fcc
domain is more favorable [19].
The topography of a clean and well-annealed Au(111) surface is characterized by
large, atomically flat terraces, which often extend over many hundred angstroms
[20]. The terraces exhibit a periodic pattern of pairwise-arranged, parallel lines,
running in [112] direction (corrugation lines). The distance between neighbored
pairs, in [110] direction, amounts to ~63 A; the individual lines within a pair are
about 44 A apart. The corrugation amplitude amounts to ~0.204+0.05 A, while
the depression of the narrow regions between the two lines of each pair is less
pronounced, ~0.12+0.05 A [20,21].

High-resolution STM images of the surface, such as the one presented in Fig.
1.6 from Ref. [20], reveal an additional, more dense corrugation, superimposed
over the long-wave corrugation of the reconstruction. From the hexagonal arran-
gement of the minima and the distance of 2.7+2.9 A between neighboring minima,
these have been attributed to the atomic structure of the surface [20,22]. Atomic
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resolution images of the surface have allowed the direct determination of the unit
cell of the reconstructed layer, which is marked by a rectangle in Fig. 1.6. The
lattice vectors are given by the connection between adjacent main minima (63 A
in the [110] direction), and by the connection between next-neighbor [110] rows
of Au atoms (4.7 A in the [112] direction), thus forming a unit cell of 63x4.7
A2 [20,21,23).

20A

Figura 1.6: Atomic resolution STM image of the reconstructed Au(111). The unit cell is
marked in figure. Image from Ref. [20].

Furthermore, STM images of the gold surface reveal three different rotational
domains ( two of them are shown in Fig. 1.7(a)). They often coexist on a single
terrace, especially on larger ones. In most cases, the transition from one domain
to another one occurs by a correlated bending of the corrugation lines by 120°.
Usually, an additional long-range periodicity in the reconstructed layer is obser-
ved. Entire sets of corrugation lines change their orientation in a zig-zag pattern
by +120°, and thus form a periodic sequence of domain boundaries. A more de-
tailed inspection of the rotational domain boundaries reveals that the corrugation
line pairs are characteristically deformed in the vicinity of the bending points, i.e.,
near the domain boundaries. The distance between the lines is either increased
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or decreased, but they never bend exactly parallel (red rectangle in Fig. 1.7(a)).
In addition, the corrugation amplitude of the reconstruction is often increased in
this area [20].

The presence of domain boundaries does not necessarily correspond to a well-
ordered zig-zag arrangement of the corrugation lines (like patterns in Fig. 1.7(a)).
The corrugation lines can collectively change their direction by 120° by forming
a complicated pattern of entangled lines, as shown in Fig. 1.7(b). A novel featu-
re in this image is presented by the U-shaped connections between neighbouring
corrugation lines. These “U” can connect either both lines in a pair (red box in
Fig. 1.7(b)) or lines of adjacent pairs (yellow box in Fig. 1.7(b)).

Figura 1.7: (a) STM image of periodic rotational domains in the reconstructed Au(111) surface.
Note the non-parallel arrangement of the corrugation lines at the bending points, highlighted
by the red box. (b) STM image of U-shaped connections of two adjacent corrugation lines,
terminating a line pair. Connections occur either between lines of one pair (red box) or between
lines of two neighboring pairs (yellow box). Images from Ref. [20].

A U connection of neighbouring lines corresponds to the termination of either



1.4. Au[l111] herringbone reconstruction 21

a fcc or a hep region at this position. Since the minima between the corrugation
lines are associated with fcc and hep stacking regions, two types of U connections
cannot exist in the direct neighbourhood, since areas surrounding the respecti-
ve U termination correspond to different stacking regions. Therefore, adjacent U
connections of different type must be separated by an additional transition region,
equivalent to a single corrugation line in between, as shown in Fig. 1.7(b) (red
arrow).

Because of the long-range strain in the topmost layer accompanying the recon-
struction surface, defects such as steps are expected to play a major role for the
formation and ordering of the reconstruction. However, it has been noticed that
frequently the corrugation lines, and thus the reconstruction, proceed straight
over the monoatomic steps, without any apparent lateral displacement or even
a change in direction at the step edge (see Fig. 1.8). This requires sufficien-
tly strong interactions between the topmost reconstructed layers on both sides of
the step, which presumably are mediated by the second layer of the upper terrace.

100 A

Figura 1.8: STM image of the pairwise-arranged corrugation lines on the reconstructed
Au(111) surface. A monoatomic step passes diagonally through the image and is crossed by
the reconstruction. Image from Ref. [20].
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The transmission of strain, from one terrace to another one, can be rationalized
in the framework of the stacking-fault-domain model of reconstruction [20]. If the
corrugation lines pass over a step, atoms in the hcp regions of the reconstructed
lower terrace have to connect to fcc atoms in the same layer, right at the step edge.
This necessitates the formation of domain boundaries (“transition regions”) in the
hep regions, along the steps: i.e. the hcp regions of the lower terrace must be
terminated by a U connection right at the step edge. However, a slight distortion
in that layer, on the other side of the step edge (or right at the step edge), caused
by the presence of the topmost reconstructed layer in the upper terrace, could
determine the arrangement of the transition regions along the step, allowing the
reconstruction to cross the surface steps without any change.

All these features will be recognized in the STM images recorded with our samples.

1.5 Gold thin film on mica

There has been considerable interest in producing thin, highly cristalline metal
films, for both scientific investigations and industrial applications [24-26]. Thin
metal films offer several advantages over metal single crystals for scanning probe
experiments. For example, thin films can be directly prepared in vacuum, there-
by avoiding the possibility of contamination from polishing or transfer trough the
atmosphere, and the cost is usually a small fraction of the corresponding single
crystal [27]. Thin gold films are used in many industrial processes, including the
manufacturing of circuits boards and sensors [28], due to the possibility to form
patterns via photoresist and stamping methods [29, 30]. For these and other ap-
plications, the preparation of high quality gold thin films is essential.

The preparation of high quality thin films is dependent upon the precise con-
trol of temperature, pressure, growth rate, cleanliness and thickness. The essential
requirements for the production of gold thin films are the employment of the best
possible vacuum (1 x 107> mbar minimum), a clean chamber, a smooth dry sub-
strate (e.g. mica) and an appropriate combination of substrate temperature and
deposition rate.
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For very thin films (less than 1 pm-thick ), it is reasonable to expect the topo-
graphy of the substrate to be reproduced in the gold film. Both fused silica glass
and quartz have been employed as substrates for thin films [25, 26, 31]; however,
these substrates are relatively rough, and usually require an adhesion promoter,
such as chromium or titanium, to produce films with good mechanical proper-
ties [27]. Bulk mica is a “sheet” silicate that has a layered structure, as explained
in section 1.3. Cleavage of mica parallel to these sheets yields an atomically flat
surface, which, if cleaved in air, is quickly covered with water. In order to promote
adhesion and two-dimensional growth, water must be removed either chemical-
ly, by the use of an adhesion promoter [25,32], or physically, by heating in vacuum.

The most important factor for the production of high quality thin films of
gold on mica is the avoidance of contaminants from the growth chamber. Indeed,
in addition to pump back streaming (a drawback of oil sealed vacuum pumps), a
normal laboratory environment offers several potential contaminants such as dust,
fingerprints, and airborne organic chemicals. In order to prevent contamination,
all vacuum components must be handled with clean room gloves and the evapo-
ration chamber must be cleaned regularly, or at least whenever the gold films are
observed to contain impurities.

Generally thermal annealing of metal films causes the grain boundaries to dif-

fuse so that grains can merge to produce larger grains [33]. Moreover, in Ref. [27]
it is shown that flame annealing with a butane micro-torch can also remove mo-
derate amounts of contaminants from the surface of gold films.
There are numerous reports describing gold deposition on mica [25,34-37]. Un-
fortunately, these reports have proven to be difficult to assemble into a unified,
self-consistent picture; consequently, preparing high quality gold films is a non-
trivial obstacle for doing research involving these materials. However, one thing
is certain: Au deposition on a freshly cleaved, heated, mica substrate produces
very large grains of gold. Besides, the annealing procedure, performed either with
a butan torch (as in Ref. [27]) or in the UHV chamber (as in Ref. [34]), allo-
ws to obtain films that appear completely crystalline and [111] terminated. In-
deed, STM images show that the gold grains exhibit the well-known herringbone
reconstruction.



Experimental Details

In this chapter, the experimental methods and apparatus used to perform our
investigation are described.

All experiments are performed in an Ultra High Vacuum (UHV) environment
(UHV chamber of a RHK Technology Scanning Tunneling Microscope), so, at the
beginning, the UHV conditions are explained and justified. Besides a Scanning
Tunneling Microscope (STM), the RHK Technology Scanning Tunneling Micro-
scope system is equipped with deuterium and nitrogen gas inlets, a Residual Gas
Analyser (RGA), titanium and lithium evaporators, Low Energy Electron Dif-
fraction (LEED) and Auger Electron Spectroscopy (AES) systems, and a thermal
hydrogen cracker. In particular only the instruments actually used will be descri-
bed in depth.

In this chapter, the thermal evaporation procedure, exploited for the sensor fabri-
cation, is described.

Finally, the presentation of the experimental apparatus will be concluded with a
short explanation of the setup used for the sensor resistance measurements.

2.1 Ultra High Vacuum (UHV) system

In order to investigate a solid surface on an atomic scale, the interaction between
the surface and the reaction species from the gas environment should be low to
avoid contaminations, which can change the surface conditions. That is why all
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measurements presented are performed in an ultra high vacuum environment.
One of the crucial factors in determining how long a surface can be maintained
clean is the number of gas molecules impacting on the surface per unit time per
unit area of surface, that is the incident flux [38]:

1
F =-nv 2.1
i (2.1)
where n is the molecular gas density and v is the average molecular speed.

The molecular gas density can be approximated with the ideal gas equation:

N P
n—=—

where P is the pressure, kg is the Boltzmann constant and 7T is the temperature.
The mean molecular speed is obtained from the Maxwell Boltzmann distribution
of gas velocities f(v) = (m/2rkpT)3 ?exp(—mv?/2kpT) by integration:

7= /OOO vf(v)dv = \/ﬁ (2.3)

where m is the molecular mass.
Combining the equations (2.2) and (2.3), Eq. (2.1) can be rewritten as:

P
F=——— 2.4
vV QkaBT ( )

From Eq. (2.4) we can calculate two useful parameters:

e A\ =1/(v/2n0), the mean free path of a molecule in the gas phase above the
surface,

e 7 =ny/F, the time required to form one monolayer of adsorbate,

where ¢ is the collision cross section and ng is the number of atoms in a mono-
layer.

Therefore, the useful parameters for defining the vacuum are: the molecular den-
sity n, the mean free path A and the monolayer formation time 7. They are listed
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in Table 2.1 for different levels of vacuum.

Once the pressure in a vacuum system has reached high vacuum levels, most gas
particles reside on the walls of the system; thus the pressure in the system is deter-
mined by the equilibrium between the adsorption and desorption of gas particles
from the surfaces of the walls. At a gas pressure of 1.3 x 10~% mbar, it only takes
2.2 seconds to create a monolayer of gas on the walls, while at 1.3 x 107!? mbar it
will take 25 days! This explains why surface analysis equipment usually operates
in UHV environment.
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Vacuum level P (mbar) n (cm™3) A (cm) 7 (s)
Rough 108 25-10¢  67-10°  2.9.1079
(> 1073) mbar 1.3 3.3-10' 51-1073 2.2-107
High 1.3-1073 3.3-101 5.1 2.2-1073

(1073 +107%) mbar 13107 3.3 1010 5.1-10° 2.2
Ultra High 1.3-107° 3.3-107 5.1-10° 2.2-103
(< 1079) mbar 1310712 3.3 10" 5.1 10° 2.2. 106

Tabella 2.1: Useful vacuum parameters: pressure interval P, molecular density n, mean free
path A, and monolayer formation time 7 for different levels of vacuum [39].

High vacuum levels require the use of special materials of construction, as
304 stainless steel, suitable for its characteristics of low gas permeability, non-
magnetic, resistance to corrosion, and ability to take a high polish. Commonly
used materials are copper, aluminium, and refractory metals (used for evaporators
and sample holders) such as tungsten, while different types of ceramics are used
for electrical insulation inside the vacuum chamber. Finally, pyrex is frequently
employed for the construction of window flanges, because of its low gas permeabi-
lity and good vacuum characteristics. Besides, fittings and gaskets used between
components in a UHV system must prevent even trace leakage. Therefore, nearly
all such fittings are ConFlat metal flanges, with knife-edges on both sides cutting
into a soft gasket, typically copper.

To reach the UHV conditions the system needs to be baked, i.e. heated up to
150°C (this is the maximum rating for our RHK system). That is because water
molecules and rest gas are generally adsorbed on the chamber walls. The vapour
pressure trend of the water is exponential with temperature, so water slowly de-
sorbs from the chamber, but the time needed to pump it away is very long at room
temperature. Therefore the bakeout process accelerates the outgassing process.

The UHV condition, once reached, must be preserved. For this purpose, there is
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a specific pumping system which allows to obtain and maintain the vacuum in
the chamber.

2.1.1 Pumping system

To reach UHV condition, pressure must be reduced by 13 —14 orders of magnitude
(from P, = 1013 mbar to Pygy = 1071% + 107! mbar). The pumps used to
this end are usually three.

The most common pumps used to get rough vacuum (1072 — 1073 mbar) are ro-
tary pumps and scroll pumps. In our system, we use the latter because they are
oil-free. In a scroll pump the gas enters the inlet port and is trapped in between
two interleaving scrolls, one of which is fixed, while the other orbits eccentrical-
ly without rotating. The gas is compressed by the rotation of the eccentrically
mounted motor and expelled into atmosphere through the exhaust discharge val-
ve.

The second step is high vacuum (down to 10™® mbar), achieved using a turbomo-
lecular pump. The working principle of this pump is to transfer momentum in
the direction out-of-the chamber to gas molecules, by repeated collision with the
rapidly moving surfaces of a rotor. The surfaces of the rotor, usually disk-shaped,
form, with the stationary surfaces of a stator, intervening spaces in which the gas
is transported to the backing port. In other words, as the gas molecules enter
through the inlet valve, they hit the angled blades of the rotor, which transfer
momentum to the particles, in the direction of the holes in the stator. This carries
them to the next stage, where they collide again with the rotor surface, and finally
are exhausted through the foreline. The performance of a turbomolecular pump is
strongly related to the rotation frequency of the rotor. In fact, as revolutions per
minute (rpm) increase, the rotor blades deflect more. The operational frequency
of our turbomolecular pump is 1200 rpm.

Finally, ultra-high vacuum (down to 10~!* mbar) is achieved using an ion pump,
which operates via ionization and adsorption of residual gas molecules.

The pump configuration consists of two titanium plates, acting as cathode, moun-
ted close to several short stainless steel tubes, acting as anode. A strong magnetic
field, parallel to the tubes’ axes, is used to contain and guide electrons ( generated
by applying high voltage to the electrodes) within the circular anode rings. As
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the gas molecules move into the anode assembly, they are struck by electrons, and
thus ionized; so they are pushed towards the cathode plates by the high voltage
field out of the anode tube. In the physical impact (sputtering) cathode mate-
rial (in our case Ti atoms) is ejected toward the anode tube and the positive gas
ions can either react with the cathode, forming new solid compounds, or acquire
electrons and be reflected toward the anode assembly. These reflected ions still
have enough energy to implant themselves physically in the pump surface and
stop contributing to the vacuum environment pressure.

Titanium Sublimation Pumps (TSP) are usually present in UHV systems. A TSP
consists of a titanium filament through which a high current (typically about 40 A)
passes in order to sublimate titanium. Hence the surrounding chamber walls be-
come coated with a thin film of clean titanium, which reacts with the residual
gas molecules in the chamber, forming stable and solid products and therefore
reducing the gas pressure in the chamber. Such titanium film acts for a certain
time beyond which it is no longer clean and active. So this procedure needs to be
periodically repeated, in order to deposit new clean Ti layers.

The UHV system used for this thesis consists of three chambers: the load lock,
the preparation (or prep) chamber and the STM chamber.

The load lock is a small chamber used for loading and removing samples and
tips without bringing the entire system to atmospheric pressure. This chamber
is pumped down to ~ 1078 mbar (in about 8 hours) by a turbomolecular pump
backed by a scroll pump, and is separated from the preparation chamber by a
manual gate valve.

Once a pressure of ~ 1078 mbar is reached, the sample can be moved through the
open valve into the preparation chamber, which is pumped down to ~ 10719 mbar
by an ion pump. The prep chamber is equipped with deuterium and nitrogen gas
inlets, a Residual Gas Analyser, titanium and lithium evaporators, Low Energy
Electron Diffraction (LEED) and Auger Electron Spectroscopy (AES) systems,
and a thermal hydrogen cracker. The experiments of this thesis, i.e. the cali-
brations, the LEED analysis, the calorimetric and the TDS measurements have
been performed in the preparation chamber. Whereas, the STM characterization
has been done in the STM chamber, separated from the preparation chamber by
another manual gate valve, and pumped down to a pressure of the order of 1071
mbar by a second ion pump. Both the preparation and the STM chambers have
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a titanium sublimation pump.

2.1.2 Pressure measurement: Ionization Gauge Theory of
Operation

Instruments used to measure and display pressure are called pressure gauges or
vacuum gauges. lonization gauges are the most sensitive gauges for very low pres-
sures (high vacuum). The functional parts of a typical ionization gauge are the
filament (cathode), grid (anode) and ion collector, shown schematically in Fig.
2.1. These electrodes are maintained by the gauge controller at +30, +180, and
0 Volts, relative to ground, respectively.
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Figura 2.1: Ionization Gauge Schematic, from Ref. [40].

The filament is heated to such a temperature that electrons are emitted, and
accelerated toward the grid by the potential difference between the grid and fi-
lament. Most of the electrons eventually collide with the grid, but many first
traverse the region inside the grid one or more times. When an energetic electron
collides with a gas molecule, an electron may be dislodged from the molecule,
leaving it with a positive charge. Most ions are then accelerated to the collector.
The rate at which electron collisions with molecules occur is proportional to the
density of gas molecules, and hence the ion current is proportional to the gas
density (or pressure, at constant temperature). The amount of ion current for
given emission current and pressure depends on the ion gauge design. The ion
gauge controller varies the heating current to the filament to maintain a constant
electron emission, and measures the ion current to the collector. The pressure is
then calculated from these data [40].
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2.2 Residual Gas Analyzer (RGA)

Complete characterization of a vacuum environment requires the detection of all
component gases present, as well as measurement of the total pressure. The in-
strument used for this purpose is called Residual Gas Analyzer or Partial Pressure
Analyzer. A Residual Gas Analyzer is a mass spectrometer of small physical di-
mensions that can be connected directly to a vacuum system and whose function
is to analyze the gases inside the vacuum chamber. The principle of operation
is based on the ionization of a small fraction of the gas molecules: the resulting
ions are separated, detected and measured according to their molecular masses.
RGA’s are widely used to quickly identify the different molecules present in a gas
environment and, when properly calibrated, can be used to determine the con-
centrations or absolute partial pressures of the components of a gas mixture.

lonizer
|

Quadrupole Probe J

Figura 2.2: Scheme of the SRS Residual Gas Analyzer, composed of an Electronic Control
Unit (ECU), connected to the PC, and a quadrupole probe.

ics Control
Unit (ECU)

We use an SRS RGA which consists of a quadrupole probe and an Electronics
Control Unit (ECU) which mounts directly on the probe flange and contains all
the electronics necessary to operate the instrument.

The total probe equipment consists of three parts: the ionizer (electron impact),
the quadrupole mass filter and the ion detector. All of these parts reside in the
vacuum space where the gas analysis measurements are performed. The detector
measures the ion currents directly, by the use of a Faraday Cup, or it can measure
an electron signal proportional to the ion current by using an optional electron
multiplier detector. However, when the pressure is lower than 10~7 mbar, as in
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our case, the Electron Multiplier upgrade is recommended. The Multi-Channel
Continuous Dynode Electron Multiplier (CDEM) consists of a conical system ma-
de out of a special resistive glass. When the cone is biased negatively relative to
the back end, positive ions are very efficiently attracted and strike the cone at
high velocity, producing electrons by secondary electron emission. This process
continues, and depending on the bias voltage applied, up to 107 electrons come
out at the back end and are picked up by a grounded plate.

It is worth noting that the quadrupole mass filter must operate in a vacuum
environment, at a pressure lower than 10~* mbar, in order to avoid collisional
scattering between the ions and the neutral gas molecules.

Since the gain degradation cannot be avoided, a careful calibration of the measu-
rement parameters is fundamental before using the RGA.

2.2.1 Residual Gas Analyzer Calibration

The Residual Gas Analyzer (RGA) is controlled via a LabView program which
converts the current reading related to the mass under analysis into the partial
pressure of the molecular gas having that mass. Before using the RGA we need
to calibrate it, opening the molecular deuterium bottle until the pressure gauge
in the UHV chamber reads a stable partial pressure of Dy of around 9 x 10710
mbar. In the meanwhile we record the reading current of the RGA and obtain
the conversion coefficient:

CRGAsignal—>D2PartialPressure = (304 + 006) : 10_2 mbar/A (25)

The above equation will be used to convert the current signal recorded during
our Thermal Desorption Spectroscopy (TDS) measurements in partial pressure,
in order to analyse the TDS spectra.

2.2.2 Thermal Desorption Spectroscopy

In chapter 4 we will test our thermometer in a hydrogen adsorption experiment.
The idea is to detect and analyse the exothermic reaction that binds atomic hy-
drogen to gold atoms via two processes. The hydrogen adsorption is detected by
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calorimetric measurements, from which the total heat released H, can be extrac-
ted, as in [1]. The subsequent hydrogen desorption is investigated by thermal
desorption spectroscopy, in order to estimate the average binding energy and the
amount of hydrogen adsorbed. The aim is to compare the heat release obtained
from the calorimetric technique with that one obtained from the desorption ana-
lysis.

In order to determine the binding energy of H atoms and the amount of adsorbed
hydrogen we can heat the surface and measure the desorbed atoms with a mass
spectrometer. The desorption spectrum, that is the pressure-time curve, allows
us to know the quantity of gas desorbed, the activation energy of desorption and
the order of desorption, which gives information on the kinetics of the process.
After making some assumptions, thermal desorption can be described with a
simplified Arrhenius equation:

N(t) = —Cfl—‘; — v, 0" exp (——d) (2.6)

where:
e n is the order of desorption
e o is the surface coverage
e v, is the rate constant
e F, is the activation energy of desorption
e R is the gas constant

We have assumed that the rate constant and the activation energy of desorption
are independent of the coverage. In case of linear heating rate, following the
relation T = Ty + Bt (f= heating rate), and for a pump rate large enough to
neglect the re-adsorption during the desorption process (as in our case), we can
solve Eq. (2.6) and determine the activation energy of desorption for n = 1 (from

Ref. [41]): . .
v
Era(d) e

p
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where T}, is the temperature at which the desorption rate is maximum. (It is known
that hydrogen desorption on Au(111) follows first-order desorption kinetics, see
Ref. [42] for details). Defining 7,, as the time from the start of the desorption
ramp to the moment at which 7, is reached, we have:

Eqy Eqy
— Areap [ — 2.
R-T, exp( k:B~Tp> (2:8)

where kg = 8.625-107° eV-K~! is the Boltzmann constant and A is the Arrhenius
constant, whose typical value is 10'3 s~

Therefore, by analysing the TDS spectrum it is possible to obtain the average
binding energy per atom from the activation energy of desorption.

The amount of desorbed (and therefore previously stored) hydrogen can be esti-
mated from the TDS spectra showing the partial pressure of atomic hydrogen as
a function of time.

At a given pressure, if we assume no re-adsorption on the sample during the de-
sorption measurement and we neglect the adsorption on the walls of the chamber
(see Ref. [41]), the amount of desorbed gas is equal to the pumping speed of the
vacuum system S (in L/s). This parameter depends on the gas and on the base
pressure. We can extract the effective pumping speed for hydrogen from the da-
tasheet of our Diode Ion Pump (Fig. 2.3). With a base partial pressure in the
range of (0.2 — 0.6) - 107!% mbar, we have an effective pumping speed (S) varying
from 90% to 110% of the nominal speed, which is 300 L/s. Therefore we use an
average pumping speed of 300 L/s.

After the subtraction of the background, the TDS spectrum can be integrated
in order to obtain the area under the curve, F (in mbar-s).
From the gas equation we can write:

p-V=F-S=n-R-T (2.9)

with R = 8.314 J-K~!- mol~! the gas constant, and use it to calculate n, the
number of moles of desorbed hydrogen and from it the number of atoms N (1
mol= 6.022x 10?3 molecules). In this equation T is the room temperature (T, =
295 K') and not the sample temperature, which varies from 300 K to 600 K. That
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Figura 2.3: Effective pumping speed for hydrogen (Diode Ton Pump).
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because the calibration of the RGA has been performed using as reference the
total pressure of the chamber, read by the pressure gauge of the UHV chamber,
which is thermalized at T,,,, (see section 2.2).

Finally we can estimate the heat release during the adsorption of atomic hydrogen
on gold. It can be obtained by multiplying the average binding energy per atom
and the number of hydrogen atoms desorbed: H, = Ej - N.
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2.3 Thermal Hydrogen Cracker

Figura 2.4: Scheme of the Tectra thermal hydrogen cracker.

The Tectra h-flux Atomic Hydrogen Source works by thermally dissociating
hydrogen in an electron bombardment heated fine tungsten capillary (thermal
hydrogen cracker). By bouncing along the hot walls, the molecular hydrogen is
cracked to atomic hydrogen.

Equilibrium thermodynamics shows that in the dissociation equation for molecu-
lar hydrogen into atomic hydrogen, the dissociation fraction becomes very large
at low pressures and high temperatures, reaching values >95% at temperatures
of ~1800 K and pressures lower than 10~8 mbar. Although flowing through the
tungsten tube, the hydrogen molecules make a number of wall collisions establi-
shing a quasi-equilibrium, making the above theory applicable.

The power applied to the capillary depends on the values of the high voltage and
the emission current. The high voltage is controlled directly by the voltage dial,
on the front panel of the power supply. Controlling the emission current is a little
more tricky, because it depends on the temperature of the filament and can only
be controlled indirectly by changing the filament current. For user convenience,
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the power supply can regulate the heating of the filament to hold the emission
current constant. The filament is conditioned and ready for use when ~ 9 Amps
(filament current) and 1 kV have been reached, and the chamber pressure is falling
again (it is normal that the chamber pressure rises as the filament outgasses).
The Tectra atomic hydrogen source is equipped with a shutter blade at the end
of the source, in order to control the gas flow, and with Swagelok fittings useful
to connect a suitable water supply, in order to cool the system. As concerns the
actual hydrogen supply, a leak valve is slowly opened until the required gas flow
is established [43].

2.4 Low Energy Electron Diffraction (LEED)

Diffraction techniques utilizing electrons are widely used to investigate surface
structures. From the analysis of the particles/waves elastically scattered by the
crystal, structural information can be obtained. The information on the atomic
arrangement inside a unit cell is provided by the intensity of the diffracted beams,
while the spatial distribution of the diffracted beams provides information about
the crystal lattice.

In particular, Low-Enegy Electron Diffraction (LEED) is the principal technique
for the determination of surface structures: a collimated electron beam of low
energy (20-200 eV) hits the sample surface, thus producing diffracted electrons
which are observed as spots on a fluorescent screen.

2.4.1 LEED Theory

For electrons the relationship between energy and wavevector is E = h?k?*/2m,
where k = 27/ and m is the electron mass; we have:

AA] = —12’2[3‘;] (2.10)

Therefore, in the typical energy range used in LEED (~ 20-200 eV) the electrons
have a wavelength of 1-2 Awhich satisfies the atomic diffraction condition: \ is of
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the order of the interatomic distances. This is a necessary condition to observe
diffraction effects associated with atomic structure.

Electrons are charged particles and thus they interact strongly with the nuclei and
the electrons of a crystal via Coulomb forces. Electrons penetrate into the crystal
for small distances and elastic electron diffraction is particularly convenient for
investigation of surfaces and thin layers.

In periodic systems such as crystals, the occurrence of diffraction peaks requires:

ki— ks =G (2.11)

where k; is the incident wave vector, ks is the scattered wave vector and G
is a reciprocal lattice vector. Thus a necessary condition for diffraction is that
the difference between the incident and scattered radiation wavevectors equals a
reciprocal lattice vector [44].

Eq. (2.11) can be written in the form:

hk; = hky + hG; (2.12)

thus in the scattering process the moment is preserved within reciprocal lattice
vectors times .

We can show that the diffraction condition deduced by von Laue (Eq. (2.11)) is
equivalent to the intuitive description by Bragg, who considered specular reflection
of the incident radiation by a family of lattice planes [44]; as illustrated in Fig. 2.5,
the geometrical condition for the coherent scattering from two successive planes
(and hence from the whole sequence of parallel planes) requires:

2dsing = n\ (2.13)

where n is a positive integer, A is the wavelength of the scattered (and incident)
wave, # is the scattering angle and d is the distance between adjacent planes of
the family.

Fig. 2.5 also shows the geometrical construction of the vector Q = k; — k.
Since for elastic scattering |k;| = |ks| = 27/, we have:
27

2
Q| = 2|ki|sind = 277T8in9 —n— (2.14)
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dsin 0 dsin 6

Figura 2.5: Waves reflected from successive planes reinforce if 2dsinf equals an integer number
nA of wavelengths. The geometrical construction of Q = k; — k¢ is also provided. Image from
Ref. [44].

where the last equality follows from the Bragg law (Eq. (2.13)).

From Fig. 2.5 it is seen that @ is perpendicular to the family of lattice planes
with distance d; furthermore, equation 2.14 shows that the magnitude |Q| is an
integer multiple of the quantity 27/d; these two observations (together with the
general properties of real and reciprocal spaces) allow us to conclude that @ must
be a reciprocal lattice vector.

In conclusion, the Laue condition (Eq. (2.11)) for occurrence of “diffracted beams”
is fully equivalent to the Bragg condition (Eq. (2.13)) for occurrence of “reflected
beams”, and the expressions diffracted beam and reflected beam in this context
become synonymous.

From the Bragg condition (Eq. 2.13)), the possibility of elastic scattering occurs
only if A\ < 2d. Thus A must be of the order of the A or less. Furthermore A
cannot be much smaller than the interatomic distance, otherwise experimental
arrangements at glancing angles are necessary to detect diffraction peaks with
small momentum transfer. This restricts the ordinary frequency range of interest
to the X-ray region.
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2.4.2 Ewald construction

We can consider the following geometrical construction due to Ewald for an easy
determination of the occurrence of (elastic) diffraction peaks [44].
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Figura 2.6: Schematic representation of the Ewald construction in the reciprocal lattice

(supposed cubic for simplicity) of allowed wavevectors for elastic diffraction. Image from
Ref. [44].

Suppose to have an incident monochromatic beam of particles of wavevector
k; and a diffracted beam with propagation wavevector k¢. For elastic scattering,
the conservation of energy and the conservation of momentum (within reciprocal
lattice vectors G times A ) imply:

The Ewald construction (see Figure 2.6) permits a simple geometrical interpreta-
tion of Eq. (2.15).

In reciprocal space, the vector k; is drawn in such a way that its tip terminates
at the reciprocal lattice vector G = 0. With the center at the origin of the vec-
tor k;, the sphere of radius k; is drawn; if this sphere intersects, besides G = 0,
one (or more) points of the reciprocal lattice, conditions (2.15) are satisfied and
elastic diffraction is possible. It is evident that diffraction may occur only if the
magnitude of k; exceeds one half of the magnitude of the smallest (non-vanishing)
G vector.
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2.4.3 LEED setup
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Figura 2.7: (a) Schematic diagram of a standard LEED setup and (b) LEED pattern of a
Au(111) reconstructed surface. Image adapted from Ref. [45].

The experimental setup of LEED is schematically represented in Fig. 2.7. The
main components of LEED are:

e an electron gun, which produces the low-energy electrons in a collimated
beam;

e a sample holder with the sample under investigation;

e an hemispherical fluorescent screen with a set of four grids to observe the
diffraction pattern of the elastically scattered electrons (the sample is placed
at the center of curvature of the grids and screen);

e a camera connected to a PC in order to observe the diffraction pattern
directly on the PC screen.

The electron gun unit consists of a cathode filament with a Wehnelt cylinder
followed by electrostatic lenses. The cathode is at negative potential, -V | while
the last aperture of the lens, the sample, and the first grid are grounded. The
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electrons emitted by the cathode are accelerated to an energy of eV within the
gun, and then propagate and scatter from the sample surface in the field-free
space. The second and third grids reject the electrons not elastically scattered.
The fourth grid is grounded and screens the other grids from the field of the
fluorescent screen, which is biased to a high voltage of about +5 kV . Therefore,
the elastically scattered, diffracted electrons are re-accelerated to a high energy to
cause fluorescence on the screen, so that the diffraction pattern can be observed.

2.5 Scanning Tunneling Microscopy (STM)

The scanning tunneling microscope (STM) was invented and implemented by
Binnig and Rohrer who received the Nobel prize in physics 1986 for this invention
[46]. The basic principle of the STM is to take advantage from the tunneling
electrons to create a map of the density of the states of a surface at a given
energy. The resolution of the images obtained with this microscope is usually
on the atomic scale and allows to visualize the positions of the atoms on the
sample surface. The physical principle on which STM is based is the tunneling
effect. The concept of tunneling can be explained through an elementary one-
dimensional model [47].
In classical mechanics, an electron with energy £ moving in a potential U(z) is
described by:

P

2m
where m is the electron mass. In regions where E > U(z), the electron has a
nonzero momentum p,. On the other hand, the electron cannot penetrate into
any region with £ < U(z), or a potential barrier. In quantum mechanics, the
state of the same electron is described by a wavefunction W(z), which satisfies
Schrodinger’s equation:

+U(z)=E (2.16)

h? d>

© 2mdz2?

Consider the case of a piecewise-constant potential, as shown in Fig. 2.8. In the
classically allowed region, £ > U, and Eq. (2.17) has the following solutions:

U(2) = U(0)e*= (2.18)

U(2) + U(2)0(2) = BU(2) (2.17)
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where
2m(E —U)
h
is the wave vector. The electron is moving (in either a positive or negative direc-
tion) with a constant momentum p, = hk = /2m(E — U), or a constant velocity
v, = p./m, the same as the classical case. In the classically forbidden region,
equation 2.17 has the solution:

k= (2.19)

U(z) =W(0)e ™ (2.20)
where ( )
2m(U — E

K= G (2.21)

is the decay constant. It describes a state of the electron decaying in the +z
direction. The probability density to observe an electron near z is proportional to
|W(0)[2e~%%*, which has a non-zero value in the barrier region and thus a non-zero
probability to penetrate the barrier. Another solution, ¥(z) = W(0)e"* describes
an electron state decaying in the —z direction.

From this elementary model, the tip-vacuum-tip tunneling can be understood
(see Fig. 2.9). The minimum energy required to remove an electron from the bulk
to the vacuum level is defined as work function ¢. For materials commonly used
in STM experiments, a typical value of ¢ is ~4 eV. Neglecting the thermal energy,
the Fermi level is the upper limit of the occupied states in a metal, and its energy
is the Fermi energy Er = —¢. In order to make things simpler, we can assume
that the work functions of the tip and the sample are approximately equal. The
electrons in the sample can tunnel into the tip and vice versa. Without a bias
voltage, there is no net tunneling current, which however occurs applying a bias
voltage V. A sample state U, with energy E, between EFr — eV and Er can
tunnel into the tip.

If we assume that the bias is much smaller than the work function, eV < ¢,
the energy levels of all sample states of interest are very close to the Fermi level:
Er =~ —¢. The probability w for an electron in the nth sample state to extend to
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Figura 2.8: The difference between classical theory and quantum theory. In quantum mecha-
nics, an electron has a nonzero probability of tunneling through a potential barrier. Image from

Ref. [47].

Vacuum level

Figura 2.9: A one-dimensional metal-vacuum-metal tunneling taken from Ref. [47]. The
sample, left, and the tip, right, are modeled as semi-infinite pieces of free-electron metal.
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the tip surface, z = s, is:

2m
w o< | W, (0)[2e 2", with k = T¢ (2.22)
in which ¥,,(0) is the value of the nth sample state at the sample surface ( z=0 ),
and k is the decay constant of a sample state near the Fermi level in the barrier
region. Using eV as unit of the work function, and A~' as the unit of the decay
constant, k can be estimated as:

k=051 (eV)A™. (2.23)

Typically s is of the order of 10 Aand, considering a typical value for ¢ ~ 4 eV, the
tunneling current decreases by one order of magnitude with a distance increase of
1A

Bardeen’s formalism gives a more developed result of the tunneling current I,
which in first order approximation is [47]:

_ 2 Z f(E L+ eV)|| M, [28(E, — E — v) (2.24)

where f(FE) is the Fermi function, M, is the tunneling matrix between tip and
sample, and V is the bias voltage applied between tip and sample. v and p are
referred to the sample and the tip, respectively. The meaning of the equation is
that the tunneling current is the sum of all tunneling events between the occupied
states, f(E,), of the tip and the unoccupied surface states in the energy range
from F, to E, + eV. If the bias voltage polarity is reversed, the occupied and
unoccupied states as defined above are inverted. The previous mentioned results
are obtained by harnessing the electron tunneling from (to) a very sharp metallic
tip (usually tungsten W is used ) to (from) a conducting surface, very close to
the tip (order of few A) The tip apex is approximated as a sphere with radius
R. The sample surface is scanned by the tip, and the scan allows to obtain a
topographical image which can be created recording the tunneling current, or the
distance between the tip and the surface corresponding to a constant current.

In constant current mode, feedback electronics adjust the height by a voltage to
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the piezoelectric height control mechanism [48]. This leads to a height variation
and thus the image comes from the tip topography across the sample and gives
a constant charge density surface; this means that contrast on the image is due
to variations in charge density [49]. In constant height mode, the voltage and
height are both held constant while the current changes to keep the voltage from
changing; this leads to an image made of current changes over the surface, which
can be related to charge density [49].

Each mode has advantages and disadvantages. Constant-height mode is faster be-
cause the system doesn’t have to move the scanner up and down, but it provides
useful information only for relatively smooth surfaces. Constant-current mode
can measure irregular surfaces with high precision, but the measurement takes
more time.

All the images that we shall display in this thesis are obtained using constant
current mode.

In Fig. 2.10 a schematic view of an STM main elements is reported. The STM

setup consists of: a scanning tip (usually made of tungsten, as in our case), a pie-
zoelectric controlled scanner, a coarse sample-to-tip control, a vibration isolation
system, and computer.
The tube scanner moves the probe tip on the sample, in order to scan the surface,
and allows the motion in three orthogonal directions. It consists of a tube made
of piezoceramics, covered inside and outside with metal electrodes. A motion in
z-direction can be achieved by applying a voltage between the inner and the ou-
ter electrodes, while a deflection in xy-direction is induced by voltages of opposite
polarity applied to the two opposite outer electrodes.

By moving the tip in z-direction, the tip and the sample are approached up
to few angstroms, in such a way that the electron wavefunction in the tip apex
overlaps the electron wavefunction of the sample surface atom. Applying a bias
voltage between the tip and the sample, an electrical current starts to flow between
the tip and the sample surface due to the quantum-mechanical phenomena of the
tunneling previously explained. Such tunneling current is amplified by a current
amplifier to become a voltage, which is compared with a reference value. The
difference is then amplified again to drive the z piezo. If the tunneling current is
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Figura 2.10: Schematic diagram of the scanning tunneling microscope from Ref. [50].

larger than the reference value, then the voltage applied to the z piezo tends to wi-
thdraw the tip from the sample surface, and vice versa. Therefore, an equilibrium
z position is established when the measured tunneling current is exactly equal
to the set point. As the tip scans over the zy plane, a two-dimensional array of
equilibrium z positions, representing a contour plot of the equal tunneling-current
surface, is obtained and displayed on a computer screen. In such image, the bright
areas represent high z values (protrusions), and the dark areas represent low z
values (depressions). This makes STM a powerful tool not only to investigate the
surface on the zy plane but also in z direction, allowing an height/depth analysis
in z.

Current and bias values are important parameters to control during the STM ac-
quisition but also the external conditions must be controlled. Indeed, to achieve
atomic resolution, vibration isolation is essential. In order to isolate the STM
system as much as possible, the STM unit must be as rigid as possible, and the
transmission of environmental vibrations to the STM unit has to be reduced. The
vibration isolation system consists, in general, of a set of suspension springs and
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a damping mechanism, in order to reduce as much as possible the transmission
of vibrations to the system. Moreover, the STM is usually placed on a table in
floating condition, to allow isolation from the ground vibrations. The scan occurs
in floating conditions in vacuum, to reduce as much as possible the external noise.
During the data acquisition, the turbo and scroll pumps are disengaged, and the
entire apparatus is floating on a pneumatic vibration isolation system.

The STM experiments can be performed in a variety of environments: in air, in
inert gas, in ultra-high vacuum, or in liquids, including insulating and cryoge-
nic liquids, and even electrolytes. The operating temperature ranges from near
absolute zero for a low-temperature STM (LT-STM) to a few hundred degrees
centigrade for a variable temperature STM (VT-STM).

In our setup, the STM is a variable temperature (from 100 K to 1500 K) ultra
high vacuum STM from RHK Technologies. The STM system is a standalone
unit mounted on a steel frame, supported by four air legs. A flange on the top
holds the scan head and the feedthroughs for electrical contact and temperature
measurement. The large flange that supports the microscope contains the motion
feedthrough for raising and lowering the sample stage. The entire STM assembly
(head+sample stage) can be removed from the chamber by lifting this flange.
The scan head consists of three identical piezoelectric tubes and a “Mexican hat”-
shaped body. Three outer tubes are mounted 120° apart on a circle, to form the
“legs” of the scan head. Glass balls are attached to the end of each of the legs
with an intermediate ceramics adapter. The fourth tube located in the center of
the head is the scanning tube which holds the tip. A transverse pin is mounted
to the top of the scan head body and is used to pick up the scan head by the
head manipulator when it is not sitting on the sample holder. During imaging,
the STM head rests on the sample holder which is on the STM stage, in order to
allow to the tip to scan the sample surface.

A wobble stick with a fork is used for tip/sample handling with a large range of
motion. This allows to the wobble stick to reach the sample stage, the storage
elevator, and the tip storage.
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2.6 Sample Holder

The sample holder for inserting samples in the RHK system is shown in Fig. 2.11.
It consists of a double grooved copper body, useful to clasp it in the sample stage
and for its transfer, and a helical top ramp, which acts as base for the scan head
during STM imaging, as shown in Fig. 2.11.
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Figura 2.11: Scheme of the sample holder used for the RHK system.
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Round or squared flat samples (of maximum dimensions 7 mm x 7 mm) can
be mounted in the holder, sandwiched between two sapphire washers in order to
be electrically and thermally isolated from the body. The diameter of the round
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hole of the washers is 5.35 mm. The sample holder has a built-in thermocouple
(TC) which measures the sample temperature. The two leads of the TC stick out
on one side of the sample holder. These connections mate with a pair of spring
thermocouple contacts on the sample stage, when the sample holder is placed on
the stage. In addition, there are two more contacts (additional contacts) on the
back of the holder, for electrical contact to the sample. In our experiments we
performed a direct current heating of the sample by the use of tantalum foils,
mounted at the bottom of the sample holder, which heated a piece of silicon
underneath, whose electrical connections (filament contacts) protruded from the
side of the holder body, below the TC leads. The tantalum foils were in touch
with a piece of silicon underneath our sample, in order to warm it up by direct
current heating.

2.7 Thermal evaporation of metals

The most common methods of Physical Vapour Deposition (PVD) of metal are
thermal evaporation, e-beam evaporation, plasma spray deposition, and sputte-
ring. Metals and metal compounds can be deposited by PVD. Evaporation occurs
when a source material is heated above its melting point in a vacuum chamber.
The evaporated atoms then travel in straight line due to a long mean free-path
allowed by the vacuum (10~ mbar minimum), and deposit on the substrate. The
metal source can be melted by resistive heating, RF heating or by a focused elec-
tron beam. The metal evaporation done by resistive heating is usually called
thermal evaporation.

The substrates are loaded into a high-vacuum chamber that is commonly pumped
with either a diffusion pump, a cryo-pump, or a turbomolecular-pump, as in our
case. The material to be deposited is loaded into a heated container called the
crucible (boat). Boats are usually made from tungsten, tantalum, molybdenum,
or ceramic materials capable of withstanding high temperatures. They can be
heated very simply by means of an embedded resistance heater and an external
power supply. As the material in the crucible becomes hot, it increases its vapour
pressure. Since the pressure in the chamber is much less than 1 mbar, the atoms
of the vapour travel across the chamber in a straight line, without hitting any
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gas molecules left in the vacuum chamber, until they strike a surface where they
accumulate as a film (see Tab. 2.1). To help start and stop the deposition abrup-
tly, mechanical shutters are used in front of the crucibles to control the deposited
metal thickness.

To obtain large deposition rates, evaporators are often operated with high cru-
cible temperatures. To obtain the best uniformity, the evaporation rate should
be fairly low (1 A /s in our case). Operation at such low rates requires extremely
high vacuum to avoid contamination of the film. The deposition rate is commonly
measured using a quartz crystal rate monitor. This device is a resonator plate
that is allowed to oscillate at the resonance frequency, which is measured. The
resonance frequency shifts due to the additional mass, as the material is deposi-
ted on top of the crystal. With an increase of its mass, the resonance frequency
shifts by several percent. By linking the output of the frequency measurement
system to the mechanical shutters, the thickness of the deposited layers can be
well controlled over a wide range of deposition rates.

In our experiments we used two different evaporators to deposit the gold thin
film: a Sistec evaporator and a Kurt J. Lesker (KJL) evaporator (shown in Fig.
2.12), both located in the clean room of the NEST Laboratory where this work
was performed. In particular the KJL evaporator allows to heat the substrate
prior (and/or during) the metal deposition.
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Figura 2.12: Kurt J. Lesker Thermal evaporator.
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2.8 Resistance measurements

In order to measure the extremely small resistance variation of our gold sensor
(of the order of hundredths of ) during the hydrogenation process, we need a
sensitive measurement setup. Firstly, we supply the sensing current and collect
the voltage signal through a Lock-In Amplifier (LIA), which allows to detect and
measure very small signals even when they are obscured by noise sources. Then,
the resistance measurements are performed with a Wheatstone Bridge cascaded
to a high quality PreAmplifier. In the following paragraphs these experimental
methods are briefly explained.

2.8.1 Lock-In Amplifier

The operation principle of a Lock-In Amplifier is based on the Phase-Sensitive
Detection technique, which permits to select the component of the signal at a
specific reference frequency and phase. Noise signals at frequencies different from
the reference one are rejected and do not affect the measurement.

Typically an experiment is modulated at a fixed frequency (from an oscillator or
function generator) and the lock-in detects the response from the experiment at
the reference frequency, as shown in Fig. 2.13, where the reference signal is a
square wave with frequency w.

The LIA used in our measurements generates its own sinusoidal wave (Lock-In
reference in Fig. 2.13):
Visin(wrt + ber) (2.25)

whereas the response might be the signal waveform:
Vsigsin(w,t + 85ig) (2.26)

where Vj;, is the signal amplitude. The Lock-In Amplifier amplifies the signal and
then multiplies it by the lock-in reference using a phase-sensitive detector (PSD).
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Figura 2.13: Diagram of the reference and output signals, and the Lock-In reference.

The output of the PSD is simply the product of two sinusoidal waves:

Vesp = ViViigsin(wit + Ores)sin(wpt + Ogq) =

1
= EVL‘/sigCOSKWT - WL)t + esig - eref]+

1
+ QVLVsigCOS[(Wr + wL)t + esig + Gref] (2.27)

The PSD output consists in two AC signals, one with the difference frequency
(wr — wr) and the other with the sum frequency (w, + wy). If this signal passes
through a low pass filter the AC signal with the sum frequency is removed and
only if w, = wy, the difference component will be the DC signal:

1
VPSD = §%igVLCOS2(93iQ — Qref) (2.28)

This DC signal is proportional to the signal amplitude.

Let us suppose that the input is made up of signal plus noise. The PSD and
low pass filter only detect signals whose frequencies are very close to the lock-
in reference frequency. Noise signals at frequencies far from the reference are
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attenuated at the PSD output by the low pass filter (neither wypise — Wres DOT
Whoise + wrep are close to DC). Noise at frequencies very close to the reference
frequency will result in very low frequency AC outputs from the PSD (|wpoise —Wref]
is small). The noise attenuation depends on the low pass filter bandwidth. A
narrower bandwidth will remove noise sources very close to the reference frequency;,
a wider bandwidth allows these signals to pass. Only the signal at the reference
frequency and in phase with the reference signal will result in a true DC output
and will not be affected by the low pass filter. This is the signal we want to
measure.
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2.8.2 Wheatstone Bridge

Following Ref. [1], the film resistance is measured with a volt-amperometric tech-
nique, using a Wheatstone Bridge (Fig. 2.14) cascaded to a low-noise voltage
Pre-Amplifier (by Stanford Research Systems) with a gain factor set to 10 and
very high quality filters. Since the frequency of our LIA output is set at 17 Hz,
we can use the High Pass filter at 10 Hz (with a suppression of 6 dB) and the Low
Pass filter at 30 Hz (with a suppression of 6 dB).

Usually the unknown resistance is fixed, so for balancing the bridge it is neces-
sary to regulate the variable resistance, until the voltage output is zero and no
current flows through the detecting instrument. In this condition, the unknown
resistance equals the value assumed by the variable resistance. However, during
a calorimetric experiment the sample resistance varies during the measurement
because of the temperature increase of the sensor. For this reason, in order to
work with the best sensitivity of LIA, we balance the bridge varying R3 until the
signal read by the LIA is as low as possible.

Sample % R;(variable)
(// ’ //
/ VOUT
VLOCK-IN
Rl RZ

Figura 2.14: Scheme of the Wheatstone bridge set-up: R; = Rz ~ 1 k) and R3 = Rsample-
Vira = 0.200 V.

The sample is mounted in the sample holder in a 2-wire set-up, and when the
resistance is measured by using the same two contacts for both supplying current



2.8. Resistance measurements 59

and measuring the voltage difference, the contact resistance cannot be avoided.



Au thermometer on
mica

3.1 Thermometer Fabrication

In this section we will explain the steps of the fabrication procedure which led to
an improved thermometer.

It has been already stressed (section 1.3) that, by changing the Si substrate of
the sensor with a mica foil, we can improve the thermometer sensitivity because
the thermal conductivity of mica is about 300 times lower. Besides mica surfaces
are classical templates for atomically smooth surfaces: it is therefore of interest to
study evaporated thin films on mica with STM to see just how atomically smooth
these thin films are [20,34]. Moreover it is known from literature that the annealing
procedure can induce gold re-crystallization along the [111] direction [27,34], thus
the scanning tunneling microscope capability can be exploited to analyse this
feature, as well.

In order to properly compare the performance of our new setup with that one
of the early sensor we decided to only replace the silicon support with a ~250
pm-thick mica substrate and then to deposit a 5 nm film of titanium and a 20
nm layer of gold with a SISTEC evaporator (see section 2.7 for details), following
the same procedure used in [1]. “M2 series” consists of the samples produced
following the above procedure.
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3.1.1 M2 series

The mica was cleaved in air with a standard scotch-tape technique prior to its
introduction into the evaporator chamber. After the evaporation, the mica was
cut into ~5x5 mm? squares with scissors, which resulted in 16 samples.
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Generally, thermal annealing of metal films causes the grain boundaries to dif-
fuse so that grains can merge to produce larger grains [33]. We have already seen
in section 1.5 that flame annealing can remove moderate amounts of contaminants
from the surface of gold films, as explained in Ref. [27]. So, right after the metal
deposition, we annealed two samples of the M2 series with a small butane torch,
heating them to the point where a faint reddish glow was visible. Our samples
became almost immediately milky, presumably because our films are too thin to
obtain the intended effect. So we decided to anneal the samples by performing
safer heating ramps in an Ultra-High Vacuum (UHV) environment, inside the
STM chamber, following the procedure described in [34].

The ramps were controlled via PC, using a specific LabVIEW software which
allows to set the heating rate as a parameter. We explored a wide range of tem-
peratures in order to grow thin films that are atomically flat and [111] oriented.
In agreement with Ref. [34], surface reconstruction is achieved at temperatures
ranging from 170 to 200°C. Furthermore, our thermometers should be able to
tolerate a heating up to about 400°C during the TDS experiments. For these
reasons, we studied several samples of the M2 series, which underwent heating
ramps up to temperatures ranging from 100 °C to 400°C with an heating rate of
1 °C/minute.

M2-samples were mounted on the sample holder in order to perform experi-
ments in the UHV chamber. We performed the first heating ramp up to 100 °C,
with a rate of 1 °C/minute. We plotted the temperature data (measured with the
thermocouple), recorded by the LabVIEW software, and we performed a linear
fit in order to obtain the heating rate and check its correctness, as shown in Fig.
3.1, in the next page. From the slope we obtain the heating rate of the ramp: 1.2
°C. This control procedure has been repeated for all the heating ramps and for
all the samples.
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Figura 3.1: Linear fit of the heating ramp up to 100 °C performed on sample M2-5.

To complete the analysis of the samples we performed LEED measurements
and took several STM images of different areas of the gold layer.
The LEED diffraction pattern, reported in Fig. 3.2, shows a broad, diffuse dif-
fraction ”half-moon”, indicating a random orientation of the gold grains.
The STM images, shown in Fig. 3.3, are in good agreement with the LEED resul-
ts. Stable and reproducible images were obtained by setting 1.3 V as bias voltage
and 0.7-0.8 nA as set point current. We can see that, after the first heating ramp,
the gold surface consists of rolling hills without many atomically flat regions and
the few visible terraces are very narrow.
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Therefore, from LEED and STM results, it is quite clear that a temperature of
100°C is not enough to obtain the surface re-crystallization.
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Figura 3.2: LEED diffraction pattern of sample M2-5 after the heating ramp up to 100°C.
Electron energy 103.5 eV.

Figura 3.3: STM images of (a) 500x500 nm?, (b) 200x200 nm?, (¢) 100x100 nm? of sample
M2-5 after the heating ramp up to 100 °C.

Therefore, a heating ramp up to 150 ° has been performed, with a heating rate
of 1°C/minute.
This time a weak hexagonal pattern can be recognized in the LEED pattern (Fig.
3.4), corresponding to the existence of a predominant in-plane orientation of the
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gold film. However the elongated shape of the diffraction spots, with their blurry
appearance, indicate that film areas with random in-plane orientation are still
present on the surface.

Figura 3.4: LEED diffraction pattern of sample M2-5 after the heating ramp up to 150°C.
Electron energy 103.5 eV.

Coherently, the STM images illustrate a much smoother surface, with wider
terraces, and the first signs of re-crystallization can be observed (Fig. 3.5). More
in detail, Fig. 3.5(c) shows a rather irregular reconstruction pattern, which is
visible especially on narrow terraces, indicating that the reconstruction layer is
not well ordered [20].

Then, a heating ramp up to 200°C has been performed (1°C/minute).

The LEED diffraction pattern, reported in figure 3.6, displays the well-known
[111] reconstruction pattern of the gold surface, with bright spots, typical of a
clean and ordered surface [24].

The LEED diffraction pattern is in good agreement with the STM results.
We can see that the topography of the clean and well-annealed Au(111) surface
is characterized by large, atomically flat terraces, which often extend over many
hundred angstroms (Fig. 3.7). The terraces exhibit the typical periodic pattern
of pairwise-arranged, parallel lines, running in the [112] direction (see section 1.4
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Figura 3.5: STM images of (a) 500x500 nm?, (b) 200x200 nm? (c) 100x100 nm? of M2-5
after the heating ramp up to 150 °C.

Figura 3.6: LEED diffraction pattern obtained on M2-12 after a heating ramp up to 200°C.
Electron energy 103.5 eV.
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for details), as can be seen in Fig. 3.7(c). The distance between neighbored pairs,
in the [110] direction, has been measured, and amounts to 5647 A, and the ver-
tical corrugation amplitude, which is 0.1840.05 A. The depression of the narrow
regions between the two lines of each pair is less pronounced, 0.15+0.05A. All
these measured values are in good agreement with results from literature (see
section 1.4). We know from literature that high-resolution STM images of the
surface reveal an additional, more dense corrugation which is attributed to the
atomic structure of the surface. Unfortunately, the resolution needed to observe
this structure requires low temperatures because the imaging resolution is limited
by the spatially large d orbitals of gold and thermal vibrations, so, at room tempe-
rature, we can only appreciate the pairwise-arranged corrugation lines associated
with the reconstruction of the surface.
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Figura 3.7: STM images of (a) 500x500 nm?, (b) 200x200 nm?, (c¢) 100x100 nm? and (d)
20x20 nm? of sample M2-12 after the heating ramp up to 200 °C. (e) Section view taken along
the black line.
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After the above measurements, a heating ramp up to 250°C has been perfor-
med, with a rate of 1°C/minute. As usual, the samples have been characterized
by the use of STM and LEED.

The LEED pattern obtained after the heating ramp up to 250°C is illustrated in
Fig. 3.8 and is quite similar to that obtained after the previous heating ramp.

Figura 3.8: LEED diffraction pattern obtained on sample M2-12 after a heating ramp up to
250°C. Electron energy 103.5 eV.

As can be seen in the STM images reported in Fig. 3.9(a) and Fig. 3.9(b), the
gold surface is flat and well reconstructed. Fig. 3.9(c) illustrates the impact of
surface defects on the re-crystallization: the surface is distorted by the holes in the
topmost Au layer. It may be speculated that these holes relate to the contraction
of the topmost layer during the reconstruction process [20]. This defects cause a
long-range modification in the re-crystallization pattern, indeed the parallel line
pairs follow the perimeter of the holes. On the other hand Fig. 3.9(d) shows the
behaviour of the corrugation lines where steps are present: the corrugation lines
pass over the steps as explained in section 1.4.
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L

Figura 3.9: STM images of (a) 500x500 nm?, (b) 200x200 nm?,(c) and (d) 100x100 nm? of
M2-12 after the heating ramp up to 250 °C.
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Subsequently, a heating ramp up to 300°C (1 °C/minute) has been performed
in order to investigate the evolution of the reconstruction pattern with tempe-
rature. The LEED diffraction pattern is quite different from the previous ones:
the spots are less bright, and the appearance of a diffraction ring indicates the
contextual presence of a random orientation of gold grains (Fig. 3.10).

Figura 3.10: LEED diffraction pattern of M2-12 after a heating ramp up to 300°C. Electron
energy 103.5 eV.

The STM images reported in Fig. 3.11 reveal a peculiar dendritic structu-
re which emerges on the gold surface and partially covers the Au(111) pattern.
Obviously this apparently inexplicable behaviour is quite troubling because this
strange structure prevents us from studying the film surface.
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Figura 3.11: STM images of (a)500x500 nm?, (b) 200x200 nm?, (c), (d) 100x100 nm? of
M2-12 after the heating ramp up to 300 °C.
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In order to understand the phenomenon shown above, a last heating ramp up
to 400°C has been carried out, this time with a rate of 1°C/second (the same rate
we will use for the TDS experiments). Finally the samples have been studied by
using LEED and STM.

The LEED diffraction pattern, illustrated in Fig. 3.12, is similar to that obtained
after the previous heating ramp.

Figura 3.12: LEED diffraction pattern of M2-12 after a heating ramp up to 400°C. Electron
energy 103.5 eV.

From the STM images we can see that the dendritic framework is even more
prominent, but the corrugation lines are still present, as can be seen in Fig. 3.13.
Now it is of primary interest to understand the peculiar behaviour of the sample
after the annealing ramp up to 300°C in order to adjust our working procedure
thus preventing the appearance of the dendritic structure.

Our first guess has been titanium diffusion in the gold thin film induced by the
temperature increase. Indeed, thin films are exposed to the risk of undergoing
severe interdiffusion phenomena. Titanium/gold pads are largely utilized in elec-
tronic devices, so such a behaviour has been already studied. Diffusion phenomena
in titanium/gold thin films occurring at temperatures ranging between 200 and



3.1. Thermometer Fabrication 75

400°C have been investigated in Ref. [51], whose research work will be explained
in appendix A. It is right to point out that the results reported in Ref. [51] were
obtained with much thicker films and after annealing in air; however the great
impact of their outcome suggests that our observations could have been induced
by a similar behavior.

Figura 3.13: (a) STM images of 500x500 nm? of the Au film after the heating ramp up to
400 °C. (b) STM images of 100x100 nm? of M2-12 after the heating ramp up to 400 °C.

So a new series of samples has been prepared, "M3”, without using titanium
as adhesion promoter between mica and gold.

3.1.2 M3 series

In order to prepare the new series of samples, the mica was cleaved in air by using
adhesive tape just before its introduction in the evaporator chamber, where a 20
nm-thick film of gold was deposited. After the evaporation, the mica was cut into
~5x5 mm? squares with scissors, obtaining 16 samples. Several samples of this
series have been loaded in the UHV chamber in order to study their behaviour
after several annealing ramps, with temperatures ranging from 150 to 450°C.

Firstly the sample was subjected to a heating ramp up to 150°C with a rate of
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1°C/minute, then LEED and STM measurements have been performed.

The LEED diffraction pattern, shown in Fig. 3.14(a) and 3.14(b), is comparable
to that obtained for the previous series of samples (see Fig. 3.4) after the same
annealing ramp. A weak hexagonal pattern can be distinguished but the overlap-
ped ring-like structure indicates that the reconstruction process is not completed
yet. Two diffraction patterns, corresponding to different electron energies, are re-
ported, because this time the energy of 103.5 eV was not enough to appreciate the
LEED pattern. So we performed another measurement, with an electron energy
of 120.4 eV.

The STM images are quite noisy and reveal a surface characterized by small ter-
races (Fig. 3.14(c)). Besides it looks like the reconstruction process has already
started: indeed in Fig. 3.14(d) the corrugation lines are clearly visible, even if the
signal is noisy.
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Figura 3.14: LEED diffraction pattern of sample M3-9 after the heating ramp up to 150°C.
(a) Electron energy 103.5 eV. (b) Electron energy 120.4 V.

STM images of (c) 500x500 nm? and (d) 100x100 nm? of sample M3-9 after the heating ramp
up to 150 °C.
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Fig. 3.15 shows the LEED pattern after a further heating ramp, up to 200°C.
The diffraction spots are getting weaker while the ring-like diffraction pattern is
increasingly evident.

From the STM images we can see the dendritic structure which arises on the sur-
face, and this time it is already visible in the larger scan area, as shown in Fig.

3.15(c).

After having annealed the sample up to 250°C the situation has worsened: the
LEED image is not so different from the one recorded after the previous annealing,
but the dendritic network covers the greater part of the gold surface, as shown in
the STM images.
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Figura 3.15: LEED diffraction pattern of sample M3-9 after the heating ramp up to 200°C.
(a) Electron energy 103.5 eV. (b) Electron energy 120.6 eV.

STM images of (c) 500x500 nm? and (d) 100x100 nm? of sample M3-9 after the heating ramp
up to 200 °C.
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Figura 3.16: LEED diffraction pattern of sample M3-9 after the heating ramp up to 250°C.
(a) Electron energy 103.5 eV. (b) Electron energy 199.9 eV.

(a) (b)

Figura 3.17: (a) STM images of 500x500 nm?, (b) 200x200 nm? and (c) 100x100 nm? of
M3-9 after the heating ramp up to 250 °C.
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So a further heating ramp, up to 350°C, has been performed. Some diffraction
spots are still visible in the LEED diffraction pattern, as shown in Fig. 3.18(a),
and even if the dendritic formation covers almost entirely the surface of the sam-
ple, some areas still present the corrugation lines which characterize the [111]
reconstruction (Fig. 3.18(c)).
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Figura 3.18: (a) LEED diffraction pattern of sample M3-9 after the heating ramp up to 350°C.
Electron energy 103.5 eV. STM images of (b) 500x500 nm? and (c) 100x 100 nm? of M3-9 after
the heating ramp up to 350 °C.
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Finally, M3-9 was subjected to the last annealing ramp up to 450°C. At this
point the dendritic conformation has completely covered the gold surface and the
Au[111] reconstruction is no more visible, as illustrated in Fig. 3.19. Moreover
the LEED analysis reveals a diffraction pattern which can be attributed to the
mica substrate [52]. Indeed, the measured distance between the diffraction spots
is different from that measured for the Au(111) diffraction pattern relating to the
M2-samples.

Figura 3.19: (a) STM image of 200x200 nm? of the Au film after the heating ramp up to 450
°C. (b) LEED diffraction pattern of sample M3-9 after the heating ramp up to 450°C. Electron
energy 103.5 eV.

So, besides the issue of the dendritic structure, it seems likely that the agglo-
meration of the gold film has occurred, as described in [53]. In order to confirm
our hypothesis, the M3-samples have been examined under an optical microscope.
The resulting images are reported in Fig. 3.20.
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(c) (d)

Figura 3.20: (a) Optical microscope images of M3-9 after its annealing up to 450°C with
5X magnification and dark-field illumination, (b) 20X magnification and dark-field illumina-
tion, (¢) 50X magnification and dark-field illumination, (d) 50X magnification and bright-field
illumination.

The process of island formation in thin gold films after annealing at high tem-
peratures is well known: the agglomeration process consists of three stages, hole
formation, hole enlargement and separation into islands [53]. This process is well
discernible in Fig. 3.20(d). Gold islands are clearly visible in the images above, so
it is not surprising that the LEED diffraction pattern reveals the mica substrate
below the gold thin film.

After the careful analysis of M3-samples it is safe to say that the dendritic fra-



3.1. Thermometer Fabrication 85

mework observed with M2-samples was not due to the interdiffusion between
titanium and gold. Therefore, another explanation needs to be developed in order
to account for this unexpected phenomenon. After a careful study of relevant
literature, has been considered the water intercalated between the gold and the
mica, as extensively explained in appendix B.

All surfaces exposed to ambient conditions are covered by a thin film of water.
Except at high humidity conditions, namely relative humidity (RH) higher than
80%, those water films have nanoscale thickness. Nevertheless, even the thinnest
film can profoundly affect the physical and chemical properties of the substrate.
In Ref. [54,55] Scanning Polarization Force Microscopy (SPFM) was used to study
water films on a mica surface. While in Ref. [56] the graphene template technique
has been used to visualize and measure water adlayers on mica under ambient
conditions. In the light of the results reported in these research works, the STM
images relating to M3-samples have been analysed and the dendritic structure
height has been measured, with a value in agreement with many works. However,
the reliability of thickness measurements, as extensively explained in appendix B,
is not so high. Moreover no evidence of water adlayers between mica and the gold
film deposited on it has been reported so far. Even though it has not been possi-
ble yet to confirm this conjecture, it is sure that the water which quickly covers
the mica surface after its cleavage is generally removed by heating in vacuum.
And those (rare) authors who use titanium as adhesion promoter deposited much
thicker metal films.

So, in order to prove that water is the disruptive factor, a new series of samples
has been prepared by the use of another evaporator, which allows to anneal the
sample in the evaporation chamber before the deposition.

3.1.3 M4 series

It is well known that the preparation of high quality thin films dependents upon
the precise control of temperature, pressure, growth rate, cleanliness and thic-
kness. The essential requirements for the production of gold thin films are the
employment of the best possible vacuum, a clean chamber , a smooth dry sub-
strate, and an appropriate combination of substrate temperature and deposition
rate [27]. In order to obtain a high quality gold film, the water adsorbed on the
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mica surface immediately after its cleavage has been desorbed in the evaporation
chamber by a sample annealing at 200°C overnight. The Au deposition rate and
the sample temperature are strongly linked, and conditions must be controlled
to favor two-dimensional growth to produce large flat grains of [111] oriented
gold [33]. A deposition rate of 1 A/s has been chosen, and the gold film has been
deposited at 200°C, at a pressure of 4x10~% mbar. Once the deposition was com-
pleted, a temperature of 200°C was kept in the chamber for half an hour, following
Ref. [35]. After the venting of the chamber the sample was cut in 16 pieces with
scissors. Then a detailed study of the thermal annealing of these new samples
has been performed, in order to provide additional energy for surface atoms and
clusters to react and diffuse, and for the surface to relax and re-crystallize.
Before studying M4-samples with STM and LEED, they have been subjected to
an overnight annealing at about 120°C in order to degas the samples.

After this step, the LEED pattern corresponds to an already re-crystallized sur-
face, as shown in Fig. 3.21(a). While the STM images are quite noisy, even if the
terraces look rather wide, as can be seen in Fig. 3.21(b).

Figura 3.21: (a) LEED diffraction pattern of sample M4-8 after the degassing at about 120 °C.
Electron energy 103.5 eV. (b) STM images of 500x500 nm? of sample M4-8 after the degassing
at about 120 °C.
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In order to get a better reconstruction and a better resolution for the STM
images, an annealing ramp up to 200°C has been performed, with the usual rate
of 1°C/minute.

The diffraction spots in the LEED pattern obtained after this ramp are brighter
and more focused, indicating a progress in the surface reconstruction (Fig. 3.22).
The STM images continue to be quite noisy, but show a surface characterized by
very flat terraces. Besides the first corrugation lines become visible (Fig. 3.23(b)).
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Figura 3.22: LEED diffraction pattern of M4-8 after the annealing ramp up to 200°C. Electron
energy 103.5 eV.

Figura 3.23: (a) STM images of 500x500 nm? and (b) 50x50 nm? of M4-8 after the heating
ramp up to 200 °C.

Then the samples have been subjected to a further heating ramp, up to 300°C.
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So their surfaces have been studied by the use of LEED and STM.

The LEED diffraction spots continue to be bright and well focused (see Fig. 3.24).
The terraces keep getting bigger and bigger but a good resolution is impossible
to achieve due to the noise and the apparent dirt on the sample surface (Fig. 3.25).

Figura 3.24: LEED diffraction pattern of sample M4-8 after the annealing ramp up to 300°C.
Electron energy 103.4 eV.

Finally, a last annealing ramp has been performed, up to 400°C, with a rate of
1°C/second. However, before analysing the samples with STM, we realized that
they have been damaged by the ramp because their surfaces look milky. Therefore
M4-samples have been observed with the optical microscope which confirmed that
the agglomeration process had taken place.

In view of the above, it seems that the “water issue” has been solved, because
dendritic structures were no longer observed. However, the deposition procedure
needs to be improved, because, even if the gold terraces are larger, the surface
presents some detachments producing noisy images.

We speculate that the problem is due to the different thermal expansion coeffi-
cients of gold and mica which produces stresses on the gold surface.
Indeed, in very thin films, internal mechanical strain is an important parameter.
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Figura 3.25: STM images of (a) 500x500 nm? and (b) 50x50 nm? of sample M4-8 after the
heating ramp up to 300 °C.

This characteristic can be the leading cause of deformation in the film-substrate
system and, in this respect, the thermal expansion coefficients of the film and
the substrate play a major role. In this context, changes in temperatures are
particularly insidious, because they can cause the adhesion loss and detachments.
It can be found that typical thermal expansion coefficients, perpendicular to the
cleavage plane, for muscovite mica are in the range o, =13-17x107% °C~! in the
temperature range 20-300 °C, and 16-24x107¢ © C=! over 300-600 °C. Parallel
to the cleavage plane, values of 04H=8.0—12><10_6 °C~! are reported, in the same
temperature range, with the coefficient increasing wth temperature [57]. On the
other hand, the thermal expansion coefficient for a 10-nm thick Au film is 5 to 6
times higher than its corresponding bulk value of 14.2 x 1075°C~!, and its value
increases with increasing deposition rate [58]. It is evident that the two thermal
expansion coefficients differ by almost one order of magnitude. So when the sam-
ple (Au+mica) cools off after the deposition procedure (at about 200°C) the Au
film shrinks much more than its substrate. Therefore, possible micro-detachments
associated with this behaviour could have caused the noise which has affected the
STM measurements.
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Figura 3.26: (a) Optical microscope images of sample M4-8 after its annealing up to 400°C
with 50X magnification and dark-field illumination, (b) 50X magnification and bright-field il-
lumination, (c¢) 150X magnification and dark-field illumination, (d) 150X magnification and
bright-field illumination.
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3.1.4 M5 series

In order to prevent the possible detachment of the gold film from the mica sub-
strate, the M5 series of samples has been produced following a different procedure.
To reduce the thermal stress due to their different thermal expansion coefficients,
the metal film has been deposited once the substrate was completely cooled (after
an overnight annealing at 200°C). Then, as usual, the sample was cut into the 16
pieces which constitute the Mb series.

Before analysing the Mb5-samples through STM and LEED), they were degassed at
about 140°C in the UHV chamber. As shown in Fig. 3.27 the terraces extension
reaches 100 nm and the corrugation lines typical of the [111] gold reconstruc-
tion are already visible, but not everywhere. The LEED diffraction pattern is
consistent with these images: it illustrates bright spots within a high contrast
background, typical for a well ordered surface.
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Figura 3.27: STM images of (a) 500x500 nm? and (b) 50x50 nm? of M5-1 after the degassing
at about 140°C. (¢) LEED diffraction pattern of M5-1 after the degassing at about 140°C.
Electron energy 103.5 eV.

In order to get a better reconstruction, the samples have been annealed up to
200°C, with the usual rate of 1°C/minute.
The LEED analysis reveals bright spots arranged in the hexagonal pattern which
characterizes the [111] gold surface (see Fig: 3.28).

The terraces obtained after this heating ramp have a width of up to 300 nm, and
exhibit the well-known periodic pattern of pairwise-arranged lines which characte-
rize the [111] gold reconstruction (Fig. 3.29). Moreover the U-shaped connections
between neighbouring corrugation lines are clearly visible. At last, the three diffe-
rent rotational domains which characterize the herringbone reconstruction can be
observed. As seen in section 1.4, the corrugation line pairs are characteristically
deformed in the vicinity of the bending points.

We know from literature that on clean and fully relaxed Au(111), one typically
finds large regions where the pairwise-arranged parallel lines form a herringbone
pattern with remarkable long range order. However, the structure of the surface
of an Au thin film can be changed by bending the mica substrate to which the
film is attached, as explained in Ref. [59,60]. Therefore, the fact that we often do
not observe the elbows typical of the herringbone pattern, could be explained in
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Figura 3.28: LEED diffraction pattern of M5-1 after the heating ramp up to 200°C. Electron
energy 103.5 eV.

terms of the compressive strain on the mica substrate, exerted by the washers in
the sample holder.

Finally, in order to characterize the evolution of the reconstruction process on
these new samples, a heating ramp up to 300°C with a rate of 1°C/minute has
been performed. However it has not been possible to characterize the samples
by the use of STM and LEED because the surface became milky after reaching
300°C, as can be seen in Fig. 3.30.

It is worth recalling that we have to do with a very thin film, and the thermal
stress induced by the heating ramp can damage the samples evidently. In princi-
ple this fact is not a problem, because the annealing ramp up to 200°C ensures
a perfect reconstruction on the gold surface with flat and wide terraces. Howe-
ver, it should be kept in mind that a measurement which involves the heating of
the sample up to higher temperatures, as the Thermal Desorption Spectroscopy
(TDS), is completely destructive. Nevertheless, the M5 series confirmed the ab-
sence of dendritic structures, supporting the hypothesis that the water issue has
been solved.

In summary, the surface reconstruction obtained with the M5 samples after the
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(d)

Figura 3.29: STM images of (a) 400x400 nm?, (b) 160x160 nm?, (c) 80x80 nm?, (d) 50x50
nm? and (e) 20x20 nm? of sample M5-1 after the heating ramp up to 200°C.
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Figura 3.30: Optical microscope image of sample M5-1 after the annealing ramp up to 300°C.
The microscope ruler is visible.

annealing ramp up to 200°C performed with a heating rate of 1°C/minute is the
best obtained. In order to have enough samples to characterize the sensor ano-
ther series has been prepared, M6, following a procedure identical to that used to
prepare the M5 series. So the next step is the thermometer calibration.

3.2 Thermometer Calibration

Before using the sensor as a thermometer, we need to know its thermal and electri-
cal properties by performing a proper calibration. As a result of the calibration,
the temperature coefficient and the electrical resistivity of the gold thermome-
ter can be obtained, in order to compare them with the standard ones listed in
literature.

3.2.1 Resistance vs Temperature

In order to calibrate the thermometer, the samples M5-4 and M6-2 have been
subjected to several annealing ramps.
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Sample M5-4

After the overnight degassing of the sample at about 140°C and its annealing up
to 200°C, STM and LEED measurements have been performed in order to veri-
fy that the surface appearance was comparable to that of the other M5 samples
after the same procedure. Then, two calibration ramps were recorded with the
Wheatstone Bridge set-up described in section 2.8. Taking into account the ma-
ximum temperature rating to avoid sample damage, it is possible to perform the
calibration measurement with the Wheatstone Bridge by doing 2 slow ramps up
to about 100°C. The ramp profile has been set as follows: 2100 s of heating, 2100
s of cooling and 1800 s of pause at the end, before the next ramp. The last pause
period is applied in order to slowly cool down the sample and allowing possible
mechanical adjustments of the contacts. During the heating ramp we record the
temperature of the gold sensor measured by the thermocouple, the current and
the voltage supplied to heat the sample and the sample resistance. The ramps
are controlled via LabView, and the data are recorded with a time interval of 1 s
and a time constant of integration of the lock-in amplifier of 1 s. So it is possible
to plot the resistance vs the temperature.
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Figura 3.31: Data and linear fit of the calibration ramps.

As shown in Fig. 3.31 there is the expected linear proportionality, therefore we
can perform a linear fit of the data using the relation:

R(T) = Ro[1 + a(T — Ty)] (3.1)

The parameters obtained for M5-4 are listed in Table 3.1. The average values are
the results of the weighted average and the errors are the standard deviations.
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Ramp Slope Error Intercept Error Adjusted R?
(Ro - o) (o)
Q-°C! Q
1 0.03730 2:107° 12.208 0.001 0.999
2 0.03847 4-107° 12.092 0.003 0.998
average 0.03808 81074 12.12 0.08

Tabella 3.1: Parameters of the linear fit and the weighted average.

The slopes obtained from the fit correspond to the product Ry - a and the
intercepts correspond to Ry; Tj, the reference temperature, is the temperature
measured by the thermocouple just before the start of the calibration ramp.
From the average parameters we can obtain the average temperature coefficient
of resistance for M5-4:

aus_q = (3.1£0.3)-1072°C™! (3.2)

Another important parameter for calibrating and comparing samples is the elec-
trical resistivity, which is defined as:

A
:—-R
[

where R is the resistance of the sample, A is the cross-sectional area of the con-
ductor and [ is its length. The average section can be obtained from the ratio
between the volume of the gold layer and its diagonal length d, and the same dia-
gonal length can be used as [ (we are neglecting the area occupied by the electrical
contacts):

V/d
pP=—g Ry (3.3)

Measuring the dimensions of the sample:
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a="700%£00lmm b=6.35%0.01mm

and knowing the thickness of the metal film:

thickness = (20 £ 1) nm

the volume and the diagonal length can be calculated in order to obtain the
electrical resistivity:

pus—a = (120£0.7)-107°Q - m (3.4)

In order to study the repeatability of this calibration the above operations have
been performed for another sample belonging to the M6-series.

Sample M6-2

After the overnight degassing of the sample and its annealing up to 200°C, its
surface has been analysed by STM and LEED. So 5 calibration measurements have
been performed with the usual Wheatstone Bridge set-up by doing 5 ramps up to
about 100°C. After plotting the data and performing the linear fit we obtained
the average coefficient listed in Table 3.2.

The average temperature coefficient obtained from the fit is:

ez = (2.8 £0.1) - 1072°C™! (3.5)

In order to obtain the electrical resistivity we measure the dimensions of the
second sample:
a=06.90+0.0lmm b=6.60=40.01mm

and we obtain (for the usual thickness of (20£1) nm):
pre—2 = (14.7+£0.8)-107°Q - m (3.6)

Comparing the average values of o for M5-4 and M6-2 we see that they correspond
within the error range. Moreover, this result is in good agreement with the bulk
value of a = 3.4-1073°C~! [9]. As for the electrical resistivity, our results turn
out to be one order of magnitude higher than those listed in literature for bulk
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Ramp Slope Error Intercept Error Adjusted R?
(Ro - @) (Ro)
Q.°cC1 Q
1 0.04139 3-1075 14.910 0.001 0.999
2 0.04159 2:107° 14.832 0.001 0.999
3 0.04177 31075 14.813 0.001 0.999
4 0.04225 3-107° 14.786 0.002 0.999
5 0.04237 4-107° 14.786 0.002 0.998
average 0.0419 41074 14.81 0.05

Tabella 3.2: Parameters of the linear fit and the weighted average.

gold (p = 2.44-1078Qm [9]). However this is not surprising for two reasons. First
of all, the resistance measurements are 2-probe measurements (performed with a
Wheatstone Bridge), characterized by the presence of a contact resistance, that
is the additional contribution to the total resistance of the system attributed to
the contacting interfaces of the electrical connections. In the previous version of
the thermometer, with a Si substrate, the contact resistance was about one half
of the 2-wire measurements. Mica is a softer substrate and the contact wire could
produce easily a local damaging of the gold film, resulting in a even greater contact
resistance. Compared to the old 4-wire measurements, the gold film resistance of a
sample of the same thickness and area size was between 3 and 4 (2. The resistivity
in that condition was around 4 - 1078 Q - m, so we have roughly the same factor
between the measured resistance and resistivity. A 4-wire measurements has not
been performed because the working configuration is 2-wire and resistivity is not
a vital parameter in the measurement economy.
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3.2.2 Heat Transfer Calibration

In order to describe the heat transfer through the sample, we need to calculate the
heat transfer coefficient for the different parts of the sample. In particular we can
expect three different contributions: since the mica substrate acts as a thermal
insulator, we expect a first and fast thermalization of the upper gold film with the
underlying mica substrate, followed by a slower thermalization of the substrate
with the sample holder, and finally a very slow thermalization of the sample hol-
der with the environment. Moreover, we can separate the fast heat losses of the
upper layer through the substrate from the subsequent losses towards the sample
holder, described by two different heat transfer coefficients.

For the purpose of deriving these parameters we illuminate the sample for 60 se-
conds by using a lamp focused on the surface: the absorption of the optical power
increases the temperature of the sample. Then we record the cooling of the system,
which can be described with the following exponential decay:

AT(t) = AT(0) + wap( - i) + AQGZL‘]?( — i) + Agexp< — i) (3.7)

1 T2 73

in order to verify the presence of three different characteristic times of decay.
As shown in Fig. 3.34, we can fit the data, obtaining:

7= (11.01£004)s 7= (61.6+02)s 75=(592+5)s

Since we are interested in the heat transfer through the sample, we can focus
only on the first part of the cooling, which can be described without considering
the longer thermalization with the environment:

AT(t) = AT(0) + Alexp( ! ) + A2€xp< — i) (3.8)

7'_1 T2
From the linear fit of the data (Fig. 3.33(b)) we obtain:

71=(99+01)s m=(0B6+1)s
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Figura 3.33: (a) Exponential fit (red line) of the cooling of the sample with three different
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Moreover, it is possible to compare the response of our sensor to the 60 seconds
illumination with that of the first prototype of a gold film thermometer [1], which
exploited a silicon substrate instead of a mica substrate:

0,040 lighton | light off —— mica substrate

—— Si substrate

0,035 +
0,030 +
0,025 +

0,020 +

DeltaR (Ohm)

0,015 +
0,010 +

0,005

0,000 +

T 1
0 20 40 60 80 100 120 140 160 180
Time (s)

Figura 3.34: Plot of the response of our sensor to the illumination with a lamp for 60 seconds
and comparison with the first prototype of gold film thermometer (silicon substrate).

It is evident that the resistance increase with the mica substrate is almost 10
times that of the old sensor (AR, ;e = 0.038Q2, ARg; = 0.0042), thus confirming
that the sensitivity achieved with the new set-up is significantly higher.



Thermometer
Application: atomic
hydrogen adsorption

In order to test the performance of the gold film thermometer in a proof-of-
principle experiment, we aim to detect the enthalpy released during the adsorp-
tion process of atomic hydrogen on the gold film itself. Indeed, in contrast to Hs
molecules, H atoms can be adsorbed on gold surfaces, at least at low tempera-
tures [61-63]. Moreover we would like to compare the performance of our new
thermometer with that of the first prototype of the sensor (silicon substrate).

4.1 Hydrogen adsorption on amorphous gold

We recall that the physical support of this thermometer is a ~300 pm-thick sub-
strate of silicon whose top face has been oxidized to have a 280 nm layer of SiO,
acting as an electrical and thermal insulator. Then a thin layer of 5 nm of tita-
nium, deposited on the substrate, allows the proper sticking of the upper 20 nm
layer of gold. The STM images of the gold layer show a corrugated and inhomo-
geneous surface, as illustrated in Fig. 4.1 in the next page, taken from Ref. [1].
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Figura 4.1: STM image of the Au layer from Ref. [1]. Image parameters: V=1.0 V, I=1.0 nA,
average RMS roughness: (0.8+0.2) nm.

4.1.1 Calorimetric measurement

We have seen in section 1.1 that, in order to extract the unknown heat release
which will heat the sensor during the exothermic adsorption of hydrogen, we can
use the following equation:

oH, _ . SAT(t)
5t - sensor 5t

+ A AT(1) (4.1)

During the exposure of the sample to atomic hydrogen, we record the resistance
evolution. The heat is released on the gold thermometer and slowly to the silicon
substrate underneath. The sample can be considered as composed by two parts:
the silicon substrate and the sensor. So we can calculate the heat capacity of the
Sensor:

Csensor = CAu + CT’i + CSiOg (42)
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where C'is the heat capacity and can be calculated by knowing ¢, the specific heat
capacity, as:
Cay = MasSay - Cau
Cri = massr; - ¢
Csio, = masssio, * Csio,
From the well known physical properties of gold, titanium and silica [64], we

obtain for gold:
pau = 19.3g/cm®

cay =0.129J/K - g

for titanium:
pri = 4.507 g/cm”

and for silica:
psio, = 2.196 g/cm’

CSi0y = 0.703 J/K - g

Knowing the dimensions (5.10 mmx5.95 mm of lenght and width for each layer)
of the gold layer:
tay, = 20nm

A4 = 30.345 mm?

the titanium layer:
th' = 5nm

Ar; = 30.345 mm?

and the silica layer:
tSiOg = 280nm

Agio, = 30.345 mm?

we finally obtain:

Cauw = pau - taw - Anu - caw = 1.51 x 1079 J/K
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OTi = PTi tri ATi s Crp = 0.36 x 10_6 J/K
Csio, = Psios - tsio, * Asio,  Csio, = 13.12 x 107° J/K
Therefore the heat capacity of the sensor is:

Clensor = 14.95 x 107 J/K (4.3)

Next, we can calculate the heat transfer coefficient as A = C/7, where 7 is the
characteristic time of cooling of the sample obtained as in section 3.2. For 7 =
(2.9£0.6) s we have:

A= OT” =(5.1£1.1) x 100°W/K (4.4)
With the values of Ciepsor and A we can now calculate dH, /0t from Eq.1.9 by
using the AT'(¢) curve that we will obtain from the calorimetric measurement and
performing a point-by-point derivative of the recorded data to obtain JAT(t)/dt,
as in Ref. [1]. Finally the enthalpy release H, can be calculated from a point-by-
point integration of dH,./dt.

The sample has been exposed to atomic hydrogen for 5 minutes at a pressure
of 1.0 x 10~7 mbar, while recording the sensor resistance.

As illustrated in Fig. 4.2 four different trends can be identified:

e the time interval between ¢ (instant at which we switch on the filament
of the hydrogen cracker) and ¢; (instant at which the filament degassing is
completed and the shutter in front of the hydrogen cracker is open) shows a
linear trend of the sensor resistance against time, due to the gradual heating
by the hot filament;

e the time interval between ¢; and ¢, (instant at which the hydrogen supply
starts but the sample is backside oriented) is characterized by an exponential
increase of the sensor resistance with time (now the shutter in front of the
cracker is open);
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Figura 4.2: Sensor resistance variation during the the hydrogen exposure on the old sensor.
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e finally, the time interval between ¢, and t3 (instant at which the hydrogen
supply is delivered on the sample which faces the cracker) exhibits a more
pronounced exponential growth;

e after t3 the hydrogen supply is stopped and the sample starts to cool down.

In order to analyse the interest period, related to the effective hydrogen expo-
sure (from ty to t3), the contributions due to the heating of the sample caused
by the hot filament of the cracker must be subtracted, as shown in Fig. 4.3. In
this way the resistance variation linked to the temperature increase can be esti-
mated from the exponential fit of the curve presented in Fig. 4.3(c): AR ~ 0.01 €.
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(b) Exponential fit of the region related to the hot filament contribution (shutter opened). (c)
Sensor resistance variation after the subtraction of the unwanted contributions.
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Therefore, we can perform a point-by-point derivative of AT(t) (obtained di-
viding AR(t) by a- Rp), thus obtaining the first term of Eq. 1.9. The second term
is the simple product of the thermometric signal and the heat transfer coefficient
previously calculated. Via point-by-point integration, from Eq. 1.9 we calculate
the enthalpy release. 0H, /dt is reported in Fig. 4.4, also showing the area inte-
gration which gives the value of H, (yellow area).

dH/dt (10E-6 J/s)

Time (s)

Figura 4.4: ¢H, /§t for H exposure of the old sensor (the integration area is shown in yellow).

In summary, for the amorphous gold sensor we have:
o Cinsor = 14.95 x 107¢ J/K

e 7=(2940.6)s

e \=(51£1.1)x 107 W/K

The enthalpy release H, obtained for the adsorption process is: H, = 1.55 + 0.2
mJ.
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In order to determine the binding energy of H atoms and the amount of adsorbed
hydrogen the TDS spectrum has been recorded.

4.1.2 Thermal Desorption Spectroscopy (TDS) measure-
ment

The adsorption energy is measured more frequently by desorption, by breaking
the adsorbate-surface bond. When the adsorbed layer of atoms (or molecules)
is heated, the surface species can desorb because their surface residence time
depends on temperature by an exponential law:

AE
T = Tpexp (ﬁ) (4.5)

where R is the gas constant, AFE is the energy needed for the desorption process
and 7y is the surface residence time when the surface is not heated.

If the adsorbate is not replenished from the gas phase, its concentration on the
surface quickly decreases with increasing temperature, until the surface comes
back clean. There is a preferential temperature at which the adsorbed atoms are
removed from the surface for each adsorbate-substrate combination. By rapidly
heating the surface to this optimal temperature, the adsorbed atoms are removed
until their surface concentration is null. From the temperature at which the de-
sorption peak occurs we can calculate the activation energy of desorption, which
is linked to the binding energy of the adsorbed species.

Therefore, after the hydrogen exposure, the sample is placed in front of the
Residual Gas Analyser (RGA) to perform a TDS measurement. The sample is
heated at a constant rate of ~ 0.5 K/s from room temperature to around 650 K. A
clear peak, related to the recombinative Hy desorption, is detected at T}, = 575£3
K, as shown in Fig.4.5.
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Figura 4.5: TDS spectrum vs Temperature for the old sensor, after 5 minutes of atomic
hydrogen exposure at Py = 1.0 x 10~7 mbar. It shows a clear desorption peak at T}, = 575 & 3
K.

The activation energy of desorption is obtained from eq. 2.8, after having ex-
tracted the time 7,, from the start of the desorption ramp to the moment at
which the desorption peak is reached. The calculated activation energy amounts
to By = 1.65+0.04 eV.

Since the recombination and desorption of Hy includes the formation of H-H bonds,
in order to calculate the binding energy between the H atom and the amorphous
gold surface, we need to know the relation between the H-H binding energy Ey_ g,
the H-Au binding energy E, (the value we are interested in) and the Hy activation
energy E,; (that we have just calculated):

2B, = Ey+ Ey_py (4.6)
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Using the value of 4.52 eV for Ey_py [42], the binding energy between the H atom
and the gold surface is estimated to be: Ej, ~ 3 eV, slightly higher than that
reported in [42] (2.40 eV).

From equation 2.9 we can estimate the amount of desorbed hydrogen: n =
2.2 x 107 mol in mol which corresponds to 13.25 x 10'® molecules of H,. The
heat release is obtained by multiplying the average binding energy per atom and
the number of hydrogen atoms desorbed: H, ~ 1.3mJ in good agreement with
the calorimetric evaluation.

4.2 Hydrogen adsorption on Au(111)/mica

In order to compare the performance of our new sensor with that of the old one,
we have exposed to atomic hydrogen two samples, M5-4 and M6-2.

4.2.1 Calorimetric measurement

During the exposure to atomic hydrogen, we record the resistance evolution. The
heat released during the experiment is rapidly transferred to the gold thermometer
and the mica substrate underneath. Indeed the sample is composed of two parts:
the mica substrate and the sensor, which is the gold film thermometer. We can
therefore calculate the heat capacity of the sensor:

Csensor = CAu (47)

where the heat capacity C' can be calculated knowing the specific heat capacity ¢
as:
Cay = MasSay * Cay (4.8)

From the well known properties of gold [64] we obtain:
pau = 19.3g/cm®

cAu:O.13J/K~g
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Knowing the dimensions (7.00 mm x 6.35 mm for M5-4 and 6.90 mm x 6.60 mm
for M6-2) of the gold layer:
t a4y = 20nm

Apurss—a = 4445 mm? Ao = 45.54 mm?

we finally obtain:
CsensorM5f4 = PAu * tAu : AAuM5f4 *CAy = 2.21 x 1076 J/K

CsensorM672 = PAu * tAu : AAuM672 *CAy = 2.27 x 1076 J/K

We have calculated the total heat capacity of the sensor Ci,s0r; S0 We can calculate
the heat transfer coefficient as A = Ciepnsor/T, Where 7 is the characteristic time
of cooling of the sample calculated in section 3.2.2, 7 = 9.9+ 0.1 s. Therefore we
obtain:

Mrs—a = Coensorars—a/T = (2.23 £ 0.02) x 107" W/K

62 = Coensornre—2/T = (2.29 +0.02) x 107" W/K

So 0H,./dt can be calculated from eq. 1.9, as explained in the previous section.

M5-4 and M6-2 have been exposed to atomic hydrogen after their degassing

and annealing up to 200°C (in order to obtain a sensor with a reconstructed,
atomically flat surface), and after the proper calibration.
The samples have been exposed to atomic hydrogen for 5 minutes at a pressure of
1.0 x 107 mbar, while recording the sensor resistance. We expected to observe a
resistance (and thus temperature) increase due to the adsorption process, as with
the amorphous gold sensor, however we observed a peculiar trend.
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Figura 4.6: (a) Sensor resistance variation during the the hydrogen exposure on the sample
M5-4.(b) Sensor resistance variation during the the hydrogen exposure on the sample M6-2.
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The black lines in Fig. 4.6(a) and 4.6(b) delimit the time interval corresponding to
the effective hydrogen exposure, during which the shutter in front of the hydrogen
cracker is opened. The red line indicates the instant at which the pressure reaches
the desired value of 1.0 x 10~7 mbar, while the blue line indicates the instant at
which the sample is rotated with its frontside facing the hydrogen cracker.

It is evident that the experiment starts in the tail of a slightly decreasing trend
(cooling of the sample) due to the previous calibration ramps which heated the
sample, the sample resistance starts to increase because it is heated by the hot
filament of the hydrogen cracker, as expected. Then, once reached the target
pressure (red line) a linear decreasing trend gets going and it becomes even more
marked when the sample is rotated with its frontside upwards, facing the cracker,
and the effective hydrogen exposure takes place (shutter opened). When the
shutter is closed a cooling tail reflects the fact that the sample has been actually
heated in spite of the resistance decrease.

The exponential fit of the part of the curve delimited by the black lines gives a
resistance variation of AR ~ 0.03 €. This behaviour is completely unexpected: the
exothermic reaction that binds atomic hydrogen to gold atoms should determine
a heating, and so the increase of the sensor resistance, according to the relation
3.1, and as observed with the old sensor.

In order to better understand this peculiar behaviour, the samples are subjected
to a Thermal Desorption Spectroscopy measurement. It is worth recalling that the
TDS measurement is a destructive measurement because it involves the heating of
the sample up to temperatures that damage the sample itself, as deeply explained
in section 3.1.4.

4.2.2 Thermal Desorption Spectroscopy (TDS) measure-
ment

In order to determine the binding energy of H atoms (if they have been adsorbed
on the gold sensor) and the amount of adsorbed hydrogen we heat the surface
and measure the desorbed atoms with a mass spectrometer. Therefore, after the
hydrogen exposure, the samples are placed in front of a Residual Gas Analyser
(RGA) to perform a Thermal Desorption Spectroscopy (TDS) measurement. The
samples are heated at a constant rate of ~ 0.6 K/s from room temperature up
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to around 600 K. The heating rate has been checked by the linear fit of the TDS
ramp, as shown in Fig.4.7(c) and 4.7(d). A clear peak, related to the recombina-
tive Hy desorption, is detected at T, = 408 £ 2 K (Fig. 4.7(a), 4.7(b)); this peak
is followed by the typical ascending tail which characterizes the degassing of the
sample. Indeed, it should be remembered that the samples have been degassed up
to temperatures of about 400 K (~100 °C), because higher temperatures would
have damaged the samples, as shown in section 3.1.4. We can see that the de-
sorption peak relating to M6-2 is lower than that observed for M5-4, most likely
because in this case the TDS measurement has been performed several hours after
the hydrogenation process has been completed.
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Figura 4.7: (a) TDS spectrum vs Temperature for sample M5-4, after 5 minutes of atomic
hydrogen exposure at Py = 1.0 x 10~7 mbar. It shows a desorption peak at 7}, = 408 £2 K. (b)
TDS spectrum vs Temperature for sample M6-2, after 5 minutes of atomic hydrogen exposure
at Py = 1.0 x 1077 mbar. It shows a desorption peak at T}, = 408 & 2 K. (c) Linear fit of the
TDS ramp performed on sample M5-4. (d) Linear fit of the TDS ramp performed on sample
M6-2.
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After having extracted the desorption temperature, we can calculate the time
from the start of the desorption ramp to the moment at which the desorption
peak Ty is reached, so as to obtain the activation energy of desorption E; from
eq. 2.8:

Sample T, (K) Tm (8) Eg/molecule (eV)
M5-4 (408+£2)  (178+1) (1.11£0.03)
M6-2 (40842) (18041) (1.1240.08)

Tabella 4.1: Temperature of the desorption peak 7),, heating time 7, and activation energy
of desorption E;/molecule, calculated from the TDS measurements.

Using Eq. 4.6 and knowing that Ey_p = 4.52 €V, we estimate the binding energy
between the H atom and the Au(111): E, = 2.82 eV for both the samples, lower
than the value calculated for amorphous gold.

The amount of desorbed (and therefore previously stored) hydrogen can be
estimated from the TDS spectra showing the partial pressure of atomic hydrogen
in function of the time, using Eq. 2.9. Therefore, after the subtraction of the
background, we perform an integration of the TDS spectrum, obtaining the area
under the curve, F (in mbar-s), as shown in Fig. 4.8.
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Figura 4.8: Integration of the TDS spectrum obtained for M6-2.
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The resulting amount of desorbed hydrogen for M5-4 and M6-2 is reported in
Table 4.2.

Sample F (mbar-s) H; (mol) Hy (molecules)
M5-4 (3.36£0.02) x 10710 4.11x10712 24.75x 10
M6-2 (2.214£0.02)x1071°  2.70x 10712 16.26x 10!

Tabella 4.2: Amount of desorbed hydrogen, in mol and number of Hy molecules (1 mol=
6.022 x 1023 molecules).

Finally we can estimate the heat release during the adsorption of atomic hy-
drogen on gold. It can be obtained by multiplying the average binding energy per
atom and the number of hydrogen atoms desorbed:

H, (M5 —4) =2.24 +0.02 puJ

We only reported the result relating to M5-4 because the the value for M6-2 has no
meaning, since the TDS measurement for this sample has been performed several
hours after the hydrogenation process. We can see that this time the amount of
hydrogen stored in the sample is about three orders of magnitude lower than that
recorded for amorphous gold.

It is possible to conclude that hydrogen atoms adsorbed on gold surface, even in
smaller amounts, but probably something happened (in addition to the adsorption
process) that caused the resistance decreasing. The behaviour observed with M5-
4 and M6-2 is completely different from that recorded for the first prototype of
the sensor (described in the previous section). It appears from the TDS analysis
that the amount of hydrogen stored in the new gold sensor is much lower than
that recorded for amorphous gold. Moreover the calorimetric behaviour of the
old sensor is consistent with our expectations. If we neglect the substrate, which
merely affects the sensitivity of the thermometer, the only difference between
the two sensors is the surface reconstruction. Let us remember that our new
thermometer allows to fully exploit the STM capability: so we can use it to
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investigate the sensor surface after the hydrogenation process.
In order to do that, a new sample, M6-3, has been exposed to atomic hydrogen.

4.2.3 STM analysis

M6-3 has been exposed to atomic hydrogen after its degassing and annealing up
to 200°C (in order to obtain a sensor with a reconstructed, atomically flat sur-
face), and after the proper calibration. The sample has been exposed to atomic
hydrogen for 5 minutes at a pressure of 1.0 x 10~7 mbar, while recording the
sensor resistance. We observed the same trend recorded for M5-4 and M6-2. The
exponential fit of the part of the curve delimited by the black lines gives a resi-
stance variation of AR ~ 0.04 (2, slightly higher than that recorded for the other
two samples. After the hydrogenation, we did not perform a TDS measurement
(which is destructive), but instead we studied the sample with STM to assay any
changes in the surface reconstruction.
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Figura 4.9: (a) STM images of 500x500 nm?, (b) 80x80 nm?, (c) 40x40 nm? and (d) 16x16
nm? of sample M6-3 after the hydrogenation process.
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Figura 4.10: (a) and (b) Line scans shown in Fig. 4.9 along A and B, respectively.

We can see that the topography of the gold surface is characterized by large,
atomically flat terraces, which extend over many hundred nanometres (Fig.4.9(a)).
If we zoom in, down to 80x80 nm?, it is evident that the periodic pattern of
pairwise-arranged, parallel lines which characterizes the (111) reconstruction is
different from that previously observed (see section 3.1). The corrugation lines
are closer together and sometimes orthogonal pairs criss-cross and blend without
U connections, as shown in Fig. 4.9(b).

The distance between neighbouring pairs now amounts to 38 +3 A, and has to be
compared with 56 & 7 A, which is the value obtained after the annealing of the
sample (before hydrogenation), when the (111) reconstruction has been comple-
ted (see section 3.1.1). The corrugation amplitude is different as well. Whereas
before the ratio between the vertical corrugation line and the depression in the
hep regions (between the two lines of each pair) was about 1, now it is almost 2.
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Moreover, in some areas, a peculiar striped pattern can be observed (Fig. 4.9(c)
and4.9(d)), even if the herringbone reconstruction pattern underneath is still fain-
tly visible. The striped pattern is composed of fine stripes and vacancy lines that
are oriented perpendicular to these fine stripes. Sometimes the vacancy lines ap-
pear as corrugations (as in Fig. 4.9(c)) rather than as depressions. This behaviour
is due to the changes in the tunneling parameters (V;, I;). Moreover, the vacancy
line exhibit a frizzy appearance, which could be related to the occurrence of dy-
namic events during imaging and mainly occurs at the edges of the vacancy lines.
The STM image shown in Fig. 4.9(d) reveals an angle of about 40° for orientation
of the fine stripes (indicated by the black arrow in the same figure) with respect
to the ridges of the Au herringbone reconstruction (indicated by the blue arrow);
while the angle between the herringbone reconstruction and the broad stripes (in-
dicated by the green arrow) is about 50°. In addition the fine stripes are often
out-of-phase with respect to their neighbouring fine stripes at the other side of
the vacancy line.

The spacing between the vacancy lines amounts to 4.12 £ 0.25nm. The line scan
in Fig. 4.10(a) reveals that the depth of the trough between the broad stripes is
between 50 and 60 pm. The stripes are composed of fine stripes which are aligned
in a direction perpendicular to the vacancy lines (see Fig. 4.9(d)). The separation
between these fine stripes is 0.5 4+ 0.1 nm and their vertical corrugation amplitude
is 25 + 5pm (see the line scan in Fig. 4.10(b)). This structure is consistent with
results reported in Ref. [65] as discussed in the following.

It is known that the act of adsorption gives rise to a dynamic change of surfa-
ce structure, often reversible, sometimes permanent. Thus, the surface structure
cannot be viewed as being static during adsorption reactions, but can change
markedly as the nature and the concentration of adsorbates are varied (see [66]).
When atoms or molecules adsorb on relaxed clean surfaces and form chemical
bonds, the surface atoms are placed in a different chemical environment. They
change their equilibrium positions as a result. Upon adsorption, any clean sur-
face relaxation is generally reduced, as the surface atoms of the substrate move
back towards the ideal bulk-like positions. This phenomenon is perhaps the sim-
plest form of adsorbate-induced restructuring of surfaces. Moreover adsorbates
frequently destroy existing reconstructions of clean surfaces: the substrate then
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usually takes on the bulk structure again. It appears that the adsorbate substitu-
tes for the missing atoms due to the original creation of the surface: the adsorbate
places the surface atoms in a more bulk-like environment. Even small amounts
of adsorbate may be sufficient to destroy or modify a reconstruction. Besides an
unreconstructed clean substrate can be induced to reconstruct by adsorbates or
there are cases where a clean-surface reconstruction is changed by an adsorbate
into another type of reconstruction. Hydrogen on W(100) and Mo(100) provides
examples of this process [67]. Clean W(100) and Mo(100) are characterized by
a reconstructed surface with long zigzag chains of surface metal atoms. When
hydrogen is adsorbed, the tendency is to break up these chains into individual
W-H-W or Mo-H-Mo trimers. Each H atom bridges a pair of W or Mo atoms,
replacing the zigzag chain geometry.

Given the above, it might be thought that the structure observed with the STM
measurement is linked to the hydrogen adsorption on the sample. Moreover very
similar STM images are reported in Ref. [65]. In this research work, self-assembled
monolayers of 4-[4’-(phenylethynyl)-phenylethynyl]-benzenethiolate (PPB-S) mo-
lecules on flame annealed Au(111) have been investigated by UHV scanning tunne-
ling microscopy. They have found a self-assembled monolayer phase which consists
of a fine-striped pattern that is aligned along the close packed [110] directions of
the Au(111) surface. The fine-striped pattern is separated by narrow vacancy lines
which are oriented perpendicular to the fine-striped pattern. Besides, spatially
resolved current-time scanning tunneling microscopy experiments revealed that
the PPB-S molecules at the edges of the vacancy lines exhibit dynamic behaviour
and frequently jump back and forth between neighbouring stripes.

Therefore we could suspect that the striped pattern observed in our STM images
is related to the arrangement of the Hy molecules on the gold surface. It would
be interesting performing an experiment of current-time scanning tunneling mi-
croscopy at the edge of our vacancy lines, in order to understand the dynamics
that lies beyond the frizzy appearance of the vacancy lines.

The resistance descrease could be explained in terms of the scattering mechanisms
related to surface defects (see [68]). Indeed, the pattern of pairwise-arranged lines
which characterizes the Au(111) surface can be considered as a surface defect,
because it involves the emergence of an additional corrugation on the gold sur-
face, thus reducing the mean free path of the conduction electron and therefore
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decreasing the electrical resistivity. The appearance of the new denser structure
could have homogenised the gold surface (the fine stripes are closer together than
the corrugation lines in a pair, or in neighboured pairs) thus increasing the mean
free path of the conduction electron, and this behaviour could be reflected in the
calorimetric measurement.



Conclusions and
Outlook

In this thesis work we have developed a sensitive atomically flat gold film ther-
mometer, which consists of a 20 nm-thick gold layer, having as physical support
a ~250 pm-thick substrate of mica. The first important result of this research is
the improvement, in terms of sensitivity, of gold film thermometers. This upgrade
originated from the replacement of the silicon substrate (used in Ref. [1]) with
a mica substrate, whose thermal conductivity is about 300 times lower [16, 17].
Therefore, the heat transfer coefficient, which represents the heat losses of the
sensor (gold layer) towards the substrate, (see the simple thermal model descri-
bed in section 4), turns out to be more than one order of magnitude lower than
that reported in Ref. [1]: A ~ 2-107" W/K (to be compared with A\ ~ 5-107°
W/K of silicon), thus improving the thermal decoupling by a factor ~25.

Our detailed STM measurements on these gold film thermometers have demon-
strated that they are stable up to a temperature of 250 °C, above which they
change morphology due to agglomeration of the gold. A possible solution to this
issue could be an additional Ti layer underneath gold, utilizing the fabrication
procedure set up in this thesis work.

The gold surface re-crystallization allowed by the mica substrate has been ex-
tensively studied, by varying the fabrication procedure in order to optimize the
process. In particular, we have analysed the sensor behaviour with changing sub-
strate conditions and annealing temperatures. The re-crystallized gold surface
offers large flat terraces suited to investigate the processes which can affect the
surface structure with atomic resolution. This new feature has allowed to discover
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that atomic hydrogen binds to amorphous gold and crystalline gold in different
ways. In particular we found that the hydrogen arranges itself in a peculiar striped
pattern, composed of fine stripes and vacancy lines that are oriented perpendi-
cular to these fine stripes. This observation highlights the opportunities offered
by the atomically flat surface of the gold re-crystallization on a mica substrate.
This kind of sensors open the way to the systematic use of STM capabilities in
understanding physics at surface. In order to better investigate this phenomenon,
observed on the gold surface after the hydrogenation, we suggest to repeat the
hydrogen supply experiment and then analyse the sample with both STM and
LEED measurements (the latter have not been performed yet).

Moreover, our atomically flat thermometer would allow a detailed study of gra-
phene functionalization with alkali metals or organic molecules, which was not
possible with the first prototype of the sensor, due to its atomically rough surfa-
ce.

Finally, mica properties make this sensor suitable to have a remarkable impact
on flexible electronics. Indeed, in the present era of “Internet-of-Things”, the de-
mand for flexible, light-weight, low-cost, low-power consumption, multifunctional
and environmentally friendly electronics has moved to the forefront of materials
science research.



Titanium diffusion in
gold thin films

Titanium thin films are widely employed in electronic and micro-electromechanical
devices as adhesion layer between insulators and conductive metallic layers, such
as gold, used for electric contacts and signal transmission lines [69]. Thin films
and multilayered systems are exposed to the risk of undergoing severe interdiffu-
sion phenomena because the constantly decreasing size of electronic components
imposes severe service conditions, such as high current densities and therefore
high local temperatures. These interdiffusion phenomena can induce dramatic
changes of the material properties and compromise performance and reliability
of the components. This is why diffusion phenomena in titanium/gold thin films
occurring at temperatures ranging between 200 and 400°C have been investiga-
ted [51]. In Ti/Au thin films, due to local high current density, the temperature
can increase to such high values to induce interdiffusion between Ti and Au. Such
diffusion process can promote the formation of TiAu intermetallics and/or, if Ti
diffuses through Au up to the free surface, the formation of TiO,, which in turn
can cause an undesired ohmic resistance. As an example, in [51] the samples
were prepared by sputtering Ti (thickness 200 nm) and Au (260 nm) on silicon
substrates that then underwent different annealing treatments in air at tempera-
tures ranging between 200 and 400°C. The specific atomic concentration profiles
necessary to determine the diffusivity coefficients were obtained by Secondary
Ton Mass Spectroscopy (SIMS). X-ray Photoelectron Spectroscopy (XPS), X-ray
Diffraction (XRD) and Scanning Electron Microscopy (SEM) analyses were also
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employed to characterize the samples upon the different thermal treatments. The
report is briefly summarized in the following.

Fig. A.1 shows the composition profiles for the Au/Ti system upon exposure
to different heat-treatments; a depth equal to zero corresponds to the gold free
surface. In the case of the sample “as-deposited”, these profiles allow for the
identification of the different layers before interdiffusion occurred: from left to
right, the Au film first, then the Ti layer followed by the thin thermally grown
Si0,, and finally the silicon substrate. Exposure to 200°C for 10h already affects
the atomic composition profile of the sample, as shown in Fig. A.1(b). The Ti
concentration increases at depth ranging between 100 and 150 nm and also above
550 nm suggesting that Ti diffuses also into the Si substrate. However, it is only
upon heat treatment at 250°C that a significant concentration of Ti (~5%) as
well as O atoms could be detected on the Au free surface (Fig. A.1(c)). An-
nealing at 300°C for 1h (Fig. A.1(d)) results in a concentration of Ti atoms of
about 10% (for depth=0). Notably, upon exposure at 350°C for 10h, Au and Ti
result highly intermixed. XPS analysis was performed on the sample annealed
at 400°C, in order to determine the chemical composition of the species present
on the surface. The strong signals corresponding to Ti and O suggest that, once
reached the surface, Ti can easily react with oxygen present in the environment
and create an oxide layer. Samples annealed for 10h in air at 300°C, 350°C and
400°C underwent also XRD analysis, which confirmed the SIMS results.
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Figura A.1: Concentration profiles obtained from the SIMS analysis of the thin film samples
from [51].



The water issue

All surfaces exposed to ambient conditions are covered by a thin film of water.
Except at high humidity conditions, namely relative humidity (RH) higher than
80%, those water films have nanoscale thickness. Nevertheless, even the thinnest
film can profoundly affect the physical and chemical properties of the substrate.
Water films alter the adhesion and lubricating properties of surface and the reac-
tivity of solids with ambient gas molecules.

Information on the structure of these water films can be obtained from spectrosco-
pic techniques based on photons, but these usually have poor lateral resolution.
Although modern scanning probe microscopes, like STM and AFM, have atomic-
scale resolution, they cannot be easily used to study free liquid surfaces. For
liquids, if the probe tip comes into contact with the surface, strong capillary for-
ces will cause the liquid to wet the tip and will strongly perturb the liquid. To
avoid the bulging of the liquid surface that leads to wetting and capillary interac-
tion, the tip must be kept at least several tens of angstroms from the surface.

In this respect, different non-contact AFM modes have been proposed to obtain
robust measurements of surface liquid films [70, 71]. Non-contact means that,
with these methods, mechanical contact between the tip and the sample is avoi-
ded. Long-range interactions between the tip and the sample are used that allow
imaging at some distance from the sample thus minimizing water perturbation.
The two main methods used for this purpose take advantage of long-range elec-
trostatic [70] or van der Waals interactions [71].
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A method which uses electrostatic interactions to image liquid films on surfa-
ces, avoiding mechanical tip-sample interaction, was developed two decades ago
based on a non-contact mode of operation known as Scanning Polarization Force
Microscopy (SPFM) [70]. In SPFM, in order to perform non-contact electrostatic
AFM imaging, a conductive tip is brought to about 10-20 nm above the sample
surface and electrically biased to a few volts. This creates attractive electrostatic
forces between the tip and the polarizable surface. Topographic images can be
obtained by maintaining the polarization force constant through feedback control
of the tip-sample distance. In the first SPFM measurements, the technique was
used to study water films on a mica surface [54,55]. In [54] the water-imaging
experiments were carried out at room temperature (21°C) in an environment
chamber housing the AFM. High humidity was achieved by evaporating water
from a beaker. The mica samples were prepared by cleavage and were typically
several tenth of millimetres thick. The condensation process is described as ma-
de up of two distinct structural phases. Up about 25% humidity, the water film
grows by forming two-dimensional clusters of less than a few thousand angstroms
in diameter (phase I). Above about 25% humidity, a second phase grows, forming
large two-dimensional islands. An interesting finding of this study was that the
the boundaries of the islands were often polygonal, with angles of 120° as shown
in Fig. B.1. By comparing SPFM images with contact images of the mica lattice,
it was found that the directions of the boundaries were related to the mica cry-
stallographic directions. On the basis of this observation, the authors suggested
that the molecularly thin water film has a solid, ice-like structure, in epitaxial
relationship with the substrate.

The islands which characterize the second phase increase in size until they cover
the surface uniformly at 40 to 50% humidity.

The apparent height of the islands in both phase I and II (~2 A) suggests that
the thickness of the water layer is of molecular dimensions. This is supported by
the ellipsometric measurements that indicate that for humidities up to 50% the
average thickness of the water film on mica is around 2 A, i.e. one molecular layer
thick.

Let us remember that mica structure consists of stacked layers held together by



138

Figura B.1: SPFM images of structures formed by water on mica, from [54]. Bright areas
correspond to a second water layer and dark areas to the first water layer. The boundaries tend
to have polygonal shapes, as shown in the smaller image where a hexagon is drawn for visual
reference. The directions are strongly correlated with the mica lattice. The inset in the large
image shows a contact AFM image obtained after the SPFM images, which provides a reference
for angle measurements. The histogram shows the angles of the water-film boundaries relative
to the mica lattice.

electrostatic forces. Pairs of negative layers are held together by Kt ions. When
mica is cleaved into atomically smooth sheets, the aluminosilicate portion remains
intact and the K* ions become divided onto the newly formed (001) faces. The
positive ion partitioning is never quite even, and each sheet initially is electro-
statically charged [72]. These charge soon dissipate from the ambient laboratory
surroundings settle on the surface and neutralize them. Since the surface of mica
is hydrophilic, water spreads readily on the freshly prepared surface. The authors
of [70] propose that phase I includes water molecules solvating K* ions. This in-
terpretation is supported by infrared spectroscopy studies of layered silicates that
show that when the water content is low, the molecules are tied into solvation
shells around the intercalated ions. At higher water contents, the formation of
nonsolvated water (hydrogen bonded) is observed.

It is worth discussing the reliability of these thickness measurements.
In the SPFM images, output signals corresponding to topography and sample po-
larizability are coupled. When imaging thin films on a substrate exhibiting very
different dielectric constants (¢€), the apparent height of the films measured by
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SPEFM could be very different from the real value [70,73]. As a general rule, the
apparent thickness will be smaller (larger) than the real one if €, < €supstrate
(€fitm > €substrate)- From SPFM images, the real height can be estimated using dif-
ferent models [70,73]; however, they increase uncertainty relative to experimental
results. The thickness of the water films is measured by comparing the apparent
height of the dry and wet areas of the images. At low RH conditions, very few
water molecules are adsorbed on the dry regions and the apparent contrast due to
differences in dielectric constant is very high. As RH increases, more water mole-
cules adsorb on the dry regions. These water molecules are not observed on the
images until high RH is reached because they behave as a two-dimensional gas,
not forming structured films. However, they increase the polarizability response
of the dry regions and thus reduce the contrast in the measured apparent height.
This suggests that SPFM is not the best method to measure water films thickness
accurately.

Dynamic AFM (dAFM) modes are based on the mechanical excitation of the
AFM probe cantilever, usually at its resonant frequency, making it oscillate. Dif-
ferent parameters of the oscillation, such as amplitude, frequency and phase lag,
are then monitored as the tip interacts with the surface. These parameters gi-
ve information about topography and energy dissipation between the tip and the
sample. Amplitude modulation (AM) AFM is one of the most broadly used dAFM
modes and exploits the oscillation amplitude as feedback mechanism. AM-AFM
has been used to study water layers on surfaces for several years [74]. This mode
provides better resolution than electrostatic methods partly due to the fact that
it oscillates in close proximity to the surface, where forces are more localized.
Nevertheless, this proximity also implies that it is not easy to establish if truly
non-perturbative imaging can be performed. When the AFM tip is brought down
to the sample, surface forces control the dynamics of the cantilever in a nonlinear
regime, making it difficult to interpret and control its motion. This is particularly
so when dealing with water films, and liquid films in general, which can lead to
discrete steps in force, for example due to the formation of a water neck between
the tip and the sample during each oscillation cycle. The implications of such ef-
fects are beyond the measurement of water films on surfaces and known to induce
artifacts in general ambient AM-AFM measurements [75, 76].
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As regards the analysis of water adsorbed on gold, in [74] the [111] surface was
flame-annealed and then transferred immediately into an air-tight chamber at a
RH value of 35%. When imaged in non-contact dAFM, the typical triangular ter-
races of the Au [111] surface are seen. In addition, an inhomogeneous water layer
has been observed, which grew as long irregular structures of 0.2 nm in height
from the border of the terraces. The authors assume that a film of the height
of one water molecule forms this layer, because 0.2 nm is a value close to the
dimensions of a water molecule.

A complete different approach to visualize water films on surfaces, called gra-
phene template, has been developed in the last decade [56]. In this approach,
instead of avoiding perturbation of the water films by minimizing interactions
with the AFM probe, water films are ”protected” and then imaged using stan-
dard AFM operational modes. This ”protection” was first achieved by coating
water films with a graphene sheet. In this way, water films get trapped between
the graphene sheet and the surface under study. Graphene is so flexible that,
when an AFM image is taken on top of it, the water film below can be recognized
and its thickness measured.

Graphene sheets are transferred mechanically to a surface in a controlled environ-
ment or under ambient conditions. During the transference, water layers present
on the surface become enclosed by the thin graphene sheets. If the sheets are thin
enough, by performing standard contact AFM imaging, the structure of the water
layers adsorbed on the surface can be imaged. The technique was first used to
study water films on mica in ambient conditions [56]. It was found that the first
1-2 water adlayers on mica showed a typical thickness of ~3.7 A, the same distan-
ce between two consecutive puckered bilayers in the basal plane of hexagonal ice,
and they have been interpreted as ice-like structures (see Figure B.2).

The measurements performed using a graphene template correspond actually to
water confined between a surface and a graphene sheet. Water, of course, also
interacts with the graphene sheets, and this fact implies that the observations of
how exactly water adsorbs on the surface under study must be interpreted very
carefully. Interaction with the hydrophobic graphene is known to induce the for-
mation of ice-like flat hexagonal sheets in order to maximize hydrogen bonds with
other water molecules and to avoid exposing dangling bonds to the graphene [77].
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Figura B.2: (a) A schematic of how graphene locks the first water adlayer on mica into fixed
patterns and serves as an ultrathin coating for AFM; (b) the structure of ordinary ice (ice Ij).
Open balls represent O atoms, and smaller, solid balls represent H atoms. A single puckered
bilayer is highlighted with red. Interlayer distance is ¢/2 = 0.369 nm when close to 0°C; (c)
AFM image of a monolayer graphene sheet deposited on mica at ambient conditions; (d) A
close-up of the blue square in (c); (e) Height profiles along the green line in (d) and from a
different sample. The dashed line indicates z = 0.37 nm. Images adapted from Ref. [56].
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Thus, is not obvious to determine to what extent the structure of the observed
water films are also influenced by the presence of graphene.

In the light of these results, the STM images relating to M3-samples have been
analysed. An hexagonal lattice has been superimposed on a STM image showing
the dendritic structure, as shown in Fig. B.3. It is clear that the boundaries tend
to have polygonal shapes, with angles of 120°. On the basis of this observation,
we can suppose that this peculiar structure is in epitaxial relationship with the
substrate.

Figura B.3: STM image of sample M3-9 after the annealing up to 200°C. The hexagonal
lattice has been superimposed to highlight the polygonal shapes of the dendrites’ boundaries.

The dendritic structure height has been measured, as in Fig. B.4, taking into
account that the relative humidity in cleanroom, where the mica was cleaved, was
31%. The dendrites’ average height turned out to be 0.24+0.5 nm, in agreement
with [74,78-80], but not with [56], for example. The recorded data were also tabu-
lated into a histogram, with bins of 0.1 angstroms (Fig. B.4(c)). We can see that
the highest occurrence lies in the range between 2.1 and 2.2 A, and a Poissonian
fit of the data gives an average value of 2.38 A. Anyway, the reliability of thickness
measurements, as explained above, is not so high. Moreover no evidence of water
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adlayers between mica and the gold film deposited on it has been reported so far,
because the physisorbed and chemisorbed water which quickly covers the mica
surface after its cleavage is generally removed by heating in vacuum. And those
(rare) authors who use titanium as adhesion promoter deposited much thicker
metal films. After the fabrication of the M4-series, for which the mica substrate
has been annealed before the Au deposition, we can say that the ”water issue”
has been solved. Indeed dendritic structures were no longer observed.
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Normalized occurrences

(c)

Figura B.4: (a) STM image of 400x40 nm? of sample M3-9 after the annealing ramp up to
350 °C. (b) Section view taken along the blue line. (c¢) Histogram of the dendrites’ height counts.
A bin width of 0.1 angstroms (approximately equal to the STM resolution) has been chosen.
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